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ABfffRACT 

Measurements of Elastic l~ho, Omega and Phi Meson 

Photoproduction Cross Sections on Protons 

from 30 to 180 GeV 

by 

Roland M. Egloff 

University of Toronto 

The el~stic photoproductian cross sections for rho (pl 

and phi <•> mesons from protons have been measured from 30 

to 180 GeV and for omega <w> mesons from 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, J. ead glass shower 

counter .:.n'rays, and multiwire proportional chamber's 

( MvJPC 's ) . 

The observed decay modes of the p and $ mesons were 
+ - + -p-+1T 1T and cp-+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 possible 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 cf> p1·oduction. A distribution of track 

opening angles, multiplied by the tagged photon energy, 
+ - + -exhibits distinct peaks corresponding to P +TI TI and cf> +K K 

and provides an excellent substitute for the invariant m~ss 

spectrum. 

·rhe w meson was detected in its all-neutral decay mode, 

with all three photons measured in the lead glass 

shower counter arrays. The hadrometers were used to veto 

events with additional particles and thus ensure exclusive w 

produc:tion. Two of the three photons were required to have 

an invariant di-photon mass consistent with neutral pion 
0 decay.TI +yy. The resulting TI 0 y invariant mass distribution 

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

The energy dependences of the p, w and cf> photoproduction 

cross sections agree well with predictions made by using 

vector meson dominance CVMD> and an additive quark model. 

The P and w cross sections are approximately constant with 

ene·rgy while the cf> cross section ·rises from 0. 5 µb to 0. 7 µb 

with increasing energy. The photon-vector meson coupling 

constants, obtained from a normalization of hadron elastic 

scattering cross sections to the photoproduction cross 

secti<)ns <using VMD and an additive quark model> are 

consistent with previous measurements at lower photon 

The differential cross section, da/dt <t = four momentum 

transfer squared), has been measured for w photoproduction. 



The t-dependence is of the form exp(bt) with b approximatel~ 

The observed decay angular distribution for 

w+TI 0 y is consistent withs-channel helicity conservation. 

Published results from other experiments extend up to 

18 GeV in photon energy for p and • photoproduction and up 

to 10 GeV for the w. The energy range covered by this 

experiment Cup to 180 GeV) is thus unique and significantly 

higher than previously attained. 
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CHAPTER I I l\ITFWDUCT 1 ON 

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? 

The concept of the photon, 

properties associated with 

Newton (1642-1727>, Opticks 

or light quantum, exhibiting 

both waves and particles was 

introduced during the first years of quantum mechanics. 

Electromagnetic interactions of photons with matter bec~me 

well understood and accurately predictable. 

Are there not other original properties of the rays 

of light, besides those already described? 

Newton, Optick!:; 

With the advent of high energy particle accelerators in 

the past few decades it became possible to study the 

interaction of high energy photons with protons and neutrons 

in nuclei. A great variety of experiments revealed a strong 

1 



similarity between photon-·hadron <yp, yn) and hadron-hc;1dron 

<pp, 'ITp, Kp, etc.) collisions. That a photon with t::i 

billion times as much energy as a photon of visible light 

exhibits properties once thought to be possessed exclusively 

by hadrons, the relatively massive particles which underqo 

stron9 interactions. For example, the YP and 'ITp total cross 

sections both show the clear excitation of the same nucleon 

* ( N ) resonances and above about 2 GeV level out and become 

approximately energy independent as shown in Fig. <I. A. U. 

The magnitude of the photon total cross section is, however, 

smaller than the hadronic cross section by about 200, or by 

approximately the fine structure constant in 

me:1gn i tud e. 

The photon total cross section on neutrons, e:<tr;:icted 

from measurements with deuteron targets, is nearly the same 

as .Por protons. High energy photon-nucleon interactions 

thus become charge independent and are therefore not of an 

electromagnetic nature. 

The number of hadrons produced in YP inte·rac:tions :is 

consistent with a logarithmic increase as a function of 

photon energy, similar to the hadron multiplicities in 

purely hadronic interactions <such as pp). A measure of the 

probability that an interaction produces particles of c.1 

certain type <p, 'If, K, etc.) is called an inclusive cross 

section. Again, photon initiated inclusive reactions 

display similar features to those initiated by hadrons, 



particularly in terms of the longitudinal and transverse 

momentum dependence of the inclusive cross sections. 

The most striking characteristics of photon 

interactions is the copious production of neutral vector 

mesons, i.e. hadrons with the same spin (1) and parity (-) 

quantum numbers as the photon <most prominently the p ). 

The vector meson ( p, w, cp, lj!, etc. ) photoproduction pr'ocess 

exhibits the properties of diffraction scattering. The·re is 

a sharp forward peak in the angular dependence of the cross 

st.~ction, a 

(absorptive), 

section. 

scattering 

and an 

amplitude which 

(approx.) energy 

is mainly imaginary 

independent cross 

The small cross section for yp interactions <=115 µb at 

hiqh eneT"gies; 1 µb = 10- 30 cm 2 > 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 uniformly and the 

photon total CT"oss section should be proportional to A, the 

atomic weight number of the target nucleus. Exper·iments 

have shown however that the cross section increases less 

rapidly with A (see Fig.[!. B. 2J). This result is familiar 

for hadron interactions and is due to the strong absorption 

<small mean free pathl of hadrons in nuclear matter, which 

is to say that the incident particle's interaction is almost 

alwa~s on the surface layer of the nucleus. 

All these features suggest that the photon is in a 



<virtual) hadronic state a small fraction of the time. 

The changing of bodies into light, and light into 

bodies. is very conformable to the course of nature, 

which seems delighted with transmutations. 

Newton, Optit:l<s 

The most direct information about the hadronic states of 

the photon 

experiments. 

is obtained from electron-positron annihilation 

Machines, known as particle storage rings, 

have been built in which high energy electrons and positrons 

are made to circulate in opposite directions with 

speed. When an elettron and a positron meet head on and 

annihilate each other, the resulting energy <typically a few 

billion electron volts> 

entirely electromagnetic. 

is to a very good approximation 

The most 1 i I< e 1 y outcome of ;:in 

annihilation is the creation of a single. but virtual, 

photon. The photon is said to be virtual because it does 

not satisfy the ener·gy-·momentum relation, E::: pc, valid for 

·real photons. The momenta of the colliding electron and 

positron are equal in magnitude but opposite in direction 

and the total momentum before and after the annihilation is 

zero. The created photon thus has the summed energy of the 

electron and positron but zero momentum. 

<i11cluding the photon), E2 = (pc> 2 +<mc 2 ) 2 . 

For any partic.lf.) 

It follows that a 

virtual photon resulting from a particle-antiparticle 



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

According to Werner Heisenberg's uncertainty principle, 

the virtual photon only exists for an e~ceedingly short time 

before it materializes into real particles. A la.rg e 

{-'raction of the particles thus created are pairs of 

electrons and positrons and pairs of muons and antimuons. 

This process is a result of the electromagnetic nature of 

the photon and is very successfully described by the theory 

of quantum electrodynamics. 

Evidence for the hadronic nature of photons is obtained 

by studying the production of hadrons resulting from the 

decay of the virtual photon. Experiments have shown that 

hadrons are indeed observed when the energy of the photon 

equals the rest mass of a vector meson The 

vector meson lifetimes, although much longer than the 

lifetime of a virtual photon, are quite short. The observed 

hadrons are the long-lived particles into which the mesons 

decay, for + -examplt? p+'lf 'If and Photons thus 

transform into vector mesons some fraction of the time which 

give rise to resonances and their decay products in 

electron-positron colliding beam experiments. 

Real <m=O> high energy photons can be produced when high 

~nergy electrons are scattered in the Coulomb field of 

nuclei (bremsstrahlung>. The energy of the emitted photon 

is equal to the difference in the electron energies before 

and after the collision. 



6 

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 photons are monoenergetic (for a fixed scattering 

angle> and retain the initial polarization of the laser 

light to a high degree (a useful property for certain 

experiments). 

The decay of the neutral pion into two photons can also 

be 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 a wide range 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 be present to 

exchange momentum in order to satisfy energy and momentum 

conservation. The nature of real photons is 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 and virtual hadron states for a time interval 

consistent with Heisenberg's uncertainty principle. Such 

transitions are called vacuum polarization fluctuations. 



7 

The hadron states have the quantum numbers and the momentum 

of the photon but differ in energy by 

Lrn = - E y 
(E »m c 2 ) y H 

< I. A. 1 ) 

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

the uncertainty principle, 

hadron state is 

l:cit 1i/l:ciE 

the lifetime of the virtual 

~ 21i. E / m 2 c t+ y H <I.A.2> 

Thus, for a fixed hadron mass, the photon is mo·re and more 

likely to behave like a hadronic state with incr~asing 

energy. The velocity of the virtual hadron is at most the 

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

lifetime is thus 

l:ciz < c l:cit ~ 21i.E /m~c t+ 

~ 27'Ey/mHc 2 <I.A.3) 

where ?t is the reduced Compton wavelength of the hadron. 

The lowest mass vector meson is the p (773 MeV) for which 

7i: ~ 0. 3 fm (1 fm = 10- 13 cm). The radius of a proton is 

approximately R = 0. 8 fm. Therefore, the distance traversed 

by the virtual hadron becomes much larger than nuclear 



H 

dimensions at energies exceeding a few billion electron 

VO 1 ts. 

photon 

Consequentli:J.· the i ntf.~rac ti on o{" a hiqh 

with a target nucleus can be pictured ;:11; ,;on 

interaction ot a hadron which has become detached from th~~ 

photon. The hadron's initial interaction will be primarily 

with the nucleons on the incoming side of the tarqet nucleus 

due to the 

hadron-had 1'' on 

large cross section <small mean Pree path) for 

collisions. The results of photnn 

total-absorption studies on nuclei of increasing size <A 

dependence> and as a function of energy are consistent with 

this view as is shown in Fig. <I. B. 2). 

Diffractive photoproduction of vector mesons may be 

regarded as arising from the photon becominq a virtual 

vector meson, with the vector meson then 

elastically 

final state. 

on the target to produce the real vector meson 

This process would be expected to have th!.-: 

characteristics of meson-nucleon (TI p) elastic scattering. 

which is indeed found to be the case. 

The simplest framework for describing the features of 

one which works high energy photon interactions. and 

remarkably well overall, is the Vector Meson Dominance <VMD> 

model. In this model the photon is assumed to bt-~ a 

well-defined linear superposition of vecto~ mesons. most 

importantly the 1 ow mass p, w and cfi, which mediate tl·1e 

interaction of the photon with other hadrons. 

outline of VMD is given in Chapter II. 



Th .i. s thesis reports a study of dif'frar.tive 

photoproduc:tion of the rho, omega and phi < P, w, <I>) vector 

mesons from protons at high energies. The data were taken 

at Fermilab's tagged photon facility by a collaboration of 

physicists from the University of Toronto, the University of 

California at Santa Barbara, and Fer•milab, operating as 

Fermilab Experiment 25A. The main purpose of the experiment 

was to measure the photon total cross section on protons and 

complex nuclei <carbon, copper, lead) from 18 to 185 GeV. 

The energy dependence of the total cross section on protons, 

as measured by this experiment, is shown in Fi g. ( I. B. 1 ) 

[CaldoJell, 1978]. Results obtained from the A-dependence 

measurements are sh()wn in Fig. (I. B. 2> [Caldwell, 1979J. 

The collaboration of this experiment was involved in the 

design, c()nstruction 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 

1975, t~e year after the discovery of the narrow vector 

meson 1jJ ( 3100) I low statistics measurement of 1jJ 

photoproduction on deuterium was part of a test run using 

the JUSt completed tagged photon facility in conjunction 

with a lead--glass spectrometer [Nash. 1976]. 

Data for the photon total cross section experiment were 

taken during 19'76 [Cumalat, 1977J. The results on vector 
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meson photoproduction described in this thesis are based on 

the same data. Published results from other experiments 

extend up to 18 GeV in photon energy and 

photoproduction and up to 10 GeV for the w. The enern ~I 

range covered by this experiment <up to 180 GeV) . is thus 

unique and significantly higher than previously attair1ed. 

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. For example, 

there 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-+ 'IT 'IT and c/>-+ K ~<. events <Chapter IV>. 

About 90% of the omegas decay into charged and neutral 

pions + - 0 (W-+'lf 'IT 'IT). 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 photon~;, w-+'lf 0y-+yyy with •~ 

probability of about 9%. The photons are detected by two 

lead-glass arrays which were designed principly to aid in 

the identification of electron-positron pairs, a maJor 

background for the total eras~ sectidn ~easuremen~. The 

construction of the arrays and their positions in the 

apparatus are not very favourable for the detection of 

omegas. The energy and position resolution for photons is 
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not ideal. This is evident from the broad n° 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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Aeff and n are defined by 

(A-Z)a + za 
aA= An P Aeff~apAeff 

(A-Z)a + za 
a = n P An 
A A 

n 
(Aeff =A ) 

where A, Z = atomic weight, atomic number (of the target) 

ap, an, aA = photon total cross section on protons, 
neutrons, and complex nuclei. 



CHAPTER II REVIEW 

A: ___ '!.!~.ftor Mesons and VMQ 

Some fifteen years of photon-hadron physics in the multi-

GeV (billion electron volt) range can be summarized by 

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 hadronlike behaviour as formulated by VMD <vector meson 

dominance). 

The hadronic part of the electromagnetic current is 

linked to the fields of the vector mesons as expressed by 

the current-field identity [Sakurai, 1960] 

j (x) = l: { em~ I 2 y V} V ( x) <II.A.U 
v m2 m2 m2 
e {_..£.p(x) + __!!! w(x) + :1,cj>(x) + ... } = 
2 Yp yw y<I> 

The are 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 

photcm. The electromagnetic current has the quantum numbers 

of the vecto·r mesons, namely ,J := 1, p =·-1, c =-·1, y :::': 0. 

The m are the vector meson masses which enter into the v 

15 
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formula mainly for dimensional reasons, and e is the 

electron charge <e 2 /4TI = a =1/137). 

The current-field identity relates the matrix elements 

for photon and vector meson induced reactions 

T(yA+B) <Blj IA> 
2 emv 1 

E T(VA+B) 
v 2y v m~ - q 2 

<II.A.2) 

where V is a vector meson P• W• qi. etc.), A and B are 

arbitrary 

the photon. 

hadrons. q 2 = m2 is the four-momentum squared of 
y 

and 1/(m~-q 2 > is the meson propagator. Finite 

width corrections in the propagator are necessary 

in electron-positron annihilation experiments. F~elation 

<II. A. 2> is represented by the diag1•am of Fig. <II. A. 1>. The 

photon is viewed as virtually dissociating into vector 

mesons which then interact hadronically with other hadrons. 

Initially, the series in Eqn. <II. A. 1) included only the 

low mass vector mesons p1 w and <I>. Comparison of VMD 

predictions with experimental data has shown that the P• w 

and <I> alone fail to saturate the current of Eqn. <II. A. 1 >. 

For example. the predicted high energy photon <q 2 = 0) total 

cross section <or equivalently the imaginary part of the 

forward Compton amplitude) accounts for only about BO% of 

the measured cross section. The q 2 dependence of the total 

crQ~s section as measured from inelastic electron-proton 

scattering falls off with q 2 much more slowly than 
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1nedicted by Eqn. <II. A. 2) Fo-r· p, w , cf> dominance. The 

difference is attributed to the coupling of the photon to 

h i g her mass v e c tor mesons such as the p" < 1600) a ri ti th~ 

't/J ( 3100)' possibly including a spectrum (not necessarily 

discrete) of hypothesized vector states [Schildknecht, 

The higher mass states have increased importance for 

virtual phqton interactions because of the propagator factor 

in Eqn. <II. A.;,~). 

A further generalization of the simple version of VMD 

includes diffraction-dissociation type tr· ans it ions, 

particularly between neighbouring vector states <eg. p" + p') 

[Sch i 1 d kn e ch t, 1976]. Transitions of this kind might be 

more probable for high mass states which are expected to be 

very broad resonances with significant overlap between 

neighbours. No experimental evidence exists at present for 

such transitions. 

The scattering amplitude is defined by 

~~ = I f cs, rn I 2 

and for elastic scattering 

f(s,Q)·sn/; 

Using Eqn. ( J:l. () .. 2), VMD expresses the Compton scattering 

ampl:itLJde as a sum of vector meson photoproduction 



:1.8 

amplitudes 

e 
f (yp + YP) = 1: f (yp + Vp) 

v 2yv 
<:CI.A.'.3) 

Also, vector meson photoproduction is rRlated to vector 

meson elastic scattering 

e 
f (yp + Vp) f (Vp + Vp) <II.A.t.I.) 

It is assumed that transitions like V'p +Vp <V'/:: V> do not 

take place (diagonal assumption). Rho photoproduction is 

represented by the diagram of 

scattering can thus be written as 

f (yp + YP) = 
v 4y 2 

v 

Fig. <I I. A. 2 >. Compton 

f(Vp+Vp) <II.A.~'.'>) 

The optical theorem relates the imaginary part of the 

elastic forward scattering amplitude, f 0 , to the total cross 

section, crT, 

Im f (A+ A) 
0 

where p is the incident momentum in the c.m. 

Applying the optical theorem to Eqn. (IL A. 5) gives 

<II.A.6) 

system. 

(II.A.7) 
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< a '" e 2 / 4TI ) . Th us, the photon total absorption cross 

section is equal to the sum of vector meson total cross 

sections, scaled by the appropriate photon-vector ~e~on 

coupling constants. 

The differential cross section is related to amplitudes 

by 

<II.A.B) 

where t is the square of the four-momentum. transfer. For 

forward cross sections Cf= f(t=O>> 
0 

cicr*I = .£.2 dcr \ = If 12= (Im f )2+ 
dn I 'IT d t o o 

e""o t=O (l+n 2 )(Im 

(Re f ) 2 
0 

f ) 2 
·o <II. A. 9) 

where n is the ratio of the real to imaginary forward 

scattering amplitude <n+O at high energies). Expressing 

the optical theorem in terms of a differential cross section 

then gives 

dcr I (A+ A) dt 
t=O 

<II.A.1.0) 

Eqns.<II.A.4> and (II. A. 8) give the diffe·rential cross 

section for vector meson photoproduction 

dcr (yp + Vp) = 
dt 

p2 Cl'IT 
V dcr (Vp + Vp) 

k2 y2 dt 
y v 

( I J. A. l1 ) 



and uiith Eqn. <II.A.10), 

dcr I - (yp+Vp) 
<l t I 

t=O 

The variables ky and pV are 

P
2 

Cl7T 2 v l+n 
16 7T cr;(vp) k2 y2 

y v 

the incid€:'nt momenta 

yp + Vp and Vp + Vp processes in the c.m. 

<I:C.A.1:2> 

respectively (s(yp>=s<Vp)). 

is derived in Appendix B. 

The threshold factor <pv/ky)2 

VMD thus relates the cross 

section for vector meson photoproduction vector 

meson-nucleon elastic scattering and total absorption cross 

sections. 

It should be noted that the t=O limit in Eqn. CII.A.12) is 

not accessible experimentally. A minimum momentum transfer, 

-t . ::::: mV4/(2 Eylab)2 
min 

is required to make up the mass difference 

( :C I. A. 1. 4 > 

in the 

photon-vector meson transition, y +V. 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 f(V+e+e-) is related 

to the coupling constant by [Gell-Mann. 1962] 



+ -r (V + e e ) = <II.A.14) 

A partial decay width is given in terms 0 f th~ 

experimentally measured total decay width, rcv+all>: 

< I I. A. 1 5) 

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

+ -B(e e ) + -cr(V + e e ) /cr(V +all) <II.A.16) 

The leptonic decay widths have been dete·rmined 

electron-positron storage ring facilities COrsay, Frascati, 
+ - + -SLAC> from the reactions e e+V+e e and V+all Cit is an 

assumption of VMD that the coupling constants should be 

independent of q 2 >. The results are listed below [Leith, 

1977] together with the coupling constants as given by 

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

V<MeV> r + <keV) y~/1.J'IT 
e e 

<II.A.17) 

p<T7:3) 6. 48 ± 0. 9 0. 53 ± 0. 07 

wC783 > 0. 76 ± 0. 08 4. 60 ± 0. 5 

¢<1020) 1. 34 ± 0. 14 3. 4 ± 0. 3 



ljJ ( 3100) 

l/J I ( 3685) 

4. 8 ± 0. 6 

2. 2 ± 0. 3 

2. 9 ± 0. /.f. 

7. 4 ± 1. () 

,..i, .. ) 
1:: .. r..· .. 

Photoproduction of vector mesons provides an independent 

<but less direct> method for the determination of the 

photon-vector meson coupling constants. If the· vector 

meson-·nuc 1 eon total cross section, :is known, 

Eqn. (I I. A. 12> can be used to determine the coupling 

constant. At energies above 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 

coherent photoproduction on complex nuclear targets of 

different sizes <A dependence). The calculation of crT<Vp) 

from the data involves nuclear optics theory [Vennie. 1971 J 

and an estimate for the ratio of the real to imaginary 

forward scattering amplitude. n. Results are consistent 

with hadronic cross sections, e. g. 

measurements are typically 25-30 mb. 

around 7 GeV) and OT( l/Jp) ~ 3. 5 mb 

:l978J. 

l.0···12 mb <at 

(near 17 GeV) [Bauer, 

Photoproduction measurements on protons can be used to 

deteimine coupling constants with the help of quark model 

predictions for vector meson elastic scattering CT'OS~> 

sections and the VMD relation given by Eqn. <II. A. 11). The 



quark model predictions are based on the assumption that the 

scattering amplitude for hadron-hadron scattering is the sum 

of amplitudes for scattering of their quark constituents 

ELipl<in, 1966]. Quark-quark and quark-antiqua~k scattering 

is described in terms of three independent amplitudes, p, S 

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

p (ud) = (du) = (ud) = (du) = (uu) (dd) 

p - s (su) (sd) = (iu) = (id) <II. A. 18) 

P+A (uu) = (dd) 

Given the quark compositions 

+ 
'If = ud 'If = ud K us 

p 0 = (uu-dd)//2 w = (uu+dd)//2 <f>=ss <II.A.1rn 

p uud 

the assumption of additivity for quark scattering amplitudes 

implies that the <f>p scattering amplitude is given by 

f (<f>p + <f>p) _ (<j>p) = (ss) (uud) = 2 (su) + (sd) + 2 (iu} +(id) 

6 (P - S) <I I. 1':.i. ;;~O) 

and t:;imilarly 

(pp) = (wp) ~ ( 6P + 2A) + ~ ( 6P +A) 6P +~A 



+ ('ITp)=6P+A 

(K+p) 6P-3S 

It follows that 

(pp) (wp) 

(<f>p) 

('IT-p) 6P + 2A 

(K-p) = 6P-3S+2A 

1 + - } 2{ ( 'IT p ) + ('IT p ) <II.P. .. :.:.?.:I.) 
+ - -(K p) + (K p) - ('IT p) 

Using the optical theorem, Eqn. <II. A. 6), and assuming the 

forward scattering amplitudes to be purely imaginary, the 

vector meson total cross sections are related t Cl 

pseudoscalar meson total c:ross sections, i.e. 

ppcrT(pp) 

p<f>crT(<f>p) 

p'IT + -= pwcrT(wp) =-;- {crT('IT p)+crT('IT p)} 

= p K { cr T ( K + p) +cr T ( K- p) } - p 'IT cr T ('IT - p) 

Assuming that any possible phase dif·rerence 

<II.A.2;;~) 

between 

amplitudes can be neglected, the differential cross sections 

for el~stic scattering are related by 

2 

2 dcr 2 dcr P'IT ldcr + ldcr - }2 P -(pp) = P -(wp) = - { -(TI p)+ -('IT p) pdt wdt 4 dt dt <II. A. ;;~3) 

2 dcr ldcr + ldcr - ldcr - · }2 p<f> dt(<f>p) = { PKdt(K p)+ PKdt(K p)- p'ITdt('IT p) 

The ~ross sections on the the right hand side of 

E qn s. < I I. A. 22) and < I I. A. 23 > are measured quantities 



[Can•oJ.J., 1976; Ayres, 1977] and can be used to predict 

vector meson cross sections. 

The q.uark model and VMD give a theoretical prediction ~M· 

the relative magnitudes of the vector meson-photon coupling 

constants. Writing the hadronic part of the electromagnetic 

current, Eqn.<II.A.1), in terms of the q,uark make-up of the 
') 

m<=ison fields, 

A B 
j = - m2 (uti'-dd) +- m2 (uu+dd) +cm! (s-~) + D m,~, (cc) 

/2P 12w 'I' 'I' 

and assuming that the photon couples to the quarks acc.ording 

to their charges (q(u)=2/3, q(d)=-1/3, q<s>=-1/3, q(c)=2/3) 

gives A=L B==l/3, C=-1/3 and D=2/3. On comparing with. 

Eqn.CII.A.U it is seen that 

1 

y2 
p 

1 

y2 
w 

1 1 
9 1 2 8 <I I. A. 24) 

Several calculations of symmetry breaking schemes alter 

these ratios to [Oakes, 1967; Das, 1967]: 

1. 33 and 9 1. 2 1 

1. l~h o Ph otoprod uc ti on 

The p meson was discovered in 1961 at Brookhaven C14 inch 



'"ii.. /:: .. \~J 

hydrogen bubble chamber) in the reactions [Erwin, 1961] 

- 0 + -TI p+p n+TI TI n 

The mass and width of the p are 773 MeV and 

1 :50 MeV, respectively. Its quantum numbers 

(roughly) 
G p 

I (J )C CIT'('~ 

The dominant (~100%) decay mode is p + TITI. 

From Eqns. <II. A. 7> and <II. A. 12), the part of the photon 

total cross section which is due to the p component of the 

photon is given by 

k 
a (yp) I = i 

T y+p p 
p 

4 a TI 4TI dcr 
(yp + PP) <II.B.U 

l+T) 2 y 2 dt 
p t=O 

an~ equals about 67 µb with dcr/dt<t=O> = 80 µb/GeV 2 for p 

photoproduction at high energies <E >30 GeV>. 

accounts for about 60% of the photon total cross section 

which is partly the reason for the relatively large numbet 

of p photoproduction experiments compared to the number of w 

and • experiments. 

lhe photoproduced + -TI TI invariant mass spectrum is 

dominated by the p peak. What little background exists 

under the peak is observed to get smaller with increasing 

photon energy [Eisenberg, 1972; Bal lam, .1972; Bal lam, 

1973]' The shape of the p mass peak is skewed and shifted 

towards the low mass side of the distribution when compared 



to a p-wave Breit-Wigner resonance shape. It is believed 

that the skewing and resultant mass shift is due to a 

non-resonant diffractive pion pair background [Drell, 1~b1J 

as depicted by the diagram of Fig. <II. B. 1) which interferes 

with diffractive P production CSoding, 1965]. This 

background has the property of going to zero 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 Vennie CSpital, 1974J. These authors also give a 

prescription for the determination of the p photoproduction 

cross section from measured mass spectra which minimizes the 

difficulties caused by the non-resonant background <see 

Chapter IV>. 

The p photoproduction cross section rises from threshold 

<~1.1 GeV) to about 25 µb near 2 GeV and then gradually. 

decreases with energy. The momentum transPer dependence i r; 

of the form dcr/dt:=:A exp(bt>. with b==8 Gev- 2 approximately. 

The energy and t dependence of the p cross section agrees 

well with 0 + -that of the elastic TI p <average of TI p and TI p) 

scattering cross section as predicted by VMD-quark model 

relations, Eqns. <I I. A. 11> and < I I. A. ;;:~3) . The p 

photoproduction and Tio elastic scattering cross sections 

differ in magnitude by about 1:350. 

The w meson <mass = 783 MeV> has a small amplitude for 

+ -TI TI decay (violates G parity> whith interferes with the p 



in the vicinity of the w mass [Renard, 1972]. 

statistics experiments with good mass resolution have 

·observed this effect for p photoproduction on protons and 

heavier targets. The measured distortion of the p mass 

spectrum in the interference region has been used to deduce 

the relative phase of the p and w amplitudes <production 

plus decay) and the w+TITI branching ratio [Biggs, 1970i:i J. 

The p-w interference phenomenon has also been observed in 

measurements of the 

spectrum + -<p+e e) 

electron-positron invar'iant; mass 

[Biggs, 1970b]. The difficulty of the 

p-w interference experiment is reflected in a wide spread of 

the published results. A relative phase angle of ~100° 

appears favoured. 

The phase of the p production amplitude has been 

determined from asymmetr~J measurements of the 

electron-positron pair yield in the p mass 

[Alvensleben, 1970]. The asymmetry <under interchange of e+ 

and e- four-vectors) results from the interference between 

the real 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 C targets> is found to 

deviate from pure imaginary corresponding to a ratio of the 

real to imaginary p-nucleon amplitude of n~·-0.25 

<a pp ·r ox i mate 1 y ) . 

Photoproduction of the p from 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, dcr/dt<yct + pdL exhibits a very steep expotiential 

fall-off for low -t <<O. 4 GeV 2 ) and decreases with half the 

slope, exp(bt/2), for larger --t values [Anderson, 1971 J. 

The low -t behaviour is explained 

production as shown by diagram (a) of 

by single scattering 

Fig. ( I I. B. 2 > . He·r.e 

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. <II. B. ::!>. Coherence is lost if the 

initial scattering process breaks up the deuteron. Except 

for 1 ow --t ( <O. 1 OeV 2 >, the incoherent deuteron cross 

section has the same t-dependence as the p cross section for 

proton targets but is larger in magnitude by a factor of two 

[McClellan, 1971aJ. 

The isovector exchange amplitude couples with opposite 

sign to the proton and the neutT•on, i.e. 

f (yp + PP) = To+ Ti f(yn+pn) =To- Ti <II.B.2) 

where T 0 and T 1 are the isoscalar CI=O) and isovector <I=1> 

amplitudes. Incoherent p photoproduction from deuterons can 



be used to measure the production cross section on protons 

and on neutrons. The momentum transfer must be large enough 

so that the recoil nucleon can be kinematically separated 

from the spectator nucleon. According to Eqn. <II. B. 2), the 

isovector contribution can be estimated from a comparison of 

the proton and neutron cross sections and is found to be 

consistent with zero at 4. 3 GeV [Eisenberg, 1976]. 

Tht.1 differential cross sectic>n for yd-+ ppn, including 

both coherent and incoherent processes, is predicted a~.; 

[Glauber, 1966; Eisenber•g, l.976J 

dcr -(yd+ pd+ppn) = (II. fl. :3) 
dt 

4 IT o I 2 { ~ ( 1 + S ( t)) e b t - G e 3 h t / 4 } + 4 IT l I 2 t(l - S ( t)) 

where G is the glauber shadowing correction (proportional to 

a Cpp)) and SCt> is the deuteron form factor. 
T 

At t=O, 

~~ I (yd -+ pd) = 4 IT 0 1
2 (1 - G) (II.B.LI-) 

t=O 

The forward differential cross section has no isovector 

exchange contribution and is entirely coherent. From 

Eqn1;. <II. B. 2) and <II.B.4), the predicted ratio of the 

deuteron to proton cross sections at t=O, assuming only I=O 

exchange, is [Bauer, 1978J 

R(t=O) = 4(1 - G) = 3. 75 ± 0.05 <II.B.5> 



Discrepancies between the above theoretical value for R<t=O> 

and experimental measurements may be attributed to an I=1 

contribution to the t-channel exchange amplitude. 

Available data <up to 9 GeV> [Eisenberg, 1976J indicate 

that t~·channel exchange for p photoproduction is isoscalar 

with no compelling evidence for the presence of I"'' 1 

amplitudes. 

uncertainties 

c crn tr· i but ion 

excluded. 

Because of experimental and data analysis 

Ce. g. due to the p 

of 5-10% of the I=O 

width) an 

amplitude 

isovector 

.can not be 

Isovector exchange can be measured directly in charged p 

photciproduction from neut·r·ons, yn-+p p. Diffractive 

production 

t·-channel. 

is excluded due to charge exchange in the 

The measured cross section can be related to 

isovector exchange in neutral p photoproduction end 

an upper limit of 3-.. 5·1. on the I:::::l contribution L:Benz, 1974J. 

The decay angular distribution for vector mesons produced 

b ~J linearly polarized photons may be expressed in terms of 

nine independent measurable spin density matrix elements 

!:Schilling, 1971 J. The nature of the production mechanism 

is then studied by comparing the 

values of the matrix elements 

experimentally cl ete-r·mi rn~d 

(as a function of t> with 

model dependent predictions. Three referenc:€~ s~.1stem~;, which 

differ in the choice of the spin quantization axis (z-axis), 

are cf interest for the analysis of the angule.n' d ec:aq 

dist°f'ibution. The reference systems, shown in Fi9. <II. B. :3), 



are: (a) the helicity system with the z-axis opposite to 

the direction of the recoiling pr·oton ( i. e. the p 

direction) in the c. m. system; system 1..uith 

the z-axis in the direction of the incident photon in the 

c. m. system; and <c:) the GottfT'iecl - ... Jackson system tuhere 

the z-axis is in the direction of the incident photon in the 

p r<:>!~t frame. The three coordinate systems diffeT' from each 

other by a rotation around the normal to the production 

plane and coincide for forward production <t=t . ). 
min 

One of the interesting questions which a study of the p 

decay angular distribution can answer concerns the helicity 

(particle spin along direction of flight> of the p. Th<') 

photon, due to its zero rest mass, can have helicities A=+1 

and ·- l on 1 y , w h ere as th e p may have h e l i c i t :i e s A :=:: + 1 , 0 and 

-1. The polar angle distribution which describes the p-wava 

dipion state in the helicity system has the form 

W(co~; e > -- Iv i I 2 ccs :t n 2 e f OT' A'""'+/·-.!. 

W<cos 0) ... IY~ I 2cccr.)!> 2 0 f' or A == () 

Photoproduction data on proton [Ballam, 1.9l:3J and deuteron 

[Eisenberg. 1976] targets are consistent with 100% s-channel 

helicity conservation, i.e. 

W(cos 0) <II.B.6> 

with no contribution due to helicity flip transitions int Cl 



A detailed study of the density matrix elements shows 

substantial spin flip or t--channel helicity flip 

contributions (increasing rapidly with t) in the Adair and 

Gottfried - Jackson systems [Ballam, J.9'7:..1J. Dominance of a 

JP= O+ t-channel exchange is therefore ruled out. The 

amplitude for helicity flip is small <consistent with zero 

at low -t> ·in the helicity system, i.e. helicity is 

conserved at the y-p vertex. 

It is noted that the small helicity flip amplitude is not 

associated with 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, 1.973J which is 

dominated by 1=1 t-channel exchange at low energies. 

Vector meson production with unpolarized photons displays 

s-ch<:tnnel conservation Ca sin 2 B polar angle 

distribution for p decay> and an isotropic azimuthal angle 

dist·ribution. If the incident photon is linearly polarized, 

the azimuthal angle distribution reflects the spin-parity of 

the t-channel exchange amplitude [Schilling, 1971J. Th!:) p 

decay pions emerge preferentially in the plane of photon 

polarization for natural parity exchange <P=<-1> 1 , 

i. e. o+, 1 -. . ) an ct per p "~ n d i c: u la T' to i t < ljJ ~ 90 ° ) 
unnatural parity exchange lhe situation is 



sketched in Fig. <II. B. 4>. The rotation the p 

polarization by 90° < w. r. t. the photon polarization) for 

unnatural parity exchange is analogous to the perpendicular 

polarization planes of the photons from neutral pion decay 

[Perkins, 1972; Wi 11 iams, 1971 J. The dipion azimuthal 

angle distribution in the helicity system for natural parity 

exchange is expected to be of the form 

W + < 1/J > a: 1 +Py c o s < 21/J > 

and for unnatural parity exchange 

W < 1/J > a: 1 -P c o s < 21/J > - y 
where P is the degree of linear polarization of the y 
incident photon beam. The relative contributions to the 

overall production cross section from natural and unnatural 

parity exchange are denoted by crN and cru, respectively. The 

angular distribution, including both processes, 

given by 

W(ijJ) a: 1 + P P cos(21/J) Y cr 

where P is the parity asymmetry defined by 
cr 

is then 

CII.B.7> 

<II.B.8) 

The observed 1/J distribution [Ballam, 1973] has a cos 2
1jJ 

dependence <i.e. P =1> which is clear evidence for dominant cr 
natu~al JP exchange. 



The actual evaluation of P0 is usually done by measuring 

the relevant density matrix elements. The fraction of 

unnatural parity exchange is measured to be <5% even for 

energies Just above production threshold [Criegee. 1970J and 

is consistent with 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 diff-ractive nature. 

The scattering amplitude is largely imaginary. the t-channel 

exchange is isoscalar and natural parity, and the photon 

helicity is conserved at the y-p vertex in the s-channel. 

2. Omega Photoproduction 

The w meson was discovered in 1961 at the Lawrence 

Radiation Lab, Berkeley <72 inch hydrogen bubble chamber), 

in the reaction [Maglic, 1961J 

- + - + - + - 0 pp +Tr Tr w +Tr Tr Tr Tr Tr 

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

G p respectively. Its quantum numbers I (J >C are 
+ - 0 dominant decay modes are into Tr Tr Tr (89. 9%), 

Tr+ Tr - ( 1. 3%) . 

0 <1 >-. The 

rr 0 ycs. 8%) and 

Photoproduction of the omega is in some ways a more 



difficult experiment than the study of the rho. 

consequence of the lower w production cross section, the 

statistical errors of measurements are typically larger than 

the corresponding results for P production. The analysis cif 

bubble chamber experiments is complicated due to the 

presence of the neutral pion in the dominant w decay modes. 

On the other hand, the relatively small width of the w 

ensures an accurate background subtraction, having none of 

the problems associated with the broad (and skewed> p mass 

shape. 

The w photoproduction cross section rises from threshold 

<~1. 1 GeV> to about 7 µb at around 2 GeV and then drops 

rapidly to about 2 µb at 5 GeV, followed by only a small 

decrease up to the maximum measured energy near 10 GeV. The 

energy dependence of the cross section is attributed to a 

la1·ge one-pion 

energy as 1/En 

e x c hang e < OPE ) 

with n=2. 0+/-0. 5, 

contribution, falling with 

and an (approximately) 

eneT'g y independent component c~2 µb) due to diffractive 

production. 

OPE in the t-channel is expected to be much more 

important for w photoproduction than for p production. VMD 

diagrams for nVy couplings <V=p and w ) are shown in 

Fig.< II. B. 5). Specifically, p + n°y is represehted by th~ 

tr•ansition p+wn°,w+y. Conservation of G-parity does not 

.;;ill.001 the ·transition p + pn° and, as shown in Fig. <II. B. 6), 

p + q>Tio is not allowed (suppressed) by Zweig 's rule [Okubo, 



1977]. The coupling constants are related by [see 

Fig. <II. B. 5> and Eqn. <II. A. 24)J 

g<npy>=g<npw)/y p 

The ratio of the w and p partial decay widths into n°y is 

thus given by 

r(w + n°y) 

f(p+n°y) 

y2 
w 

y2 
p 

9 
<II.B.9> 

1 

The measured partial decay widths [Particle properties, 

1978] give a ratio of about 24/1. Th ere.Pore, i {~ vector 

meson photoproduction were dominated by OPE, the w cross 

section would be much larger than the p cross section. The 

data are in obvious disagreement with OPE dominance, both in 

magnitude and energy dependence. 

The decay <w + 1T1T1T ) angular distribution resulting from 

production by linearly polarized photons measured below 

5 GeV [Bal lam. 1973J does not exhibit a 

dependence expected for s-channel helicity conservation and 

natural spin-parity exchange in the t-channel. It is 

apparent that the nature of the diffractive component is 

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 

form observed in p photoproduction, thus 

indicating a rapid decrease with energy of the OPE: 

contribution and confirming s-channel helicity conservation 



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 decay angles 6· ljJ are defined as the polar and azimuthal 

angles of a unit vector " r. Wh i Ch I in the case of a 

two-particle decay of the vector meson, denotes the 

direction of flight of one of the particles in the V rest 

frame. For a three-particle decay, ~ is the normal to the 

decay plane in the V rest frame [Schilling, 1971J. 

The importance of OPE at low energies is verified from 

detailed studies of the density matrix elements. The parity 

asymmetry , Pa , d e f in e d b y E q n. ( I I. B. 8 > , i s strong 1 y en erg y 

dependent. rising from 0 at 3 GeV to approximately 1 at 

10 GeV. The decomposition into crN and au demonstrates that 

the rapid decrease of the total w cross section at low 

energies is due 

contribution u <a >. 

to the unnat u·ra I parit1J exchange 

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. 1973J. 

The natural parity exchange cross section is 

apprdximately energy independent with a t-dependence given 

by dcr/dt=A·exp<bt> where b=7-8 Gev- 2 • in good agreement with 

p photoproduction. The density matrix elements associated 

with natural parity exchange are consistent with those from 



p produc:tion although more poorly determined due to 

measurements of low statistical accuracy. 

Only the I=O exchange amplitude contributes to coherent P 

and w photoproduction on deuterons [see Eqn. <II. B. 4)J. 

Assuming equal couplings of the pomeron (and f) exchange to 

p and w mesons, the ratio of the coherent 

photoproduction cross sections should be equal to the ratio 

of the respective photon-vector meson coupling constants) 

R = dO/dt(yd+pd)\= ( I )2 
do/dt(yd+wd) Yw YP <II.B.10) 

t=O 

Measur•ed values average typically R='7. 1+/-·1.. 1 [Alexander, 

19'75]. This compares with the electron-positron storage 

ring result [see Eqn. <II. A. 17)), R=7. 2+/-1. 4, and the 

VMD·-quark model prediction EEqn. (ll.A.24)], R=9. 

The isovector contribution to the natural parity exchange 

amplitude can be determined from a comparison of w 

photoproduction measurements on proton and deuteron targets 

[see Eqn~L(Il.B.~2>J and <II.B.4)J, 

~~l(yp+wp) = ITo+ T11 2 

t=O 

dcr I (yd + wd) = 4 IT o I 2 (1 - G) dt 
t=O 

Available data [Abramson, 1976J do not provide sufficiently 

accurate results for definite conclusions. A natural par·ity 

candidate for isovector exchange is the meson 

It has been suggested that A2 exchange might 
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be mor·e impo·rtant for w photop·1·oduction than f' or the p 

CHa·rari, 1969]. 

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 approximately 

energy independent and about seven times smaller than the p 

cross 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 

hydrog~n bubble chamber) in the reactions [Bertanza, 1962] 

- + -K p +A¢+ AK K 

The mass and width of the ¢ are 1020 MeV and 4. 1 MeV, 

respectivel~J. The 

+ -ctominant decay modes are into K K <46. 6%), K
1

1.<.
8 

(35. 0%), P'IT 

<l~.4%> and ny<2.0'X.>. 

Phi photoproduction is regarded as an ideal reaction for 



the study of pomeron exchange. VMD relates yp + ¢p to ¢p 

elastic scattering which is exotic (no resonance possible) 

in the s-channel if the quark composition of the ¢ is pure 

ss. Exchanges in the t-channel are therefore restricted to 

·the pomerrrn. 

OPE in ¢ photoproduction would proceed as shown in 

Fig.CII.B.6), i.e. y+p+¢TI° Conservation of G-parity 

forbids ¢+¢TI 0 and w+¢TI 0 . The p¢ir 0 coupling is however 

strongly inhibited by Zweig's rule as shown by the 

(disconnected) quark line diagram of Fig. <II. B. 6). The rule 

states that the two ends of a given quark line cannot belong 

to the same hadron, i.e. whenever a qq pair is created, the 

new q and q must belong to different hadrons and whenever a 

q annihilates a q, they must have come from different 

hadrons. The quark line diagram for a Zweig's rule allowed 

t·ransition is shown in Fig. <II. B. 6) for ¢ +~-i.+1.\-. 

The measur·ed decay rate for ¢+pir does not readily 

suggest a weak p<jlTI 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 ·Por ¢ + TI1T'IT i:ind 

w+TI1T1T is measL1red as [Particle properties, 1976J 

r<q, + 'lfirir>lr<w + iririr> = o. 074 

and has. been used to estimate the ratio of the coupling 

constants COkuboi l977J 

g ( ¢pir > 2 /g ( wpir) 2 ""' O. 007 



i.e. the coupling of the <I> to particles which ar(!.' madr..1-.. ·up 

of non-strange quarks is strongly suppressed. 

cross sections for <I> production in hadronic inter'actionE. 

present further evidence. For example, the P f'.'Xchan~.~e 

reaction at 3. 7 Gel)/c [BLJtl.er, 11173], 

+ ++ + ++ cr<n p-+ <j>ll )Jcr<n p-+ wll > < o. 003:3 

Other examples are given by [Okubo, 1977J. 

These considerations suggest that the pomeron is the only 

t-channel exchange for <I> photoproduction. 

The measured <I> photoproduction cross section rises from 

threshold (::::1. 6 GeV) to approximately 0. 45 µb near 10 GeV. 

The energy dependence is entirely explained by a threshold 

factor, (p<l>/ky) 2 , where p<I> and ky are the momenta of the <I> 

and the incident photon in the c. m. r~y\;tE~rn [stt.H' 

Eqn. <II. A. 11.> and Appendix BJ. The momentum transfer 

dependence of the cross section is well described by en 

exponential form, d cr / d t =A • ex p < b t ) , at low -t ((0 . .lJ. Ge\J 2 ), 

The fitted slope parameter b is typically 5. 5-6. 5 GeV- 2 but 

appears to be less steep for -t>O. 4 GeV 2 [Beh·rend, 1 1178]. 

The smaller slope parameter for <I> photoproduction ·compared 

to p <and w ) production implies a smaller <!>-nucleon 

interaction radius. The <!>---nucleon total cr'oss section, 

cr T ( <j>p ) ' is thus expected to be iess than crT<pp> and crTCwp>, 

whith is in agreement with data. 

The decay angular distribution from polarized photon data 

has the expected sin 2 0cos 2 ~ dependence consistent with 



s-channel helicity conservation and natural parity exchange 

in the t-channel [Ballam, 1973; Halpern, 1972]. A high 

statistics measurement of the decay polar angle distribLltiun 
+ -<unpolarized· photons> as a function of the K K invariant 

mass exhibits a strong mass dependence [Behrend, 1978J. In 

the <I> mass region (1.01-1. 03 GeV> the distribution has a 

clean sin 2 0 form, again confirming s-channel helicity 

conservation. The angular distribution changes abruptly in 

character for events outside of the <I> mass 

exhibiting a predominantly cos 2 0 dependence for K+K- events 

above the <I> mass. 

The ratio of the forward <I> photoproduction cross sections 

on deuteron and proton targets, assuming only I=O t-channel 

exchange, is predicted as 

R<t=O> = 4(1-G> = 3. 89 

[analogous to Eqn. <II. B. 5)]. The measured ratio at Ey~e GeV 

is R<t=0>=3. 6+/-0. 6 [McClellan, 1 971 J , c on s i st en t w i th no 

I=1 exchange. 

The phase (i.e. the real part> of the <I> production 

amplitude can be determined from interference measurements 

and Bethe-Heitler pairs. Data 

E=6-7.4 GeV on carbon [Alvensleben, 1971J indicate a 

production phase which differs from being purely imaginary 

by 2s 0 +1-1s 0 , or a real to imaginary amplitude ratio, 

n=-0 49+ . 3 3 
. - .t+ 5· The large measurement errors on n do not allow 

definite conclusions but suggest that <j> photoproduction may 



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 I=O exchange in 

the t-channel. There is an indication that the phase of the 

production amplitude may not be purely 

accurate mea.surement is needed. 

b! .. Q..t~;.:. 

An extensive list of references on 

ima!"-) i nary ·- .::rn 

vector meson 

photoproduction <and other photon interactions> may be found 

in recent re~iew articles by Bauer, Vennie and. 

Pipkin in Reviews of Modern Physics [Bauer, 1978] and Leith 

in Electromagnetic Interactions of Hadrons [Leith, 1977]. 
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y to V coupling: em 2 /2y v v 

=I y v 

V= p,w,¢, ..• 

meson propagator: 1/ (m 2 - q 2 ) v 

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

photon-hadron interactions. 

+ 
7T 

y p 

IP 
7T 

p p 

Figure (II.A.2) Diffractive elastic rho photoproduction 
diagram (yp +pp). The exchanged (virtual) 

particle, IP (the pomeron), has the internal 
quantum numbers of the vacuum (I= S= B= O). 
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Figure (II.B.1) Diagram for non-resonant diffractive 
pion pair photoproduction, yp+TI+TI-p. 

IP 

p 

+ 
7T 

"--- d 

(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 2 ) 

and double scattering dominates higher -t 

coherent reactions. 
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(c.m. system) 

z 

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

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

(c.m. system) 

'- pin 

+ ""'p --...z 

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

tion in c.m. system = Adair system. 

(p rest frame) p\ 
y~~ ... ;--

+ + 

t-channel pin 
exchange 

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

frame = Gottfried-Jackson system. 

Figure (II.B.3) Reference frames for p photoproduction. 
The three frames (a, b and c) coincide 
for forward production (~=0°, t=t . ) . ·min 
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y 

+ -y+p+rr 1T 

+ + 
'!'+ex: (e:y· e:p) 

W+(l/J) = l'l'+l 2cx: cos 2 l/J 

0 

'!' ex: + + 
(e:xe:)•k y p 

w (l/J) l'l'_l2cx:sin2l/J 

1T 

+ 
1T 

1T 

+ 
1T 

+ Figure (II.B.4) Natural (0 ) and unnatural (O-) spin 

parity exchange in the t-channel. The 

transition amplitude, '!'+, is a scalar 
(even parity), whereas'!' is a pseudo-

scalar and changes sign (odd parity) 

under spatial reflections. 
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Figure (II.B.5) VMD diagrams for p+TI 0 y and w+rr 0 y. 
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p p p p 

Pion exchange Pomeron exchange 

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

u 

c p 
s 

¢ 
s 

1T 0 
u 

s 

s 

s 

(b) Quark line diagrams for ¢-+p1T 0 and ¢-+K+K-. 

Figure (II.B.6) Suppression of 1T¢p coupling by 

Zweig's rule. 



CHAPTER III APPARATUS 

The photoproduction data presented in this thesis were 

taken at Fermilab's tagged photon facility. An aerial view 

of the Fermilab site is shown in Fig. <III. A. 1). The primar1J 

proton beam is extracted from the Main Ring, split 

and transported to the horizontally into three components, 

external experimental areas: Meson, Neutrino, and Proton, 

as shown in Fig. ( I I I. A. 2) . In enclosure H, the P1•oton Area 

beam is then split vertically into three branches to supply 

beam to three separate, independently operable areas: 

Proton East, Pr·oton Center, and Proton West. The tagged 

photon facility is located 

Fig. ( II I. A. 3). 

in Proton East as shown in 

The production of tagged photons is simple in principle. 

High energy protons (400 GeV) are targeted on a 30 cm long 

beryllium target. Charged secondaries and non-interacting 

protons are bent away from the forward direction with 

vertical dumping magnets. Neutral pions, resulting from the 

proton interaction in the target, decay to photons which 

convert to electron-positron pairs in a lead converter, 

0. 32 (:m thick, located 12 m after· the target. A 290 m long 

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 

resolution. 

and good moment1;m 

Photons are produced by electrons interacting in a 

0. 01 5 cm th i c k copper f o i 1 ( the rad i at or ) p lac e d 27 m be for c~ 

the experimental target. lhe photons are the result of 

bremsstrahlung in the radiator. The recoiling electrons are 

deflected by a set of magnets into a counter hodoscope which 

measures the energy of the electrons. lhe photon's energy 

is then simply the difference between initial and final 

electron energy. The undeflected tagged photons go on 

towards the experimental target. 

A schematic of the electron beam line is shown in 

Fig. <III. B. 1>. The proton beam from the accelerator is 

steered an to a 30 cm long beryllium target located in the 

Proton East target box. Non-interacting protons and charged 

particles produced by interacting protons are bent into a 

beam dump. Neutral particles are allowed to exit the target 

box through a hole located at OO (the incident proton 

direction). These particles are mainly neutrons, kaons, and 

photons, the latter resulting primarily from neutral pions. 

The photons make electron positron pairs in a lead 

c 1m v er t er, 0. 32 cm th i c k < 0. 5 ·rad i at i on 1 en g th s ) , located 



12 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 delired 

energy are then selected and tl'ansported thl'ough 

conventional two-stage beam line, each stage consisting of a 

quadrupole doublet and a bending magnet string. The first 

stage < GH409, QV409) focuses the charged particles to an 

image of the target on to a set of horizontal and vertical 

collimato·rs (CH423, CV423). The horizontal bending magnet 

CBH415> provides momentum dispersion so that the opening of 

the horizontal collimator defines the momentum interval of 

the electron beam <typically +/-2. 5%). 

the converter have a much larger 

Pions produced in 

transverse momentum 

<relative to the beam direction> than the photoproducect 

electron positron pairs ( 300 MeV/c versus 10 MeV/c). As a 

re~ult most of the pions still in the beam are removed by 

the vertical collimator <CV423). Following the first focus 

is a single quadrupole <GH424) used as a field lens and 

bending magnets <BH425, BV426) to r•educe the dispersion. A 

second set of quadrupoles <GV435, GH436) focuses the 

purified electron beam on to the experimental target. The 

quadrupoles are followed by another string of bending 

magnets <BV437, BH438) to sweep out remaining off-energy 

particles and to bend the beam still further away from its 

initial direction. The bending of the beam away from o0 is 

necessar~ in order to avoid the high intensity cone of muons 



emerging from the Be target, the beam dump, and the neutral 

dump. The electron beam is about 7 m from the o0 1 ine <:1t 

the experimental target. 

The electron yield per incident 400 GeV proton as a 

function of electron energy is shown in Fig. <III. B. ;;'.). The 

proton intensity during this experiment was typically 3x10 12 

protons/pulse, one pulse every 10 seconds, with a pulsl~ 

duration of about 1 second. The RF acceleration of the 

proton beam in the Main Ring results 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 extraction from the 

Main Ring, unstable beam splitting etc.> directly 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. Muon backgrounds 

near the experimental target were typically 10- /m 2 per 10 12 

protons at 400 GeV. 

to be higher nearer 

direction>. 

As expected, the muon rate was observed 

the OO line (the incident proton 

A schematic of the tagging ~.ystem is sh own i 11 



Fig. <III. C. 1>. The tagged photon beam is produced by the 

electron beam passing through a thin radiator. Some of the 

electrons 

direction. 

emit a high energy photon along the beam 

A set of magnets <AN440) deflect the recoiling 

electrons into a counter hodoscope 19 m downstream from the 

radiator. The momentum of a recoiling electron is measured 

by its position in the hodoscope array. Since the hodoscope 

consists in part of lead glass total absorption counters, 

the electron 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 into a 

dump located between the photon beam and the tagging 

hodoscope. 

Most of the data presented in this thesis were taken with 

a copper radiator of thickness 0.015 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 oP 0.0076 cm and 

0. 038 cm <~o. 005 and ~o. 03 radiation lengths> were used. 

Copper is chosen because of a favorable radiation length to 

interaction length ratio. It is important to use a thin 

radiator in order to assure a negligible contribution of 

double bremsstrahlung events. A thin radiator also reduces 



- + - -trident production in the radiator <e + e e e ). The 1 OW!H' 

limit of the radiator thickness is given by the desired 

photon 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 beam interacting in the radiator. 

interactions can produce neutrons or kaons resulting in a 

contamination of the photon beam. this i~~ a 

problem only if the tagging system simultaneously registers 

a recoil electron giving a valid tag. A coincidence of this 

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 a relatively long interaction 

length for the radiator. 

The separation of the charged particles from t; h ~' 

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") wh i J.e the magnet fUT'thest 

downstream has a 10. 2 cm (4" > gap. Constructed between the 

gaps and extending from the radiator to the tagging 

hodoscope is a vacuum vessel with rectangular cross section 

which increases with distance from the radiator and measures 

12. 7 cm x 182. 9 cm (5"x72") at the taggtng hodoscope. This 

ensures that the photon and electron beam and all recoil 

electrons in the tagging range remain in vacuum. The 

electrons leave the downstream end of the vessel through a 
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0. 25 mm <10 mil) kapton window while the photons head 

towards the experimental target in a 7. 6 c:m (3 11
) diameter 

vacuum pipe. 

The end piece of the vessel and the tagging counters are 

shown schematically in Fig. <III. C. 2>. The counter arra~1 

consists of thirteen shower counters located behind a 

thirteen piece scintillation counter hodoscope. The siit~s 

of the shower counters are listed in Fig.<III.C.2>. The 

larger vertical size of the outer c:ounters, L9 to L13, is 

needed to allow for the additional vertical bend experienced 

by lower energy recoil electrons which pass through more of 

the tagging magnet's fringe fields. The two shower counters 

closest to the photon beam, L1 and L2, are made of 20 

succes~ive layers of lead and lucite while the remaining 

shower counters, L.3 to Ll3, are made of lead glass. The 

lead-lucite construction of Li and L2 avoids problems due to 

changes in optical properties resulting from radiation 

damage which is typical for lead glass subjected to electron 

(photon> beams of high intensity and high energy. Li and L:;~ 

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. Li was used as a veto counter for this 

experiment. Tags from Ll would otherwise have dominated the 

event triggers. 

The light produced in the shower counters is viewed by 

RCA 6342A <10-stage, low gain) photomultiplier tubes. The 



output pulses are digitized by 10 bit Lecroy analog to 

digital converters <ADC> Model 2249A. 

The spacing of the scintillation counter hodoscope is 

shown in Fi g. ( I I I. C. 3) . The central region of each shower 

counter is defined by the overlap of adjacent hodoscope 

elements. A valid tag re~uires a coincidence between a 

shower counter and the matching elements ot the hodoscope. 

A tag is not generated if the tagging counters register 

signals in addition or not consistent with a single electron 

track. Further discrimination against bad tags is provided 

by several s~intillation 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, A1 to All, are shown 

in Fig. C III. C. 1>. A1 was not used for this experiment. 

A4 and A6 to A10 are positioned to detect positrons 

01•iginating 

radiator. 

from trident + - -(e e e > production in the 

A2 and A5 detect low energy ·electrons from 

tridents or electron-electron scattering. A11 is located 

about 1. 5 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 hoT'izontall~J. 

Masking the counter on the upstream side is 4. 4 cm of 11:1ad 

to convert the wide angle photons to electron positron pairs 



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 counte~ f~om 

backscattered particles produced in the target. 

Dump counter Dl is installed inside the beam dump hole 

~nd dump counter D2 covers the region between the dump and 

the first tagging shower counter. Ll. Both counters are 

used to veto tags which had a second electron incident on 

the radiator at the same time (same bucket) as the recoiling 

electron. 

The muon counters, Mui to MuEl, are inserted into a slot 

between shielding blocks JUst upstream of the experimental 

target as indicated in Fig. <III.C. U. The scintillation 

counters cover an area of approximately 3 m2 with the photon 

beam pipe going through a hole in the center. 

A schematic of the tagging system electronics is shown in 

Fig. <Ill. C. 4). A delayed signal from the tagging shower 

counters (isolation signal) and a feed back signal from the 

tag output gate <tag busy signal) assure that a tagging 

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 logic or 

the computer are busy (computer busy). 

The energy calibration of the indjvidual shower counters 

in the tagging system was monitored throughout the data 

taking period. The energy of photons that did not interact 
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in the target are measured by 

lead-scintillator shower counter which is part of the 

experimental apparatus <Fig. III. E. 1>. For these events the 

energy of the recoil 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. 

The liquid hydrogen target used for this experiment is 

100. 027 ±'o. 025 cm long ( 0. 11 radiation lengths). A 

schematic of. the ta·rget is shown in Fig. <III. D. 1). ThfJ 

target flask is made of an aluminum cylinder, wall thickness 

0. 81 mm, capped at each end with a mylar dome. 0. 08 mm 

thick. Thermal insulation is provided by ten layers of 

aluminized mylar foil, wrapped around the flask. adding 

another 0. 08 mm overall. The flask is supported in ,3 

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 dl1wnstream window measures 0. 18 mm. p, 

vacuum exists on both sides of these windows during data 

taking. 

A calculation of an interaction crass section requires 
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the number of target nuclei per unit area, 

a = plN/A < Itl. t\ . .l) 

p and 1 are the density and length of the target. N is 

Avogadro's number and A is the gram atomic weight of the 

target. The density of the liquid hydrogen in the flask was 

monitored 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-temperature curves 

and standard conversion tables of vapor pr~ssure, molar 

volume and temperature for liquid hydrogen [Tapper, 1965]. 

The temperature obtained from the resistance measurements is 

20. 4±0. ;;~°K while the vapor pressure readings result in 

20. !:'°> ± 0. 2°K. This corresponds to an average density 

P = 0.07043 g/cm 3 <III. 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 

<III.D.:..1> 

with 1=100. 027 cm, N=6. 0221x10 23 and A=1. 00797. 



The number of photons passing through a target of 

thickness d 1 is attenuated due to interactions. The 

intensity of the photon beam is reduced by 

dn = -n .el!.crdl o A 

where n is the initial beam intensity. 
0 

<III.D.l.f.) 

The constant of 

proportionality cr 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) 
0 

and the cross section 

n
0 

(1 - exp{-lN cr l}) 

~ n a cr 
0 

y 
n a 

0 

<III.D.5) 

(III. D. 6) 

The attenuation of the photon beam is primarily due to 

electron -positron pair ~reduction which has a cross section 

of about 21 mb compared to about 115 µb for high energy 

hadron photo production. 

in the target is 

n = n 
0 

The average photon beam intensity 

.:.£!i exp{ A cr l}dl 

dl 



n = n 
0 

1-exp(-acr) 
acr <III.D.7) 

where a is the pair production cross section for hydrogen. 

a is related to the radiation length X
0

, 

a 7 A 
9 X N 

0 

(III. D. F:l) 

X can be calculated [Tsai, 1974J and has the value 
0 

63. 0470 g/cm 2 for hydrogen. Rewriting Eqn. <III. D. 7) in 

terms of X gives 
0 

n = n 
0 

1- exp{-(7pl)/(9X0 2l 
(7pl)/(9X ) 

0 

= n (0.95778) 
0 

and Eqn. <III. D 6) now becomes 

y y 5 a!:!=--=- (2.4807'10) µb na n 
0 

< I I I. D. (1> 

<III.D.10) 

Beam attenuation in the mylar windows of the target 

amounts to less than 0. 1% and is thus neglected. 

Eq_n. <III. D. 10) is Lised for all cross section calculations in 

this thesis. 



5..~-11!..!L De t e c: t o r· s 

1. Gene1•al Descr·iption 

The experimental apparatus was designed to measure the 

total hadronic photoproduction cross section <crT> between 18 

and 184 GeV. The basic challenge is to extract a in 
T 

th(':! 

presence of an electromagnetic <EM> backg·roLmd, mostl~I 
+ -e e 

pair production, some 180 times larger than crT In the case 

of EM events most or all of the tagged photon energy shows 

up in electrons or photons at small angles with respect to 

the beam direction. Hadronic interactions, on the other 

hand, tend to produce particles at much larger angles, and 

rarely deposit significant electromagnetic energy near o 0 . 

The detecter arrangement is illustrated in Fig.<III.E.1>. 

Non-interacting beam photons and products of electromagnetic 

events deposit most of their energy in the central shower 

counter, C. Particles from hadronic interactions are 

detected by two lead glass shower counter arrays, G2 and G3, 

six multiwire proportional chambers, MWPC, and seve·ral lead-

steel- scintillator hadrometers, covering >90° 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 scaling of the acceptance 

geometry for different electron beam energies, Tot,:il 

cross section data were co 11 ec ted with E =40, 60, 90, 135 
0 



and 200 GeV corresponding to photon energies, Ey' from 18 to 

184 GeV with substantial overlap of Ey ranges at adjacent E
0 

settings. 

A vacuum exists in the beam region from the downstream 

end of the target up to the first MWPC in front of G3 

(12. 7 cm diameter pipe at the target, increasing in steps to 

61 cm diameter a t t h e MWP C ) . A my 1 a T' t u b e (6. 4 cm 

diameter'), filled with helium gas, extends from the last 

MlrJPC, through G3 and 83, up to the C-counter. The 

probability of a hadronic interaction in the target is 

approximately 4. 6x1.0-1+ per· incident photon ( cr =115 µb). In 

comparison, the hadronic interaction probability in air is 

about 7x10- 6 per· meter of air, or about 1. 5% of the target 

rate < cr ::= :L 1 5 µ b • A 0•9 3 , A::: 14. 4, p =O. 0012 g/cm 3 ). As the 

C-counter is several meters from the hydrogen target (eg. 

1:3 mat E =90 Ge~n. an intolerable i~ate of air interactions 
0 

is thus eliminated by the vacuum/helium system between the 

target and the C-counter. 

2. C1;>ntral Shower Counters C and D 

The fraction of the tagged photon energy detected in the 

C·-c ounter, provides the primary means for 

differentiating hadronic and EM events. The great majority 

of hadronic events have E /E near O, while EM events peak c y 

near .1.. The E /E spectru~ for events passing a loose c y 



hadronic trigger, defined by a tag in coincidence with a hit 

in any hadron detecter is shown Fig. <III. E. ;n. 

The C-counter could not be made out of lead glass due to 
+ -its exposure to the high rate of beam photons and e e pairs 

with the inevitable result of radiation damage. Instead, it 

is a 20-layer lead- scintillator sandwich shower counter, 

each layer consisting of a 0. 64· cm thick lead pl.:ite followed 

by an equal thickness of scintillator. The cross sectional 

area is 11. 4x11. 4 c.:m 2
. Lucite light guides couple the light 

·From all scintillator elements to a f<CA 6342A 

photomultiplier tube. An extra layer of scintillator is 

inserted after the third, fourth, and fifth lead pJ.,3te. 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 <~3 cm) from the front 

face of the shower counter. lhe probability for a hadron 

induced shower to start in the front part of the counter is, 

however, sma 11. Most showers initiated b ~I hadr•on 

interactions in the C-counter can thus be identified as such 

on the basis of a low pulse height measured in the th·ree 

sampling elements. 

The C-counter output signal must be linear with energy 

and stable in time not only because of the importance of the 

E /E ratio for hadronic event identification but also 
c y 

because the C-·counter ener•g y is essentL3l for the 



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 ~;ypital 

C-counter energy spectrum for 200 GeV incident electrons is 

shown in Fig. < I I I. E. 3) . Fluctuations in the gains o~ the 

photomultiplier tubes are tracked by a pulsed laser system 

<details in Section 5 and [Morrison, 1975]). 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 apprciaching that of the electron 

beam <the bremsstrahlung tip>. 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 

data taking. 

The D~counter is located directly downstream of the 

C-counter and serves primarily to absorb shower leakage from 

the C-counter. It is a 16-layer lead- scintillator sandwich 

with a cross sec:tional area measuring 24. 1x24. 1 cm 2 ( larqrn 

than the beam hole through 83). The lead plates and 

s c inti 11 at ors are 0. 64 cm th i c k . The light from all layers 

is coupled to a single photomultiplier tube. 
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3. Hadrometers 31, 82 and 53 

Wide-angle hadronic particles are detected by 81 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 2 . A 3. 8 cm thj.ck le.:1d 

plate is mounted in front of the first plane. 

and third plane a·re preceded by 10. 2 cm of iron. 

have a 20. 3 cm square hole in the beam region. 

The SE·cond 

All layers 

The light 

from each plane of scintillator is viewed by two 

photomultiplier tubes on opposite sides. An S:l triggr.:r 

requires either a summed pulse height equivalent to at least 

five minimum ionizing particles passing through the plaries, 

or pulse heights in each plane consistent with a 0. 3 minimum 

ionizing particle. The detection efficiency of 81 for muons 

is >99%. 

82 is mounted behind the lead glass array G2. The 

distance of 82 from the target is chosen so that its 

acceptance area matches the hole in 81. The det€~ctor 

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 fT'om the first plane by 1. ~3 cm of irtrn and 

10. ;,! c:m of lead. 25. 4 cm of iron sepc:n'ate the second and 

third plane which also consists of three counters. The 



scintillators are 0. 64 cm thick and form planes measuring 

76x76 cm 2 . A 20. 3 cm square hole in al 1 layers of 82 al louii:; 

passage of the beam and most EM products. The light .f!rt1tt1 

each counter is viewed by Amperex 56AVP photomultiplier 

tubes whose gain is monitored by the G2 pulsed laser system. 

A f:)2 trigger requires either a summed pulse height 

equivalent to the passage of at least three minimum ionizing 

particles, or pulse heights in each of two or three planes 

consistent with a 0.4 minimum ionizing particle. The 

ePficiency of 82 for detecting muons is )99. 9%. 

Hadrons passing through the hole in 82 are d~tected_ by 83 

except for particles in the beam region. 

directly behind the lead glass array G3. 

83 is positioned 

The acceptance 

area of the detector measures 102x102 cm 2 and is devided 

into four quadrants. Each quadrant consists of twelve 

scintillator planer:,, 0. 64 cm thi_cl<, t.1.Jith 10. 2 cm or iron in 

front of each plane. An additional iron plate is mounted 

behind the last scintillator plane to shield against 

backsplash from the C·-c:ounter whic:h is located in the beam 

Pegion JUSt downstream of 83. The beam enters the C-countar 

through a 15. 2 cm square hole in 83. The twelve counters in 

each quadrant are optically coupled in sets of four and 

viewed by Amperex 56AVP photomultiplier tubes. The gain of 

the tubes is monitored by the G3 pulsed laser system. An 

energy calibration of 83 is determined with a pion beam of 

known P!H.'"l'Q~l- A very low intensity pion beam can be 
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obtained by placing a lead brick into the el~ctron beam near 

the first focus. thereby severely degrading the electron 

beam and enhancing the pion to <?lectron 

Fig.CIII.E.4) shows a typical ~33 energy spc1ctrum f'or 90 GeV 

pions incident on quadrant 4 Cbottom,eastl. The entH'9~1 

resolution is typically no better than 30% <FWHM> of the 

incident ene·rg~J. A trigger fr'om is dE•termined an 

energy threshold set tu about 5 0eV. 

4. Hadrometer K ( Z+Tr\NC) 

The K-counter is furthest away from the target and serves 

to . detect hadrons in the beam region. It cons:i~~ts of two 

detectors, Z and T Al\IC, w h i ch are tr e.:. t e d as ~1 uni t in the 

trigger logic. The 2-counter has an acceptance area 

measuring 51x51 cm 2 and is made of four scintillator planes, 

O. b4 cm thick, with 10. 2 cm of i 1' on i. n front n {" e 2) ch p 1 a rn::·. 

The light from the four planes is coupled to an Amperex 

56AVP photomultiplier tube. 

The TANC <Total Ab·:;o1ption b~1 r-~ucle.:.11 Ca~;cade) is mounted 

directly behind Z and has an acceptance area of 45x45 cm . 

It is const1ucted of 14 iron plates, 5. 1 cm thick, immersed 

in a tank filled with a toluene-base liquid scintillator. 

Light originating in the scintillator is viewed by a single 

20. 3 cm diameter Amperex 57AVP photomultiplier tube. 

The K-counter is calibrated with a pion beam of known 



'J 1 

energy <see 83 description). A typical K energy spectrum 

for 90 GeV incident pions is shown in Fig. <III. E. 4>. A K 

trigger requires a signal from Z or TANC equivalent ta the 

passage of at least one minimum ionizing particle in 

coincidence with a signal from the pair counter <see Section 

6). A I.\ tr'igge·r is vetoed, hotuever. if the ene-r·gy in the 

C-counter is above some threshold, typically 1/3 of E <the 
0 

electron beam energy>. 

Photons and electrons passing through the hole in 81 are 

detected by two lead glass shower counter arrays. G2 and G8, 

positioned upstream of 82 and 83 respectively. G;;! is a 6x6 

array of 6 3x6. 3x34. 4 cm 3 Pb glass blocks surrounded by an 

additional ring of 1!:-3. 8x18. 8x31. 8 c:m 3 blocks. The centr.:il 

four blocks are removed to allow the passage of the beam and 

small angle interaction products. The 6.3xt..3 c:m 2 blcicks 

are glass type SF2 while the large blocks are SF5. Table 

(Ill. E. 1) lists some of the properties of lead glass. A 

sheet of lead, 1. 3 cm thick, is mounted in front of G2 <to 

initiate showers earlier) thereby increasing the total 

length of the detector to approximately 14. 4 radiation 

li,mgths. The c~~renkov light is viewed end··-on by 

photomultiplier tubes glued directly to the downstream end 

of the glass blocks. Two types of tubes, liCA 8575 and 



Amperex 56AVP, are used for the small blocks; the tubes on 

the large blocks are 12. 7 cm diameter EMI 9815. For th<'1' 

generation of 02 t·f'iggers the small blocks .. (~25, are treated 

separately from the large blocks, G2L. A G2f3 triggf?T' 

requires about 0. 5 GeV in the G2S array while the threshold 

for G2L is about 2 GeV. 

G3 is a 7x7 arra~1 of 6. 35x6. 35x5f.3. 5 cm 3 blocks, qlass 

type SF2, with the center block removed for the beam to pass 

through. The Cerenkov light is viewed end-on by 10·-stage 

RCA 6342A photomultiplier tubes. The tubes screw into 

transparent lucite transition pieces which 

directly to the end of each Pb glass block. The resolutitrn 

of the counters is improved <by about 25%) with ultraviolet 

absorbing yellow glass filters inserted between the lead 

glass and the photomultiplier tubes [Morrison. 1977]. In 

effect, the filter reduces light intensity variations caused 

by longitudinal shower fluctuations and the resulting change 

in attenuation which is strongest for short wavelengths <see 

Table CIII. E. 1.J). 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 subjected to higher rates than the 

remaining blocks af G3 (eg. wide angle + -e e pairs>. The 

energy threshold for a G3 tT' i g g er is thus about 2% of E 
0 

<the electron beam energy) for G3 not including the 

!·-·counters, and about 5% of E for the I-counters. 
0 

Also, a 



trigger from the I-counters is vetoed 

energy is more than 1/3 of E 0 . 

if the C-counter 

The G2 and G3 arrays are calibrated with a low intensity 

electron beam of known energy. Each array has its own laser 

calibration system to monitor subse~uent gain variations of 

the photomultiplier tubes. To optimize the dynamic range 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 

process. Aside from gain monitoring, the lasers are used to 

examine the linearity of the photomultiplier- ADC system. 

·rhis 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. <III. E. 5). A 

detailed description is given in [Morrison, 1975J. The 

primary light source is a small N2 laser (3371 ~) operated 

in a pulsed mode, about one pulse per second, with a pulse 

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 4600 ~. Lucite light guides, glued 

radially onto one half of the sphere, collect most of the 

emitted light. The light guides are bent to form a bundle 

about 2. 8 cm in diameter. The other half of the sphere is 

aluminized to reduce light losses. lhe light emerging from 
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the light guides passes through one of several neutral 

density filters CO% to 100% transmission) which are mounted 

on a remotely controlled filter wheel. 

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 a minimum of space 

in front of the Pb glass arrays. The light from the 

wavelength shifter is measured bt,1 the "direct" photodiode 

(before the filter wheel) and, as a check, is also sampled 

by the "fiber" photodiode (after the filten' whee].). Thus 

knowing the intensity of each light pulse it is not 

essential that the laser itself be stable with time. 

3~ 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 update the energy 

calibration. 

6. Pair and Recoil Counters 

The pair counter, p, is a plane of scintillato·r, 18. 8 cm 

square and 1. 6 mm thick. It is located Just upstream of the 

multiwire proportional chambers and covers the beam region. 

A P-counter signal in coincidence with ~ signal 

generates a hadronic trigger if the energy in the C-counter 

is less than about 1/3 of E . 
0 

The requirement of a 

P-counter signal eliminates the possibility of a K trigger 
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resulting from a hadronic beam-photon interaction in the 

C-counter. 

The recoil counters consist of four scintillator pl~nea, 

0. 64 cm thick, arranged 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 r~coil counter is about 360 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 is most useful in sorting out ambiguous hadronic svents 

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 positioris of charged particles entering the H3 

acceptance region are provided by six multiwire proportidnal 

chambers <MWPC> positioned in front of the Pb glass array, 

G3. The chambers are of relatively standard construction 

consisting cf 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 

frame for rigidity. The spacing between the wire planes is 
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8. ;;;! 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%) J (20%) gas mixture. The high 

voltage wires are made of silver plated Be-Cu alloy. 

0. 076 mm in diameter. The wire spacing is 1 mm. The sign.:d 

ulires are made of gold plated tungsten, 0. 025 mm in 

diameter. The wire spacing is 2 mm which amounts to 235 

active signal .wires. Chamber positions and orientations are 

obtained using standard surveying techniques and 

verified by computer + -fitting routines with date from e e 

+ -pairs and p +TI TI as input. The chambers are separated f'rom 

each other along the beam direction by an average of 

17.7cm. The chamber closest to G3 has its signal wires 

some 30 cm in front of the Pb gla~s. The chambers are 

rotated around the beam axis by different amounts. The 

angles between the signal wires and the vertical are 

approximately o 0 , +/-13. 5°, +/-70. 3°, and 90° for the six 

chambers. 

The pulse height from a signal wire is typically 1 mV 

and thus needs to be amplified to achieve full efficiency in 

detection. Amplifier cards containing the data output 

electronics. for eight wires plug side by side into sockets 

on printed circuit boards mounted along two sides of each 

chamber. The circuit diagram of an amplifier card is shown 

in Fig. <III. E. 6). The signal from each wire is amplified 

(ac gain ~ 2000) and fed to a discriminator (a one-shot 



univibrator) which has a triggering threshold ot 1. 5 V. The 

( 500 ns> and differentiated trailing edge of the 

discriminator output then sets a bit in a shift register if 

the signal is in coincidence with a fast load pulse 

gener·ated b•J the master trigger of the experiment. The 

shift registers in a chamber are connected in series and can 

be read out with clock pulses sent from a scanner module. 

The scanner unscrambles the serial data and loads its memory 

CRAM> with wire addresses <13 bits> and spreads <3 bits> of 

the hit wire groups. The RAM has 64 words of 16 bits. The 

six chambers are read 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. 

E'_: _._Ir..! . ..9..fl.llr. __ g_1 e c tr on i c s and Data_ Stora g e 

Typical parameters for the 90 GeV electron beam set-up 

are 2x10 12 protons (400 GeV/c) pe1~ pulse on target, l.. 1x10 7 

electrons at 90 GeV giving about 5. 5xl.0 4 tagged photons with 

a 0. 01 X radiator. 
0 

At this rate the hadronic yield from 

the .l m long <O. 1.1 X
0

) hydrogen target is about ;;.~6 events 

per pulse corresponding to a 115 µb 2ross section. Table 

<III. F. 1) list~; and dt.•fines the six different. triqger typf.~s 

w~ich are used to collect and categorize the data. The 



triggers are mutually exclusive and ensure that all events 

initiated by a tagged photon end up in one of the triqger 

types. The H·-·trigger logic i"-· shown in Fig. <III. F. 1 ). Thf-1 

T H g trigger contains most of the hadronic events plus a few 

fake events which are later reJected by the off-line 

analysis ( e g. downstream interact ions, 1m1 on a c c id en ta 1 s, 

etc. ) . All TgH events are written on tape. Onl~J a s;:1mple 

of the events from other trigger types are saved however to 

avoid dead time for TgH events. Sc a 1 e ··do um c i r cu i t s ad ,I us t 

the sampling rate for each trigger type depending on 

importance. Typical scaledown factors are listed in Tabl€! 

<III. F. l>. Trigger type 6 selects non-tag photons from the 

bremsstrahlung tip for C-counter gain monitoring. ·rhe 

number of good 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 th~ total c~oss section. 

An event which is to be recorded on tape is transferred 

via CAMAC to a DEC PDP-15 computer. .Each event record 

consists of 157 digitized pulse heights, 24 digitized timing 

siqnals, 144 bit la·tches, and MWPC addresses and spreads. 

All laser calibration events are written on tape. The 

cu1·rent GeV pe·r channel for evertJ counter, 78 scalert:;, 

hydrogen target parameters, and the digitized tagging magnet 

current are written on tape approximately every 5 minutes. 

lhe 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 .Por every 

counter, the computation of MWPC efficiencies, the search 

for logic errors. etc:. A scaler display aides the 

experimenter· to quickly locate inefficient counters, 

unplugged cables and rate fluctuations. 
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Figure (III.A.I) Aerial view of Fermilab 
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Figu're (III. C. 3) Typical fractional electron energy distribution 
across the tagging counters. 
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Table (III.E .1) 

Properties of Lead Glass 

Glass Type 

Composition (% by weight) 
PbO 
SiO 
K o2 

2 Na2o 
Radiation Length (cm) 
Refractive Index 
Specific Gravity 

Internal Transmission 
for 2.5cm Thickness 

A.=340nm 
350 
360 
370 
380 
390 
400 
420 
440 
500 
700 

S F 2 

50 
41 

5 
3 

2.84 
1.64769 

3.85 

0.15 
0.47 
0.708 
0.837 
0.894 
0.940 
0.968 
0.981 
0.985 
0.994 
0.995 

S F 5 

55 
38 

5 
1 

2.54 
1.67270 

4.08 

0.02 
0.27 
0.57 
0.753 
0.850 
0 .915 
0.953 
0.975 
0.982 
0.990 
0.993 
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Most of our blocks were purchased from Schott Optical Glass, Inc., 
Duryea, Pennsylvania. 



Trigger 

1 Tg·H 

2 Tg·C·H·~ 

3 Tg·C·H·H ·P b -- -
4 Tg·C·H·H ·P b 
5 Tg·C·H 

6 T·A·C·H·P 

Table (III.F .1) 

Trigger Definitions 

Definition 

Hadronic events 

Questionable Hadrons 

Pairs 

Non-interacting events 

False tags 

Bremsstrahlung tip 

Scaledown 

1 

3 

2000 

2000 

50 

20000 
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Tg T·A·busy (a tag, no anti-counter signal and no busy signal from 
the computer or fast-logic) 

H = Hl + H2 + H3 

Hl Sl 

H2 = G2L + G2S + S2 

H3 = (G3-I) + S3 + C·~ 

~ I + (P·K) 

G2L,G2S E above threshold (G3-I),I: nergy sum 

Sl 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+Z 

C Energy in C less than 1/3 of E 
0 

P Minimum ionizing 



CHAPTER IV RHO-PHI ANALYSIS AND RESULTS 

A: Introduction 

Elastic P and $ photoproduction cross sections on protons 

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

detection apparatus are shown in Figs. <III. E. 1) and 

<IV. A. 1). The apparatus does not include a magnet or 

Cerenkov counter. It is therefore not possible to directly 

measure invariant mass spectra. However. a distribLJtion of-

track separations for events having exactly two tracks and 

beinq consistent with exclusive p or $ prodLJction, exhibits 

distinct peaks corresponding to + -
p+1T 1T and 

Spec i .Pica 11 y .• the small G value <the momentum of the K's in 

thE-~ <I> rest frame) available for $+K+l.<.- restricts the 

averaqe K+K- opening angle and the corresponding track 

separation to a value which is about 2.8 times smaller than 

thl~ average + -
1T 1T track separation .Prom p decays. 

In general. the track separation (distance between 

particles) at the detector for a particle of mass M decaying 

into two particles of mass m is given by (for a derivation 

lHH~ APPENDIX A) 

2ZM{l - (2m/M) 2 } 1/ 2 sin 0 
t,, = CIV.A.:I.) 

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

99 
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Z = distance from decay vertex to the detector 

E = lab energy of decaying particle 

0 = decay angle in M rest frame 

The two limiting cases for Eqn. (IV. A. 1) ,:ire 

11cx:sjn8 

m -· 0 11cx:l/!:;in0 

+ -The first case approximates <I> +K K wh£1reas the second :timit 

d e s c r i b e s p + n + n - e x c: e p t f or e n ear O 0 < c> r :t 80 ° ) . Tht'l exact 

behaviour of /1 <lab frame> vs. e <M rest ~rame> as given b~ 

E:qn. <IV. A. :l) is sh r.> wn in Fig. ( IV. A. ~2 ) f o ·r· p an cl cf> de r.: a t.J n. 

The l..<.+K- ·sepaT'ation is a maximum when 8 ~-:: 90° (s~1mmetric 

decay) and is less at all other decay angles. I n c on tT· a s t , 

the 7T+7T- separation from p decays is a minimum when e = 90° 

and is larger at almost all other decay angles. In 

addition, the maximum separation for <I> decays is less than 

the track separation for p decays except for e near o° Cor 

180 0). 

For 0 ::: 90°: 11 = 1.435 Z/E (GeV), M = O. 77 p p 

11 cf>= ( /1 <I>) max= 0 • 5 0 9 Z IE (Ge V) (IV. A. ;;n 

Symmetric decays <B - 90°> are favoured for both the p and 
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the ~ according to the sin 2 8 decay angular distribution 

expected for a JP= 1 resonance decaying into a pair of 0 

mesons with conservation of s-channel helicity. From 

Eqn. <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 

remove the energy dependence of the track separations before 

plotting. This is accomplished by dividing each measured 

separation by <6~> . 
'!' max 

The variable to be plotted is thus 

defined by 

R 6/(6~) 
'!' max 

<IV.A.3) 

where 6 is measured and <6~) is calculated for each event 
'!' max 

assuming that the momentum of the ¢ is equal to the momentum 

of the beam photon, k . 
y 

+ -For ¢ + K K we then expect a narT'OUJ 

peak with R ~ 1. 0 for all photon energies and p decays 

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 
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successfully by the Boding Model as an interference effect 

between diffractively produced p mesons and a non-resonant 
+ -

'IT 'IT background from a Drell diagram [Soding, 1965; Dre 11, 

1961 J. The problem of the p shape is discussed at length in 

paper by Sp ital and Vennie CSpitaL :1.9743. A 

parameterization of the P mass distribution is given by 

dN 

dM 
'IT'IT 

M M r 
'IT'IT p 

with the P width [Jackson, 1964J 

2 

l+(q /q)2 
'IT'IT p 

q'IT'IT and qp are the pion momenta in the 'IT'IT rest 

dipion masses M and M respectively. 
'IT'IT p 

(IV. A. 5) 

frame for 

There is a direct correspondence between the p mass 

spectrum and the R distribution. A Monte Carlo <M. C.) 

generated scatter plot of R versus M for p decay 
'IT'IT 

illustrates this ·relationship in Fig. <IV. A. 3). Event£=, in a 

given R region are associated with a CtH'responding M 
'IT'IT 

range. The Monte Carlo event generation takes into account 

the resolution 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 generated R 

distribution for the p is shown in Fif.J. <IV. A. 4A) with 



cl - 3. 0 and c2 - 2. 0. The important effect of skewing and 

ffii3SS shift is apparent on comparing with the dotted c u·rve 

for which cl -· c 2 ·- 0. o, i. e. no int er f e1· enc e. The ac:tual 

values for the parameters Co' cl' C2 are determined b ~J 

fitting Monte Carlo generated R distributions to the real 

data. Fig. <IV. A. 4B) shows the Monte Carlo generated R 

distribution for the cj>. 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 t~e tagging system and the track 

position resolution from the MWPC's is indicated by the 

solid c1.1rve. 

B: Data Accumulation 

Data were taken with the electron beam energy E
0
= 60, 90, 

135 and 200 GeV. Some data were taken with E = 60 GeV and 
0 

the apparatus in a configuration appropriate for E = 90 t~eV 
0 

to check the effect of changes in geometrical acceptance. 

As the photon energies cover about 50% to 92% of E there is 
0 

a substantial gamma energy overlap for adjacent E settings. 
0 

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 cp candidate if it 
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ha~~ exa.ctly tuw ti'acks in the MWPC's and a large fraction of 

the photon energy in the downstream hadrometers 83 and K. 

The upstream counters 82 and G':-l c.. are used as veto 

counters. Events of this kind are recordDd in the TgH 

trigger category which contains most hadronic events <see 

Section CIII. FJ and Table CIII. F. 1J). The number of tagged 

photons and T H g triggers for the full hydrogen target are 

s u mma r i z 1:1 d in Tab 1 e ( IV. B. 1 ) . 

l. GerH!1'al 

All events collected in the TgH trigger category are 

·recorded on tape. From these events a subsample consistent 

with exclusive p or • production is obtained by requiring 

the events to pass a number of analysis cuts. The cuts artoi 

discussed below and are summarized in Table<IV C. U. Ab t:.\IJ t 

1% (for E = 60 GeV at 90 GeV configuration) to 3.4% (for 
0 

E = 135 GeV data> of the TgH events survive all the cuts. 
0 

The summed ADC pulse height spectrum for planes 2 and 3 

of 81 are shown in Fig. (IV. C. 1A> for part of the E = 135 G1,)\l 
0 

data. Events pass the Si cut if this pulse height is lass 

than 1. o. Plane 1 is excluded fro~ consideration to avoid 

+ -vetoes resulting from very low energy e e pairs originating 



in the target and depositing energy in the front plane of 

81. Of the events passing all cuts, less than 3% have 81 

(planes 2 + 3) pulse heights between 0. 2 <'lnd 1.. 0. Counter 

noise accounts for about one third of this sample. The 

remainder is attributed to inelastic p or ~ production as 

most of these events have two or more of the recoil counters 

.Pi·r:inq. 

Typical sp~ctra of the variables used in the energy cuts 

are shown in Figs. <IV.C. 1B> and <IV,C.2A and 2B) fo·r part of 

the E = 135 GeV data. 
0 

The missing energy cut requires the 

energy deposited into the H3 counters to be no less than 35% 

of the tagged photon energy. The rather poor energy 

resolution of the TANC counter is in part responsible for 

this somewhat generous threshold. The probability for a 

pion or kaon to interact hadronically in the Pb glass array 

G3 or the C-counter is quite significant (typically 70/.). 

Neutral pions resulting from such interactions initiate 

electromagnetic showers <rr 0 +yy) and thus can deposit a 

fraction of the total energy in G3 and C. 

However, if the interaction takes place near the end of the 

shower counters the remaining length may not be enough to 

c:ontain all of th£~ e. m. shower and energy will be 1 OS t. 

·rhe hadronic produc:ts of such pion or kaon interactions are 

not expected to always deposit all of their energy in the 

hadrometers 83 and K. As a result the missing energy 

distribution peaks at a value between 20% and 30% of the 
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tagged photon energy. 

The summed energy in the C-counter and the Pb glass array 

G3 <G3IC energy) may be as large as 60% of the tagged photon 

ene·rgy. This allows for energy deposited by pions or kaons 

inter•acting in the shower counters. The location of the 

showers in the Pb glass array are required to agree with the 

track positions given by the MWPC's. Background events such 

as + - 0 w + TI TI TI are thereby e 1 i min ate d (about ~3-A % of th P. p-¢ 

candidates). 

To ensure that at 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 G:-.:l:CC 

energy can be no mo1'e than 75% of the summed H3 eneT'gy, i. f?. 

at least 25% of the visible energy is in 83 and K. 

A geometric boundary (acceptance) is imposed on the 

events by ·requiring each track to be inside a 3:3 cm (J.:~i'') 

square area at the MWPC's. The distribution of 

y-coordinate <vertical) 

is shown in Fig. (IV. C. 3). 

for MWPC tracks CE = 135 GeV data> 
0 

The sharp peak at y = 0 is mainly 

due to rho'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. Tr·ack 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 CIII. E. 7J>. A tr·ac k 

is described by a straight line (no bending magnet1) in 

space. A three-dimensional parameterization of a single 

track passing through the MWPC's requires wire info~mation 

from four chambers. As is shown schematically in 

Fig. (IV. C. 4A), an event with more than one tr•ack requi·res at 

least one additional chamber to resolve ambiguities in the 

track reconstruction, i. e. a minimum of five chambers are 

needed to determine the positions and angles <with respect 

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 

result, the minimum required number of chambers with 

complete wire information is reduced to three (out of the 

total of six) for each two-track event. 

Wire information from the MWPC's consists of the 

addresses and spreads of hit wire groups <wires with a 

signal). Groups usually have a spread of 1 <only one hit 

wire> or possibly 2 <two adjacent hit wires> but rarely 

greater than 2. The number of groups for p-¢ candidates is 

shown in Fig. ( IV. C. 4B) for part of the E = 200 GeV data. 
0 

Two charged particles passing through the six MWPC's are 

expected to yield 12 groups (2 per chamber). It is of 

course possible for the two particles to hit the same wire 

in particular ch arnb er <more so for small track 
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separations> so that the number of groups would be less than 

1 'I c:;., An event is rejected unless the number of groups is at 

least 10 but no more than 20. Events falling outside this 

bracket are usually associated with downstream interactions 

<typically from the steel vacuum window in front of the 

chambers). 

As each event requires only three af the six chambers for 

the track recoMstruction it is possible to keep a running 

efficiency check of the MWPC's by testing the 

information of the unused chambers for consistency with the 

reconstructed track positions. Only events which have at 

least three efficient chambers ( i. e. two reconstructed 

tracks> are considered. The resulting bias requires a small 

( d OWTlW<iH'd) correction to the efficiencies obtained in this 

manner. The corrected efficiencies of the individual 

chambers for detecting both tracks <with no additional hits> 

ranges from about 62% to 86%. The average reconstruction 

efficiency for 2-track events is typically 92 ± 1.% for the 

six chambers but decreases for tracks less than 1 cm apart. 

A study of events which do not have two reconstructed tracks 

but pass all other cuts for p-¢ candidates reveals no 

problems <1%) with lost p or ¢ events due to extra 

(accidental) hits. 
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3. Data and Monte Carlo 

The distribution ofl R <the normalized track separation 

defined by Eqn. (IV. A. 3)) is sh own in Fig. (IV. C. 5) fof' the 

E = 90 0 
GeV data and in Fig. <IV. C. 6) for the E = 0 135 GeV 

data. The data for E = 0 
60 GeV and 200 GeV look simila·r. In 

addition to the dominant P peak, all distributions exhibit a 

clear ~ peak near R = 1. Most of th~ events near R = 0 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 = 0 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 events in 

the R>1 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 positron 

differ by a sufficiently large amount, and the higher energy 

particle interacts hadronically in the C-counter, a 

significant fraction of the energy may show up in the 

hadrometer K. An + -e e pair can thus end up in the TgH 

trigger category (instead of Tg·C·H·Hb·P or possibly 

Tg·C·H·Hb) and create a source of background. The R 

distribution for interacting + -e e pairs should be no 

different than the distribution for non-interacting pairs 
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w h i c h i s sh own in Fi g . ( 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 due to the decay 0 + --+ K 'IT 'IT L (branching 

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 

distributions for p and <f> events. + -An e e pair background 

is included in the computer fitting program. The fitting 

parameters are the constants c 0 , c 1 and c 2 of the p mass 

distribution, Eqn. <IV. A. 4), the number of events in the <I> 

peak and the size + -of the e e background. Thi;.1 amount of 

empt~ target background is calculated for each set of data 

and is thus a constant of the fit. The nominal p mass and 

width are held fixed for all fits at M = 773 MeV and p 

r = 150 MeV. 
0 

The p and • decays are generated according to 

a sin 2 8 polar angle distribution with respect to the 

direction of the decaying meson in the meson rest frame. 

Detailed experiments at lower energies [Ballam, 1973; 

Behrend, 1978] show that y-+p and y-+. transitions conserve 

s-channel helicity to a high degree. The azimuthal angle is 

r~ndomly distributed as neither the beam photons nor the 

target protons are polarized. The Monte Carlo momentum 
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transfer distribution bt 2 is given by e with b«I» ::::: 6. 5 GeV-

and b<P> = 8.5 Gev- 2 . Both values for b are consistent with 

VMD- quark model predictions at high energies, 

approximately equal to the average slope for 

e. g. 

+ 
7T p 

b<P) is 

and 7T p 

elastic scattering (see Appendix D), in good agreement with 

p photoproduction data [Leith, 1977; Beh1·end1 1978]. The 

results of the analysis are not significantly affected by 

the uncertainties in these numbers except for a weak 

dependence of the p acceptance on b(p). The photon spectrum 

and beam size are given the expe·rimental ly observed 

characteristics. The generated events are reconstructed 

taking into account the geometric acceptance and the energy 

and track position resolution of the experimental apparatus. 

The Monte Carlo generated dipion mass spectrum resulting 

from the fit to the E = 135 GeV data is shown in 
0 

Fig. (IV. C. 9) with Co= 1. The fitted R distribution is the 

dotted curve shown in Fig.< IV. C. 6). The constants c 1 and c2 
which deter~ine the shape of the M distribution stiow no 

1T1T 

substantial energy dependence and have average values of 

3. 0 ± 0 . .7 and 2. 0 ± 0. 5 respectively. The constant c0 is, 0 +~ 

course, proportional to the number of events in the p peak. 

The Monte Carlo program with the above described input 

quantities produces very good fits over the entire R range 

for all data samples. The program is used to determine 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 Y, p (IV. C. U 

where 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 vector meson decay products. An additional 

criterion for two-body production is the coplanarity of the 

recoil proton and the vector meson. The fraction of 

inelastic p and • events has been measured at Cornell 

[Berger, 1972J with E = 8. 5 GeV as a function of the y 
momentum transfer t and, for the p, at various dipion mass 

intervals. They report an inelastic fraction in p 

photoproduction which is typically less than 5% at t ::: t 
min 

and rises to about 25% near t =-0. 4 GeV 2 

obvious dependence on the dipion mass M 
7f1T 

There is no 

The inelastic 

contribution to • photoproduction is given as 14 ± 8% at 

t = t . and appears to increase slightly with increasing t. min 

These numbers represent the inelastic contribution within 

the energy acceptance of the experimental apparatus and are 

in this sense lower limits. 



Inelastic ¢ photoproduction was also measured at DESY 

[Behrend, 1978]. The inelastic fraction at t = t i is m n 
typically 25%-30% for E ~s GeV. y The separation of ~i~~tic 

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 

imp 1i es that the inelastic fraction increases with 

increasing t, in qualitative agreement with the p and ¢ data 

of [Berger. 1972J. 

In this experiment the fraction of inelastic p and ¢ 

events is estimated from the number of events with a signal 

in one or more of the four scintillator counters surrounding 

the hydrogen target (see Section CIII. E. 6J). The observed 

fraction of events with O, 1 and >1 recoil counter signals 

in coincidence with the vector meson decay products is shown 

as a function of R in Fig. <IV. C. 10) .Por all or the p-¢ data. 

For recoil studies the data are divided into subsamples of 

events with O, 1 and >1 recoil signals. The number of p and 

¢ events in each subsample is obtained .Prom the respective R 

distributions using the Monte Carlo fi.tting routine 

described in the previous section. The observed fraction of 

events in each recoil category are listed in Table <IV. C. 2>. 

For the p, the numbers represent averages for events in the 

peak region of the R distributions. 

The Monte Carlo program which is used 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 ranging out of 

recoil protons with a momentum too low to penetrate the 

material between the liquid hydrogen and the scintillator 

counters. A Monte Carlo generated scatterp 1 ot, 

Fig. <IV. C. 11), shows the recoil proton momentum versus 

recoil angle for elastic p events. The proton momentum must 

be >360 MeV at a recoil angle of 80° to fire a recoil 

counter. As the recoil counters are surrounding the target 

in a 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 over.lap 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 Q, 1 and >1 recoil counters as 

predicted by the Monte Carlo program. The numbers aT'e 

corrected for scattering and nuclear absorption of the 

recoil proton in the material between the target and the 

scintillator counters. The fraction of event.s 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 recoil counter is more likely to fire for elastic p 

events with a larg~ dipion mass <R is proportional to M ). 
7T 7T 

This dependence is easily reproduced by the Monte Carlo 

program if the momentum transfer slope par·ameter, b, is made 
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to be a function of M1T1T i.e. b decreases with inc·reasing 

M1T1T The same kind of mass dependence has been seen by 

several p photoproduction experiments. eg. [Ballam, 1t;t7:::JJ. 

A simple model for diffractive dissociation of the target 

proton is used to give the multiplicities of P• n, 'ff±, 1To 

r~sulting from the proton excitation. The model is outlined 

in Appendix C. The multiplicities are used to estimate the 

percentages of inelastic events firing o, 1 and >1 recoil 

counters. Almost all <98%) of the inelastic events are 

expected to fire at least one of the recoil counters. The 

results are listed in table <IV. C. 2>. 

The Monte Carlo results for the elastic fractions and the 

model predictions for the inelastic fractions of p and ~ 

events in the recoil = o, 1 and >1 categories are fitted to 

the experimentally measured event numbers with the fraction 

of inelastic p and ~ events the only adjustable parameters. 

The resulting inelastic fractions are 12.6% for the p and 

18. 2% for the ~· The agreement of the fitted fractions with 

the p data is very good <see Table (IV. C. 2) >. The ~ data 

appear to favour a somewhat higher <recoil = Q)/(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 uncertainties 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. 

It is difficult to compare the inelastic f1•ac ti ons 

determined by different experiments due to the effects of 

incomplete geometrical acceptance of the different 

apparatuses. In this experiment. an energetic particle from 

a target excitation may veto the event if the particle is 

detected in one of the downstream hadrometers. Inelastic 

diffractive p photoproduction was studied theoretically by 

[Wolf, 1971]. The integrated (inelastic) cross section is 

predicted to rise slowly with energy, 

E = 100 GeV (inelastic fraction 'V30/.). 
y 

5. Corrections 

reaching iv4 µb e:d; 

To calculate cross sections, the number of p and ~ events 

observed in the data need to be corrected for events lost 

due to: 

-geometric acceptance of- the apparatus, 

-MWPC inefficie~cies, 

-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 is subtracted during the 

fitting procedure. Correction factors compensate for the 
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contribution of inelastic events. The number of • events is 

corrected for the branching ratio into K+K-. Typical values 

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. CJ). To compensate for the relatively low 

electron beam intensity at E = 200 GeV <approx. 
0 

ten times 

lower than at E = 90 GeV), about 60% of the 200 GeV data . 0 

were taken with a radiator of thickness 0.038 cm c~o. 03 

radiation lengths). A thicker radiator results in a higher 

photon flux but also increased probability for double 

brem~1strah lung. The probability for double bremsstrahlung 

is given as 

(IV.C.2) 

where t = 0. 0:..1 <E 1+ E2 > =total 

radiated energy <= tagged photon energy Ey>• and Ee= low 

<radiator thickness), 

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 Cin 

the lab frame) and as a result the event may be lost due to 

the finite acceptance of the apparatus. The energy carried 

by the second (non-interacting> photon is deposited in the 
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C-counter. A p-<f> event is rejected, however. if the ene·rg~J 

in the shower counters (including the C-counter) does not 

match with the positions of the tracks determined with the 

MWPC Is. The double bremsstrahlung correction for the 

E = 200 GeV data is calculated as 2% for the p cross section 
0 

and is negligible for the <f>. 

D: Results and Discussion 

The determination of the p cross section from different 

experiments, measured in different kinematic regions, is a 

difficult problem due to the complicated dipion mass 

spectrum. Spital and Vennie CSpital, 1974] have suggested 

that the p cross section be defined as 

Th . ld o.c 'IT+'IT-e y1e r 

dcr 
dM 

'JT'IT 
M =M 

'IT'IT p 
pairs at the p mass, M 

(:CV.D.1> 

p is given by the 

peak of the Breit-Wigner resonance shape describing an 

undistorted p meson. The Drell and interference terms 

vanish at Mp <see Eqn. (IV. A. 4> with M = M 
'JT'IT p ) and the cross 

section given by Eqn. <IV.D.1> is thus independent of details 

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

dN 
dM 

'IT'IT 
= c Jr 0 0 

M =M 
'IT'IT p 

<IV. D. ~?> 
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and Eqn. (IV. D. 1) becomes 

cr <1V. 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 T'epresented 

by f3. 

The data were divided into two photon energy bins for 

each electron beam setting except for the E = 60 GeV data 
0 

taken with the apparatus in the 90 GeV configuration. The p 

cross section. calculated using Eqn. <IV. D. 3), is lis.ted in 

Tab l e < IV. D. 1 > and shown in Fi g . < IV. D. 1 > together w i th some 

lower energy data. The quoted errors include the 

uncertainties due to statistics, geometric: acceptance, and 

the correction for inelastic events. The total systematic: 

uncertainty is estimated at ±6% with no energy dependence. 

The predictions made by Vector Meson Dominance <VMD> and 

a quark model relation between rrp elastic scattering and 

diffrac:tive p photoproduction is given by [Lipkin, 1966; 

and Chapter II of this thesis] 

dcr dt(yp +pp) = 
p2 

rr arr 
k2 y2 

y p 

CIV.D.4> 

where y represents the strength of the photon-vector meson p 

coupling and The variables Prr and ky are the 



momenta of the 7r and the photon. respectively, in the 7rp and 

YP center of mass system (see Appendix B>. As + the 7r p and 

7r p elastic cross sections are very similar. the above 

expression can be approximated by 

da 
dt (yp +pp) P~ cm 1 (dcr + da - ) = 2· dt(7r p) +dt(7r p) 

k2 y2 
y p 

(IV. D. 5> 

The energy dependence of the integrated p photoproduction 

cross section obtained from Eqn. <IV. D. 5) using available 7rp 

elastic scattering data [Ayres. 1977; Foley, 1963; Ambats, 

1974] is shown by the dotted curve in Fig. <IV. D. 1>. The 

y-p coupling constant is taken as y 2 /47r = 0. 64±. 10 from p 

The agreement of the VMD-quark 

model prediction with the data is excellent. 

The sum total <~2100 events> of the • signal above 

background is shown in Fig. CIV.0.2). The solid curve in the 

figure is a Monte Carlo generated R distribution for the • 

assuming s-channel helicity conservation, i. e. 

polar angle decay distribution with respect to the direction 

of the • in the overall yp center of mass system. The 

dotted curve is generated with an isotropic decay of the • 

in its rest frame. i.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 Cin agreement with measurements at lower 

enQrgies>. 
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The <I> cr·oss section is calculated using Eqn. <III. D. 10) 

and the correction factors listed in Table <IV. C. 3). The 

results are given in Table <IV. D. 1> and shown :l.n 

Fig. <IV. D. 3) together with some lower energy data. The 

quoted errors include statistical and background subtraction 

uncertainties, obt~ined directly from the Monte CarlQ fits 

to the experimental R distributions <see Section C.3Y, and 

the uncertainty due to the inelastic event correction. The 

total systematic uncertainty is estimated to be less than 5% 

with no energy dependence. The branching ratiB for 

(<j>+K+l·C>l<<j>+all> is taken as 46.6% [Particle properties, 

1976]. 

The dashed curve in Fig. <IV. D. 3) is an ernpiT•ical fit t<l 

the data and has the form (s in GeV 2 > 

a(µb) 
p2 B 

= _:j_ {A + 
k 2 IS 

+ C•ln(s)} <IV. D. 6) 

y 

A =-0. 103±. 329 

B - 0. 939±.641 

c = 0. 135±. 057 

The fit has a chi-squared of 26. 2 for 22 degrees of freedom. 

The variables and k are the momenta of the <I> and the y 
photon, respectivel~J, in the <j>p and yp center· of mar~s 

system. The threshold factor <p<l>/ky> 2 is derived in 



Appendix B. 

Vector meson dominance relates ¢ photoproduction to the 

elastic scattering of ¢ mesons on nucleons. 

dcr -(yp + ¢p) dt 

where y¢ is the y-¢ coupling constant. 

<IV. D. 7> 

The forward elastic 

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

inte1•action cross section, O"T(<j>p), by the optical theorem, 

dcrl ~ dt (<j>p+¢p) = 16 'If a;(<j>p) <IV. D. Ei) 

t=O 

where n is the ratio of the real to imaginary forward 

scattering amplitude. Assuming the forward cross section to 

be purely imagina.ry <n ==O>. Eqns. <IV. D. 7> and <IV. D. 8> give 

dcrl - (yp + <j>p) dt 
t=O 

p2 
..:_p_ o. aT2 (<j>p) 
k 2 16y 2 

y <P 

(IV. D. 9) 

A measurement of the forward <P photoproduction cross section 

thus yields information on the <j>p total cross section. The 

apparatus of this experiment does not permit an accurate 

determination of the momentum transfer squared. t. for <P 

(and p) events. 

then 

However, if 

dcr -(yp + <j>p) dt < I V. D. 1 Oa ) 



:~I (yp -+ .p) = A = b cr ( y p -+ • p) exp ( - b t . ) min ( IV. D. 1 Ob) 

t=O 

i.e., the forward cross section can be calculated frt>rn the 

integrated cross section if the slope parameter is known. 

Using low energy • ph6toproduction data and VMD-quark model 

predictions (see Appendix D> for the s = 100-300 GeV 2 energy 

region, the momentum transfer slope parameter is given by 

[Beh·rend, 1978J 

b(s) = (4.66±0.22)+(0.38±0.04)1ns <IV.D.1:L> 

with s in GeV 2 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 

mvltiplying the measured integrated cross section with the 

slope parameter of Eqn. <IV. D. 11). Also shown are lower 

energy data from other experiments which measured the 

t-dependence of the cross section. A fit to the data in 

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

dcr I r- µ b ~ 
dt \GeV~ 

t=O 

p2 B 
= _:_p_ {A + + C·ln(s)} 2 

./8 

l:.. =·-0. 487±. 487 

B :-.:-.: 3. 82 ±. 95 

<IV.D.12> 
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c ::.-: 0. 443±. 085 

with a chi-squared of 33.9 for 22 degrees of freedom. The 

Ht is shown by the solid curve in Fig. (IV. D. 4). 

B//; term, the fitted parameters are 

A = 1. 47 ±. 07 

B = set to 0. 0 

c ... 0. 108±. 018 

Without a 

with a chi-squared of 49. 7 for 23 degrees of freedom. The 

f i t i s sh own b y th e dash e d c u r v e in Fi g . < IV. D. 4 ) . 

On comparing Eqn. <IV. D. 12) with Eqn. <IV. D. 9), the ene·rgy 

dependence of the •p total cross section is given by 

B 
{A+ + C·ln(s)} <IV. D. 14> 

16y 2 IS • 
with the above values for the parameters A, B and C. 

From the quark model, elastic cross sections satisfy the 

relation [Lipkin, 1966; and Chapter II of this thesis] 

The momentum factors are incident momenta in the c. m. 

system. Assuming dcr/dt<yp +<j>p> == A•exp<bt), Eqns. <IV. D. 7) 

and <IV. D. 15) yield 
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cr(yp + cj>p) = <IV.D.16) 

The Kp and TIP elastic scattering cross sections at t = 0 

were measured at Fermilab CAyres, 1977J in the same energy 

region as the <I> data of this experiment. The constant of 

proportionality, crn/y~b, can thus be determined from a fit 

( i. e. a normalization) of the right hand side of 

Eqn. <IV. D. 16> to the •integrated <I> cross section as measured 

by this experiment. The resulting y-<j> coupling constant, 

multiplied by the yp + <j>p momentum transfer slope parameter 

b, is 

y2 
~ b = 31·.48 ± 1. 54 (Gev- 2 ) 
4TI 

<IV.D.17) 

The fitted quark model cross section points <the right hand 

side of Eqn. EIV. D. 16J) are shown in Fig. <IV. D. 5>. The c ur•ve 

in the figure is the fit to the <I> data given by Eqn. <IV. D.6) 

and also shown in Fig. <IV. D. 3). There is good agreement in 

the energy dependence of the quark model points and the <I> 

photoproduttion data. Also shown in Fig. <IV. D. 5) is the 

VMD-quark model cross section obtained from lower energy Kp 

and TIP scattering data EAmbats, 1974J and the coupling 

constant times slope parameter given by Eqn. <IV. D. 17> but 

cor·rected for the energy dependence or b using 

Eqn. <IV. D. 11>. The hadron scattering cross sections in 



Eqn. (IV. D. 15> are combined at same c. m. 

(center-o.P-mass) energy, i.e. sC~p>=s<Kp>=sC~p>, and the 

equivalent photon energy of the quark model points is 

calculated so as to give a yp c. m. energy equal to the ~p 

c. m. energy. The cross section calculation takes into 

account the minimum momentum transfer required for the y + ~ 

transition. 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 

direction can be obtained from <very accurate) total cross 

section measurements with the help of the optical theorem, 

Eqn. CIV.D.8). However, the real part of the forward 

scattering amplitude is not well known and can not be 

assumed equal to zero at lower energies. 

For E = 100 GeV Cs = 188 GeV 2 > the slope parameter given y 
by Eqn. <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 

y2 
~= 4.7±0.3 <IV.D.19) 
4~ 

This compares with the colliding beam value of 2.83 ±. 2 

[Gounaris, 1968] and the low energy A-dependence 



photoproduc:tion values of 10. 7 ± 4. 1 and 5. 5 ± 2. 4 for T) '" 0. 0 

and n =-0. 25 respectively <n = ratio of real to imaginary 

for1vard scattering amplitude) [i"lc:Clellan, 1971:1. 

In conclusion, the p and • photoproduction data of this 

experiment extend the agreement with VMD and an additive 

quark model to a new range of energy. The p cross section 

is approximately constant with energy while the • cross 

section r·ises from 0. 5 µb to 0. 7 µb with increasing energy. 

The • results indicate a value of y; intermediate between 

those obtr3ined from + -e e data 

photoproduction at lower energies. 

and A·-dependence of 
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Figure (IV.A.2) Track separation (~) at the MWPC's versus 

decay angle for M + m+m. E is the lab 

energy of M and Z is the distance from 

the decay vertex to the MWPC's. 
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A 

3.5 4.0 

R distribution for 

c2=2.0. The dotted 

Breit-Wigner reso-

R distribution for 

<f> + KK. The broadening caused by the reso-

lution of the apparatus is indicated by 

the solid curve. 
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Figure (IV.C.1) A: Summed ADC pulse height spectrum for planes 

2 and 3 of Sl for part of the E = 135 GeV 
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data. 

B: Missing energy spectrum for H3 for part of 

the E = 135 GeV data. 
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• hit wire 

135 

Schematic of a MWPC with one hit wire. 

signal wires 

Two chambers, each with ~hit wire: 

Consistent with one track passing through 
the chambers at the intersection point 1. 

Two chambers, each with two hit wires: 
Consistent with two tracks passing through 
the chambers. Tracks are at intersection 
points 1 and 2, or 3 and 4 (ambiguous!) 

Three chambers, each with two hit wires: 

Consistent with two tracks passing through 

the chambers at the intersection points 
1 and 2 (unambiguous!) 

Figure (IV.C.4A) Schematic of track reconstruction. 
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Dotted curve is a Monte Carlo fit to the p. 
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Table (IV.B.1) 

Tagged Ph6ton and TgH Trigger Totals 

(for p-¢ Data) 

E 0 (GeV) z (m) <E > Tg(x10 6 ) TgH(x10 3 ) y 

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 1 7. 7 133 287 227 

* Apparatus in the (approx.) 90 GeV configuration 

E 0 : Electron beam energy in GeV. 

Z: Approximate distance from target to MWPC's 

in meters. 

<Ey>: Average photon energy in GeV 

(.50 Eo< Ey<.92 Eo)· 

Tg: Number of tagged photons in millions. 

TgH: 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 Sl, 82 and G2 "off" (i.e. no trigger) 

3 Missing energy: 

4 Pb glass energy: 

5 83 + K energy: 

Note: 

1-(H3 energy)/E <0.65 y 

(G3IC energy)/E <0.60 y 

(G3IC energy)/(H3 energy) <0.75 

149 

See Fig.(III.E.l) or (IV.A.l) for location of counters. 

(G3IC energy) = energy sum in G3, I and C. 

(H3 energy) = energy sum in G3IC, 83 and K. 



Table (IV.C.2) 

Fraction of events with O, 1 and >l recoil counter signals 
for p and ¢ events 

p ¢ 
recoils recoils 

0 1 >l 0 1 

A = Elastic events (Monte Carlo) 0.76 0.23 0.01 0.59 0.39 

B = Inelastic evts. (calculated) 0.02 0.23 0.75 0.02 0.23 

C = Data (elastic + inelastic) 0.67 0.23 0.10 0.51 0.33 

D = Fit to data (*) 0.67 0.23 0.10 0.49 0.36 

>l 

0.02 

0.75 

0. 16 

0. 15 

E = Inelastic fraction 0.126±0.02 0.182±0.02 

(*) D = (1-E) ·A+ E" B is fit to C for the recoil= 0, 1 and >l fractions with 
Ethe only adjustable parameter (the p and¢ are fit separately). 

"""' \.Jl 
0 



Table (IV.C.3) 

Correction factors (p-<f> data) 

p <I> 

Geometric acceptance: (5 4%) 1.85±0.09 (96%) 1.04±0.01 

Two-track reconstruction efficiency: (92%) 1.09±0.02 (92%) 1.09±0.02 
Hadronic interactions of p/<f> decay products 

in the target and the vacuum windows: (13%) 1.15±0.01 (10%) 1.11±0. 01 

Pion/kaon decay in flight: (< 1 % ) 1. 01±<. 01 (6.5%) 1.07±0.01 

Analysis cuts (events lost) : (4%) 1. 04±0. 01 (4%) 1.04±0.01 
Inelastic events: (12. 6%) 0.87±0.02 (18.2%) 0.82±0.02 

Branching ratio + -(<f>+K K )/(<f>+all): --- ------- (46.6%) 2.15 

-*- indicates average values for energy dependent factors. 

(a double bremsstrahlung correction for the E = 200 GeV data ~s discussed in the text) 
0 

-*-

-*-
-*-

,..... 
\JI ,..... 



Table (IV.D.l) 

Results for yp+pp and yp+¢p 

Ey(GeV) 35±5 40±16 47±7 53±7 71±11 79±11 106±16 117±17 157±23 

s (GeV 2 ) 66.6 75.9 8 9. 1 100.3 134.1 14 9. 1 199.8 220.4 295.5 

cryp+pp(µb) 8.84 10.68 9.90 9.50 9.82 8.24 9.22 8.59 9.75 

t:ia ±.44 ±.67 ±.49 ±.56 ±.56 ±.47 ±.52 ±.49 ±.56 

cryp+¢p(µb) 0.506 0.568 0.546 0.625 0.646 0.648 0.661 0.630 0.740 

t:ia ±.090 ±.091 ±.089 ±.063 ±.065 ±.052 ±.053 ±.101 ±.092 

y-¢ coupling constant: (b = momentum transfer slope parameter for yp+¢p) 

2 
Ym -2) 
~ b = 31.48±1.54 (GeV · 
4~ 

Fit to a ( y p +¢ p ) : (a in µ b , s in Ge V 2 ) 

a = ¢ (p¢/ky)2 {a+(b//S)+c ln s} , a=-.103±.329 
b = .939 ± .641 
c= .135±.057 

x2 = 26.2/22df 
,_. 
V1 
N 



CHAPTER V OMEGA ANALYSIS AND RESULTS 

lhe elastic w photoproduction cross section on protons 

has been measured from 46 to 180 GeV. + - 0 The dominant TI TI TI 

decay mode of the w is not suited for the detection 

apparatus of this experiment due to the nonexistence of an 

analysinq magnet. The w was instead detected by its 

a l 1 --n e u t"r· a 1 d e c a 1,1 , w + TI 0 y , w i t h a 11 t h r e e p h o t on s me a s u r e d 

in lead glass shower counters. Schematics of the apparatus 

<~T'e shown in Figs. <II I.E. l.) and <IV.A.1>. The Pb glass 

arrays G3 and 02 are shown in more detail in Fig.(V.A.1). 

Also shown in the figure are the energies (ADC pulse 

heights) in the Pb glass blocks for a typical (relativel1,1 

clean) w+TI 0 y cr:1nciidate. The total electromagnetic shower 

energy of the three photons from a di~fractively produced w 

must be equal to the tagged energy of the incident photon 

<within the energy resolution of the apparatus). The 

detectors other than G3 and G2 are used as veto counters to 

further ensure the selection of exclusive three photon 

flvents. F'inall\J1 two of the three photons must have an 

invariant di-photon mass consistent with neutral pion decay, 

'ITO+ yy. The resulting 'IT 0 y invariant mass distribution shows 

a clean peak at the w mass with very little background. 

The t-dependence of the w photoproduction cross section 



has been measu1'ed as well as the w + n°y polar angJ.<~ 

dist'r·ibution. The angular dependence is expected to be of 

the form 1+cos 2 8 for s-channel helicity conservation. where 

8 is the decay angle of the n° with respect to the w 

direction of flight in the w rest frame. 

Data were taken with the electron beam energy E = 90, 
0 

135 

and 200 GeV. Some of the 90 GeV data were taken with the H2 

detector, which inc 1 u des G2 ( see Fi f.J. [ I I I. E . .l J ) , moved 

downstream to a position appropriate for the E = 135 GeV 
0 

configuration to check the effect of changes in geometrical 

acceptance. Due to insufficient space, 

array was removed (leaving 82) from the detection apparatus 

the E - 40 and 60 GeV total cross section measurement. -0 --

The geom et r i c a c r. e pt an c e of G3 a 1 one i s s m~ 11 f o ·r w + 1T 0 Y 

t~vents. As a result, the E = 40 and 60 GeV data are not 
0 

included in the w analysis. 

An event is conside1•ed an elastic w+n°y candidate if it: 

has a large fraction <=100%> of the tagged photon energy in 

the Pb glass shower counter arrays G3 and G2. Events of 

this kind are recorded in the hadroni~ <TgH) trigfjE'l' 

<see Table CIII. F. 1J). Th€! number of tagged 

photons and TgH triggers for the w analysis are summarized 



in Table (',/. B. :I.). 

1. Gt-?ner<::1 l 

All hadronic event candidates collected in the TgH 

trigger category <approx. 1. 4 million f1H' thew analysiis> 

are recorded on tape. From these events a subsample 

consistent with exclusive w+TI 0 y producticm is obtained by 

requiring the events to pass a number of analysis cuts. 

·rhe electromagnetic energy in the Pb glass shower counter 

arrays G3 and G2 is required to be at least 90% 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 counters surrounding the central hole in G3 and 

(more impt1rtantly) G2 (see Fig. CV.A. U). 'The measured 

energies in each Pb glass block must be consistent with 

exactly three photons incident on G3 (including the 

I-counters) and G2. Events with a photon in the C-counter 

Each of the three photons must have an energy 

no less than 1 GeV. The method used for shower fitting and 

reconstruction is discussed in the following section 

(\J.C.~'.) 



An event is rejected if there is more than one track in 

the MWPC 's. If 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 vac1Jum 

window Just upstream ofl the MWPC's <see Fig. UV. A. lJ). The 

probability for getting more than one track, either because 
+ -the e e pair diverges sufficiently <compared with the 2 mm 

wire spacing of the chambers) or due to double conversion. 

is less than 3%. 

The summed ADC pulse height for planes 2 and 3 of 81 <the 

detector 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 Csee Section UV. C. 1J). 

The measured energy in the hadrometers 82, 53 and K 

<Z+TANC> for events surviving 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 G3. A small 

sample of events <~5%) has anomalously large pulse heights 

in at least one of the hadrometers and is thus rejected. 

For the final w + 1T 0 y event selection one of the 

two-photon invariant masses <three combinations per event> 

must be near m 0 = 135 MeV for 1T 0 +yy. 
1T 

The analysis cuts are 

s u mm~ r i z e d in Tab 1 e < V. C. 1 > . Only about 0. 03% of the TgH 

events survive all cuts. 



2. Sho\Ller Reconstruction 

The sho\Ller reconstT'uction is the heart of the w an.~lysis 

and is thus discussed at some length. The reader \Llho is not 

interested in the details may want to read only the last 

three paragraphs of this section <starting on page 168) 

without much loss of continuity. 

When a high energy photon or electron enters an absorber, 

an electromagnetic cascade shower develops as a result of 

the combined phenomena of bremsstrahlung and pair 

production. The number of electrons and photons in a shower 

increases exponentially with depth of material traversed 

until the ionization energy loss of the electrons <and 

positrons) begins to dominate over the radiation loss. The 

relativistic 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 pT'oportional to the 

energy of the incident particle [Rossi, 1952J. A 

measurement of the emitted Cerenkov light thus yields the 

•nergy of the incident photon or electron. 

The total energy appearing in Cerenkov radiation per unit 

path length is [Rossi. 1952J 

<V.C.1> 
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where Z is the atomic number and n the refractive index of 

the absorber, S = vie is the relative velocity of the 

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

radiation. The energy dependent factor 1-(1/ Sn> 2 is shown 

as a function of kinetic energ~J in Fig. <1J. C. 1A) for ri ·- l. 6'.5 

( SF;:2 glass). The propertiet=, of Pb <see 

Table CII. E. 1]) arf.) well suited for use as el€ictromagnetic: 

shower detectors. The high average Z (r:>hort radiation 

length) ensures the rapid development of a cascade shower 

upon incidence of a high energy photon or electron. ·rhe 

clarity of the glass allows the Cerenkov light to be viewed 

by a single photomultiplier tube which can be attached (eg. 

g 1 ued) directly onto the polished surface of an 

appropriately dimensioned block of Pb glass. 

The basic interactions of the electrons and photons in 

the shower are well established, but the analytical 

solutions of the cascade problem are prohibitively difficult 

to obtain. The most useful results are computed using Monte 

Carlo techniques which make fewer approximations and take 

into account exact (energy dependent> cross sections and 

angular distributions of 

prt1cesses [Longo, 1975]. 

the va·rious electromagnetic 

According to the Monte Carlo results of Longo [ref. J the 

longitudinal development of a photon induced showe·r is well 

represented by 



7T(E E t) = Atae-bt , ' y c <v.c.;;n 

where 7T is the average number of charged 

<electrons and positrons) of kinetic energy greater than E c 
crossing a plane which is perpendicular to the direction of 

~he incident photon and a distance t from the front surface 

of the Pb glass. For a 30 GeV shower 

E -- 30 GeV (incident photon energy) y 

E ·- 0. 5 MeV <cut-off energy) c 

A ·-- B. 57 

a :::: 3. ~]3 

b ~- 0. 4·66 

t in units of X (radiation length> 
0 

The t dependence of7f(E ,E ,t) y c is shown in Fig. CV. C. 1B). 

The integral of Eqn. CV. C. 2> for t > 0 gives the total path 

length of the charged particles, 

dependence 

Ii\ -· 71. 85 X /GeV 
0 

T ( E ) I y and has 

Aaf (a) = 
ba.+1 

- 204 cm/GeV for SF2 Pb glass 

the energ ~l 

<V. C. 3) 
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i.e. the total path length is linearly p1'oportional to the 

energy of the incident par·ticle as shown in Fig. <V. C. 1C>. 

The position of the shower maximum is given by the 

differential of Eqn. <V. C. 2» 

which yields 

t ·-max 

·-
-· 

d TI 
dt 

alb 

7. 15 

20. 3 

x 

{a-b}TI = 0 
t 

f OT' E = 30 
0 y 

cm for· SF2 Pb 

GeV 

glass 

The energy dependence is approximately given by 

t = 0.90lnE +4.1 max y 

<V. C. '+> 

<V.C.5> 

with t in units of X and E in GeV and is shown in max o y 

Fig. <V. C. 10). For comparison. the Pb glass blocks in the G3 

array (see Section [!II. E. 5J) are over 20 X 
0 

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. :LE) from the Monte Carl.n 
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results of Longo [ref. J. The curve shows the fraction of 

the total path length, Eq.n. <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). lhe curves represent the fraction of the 

path length contained in a cylindrical disc of radius r and 

thickness t = 0. 5 X
0 

at a depth t. An important <and 

convenient) property of the showers is the apparent lack of 

energy dependence of the lateral development, i. e. the 

fraction of the total Cerenkov light emitted at a radius r 

is i~dependent of the shower energy if the Pb glass counters 

are long enough to contain most of the shower. This 

property is utilized to obtain the coordinates of incident 

photons and electrons in a Pb glass shower counter detector. 

Typically, the detector is constructed of a modular array 

of Pb glass blocks (see Fig.[V.A.1J), each viewed by a 

photomultiplier tube which measures the Cerenkov light 

emitted in the shower. The spatial resolution of the 

detector thus improves with decreasing transverse dimensions 

of the Pb glass blocks. The position of a shower can, 

however, be determined with an accuracy which is better than 

the block size. As a conse~uence of the modularized 

construction of the detector and the lateral spread of the 

shower the Cerenkov light is shared between neighboring 

blocks. A study of the relative amount of shower sharing 

between nei~hboring blocks leads to considerably improved 



accuracy of shower position measurements. The fraction of 

the total Cerenkov light in a block as a function of shower 

position can be predicted from Monte Carlo generated shower 

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. There is thus a 

need for shower tables giving predicted energy fractions in 

a Pb glass block as a function of shower position. 

The Cerenkov light from a shower is proportional to the 

total path length of the charged particles in the shower, 

T<E ), gj.ven by Eqn. (V. C. 3>. y The fraction of the total path 

length per unit area a distance r from the shower axis is 

denoted by f(r) and is related to T<E ) by y 

T(E ) = f (dT/dr) dr y 

= ff f ( r ) r d r d e = f f ( r ) 2 TI r d r <V.C.6> 

The Monte Carlo results of Longo [ref. J give values f<H L\T 

for an infinitely long cylindrical ring of radius r and 

thickness L\r. A good fit to the radial dependence of L\T is 

shown in Fig. <V. C. 2> and is given by 

with 

dT 
dr 

= 
(r2 +a) 3/2 

(V. C. 7) 



a == 0. 02893 

r in X
0 

(radiation lengths) 

From Eqn. <V. C. 6), f(r) is then given by 

and thus 

1 dT f ( r) = dr 2'1Tr 
/;/2'1T 

(r2 +a) 3/2 

/;./2'1T f(x,y) = 
(x2 + y2 +a) 3/2 

<V. C. f.1) 

<V.C.9) 

i.e. f(x, y> is the fraction of the total Cerenkov light P<--'r 

unit area emitted at the point (x, y) where x = y :::: 0. 0 are 

the coordinates of the shower axis. Equally valid, 

is the fractional light at x = y = 0.0 with the shower axis 

at the point (x, tJ). The light emitted from a square area of 

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

F ( x , y) = ff f ( x , y) d x d y 

1 i[ 2(xy) 2 = ~ sin-
4'1T a(x2+y2)+a2+(xy)2 

<V. C. 10) 

and evaluating between the desired limits of x and y. For .;.1 
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whf~·1'e 

c = (-l)i+j 

with x and y in units of X0 . Eqn. <V. C. 11.> can be used to 

generate shower tables (energy fractions vs. shower 

position> for computer shower fitting programs. ·Th :i !~ is 

done easily for any size Pb glass block and as small a grid 

size (position increments) as is desired. Table (V. C. :2> is 

a shower table i~or 6. 35x6. 35 c:m 2 <2. 5x2. 5 in 2 ) blocks of 

glass type SF2 and a grid size of 0. 635 cm ( 10 steps =: tJJidth 

of block>. 'fhe calculated energy {•ractions, F(x, \j), c:HJ a 

function of shower position are also shown by the curves in 

Fig. <V. C. 3>. According to the shower table, at most 86. 5% 

<=F ) of the shower energy can be contained in a Pb glass max 
block of the given size and type. The remaining 13. 5% leak 

into the neighboring blocks. Experimental data suggest a 

somewhat lower value for the maximum energy fraction, i.e. 

F ·- 82%. max A corresponding correction in the calculated 

energy distribution is readily obtained by an appropriate 

change in the value of the parameter 'a' in Eqns. <V. C. 7) to 

<V.C.11>. Increasing the value of 'a' reduces F which is max 

compensated by increased energy in the shower tails and 

therefore more energy sharing by the neighboring blocks: 

a F max 

0. 0289 0. 865 (fit to Monte Carlo) 



0. 0500 0. 824 (favored by data) 

0. 0750 0. 786 

0. 1000 0. 755 
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The procedure for locating shower coordinates in a Pb 

glass array (such 

two-step process. 

as G2 and G3 in this experiment> is a 

First, the array is scanned 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 isolated is analysed by a computer fitting 

routine which fits the measured energies in each block to 

those predicted according to the shower table. The shower 

coordinates are varied in small steps until the fit is 

optimized. The goodness of the fit, expressed by an overall 

chisquared, is used 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 quality of the fit is good the fitted shower 

position and summed energy of the counters in the group 

become the parameters of a reconstructed shower and are 

recorded for final event analysis. A bad fit to the 

measured energies in the group of counters may indicate that 

the observed pattern is the result 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 less than> the 

transverse dimensions of the Pb glass blocks. Over•lapp ing 

showers most often result from the decay of a high energy 

neutral pion, rr 0 +yy, The minimum opening angle between the 

two photons is given by 

6 . ~ 2m c 2 /E = (0.27 GeV)/E min 'IT 'IT 'IT 
(V. C. 12) 

which corresponds to a shower separation of 5. 4 cm for a 

50 GeV 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 between 

measured and predicted energy fractions in the individual 

counters. 

It is possible to simplify the method us~d for shower 

fitting with little loss of accuracy. The shower counter 

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 is obtained from Eqn. <V. C. 11) in the limit of veT'IJ 

long slabs, 

sin- 1 (x~-a~ 
x 2 +a 1 

CV. C. 13> 
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for slabs extending in the y direction. The fr·actional 

energy for three neighboring slabs is shown by the curves in 

Fig. (V. C. 4). The energy in the outside slabs is strdngly 

dependent on the shower position in the central slab. 

Eqn. (V. C. 13) can be inverted to give the distance of a slab 

from the shower position as a function of the fractional 

energy in the slab, 

= (~ - a + ti/a ) i/2 
d 4 tan 'ITF <V. C. 14) 

wh er t~ 

d .•. distance of center of slab 

from shower position 

Ii .•. x2-xl = width of slab 

F - fractional ene·rgy in slab 

( d' Ii in units of x ) 
0 

The x and y coordinates of a shower can thus be calculated 

separately using slabs extending in the y and x direction. 

respectively. The shower energy in a slab is the summed 

energy in 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, i.e. the slabs on either side of the central 
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slab <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. A 

large difference between the two calculated distances may 

indicate that the energy in the slabs is due to two 

overlapping showers. It then is necessary to resolve the 

two showers by fitting to the observed energies using 

Eqn. (V. C. 13). 

Unfortunately, the reconstruction 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. a good position and energy 

resolution in the reconstruction of showers requires an 

accurate measurement of 

glass blocks. The total 

the shower sharing 

shower energy is 

among the Pb 

typically 

contained in a 3x3 array of Pb 9lass blocks of the size used 

in G2 and G3 <with the central block having the most 

ene1·g1.~). As a result, the position and energy of photons 

(and electrons) incident on the innermost ring of counters 

in G2 (see Fig.[V.A.1J) can not be determined very 

accurately. Some unknown <within limits) amount of the 

shower energy leaks into the central hole of G2 and is thus 

lost. In spite of this missing shower information, 

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 



broadening in the resulting n° +yy 

distributions. 

and w+n°y 

:l.b':t 

mass 

A similar situation exists for photons incident on the 

I--counters1 i.e. 

of the G3 array. 

of one Pb glass 

the counters surrounding the central hole 

However1 the hole in G3 is only ·the size 

block (in G2 it is 2x2 blocks). As a 

conse~uence, a large fraction of the shower energy leaking 

into the hole is recovered by the counters surrounding the 

hole and the C-counter located further downstream (see 

Fig. [V. A. 1J). 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 G3 to 

determine the coordinates of the incident electron. Results 

obtained with a 90 GeV (low intensity> electron bfJam 

incident on an !··-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-counter showers. 

Another problem, affecting all showers in both G2 and G3, 

is due to the method used to store measured energies in the 

memory of the PDP-15 on-line computer during the data 

taking. The amplified pulse heights from the 

photomultiplier tubes are digitized with 10-bit ADC's 

(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 Cto save 

memory) the lowest order bit of all ADC words is dropped 



l '70 

thereby allowing two ADC words to be packed into one PDP-15 

word. As a consequence, the number of ADC channels is 

~ffectively reduced from 1024 (10 bits> to 512 (9 bits> 

which adversely affects the accuracy of low energy (low 

pulse height> measurements. The result is seen in terms of 

decreased position resolution of the shower reconstruction 

as it depends heavily on knowing accurately the typically 

very low energy 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 -+ 'IT 0 y i s sh own in Fi g. ( V. C. 6 > for most of th e data. Th e 

invariant mass of a two-photon state is given by 

CV. C. 15) 

where E and E are the energies of the photons and e is the 
1 2 

opening angle between the photon pair. Each event gives 

three two-photon combinations. About one-third of the 

combinations peak in the TI
0 mass region, indicating that 

most events are compatible with a TI
0 y state. The 'If o 

candidate for each event is chosen to be that photon pair 

which has a mass nearest to 135 MeV <shown separately in 

Fig. [V. C. 6J >. 



For the decalJ 

p + y y 2 3 

17:1. 

(here V= w and P:::::n°> the theoretic.:31 two--photon inva1•iant 

mass spectrum for y 1y 2 and y 1y 3 has the form 

dN/dM a: M yy yy f OT' M2 < ( M2 ·- M2 
yy v p 

as indicated by the straight line in Fig. <V. C. 6). The 

deviation of the data from the theoretical prediction is due 

to background events (as evidenced by the tail in the n° 

mass distribution), the incomplete geometrical acceptance 

and the resolution <energy, position) of the apparatus. 

lhe three-photon invariant mass spectrum for events which 

have a two-photon combination near the n° mass (135 MeV> is 

shown in Fig. CV. C. 7) for most of the data. The invariant 

mass is calculated from 

M2
0 = E 4E.E.sin 2 (6i./2) 

'IT y 1 J J i 1 j <V. C. l.6) 

i,j=l,3 

where Ei and Ej 

opening angle 

are the energies of the photons and 6 .. the 
1] 

for the two-photon combinations. The mass 

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

n°y events with little background. 

Energy distributions for events in the w mass region ar~ 

shown in Fig. <V.C.8) for the 'IT 0 ( E.'IT ) and the highest (EH) 

and lowest <EL) energy phottrn for each event. The 

quantities in histograms (A) I <B) and ( c) 0 .p Fig. <V.C.8) a-r'e 

expressed as a fraction of the tagged photon energy <E ) and y 
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represent all the data. Histogram <D> shows EL in units of 

en erg y for th e E 
0 

== 13 5 Ge V data ( EL > 1. Ge V ). 

Monte Carlo <M. C.) generated energy distributions for· E , 
'Tr 

EH and EL are shown by the dashed curves in Fig. <V. C. 8) 

normalized to the data. There is good agreement 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 CG2+G3) 

for 7r 0 y events in the w mass region. The predicted 

fractions from M. C. generated events and the experimental 

values are listed below for the dif{'erent 

configurations <i.e. 

E <GeV> 
0 

90 

90* 

135 

200 

electron beam energies, E ) : 
0 

M. C. data 

o. 44 0. 44 ± 0. 03 

0. 52 0. 54 ± 0. 06 

0. 32 0. :30 ± 0. 03 

0. 32 0. 33 ± 0. 04 

. (see Table [V. B. 1J for information on the di-f!ferent E 
0 

settings> The errors on the data are statistical. The 

agreement between the corresponding fractions is QODd at all 

energy settings. 

The Monte Carlo event generation for yp +WP• 
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assumes s-channel helicity conservation (a 1+cos 2 0 decay 

distribution) and a momentum transfer distribution given by 

exp <bt> with b == B. 5 Gev- 2 . The incident photon spettrum 

and beam size are given the experimentally observed 

characteristics. Shower sharing between the individual Pb 

glass blocks of G3 and G2 is predicted according to the 

methods desC"ribed in Section <V. C. 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 

dat,:;i. 

is used for the 

4. Inelastic Events 

The elastic w photoproduction cross section is calculated 

from the yield of w0 y events in the w mass region. The 

anall~sis cuts, listed in Table <V.c.u, ensure that the 

events are consistent with exclusive w production. 

not all events are pr·oduced elastically, i.e. 

YP + wX , Xf p 

Howeve·r, 

<V. C. 17> 

where X denotes a missing mass different from the proton 

mass. Obvious low mass Clow t) candidates for X are the 

w-nucleon resonances N <I=1/2) for diffractive <pomeron 

exchange) taT'get dissociation [Wolf, 1971J, and 8 (Ir.:::3;;;n 
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for t-channel pion exchange processes. 

The fraction of inelastic w events is estimated using the 

method described in Chapter IV for the p-~ analysis (for 

details see Section CIV. C. 4J>. Elastic and inelastic events 

can be stastistically distinguished 

probabilities for firing n=O, 1 or >1 

counters surrounding the hydrogen 

by their different 

of the four recoil 

target <see Section 

UII.E.6J). 

<usually 

Elastic events are expected to have n=O or n=l 

n==O> with probabilities from 

range-energy relations. The r·esults, obtained with the 

Monte Carlo event generation computer program described in 

the previous section. 

Table <V. C. 3>. 

are listed in the first row of 

Inelastic events almost always have n=1 or n>l (usually 

n>l) with probabilities determined 

model which agrees with hadronic 

from a simple Poisson 

studies of' 

dissociation (see Appendix C). The predicted fractions in 

each recoil category are listed 

Table CV. C. 3). 

in the second row of 

The measured fractions of w 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 

data; the assigned uncertainties are statistical. The 

fraction of inelastic events in the data sample is obtained 

from a fit of the recoil predictions for elastic and 

inelastic w production to the observed recoil distribution. 
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The best possible agreement with the data is given with an 

inelastic event contribution of 0. 256+/-. 035 as shown in the 

fourth row 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 recoil proton and the 

w . A knowledge 

from the measured 

of the w direction of flight, 

energies and positions of 

calculat<~d 

the decatJ 

photons. allows to predict the direction <specifically the 

azimuthal angle) of the recoiling proton. An event with a 

recoil signal in a counter other than the one predicted from 

the recoil proton direction may be classified as inelastic. 

The fraction of inelastic events thus determined is 0. 21 for 

the n=i recoil catego·ry and, including all n>1 events, gives 

an overall inelastic contribution of 0. 25+/-. 03, in 

agreement with the fraction obtained using the statistical 

method. 

The amount of inelastic events in the w data is larger 

than expected, especially when compared with the p data (13% 

inelastic) and <P data (18% inelastic:). Inelastic event 

production due to diffractive target dissociation should be 

roughly the same for the p and the w <comparable geometric 

acceptarnce and momentum transfer slope parameter). 

Unnatural parity t-channel exchange w production has been 

measured at photon energies below 10 GeV [Ballam, 1973; 

Eisenberg, 1972] and is found to be consistent with one-pion 



1 '7 ~\ 

exchange <OPE) for both the production cross section and w 

decay angular distT•ibution <see Section [II. B. 2J for mor'e 

details>. In particular, the OPE cross section decreases 

with incident photon energy a p pro x i mate 11,,J as 1/E2 . y 
Reactions such as yp +wfi+, due to OPE, should therefore bt~ 

negligible in the energy range of this experiment. 

+ - 0 The reaction yp + wp+7T 7T 7T p has been investigated, us:ing 

Monte Carlo < M. C. ) techniques, as a possible source of 

background to the w + 7T 0 y data. Of interest are those events 

which have one of the charged pions interact in the hydrogen 

target, possibly resulting in a recoil counter signal, with 
+ the non-interacting 7T 0 7T- pair simulating a 7T 0 y event in the 

downstream detectors <events are allowed to have at most one 

MWPC track). The probability for one of the charged pions 

to interact in the target is approximately 10%. The 

relative event rate is enhanced due to the branching ratio 

[Particle properties, 1978] 

<w+7T+7T-7T 0 )!Cw+7T 0 y>:::: 10.~2 

The analysis of M. C. 

such processes are not expected to survive the analysis cuts 

f'or 7T 0 y events. 

A source for 7To7T- events with a recoil counter signal 

might be 

CF.:isenberg, 

er< µb > ::'C ·Eb , 

from p photoproduction, i. (~. 
- ++ 

YP + P ti 

This reaction has been measured up to 7. 5 <~eV 

1972] and has an energy dependence given by 

whe1·e C=3. 5+/-1. 2 and b:..-,:--0. 6+/--0 2 
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<inconsistent with DPE! ). An extrapolation to the energy 
- ++ range of this experiment indicates that p 6 production may 

not be completely negligible. 0 -However. most TI TI events 

would be reJected due to insufficient enerqy in the lead 

glass arrays and/or too much hadronic energy in the counters 

81, S2, 83 or K. Monte Carlo studies show that surviving 
0 -

TI TI pairs peak at an invariant mass near 0. 45 GeV (analysed 

as TI
0 Y> for which there is no obvious evidence in the n°y 

data <Fig. [V. C. 7J). 

It is concluded that the n°y data are not appreciably 

contaminated with 
+ 

n°n- events. The excess in~lastic 

contribution to the w photoproduction data (compared to p 

and ~ production) is thus likely due to yp + w X+'JT 0 yx (X 

being a target excitation) and background which represents 

10-15% of all events in the w mass region. 

5. Corrections 

To calculate the w photoproduction cross section, the 

observed number of n°y events in the w mass region needs to 

be corrected for: 

-geometric acceptance of th~ apparatus and analysis cuts, 

-inelastic events, 

-background events (inc:l. p+n°y), and 

-branching ratio for <w+n°y>l<w+all> 

The values of the correction factors are listed in Table 
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<V. C. 4). The acceptance correction takes into account 

events lost due ta the geometry of the apparatus 

dependent), the event reconstruction efficiency, and the 

analysis cuts used to select w+TI 0 y candidates [se€~ Table 

( v .· c. 1 ) ] . 

The correction for the inelastic event contribution is 

discussed in the pre~ious section. The number of background 

events is estimated for each data point and represents 

typically 10% to 20% of the events in the w mass region <the 

higher percentage for the E -- 90 GeV data). The 
0 

contribution of 7f Oy events from p-+ rroy is 2-3% of the w-+ rroy 

data (branchin!=J ratio - 0.024%). The number of 7f Oy events 

attributed to w decay is corrected ~or the unobserved decay 

modes of the w (branching ratio = 8. 8%). 

The rr 0 y invariant mass distribution for the E = 135 GeV 
0 

data are shown in Fig. <V. C. 9A>. Also shown are mass 

distributions for events which are rejected because of 

missing energy in the Pb glass shower counter arrays. There 

is no indication for lost w-+ rr 0y events due to the Pb glr.:i1~1:; 

energy cut. 

Invariant mass distributions for• events which fail w+rr 0y 

analysis cuts because of an extra photon <i.e. rr 0yy events> 

a ·re shown in Fi g. ( V. C. 10) for a 1 l of the cl at a. Events with 

and without a track in the MWPC's are shown separately. 

About 60% of the E = 200 GeV data were taken with a 
0 

rad i at or of th i c kn es s 0. 03 rad i at ion 1 <;:> n gt h s <normally 
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0. 01 X
0

> to compensate for the lower electron beam flux at 

200 GeV <compared to E = 135 GeV and 90 GeV). 
0 

The use of 

the thicker radiator results in a non-negligible probability 

for double bremsstrahlung <see Section UV. C. 5J for mo·r-t~ 

details). Events with a photon of energy greater than 2 GeV 

inc: i d en t on th e C-- c: o u n t er are re J e c t e d . 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 for events lost due to a double 

bremsstrahlun~ photon in the C-counter is 1.06 for the 

E = 200 GeV data and is negligible for the E = 135 GeV and 0 0 

90 GeV data. 

Q_;_. Re~ults and Disc:us;pion 

The w photoproduction cross section is calculated using 

Eq_n. <III. D. 10) and the correction factors listed in Table 

<V.C.4). The results are given in Table <V. D. 1) and shown 

in Fig. <V. D. 1) together with some lower energy data. The 

E = 90 GeV data were divided into two photon energy bins, 
0 

thus yielding two data points. 

data give one data point each. 

The E - 135 GeV and 200 GeV 
0 

l"he quoted errofs are 

statistical and include the uncertainty due to 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 geometri~ acceptance, including its dependence en 

the four-momentum transfer slope parameter. An additional 

systematic uncertainty is from the w+71' 0 y branching ratio 

which is quoted as 8. 8+/-0. 5% [Particle proper·ties, 19'7Ei]. 

In vector meson dominance <VMD> models, photoprnduction 

of the w is related to Wp elastic scattering. The Wp 

scattering can in turn be related to 'Tl'p elastic scattering 

by additive quark model relations. Spec: if i ca 11 y 

Chapter II for details), 

cr(yp+wp) 

where y represents the strength of w 
a =e 2 /iic. The threshold factor 

< V. D. J.) 

the y-w coupling and 

<p /k > 2 is derived in 
TI' y 

Appendix B; the variables p and k are the momenta of the 
TI' y 

TI' and the photon, respectively, in the yp center of mass 

system. The exp<bt . ) min 
four-momentum transfer 

term accounts for the minimum 

( t i ) m n requi1·ed in thr-;; y+w 

transition (b - slope parameter). The threshold factor and 

the exp(bt i ) m n term are negligible in the energy region of 

this e•xperiment. Equation <V.D.1) is pl ott.e d in 

Fig. (V. D.1), using smoothed 'Tl'p elastic scattering d~~a 

[Ayres, 19T7; Foley, 1963; Am bats, J. 1t74J. The curve is 

normalized to the w cross section of this experiment. The 

value of the coupling constant r· es u 1 ting from 



normalization is 

y2 
w 

4 TI 

:L fJ :I. 

= 5.5±0.4 <V. D. ;;u 

and compares with 4.6+/-0. 5 from colliding beam measurements 

[Gounaris, 1968] and 7. 5+/-1. 3 from photoproduction on 

corn p lex nu c 1 e i [Le it h, l 977 J. It is interesting to see the 

deviation of the lower energy w cross section from the 

VMD-quark model prediction in Fig. <V. D. 1 ). The excess cross 

section is attributed to pion exchange in the t-channel and 

decreases with increasing photon energy approximately as 

1/E~ [Ballam, 1973; see also Chapter IIJ. 

The differential cross section for w photoproduction is 

determined from a fit of the form 

do = A·ebt 
dt 

to the n 6 y data in the w mass region 

<V.D.8> 

Ct = four-momentum 

t ,, a n s f e r ) . Events with greater than one recoil counter 

sign.:il, or a recoil signal in a counter which is 

inconsistent with the calculated direc~ion <azimuthal anQle) 

of the recoil proton are not included in the fit. 'This 

eliminates most inelastic events <see Section [V. C. 5]) which 

are expected to have a smaller slope parameter, than 

elastic events. lhe data are corrected for the t-dependence 

of the geometric acceptance. The fitted parameters A and b, 



defined by Eqn. <V. D. 3), are given in Table <V. D. U. 

t-·distributions are shown in Fi~J. <V. D. :.,.~) for the three E: 

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). An inelastic 

section can not be determined due to the unknown geometric 

acceptance for inelastic events. 

·rhe slope of the yp + wp (elastic) differential cross 

se.c ti on, b, measured by this experiment is shown in 

Fig. (l.J. D. 4) as a function of erHH'9Y together with some low(i.'T' 

en erg 1,1 data. VMD-quark model relations predict 

Appendix D> 

b(w) 1 + -2{ b(7f p) +b(7r p)} (V.D.4) 

where b(7rp) is the slope parameter for 7f p elastic: 

scattering. Equation CV.D. 4) is shown by tho solid curve in 

Fig. <V. D. 4), using smoothed 7fp data [Ayres .. l.9T?; Fol1:~q .. 

196;:); Amb at s I 1en4]. 

The decay polar angle distribution for· w+7f 0 y 

1 + 0 +1 ) is shown in Fig.(~). D. 5) for all the data. Thr.:l 

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 2 e. shown by the curve in 



l El:3 

Fig.(\./. D. 5). The data are consistent with s·-channfJl 

helicit;y conservation .. in agreement; with lower energy 

measurements [Ballam, 1973; see also Chapter IIJ. 

In conclusion, 

experiment extend 

the w photoproduction data of t t·1 is 

the agreement with VMD and an additive 

quark model to a new range of energy. The cross section is 

approximately constant with energy. The t-dependence of the 

differential cross ~;ection is of the form A:exp(bt). Th<;) 

y···w coupling constant obtained from this data, using 

VMD-quark model relations, is consistent with colliding beam 

data and A-dependence of photoproduction at lower energies. 

The decay angular distribution ·Por w+TI 0 y has the 

char.:~cteristics expected f' or s·--channel helicit~J 

conserv."'.ltion. 
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C-counter 

G3 
3 _______ __,.~11.8 m 

(front) 

G2 
-----11-4.8 m (front) 

Y1 y'L Y3 

x(cm) 13.3 5.4 -9.5 
y(cm) 0.1 3.8 -2.5 
z (m) 12.04 12.04 5.08 
E(GeV) 18.4 19.6 18.0 

Ey= 66.8 GeV 

M (y 1Y2 Y 3) 730 MeV 
M(Y1Y2) 138 MeV 
M (y 1 y 3) 549 MeV 
M (y 2 y 3) 461 MeV 

Schematic of Pb glass arrays G3 and G2 
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18 6 

Figure (V.C.1) contd. 

A: Energy dependent factor 1-(1/Sn) 2 as a function of kinetic energy 

for n = 1. 65 (refractive index for SF2 Pb glass). 
B: Charged particle density, TI(E ,E ,t), as a function of depth, t._ y c 
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 - F are from Monte Carlo generated showers 
(Longo, 1975). 
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the total shower energy contained in a Pb 
as a function of shower position. 
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Figure (V.C.4) Fraction of the total shower energy contained in a slab 
of Pb glass as a function of shower position. 
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191 

Figure (V.C.5) contd. 

Shower data obtained with E = 90 GeV electrons incident on I-counter e 
number 26. Energies shown in the figure are normalized by E • e 

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.6) Two-photon invariant mass spectrum for 

w-+ TI 0 y candidates (all the data). Each event 

gives three M combinations, shown in (A). yy 
In (B) only the combination nearest the TIO 

mass (one per event) is shown. 
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Figure (V.C.8) contd. 

Energy distributions for w + TI 0 y candidates in the w 
mass region. 

Figures A, B, C: all the data. 

Figure D: Eo= 135 GeV data. 

Ey= tagged photon energy 

E = TIO energy 
'TT 

EH= energy of highest energy photon 

EL= energy of lowest energy photon (>l 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 n°y events (E 0 = 135 GeV data). 

Events in (A) are good w-+ n°y candidates (survive 

all analysis cuts). Events in (B~ C, D) are rejected 

because of missing energy in Pb glass arrays. 

A: 0.9 < E /E G y ES3/Ey< 0.03 136( 24) events 

B: 0.8 < E /E < 0.9 as above 73( 31) " G y 
C: 0.6 < E /E < 0.8 as above 141( 72) " G y 
D: as above no E83 cut 198 (104) II 

E = tagged photon energy y 
EG energy in Pb glass arrays 

ES3= 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.C.10) Mass distribution for events which fail 
w + 1T 0 y analysis cuts because of an extra 
photon (all the data). 



Figure (V.D.l) 

Energy dependence of the w photoproduction cross 

section. The curve is a VMD-quark model prediction 

given by Eqn.(V.D.l) and normalized to the data of 
this experiment. 
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Figure (V.D.2) Differential cross section for w photo-
production (elastic events). 
A: Eo= 90 GeV data, B: Eo= 135 GeV data, 
c: Eo= 200 GeV data. 
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Table (V.B.1) 

Tagged Photon and TgH Trigger Totals 

(for w data) 

Eo (GeV) Z2(m) Z3(m) <E > Tg(x10 6 ) TgH(x10 3 ) y 

90 4. 5 10. 3 60 593 476 

90* 5. l 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 Eo= 135 GeV position. 

E 0 : Electron beam energy in GeV. 

Z2: Distance from target to G2 Pb glass array in 

meters. 

Z3: Distance from target to G3 Pb glass array in 

meters. 

<E >: Average photon energy in GeV (.50<E /Eo<.92). y y 

Tg: Number of tagged photons in millions. 

TgH: Number of hadronic triggers in thousands. 

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

shower maximum) 
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Table (V.C.l) 

Analysis Cuts (w Data) 

(all events are trigger type = TgH) 

1 Pb glass energy: (G3I+G2)/E >0.90 y 

2 Exactly three photons in the Pb glass arrays 

3 Low energy cut for photons: E>l.OGeV 

4 At most one track in the MWPC's 

5 Sl "off" 

6 Energy in S2, S3 and K consistent with 

shower leakage from G3 and G2 

7 TIO mass cut for w + TI 0 y candidates 
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A = 

B = 

c = 

D = 

E = 

Table (V.C.3) 

Fraction of events with 0, 1 and >l 

recoil counter signals for w events 

recoils 

0 1 

Elastic events (Monte Carlo) 0. 7 1 0.28 

Inelastic evts. (calculated) 0.02 0.23 

Data (elastic + inelastic) 0.57 0.22 
±.04 ±.03 

Fit to data 0.54 0.26 

>l 

0.01 

0.75 

0.21 
±.03 

0.20 

Inelastic fraction 0.256 ± 0.035 

Error on C (data) is statistical. 

D = (1-E)·A + E·B is fit to C for the recoil= 0, 1 and 

>l fractions with E the only adjustable parameter. 
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Table (V.C.4) 

Correction factors (w data) 

Geometric acceptance 

and analysis cuts (*): 
Inelastic events: 
p+7TOy: 

Branching ratio (w + 7T 0 y) I (w +all): 

(*) includes: Pb glass energy cut, 

(33%) 
(25.6%) 

(rv2.5%) 

(8.8%) 

low energy cut for photons, 

3.0 ±.2 
0.744±.035 
0.98 

11. 4 

events lost due to >1 MWPC tracks, and 
7To mass cut. 
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Table (V.D.1) 

Results for yp+wp 

E (GeV) 53±7 71± 11 95±27 y 

s (GeV 2 ) 100.3 134. 1 179. 2 

a (µb) 1.15±0.17 1.02±0.15 1.08±0.12 YP + wp 

~al (µb/GeV 2
) 

t t=O 

b (GeV- 2 ) 

Combined data: 

E = 60+ 2 2 
y - l 4 

9.70±1.30 9.82±2.05 

9.05±1.00 9.11±1.66 

a(µb) = 1.08±0.08 

d0/dt(µb/GeV 2 ) = 9.06±0.95 

b (GeV- 2 ) = 8.42±0.74 

y2 
w 

4 Tf = 5.49±0.39 

140±40 

263.6 

1.08±0.18 

8.10±2.51 

7.52±2.14 

(fit to differential cross section is of the form 
da/dt = A· ebt) 

209 



CHAPTER VI SUMMARY 

The elastic rho <p>. <w) and phi photo-· 

production cross sections on protons have been measured in 

the photon energy range 30 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 counter arrays, 

and multiwire proportional chambers. 

modes were 
+ -p +'IT 'IT 

The observed decay 

The energy dependences of the P• w and ¢ photoproduction 

cross sections agree well with predictions made by using 

vector meson dominance CVMD> 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 µb to 

0. 7 µb with increasing energy. Average values for the cross 

sections measured by this experiment are 

<yp+pp) ~ 9. ';!7 ± 0. 17 µb 

(yp+wp> ~ 1. 08 ± 0. 08 µLi 

<yp+¢p> ~ 0. 635± 0. 024 µb 

The cross sections are corrected for the contribution of 

inelastic ~vents which amount to 13% for the p, ~6% for the 

w , and 18% for th e ¢ . The relative ratio of the <average> 

p , w and ¢ cross sections is given by 

cr<p> : cr<w> : cr<¢> ::::: 9 : <1. 05 ± o. OB> ( 0. 617 ± 0. 0~!6) 
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2:1.:1. 

(remember that a<¢> rises with energy). This can be 

compared uiith the ratio of the y + p, w, ¢ coupling strengths 

as calculated from the measured leptonic decay widths in 

e+e- colliding beam experiments [Leith, 1978], 

Cl/y 2 l : Cl/y~> : <11Y!> ~ 9 
' p 'I' 

< 1. ~1 5 ± 0. :L) < 2. 04 ± o. ;;n 

and the SU(6) prediction. 

9 : :l : 2 

The y-·V <V=0 p, w, ¢>coupling constants, obtained from <J 

normalization of hadron elastic scattering cross sections to 

the photoproduction data of this experiment <using VMD and 

an additive quark model) are given by 

<y 2 /4rr> ·- 0. 65 ± 0. 03, p Cy 2 /4TI) - 5.5±0.4 w 
<y~/47f) "-"' LL 7 ± 0. :3 

The values are consistent with previous measurements at 

lower photon t!ne·rgies. 

The differential cross section, da/dt Ct = four momentum 

transfer squared), has been measured for w photoproduction. 

A fit to the combined data of the form 

d a Id t. < yp + wp ) ::-: A· exp < b t ) 

giver, 

A ·-· 9. 06 ± 0. 95 µb /GeV 2 

b ·-· EL 42 ± 0. 74 Gev- 2 

The observed clee<~IJ angulaT' distribution for w+n°y :is 

consistent with a 1+cos 2 B polar angle dependence as expected 

for s-channel helicity conservation. 
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APPENDIX A 

DERIVATION OF 6 (TRACK SEPARATION) 

Center of mass system: 

m: E*, p* 

e 
M: beam 

M+m+m 

m 

Laboratory system: 

m •• E p ---------· -r . . .- . 

·~·····················+ 
z 

/J. ·-... _ 12 
········ .... 

··-
-·--;.! 

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

are related by 

l"P*I sine 

213 

pl 
Al 

p II == y(pil+ 8E*) 

where 

pl l"PI sina 

p II = l"PI cos a 

Pj1 = l"P*I case 

l"P*I= {(M/2) 2- m2}1/2 

y E0 /M 

8 = Po/Eo 
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The lab system and c.m. system decay angles are therefore 

related by 

tana = 

or, after rearranging 

M sine 
tana = A2 

From Eqn. (A2), as expected 

a = 0 for 2m = M 

a < 90° for m = 0 if cose > -s 
and in general 

s 
a < 90° if cos8 > -

{1 - (2m/M) 2 } 1 / 2 
A3 

For a< 90°: The track separation is given by 

A4 

sin8 1=sin8 2 and cos8 1=-cose 2 . Hence from Eqns.(A2) and (A4) 

6 = 
2ZMP 0 {1 - (2m/M) 2 } 1 / 2 sin8 

2ZM {1 - (2m/M) 2 } 1 / 2 sin8 

E 0 {sin 2 8 +(2m/M) 2 cos 2 8} 

AS 

A6 
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+ -With M=l.0197 GeV and m=0.49371 GeV (¢~K K) Eqn.(A6) yields 

6. = ¢ 

0.50908 z sine 

anq for symmetric decay (8=90°) 
. ' 

0.50908 z 
6 = (6. ) = ¢ ¢ max 

A7 

A8 
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APPENDIX B 

DERIVATION OF THE THRESHOLD FACTOR p¢/k~ 

The cross section for the reaction 

a + b + 1 + 2 Bl 

can be written as 

a = Jl ff d(LIPS) Ir l<SITla>l 2 
aS aS 

B2 

where 

J = flux factor, i.e. the number of incoming particles 

per unit time and unit area. 

d(LIPS) = ~orentz fnvariant ~base ~pace factor. 

j<SjTja>l 2 = transition probability per unit space-time 

for the transition a+S, the initial and 

final state, respectively. 

~ and E denote averaging over initial spin states and 
a S 

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 

J B3 

where vi= l~ij/Ei is the magnitude of the velocity of 
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particle i with momentum pi and energy E1 . The normalization 

volume is V,. The numerator of Eqn. (B3) can be written as 
1 

B4 

where pi is the four-momentum of particle i. Therefore, if 

the normalization volume is chosen as V = l/E., the invariant i 1 

flux factor in an arbitrary frame is 

J {(p ·p )2-
a b 

m2m2}1/2 
a b 

= mb J"PaJ in the lab frame (pb=O) 

= IS l"P*I in the c .m. frame a 

The Lorentz invariant phase space factor is given by 

1 
d(LIPS) = 

where the four-dimensional Dirac delta function ensures 

energy and momentum conservation between initial and final 

states, a and S. In the center of mass system, for which 

ff dptdp~ o 3 (pt+ p~) o(E&- ES) 

f dpt o(E&- E~) 

The cross section, Eqn.(B2), can now be written as 

1 
a = 

aS IS l"P*l a 

f 
(21T) 6 

BS 

B6 

B7 

B8 



We put 

dp = dp dp dp = IPl 2 d!PI sin8 d8 d¢ x y z 

= IP"! E dE sin8 d8 d¢ 

The invariant momentum transfer squared between particles 

a and 1 is 

and 

Hence 

E*dE*d¢*dt 1 1 1 

2 IP* I a 

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

To solve the integral over the o function we make use of 

the property 

ldf,- 1 
f dx o(f(x)) = dx 

x=xo 

where x 0 is a solution of the equation f(x)=O. Here x=Et 

and f(x) = E~- E~ = E~+ E~- E!- E~. Hence, 

df 
= 1 + 

dx 
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B9 

BIO 

Bll 

B12 



In the center of mass system, 

or 

(Ef)2- m2= 
1 (E*)2-2 

2 
m2 

and hence 

dE* 2 E* 1 = 
dE* 1 E* 2 

It follows that 

E~ E* 
J dE* o(E*- E*) 2 = = 1 a (3 E*+ E* rs 1 2 

and substitution into Eqn. (B12) gives 

1 
a = a (3 

It is evident that the differential cross section is 

1 dcra(3 

dt 
EE l<SjTja>l 2 

8slp*l2<2TI)s a(3 
a 

We can now write 

dcr dt(yp+cpp) 

dcr(cpp+cpp) 
dt 

l<¢pjTjyp>l 2 IP¢1 2 

j<cppjTj¢p>j2 jpyj2 

The ratio of the transition probabilities is expressed by 
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B13 

Bl4 

the ¢-y coupling constant in vector meson dominance and hence 

dcr 
-(yp+cpp) 
dt y2 

¢ 

dcr 
-(¢p+¢p) 
dt 

B15 
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where 

{ 2 2}2 2 2 s-m -m -4m m 
IP"* I 2 = e ct> e ct> 

¢ 4 s 

Bl6 

s = m2 + 2 m E p p y 

The threshold energy is given by 

s = (mp+m¢) 2 

Bl7 
Ey = (m¢ I 2 mp) + m¢ 



221 

APPENDIX C 

PARTICLE MULTIPLICITIES FOR 

DIFFRACTIVE DISSOCIATION OF A PROTON 

The problem consists of arriving at a reasonable estimate 

for the number of hadrons resulting from the diffractive 

dissociation of the proton in the vector meson photoproduc-

tion reaction yp+Vp. The multiplicities are used to predict 

the fraction of events with O, 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 

Cl 

Therefore, of interest are pion systems with I=O 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=! probability is about equal 

to the multiplicity=3 probability, consistent with pp and 

TI-p diffractive dissociation data (Whitmore, 1974). 



The 2-pion system is worked out as an example: 

lmr> = II,I3> with I = 2, 1, O 

I=2 of no interest 

1 {lrr+rro>-lrrorr+>} 
12 

0: llO> = ..!. {lrr+rr-> lrr-rr+>} 
12 

-1: of no interest 

There are thus two allowed states, 

I=l with 1 3=1,0 and I=O with l3=0 

The first state is 

IP> 

and the second state is 

Ip>= 10 o·1 1> ' '2'2 

The probabilities for the different 

for the first state: 2 + 
3(rr rr 0 n) and 

for the second state: 2 + -
3 (rr rr p) and 

configurations 

1 + --(rr rr p) 3 
..!.(rrorrop) 
3 

222 

C2 

C4 

are, 

cs 

C6 
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The average of the two states gives the probabilities 

1 + - 1 + 0 ) 1 0 0 z(TI TI p), J(TI TI n , 6(TI TI p) C7 

The probabilities for the different configurations in 

each N -system, where N =0-4, are summarized in the table TI TI 
below. 

Notation: N = pion multiplicity TI 
N = charge multiplicity c 
ip= i charged pions and a proton, i=0,2,4 

in= i charged pions and a neutron, i=l,3,5 

N = 1 N =3 N =5 c c c 

N Op ln 2p 3n 4p Poisson 
TI probability 

0 1 e -µ 

1 1 I 3 
2 I 3 µe-µ 

2 1 I s 1 I 3 
1 I 2 (µ 2 /2)e-µ 

3 1 I 2 o 1 I s 9 I 20 
3 I i o (µ 3 /6)e-µ 

4 1 I '+ s 4 I'+ s i '+ I If 5 i s I If 5 2/g (µ 4 /24)e-µ 

The charge multiplicity prob~bilities (Poisson distributed) 

are then given by 

P(Nc=l) = e-µ{µ+ t(µ 2 /2)+ t(µ 3 /6)+ t(µ 4 /24)+ ... } 

-µ{1 2/ 3 3/ 2( '+/ ) } P(Nc=3) = e 2(µ 2)+ 4(µ 6)+ 3 µ 24 + ... CB 

-µ{2 If } P(Nc=5) = e 9(µ /24)+ ... 
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The value for l1 is chosen so that 

P(N =l) "' P(N =3) c c 
C9 

that is, l1 "' 2. 6 

and thus 
P(N =l) "' 0.389 c 
P (N =3) "' 0.383 c ClO 

P(N =5) "' 0.031 c 

Using the above table, the probabilities for the different 

final state configurations can be determined. For example, 

o.;89 {t(µ 3
/ 6 )e-µ} 

= 0.112 
Cll 

The probabilities for all final states with a given charge 

multiplicity are listed below. 

Charge multiplicity = 1 (overall probability "' 0.389) 

state probability 

+ 0.331 'IT n 

Trop 0. 16 6 

+ Tr on 0.215 'IT 

'IT 0 'IT 0 p 0.108 
Cl2 

+ Tr o Tron 0. 112 'IT 

'IT 0 'IT 0 'IT 0 p 0.028 

+ Tr o Tr o Tr on 0.032 'IT 

'ITO'ITO'ITO'ITOp 0.008 

1. 0 



Charge multiplicity = 3 (overall probability 

state 

+ -1T 1T p 

+ + -1T1T1Tn 

+ - 0 'IT 'IT 1T p 

+·+ - 0 1T1T1T1Tn 

probability 

0.328 

0. 170 

0.256 

0. 131 

0. 115 

1. 0 

225 

0.383) 

C13 

The fractions of events firing O, 1 and >1 recoil counters 

are estimated as 

recoil = 0 0.02 

= 1 0.23 C14 

> 1 0.75 

(see Table (IV.C.2)). 
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APPENDIX D 

VMD-QUARK MODEL PREDICTION FOR 

MOMENTUM TRANSFER SLOPE PARAMETER 

According to VMD-quark model predictions 

Vdcr P'lf laTI 1 vdcr + 1 ydcr - } -(yp+pp) = - - { - -('If p) +- -('If p) 
d t ky y p 2 d t 2 d t 

Dl 

where y is the photon-vector meson coupling constant, p p 'If 

and k are the center of mass momenta of the pion and the y 

photon, respectively (see Appendix B), and dcr/dt(7rp) 

+ denotes 'If p and 'If p elastic scattering. Assuming 

dcr 
dt 

Eqn. (Dl) can be written as 

where the subscripts p, + and - indicate quantities 

(defined by Eqn. (D2)) for yp+pp, 'lf+p+'lf+P and 'lf-p+'lf-p, 

respectively. 

Also, Eqn. (Dl) at t = 0 gives 

From Eqns. (D3) and (D4) 

D2 

D3 

D4 
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b 
IA++ IA_ 

D5 p 
IA+ IA_ 
--+--

b+ b 

and rearranging, 

b = p 
1 
2 (b++b_) D6 

The approximate expression in Eqn. (D6) is obtained by 

b2 - /), 2 b2 - /), 2 b+ + b_ 
b 0 0 b ~ ~ = p IA+ - IA_ b 0 2 

b /), 0 -
0 IA++ IA_ 

Eqn. (D6) is also valid for the w meson. For the ¢ meson 

the slope parameter is 

D7 

where the superscripts + and - indicate quantities 

+ + -defined by Eqn. (D2) for K p+K p and K p+K p, respectively, 

and the subscript - refers to TI-p+TI-p. 
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