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PART A. Photoproduction of Vector Mesons and the

Vector Dominance Model

CHAPTER T. Introduction

In these lectures we will discuss photoproduction processes and compare
them to the predictions of the vector dominance model (VDM). In particular,
we will examine the data on the photoproduction of vector mesons on protons,
deuterons and complex nuclear targets; compton scattering, total photo-
absorption cross sections and the question of the existence of higher mass
vector mesons; all these topics may be related through the VDM theory, which
supposes that the hadronic interaction of the photon is mediated by its
coupling to the vector mesons. Good review papers on these topics have been

given by S. Ting(l), E. Lohrman(z), R. Diebold(B) and A. Silverman(u).

I. 1. Diffraction Scattering

We are familiar with diffraction scattering as an optical phenomena,
leading to sharp forward peaking in light scattering. However, in high energy
physics, the diffraction process also contributes strongly to the forward
scattering from an absorptive target(S). The details of the scattering will
depend upon the ''wavelength" of the incident beam, the size of the scatterer,
and on how 'black", or absorptive, the scatterer appears to the incoming beam.
Although the diffraction scattering process involves no change of quantum numbers,
it does proceed when angular momentum is picked up in the scattering. Thus, the
spin-parity of the diffracted system may be changed in the series O_—+O—, 1+,
2" . . or 1-—*1_, 2+, « « « In the cagse of complex nuclear targets, the diffrac-
tive phenomena implies the coherent production from each of the individual

nucleons within the nucleus.

The diffraction scattering process need not be elastic, in the sense that
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the outgoing particle may have a different mass than the incoming particle.

For example, np —np and yp — yp are examples of elastic diffraction scattering
while sp —»Alp and yp — pp are examples of diffraction processes involving a
change in mass of the diffracted system. In these latter cases, the longitudinal
momentum transfer required to make up the mass difference must be small compared
to the "form factor" of the target -- this is especially important in complex
nuclear targets where the momentum transfer may cause the target to '"break-up"
into its constituent parts and destroy the coherence effect. For the photo-
production of mesons, this longitudinal momentum transfer, tmin’ is given by

0f. )

meson’ where M
—2—1{—— meson
k is the photon energy. It should also be noted, that for these reactions, the

ig the mass of the meson system in the final state, and

forward production (i.e. at 6=0°) will be at finite momentum transfer, toin?
and that the difference between the t = 0 and t = tmin cross section is also
strongly momentum and nucleus dependent. For eXample, for photon energies of
2.7, 4.5, and 9 BeV the extrapoiation factqrs on Pb are 19, 2.7, and 1.3, while
for Be they are 2, 1.3, 1.1, respectively.
A list of reactions which could proceed coherently 1s given below, and
includes examples involving mass changes and excitation of the spin-parity series:
(a) elastic scattering at small momentum transfers:-
#+ T —»n+T
K+ T—->K+T
N+ T-—-=N+T
Y+ T >y + T
where T represgents the target particle.
(b) diffraction dissociation,

P4+ T =N T

1ho0 F

where N isad = 1/2* nuclear isobar,

1400

+
n‘+ T —*Al T
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where Al is a 3 mesonic state of mass 1080 MeV

with & =1,
K+ T —>K{300 + T
where KISOO is a K meson of mass 1300 MeV, and
with & =17,
Y+ T —=>p+ T
where p is the 750 MeV dipion meson resonance
with JP =1 .
The characteristics of diffraction scattering are (a) a sharp forward
peak in the scattering process that can be approximated by an expotential for

-8t),

(b) the forward cross section, do/dt, should be constant, and (c) the total cross

momentum transfers smaller than the first diffraction minimum (i.e. e

section should be & constant. Also for these reactions involving particles

with spin, the alignment has to be such as to take care of angular momentum
balance without disturbing the ﬁarget particle. For example, a np —+Alp
reaction will require the Al to be aligned guch that m = 0, and for yp — pp,

the rho will have to be transversely polarized with m = + 1, since the photon
cannot populate the m = O state. It should also be noted that by studying the
above type of reactions,‘on a complex nuclear target, the diffraction phenomena
provides & filter for the isolation of these reactions in preference to reactions
involving meson exchange, spin-flip, I-spin exchange, etc.

One final comment before leaving the diffraction process. In high energy
theory terms, where one imagines the interactions proceeding via exchanges of
particles, or even whole Regge trajectories, the diffraction scattering is
thought of in terms of the exchange of a Pomeron. Thus we might write down some

of the above processes in terms of the graphs shown in Fig. 1.
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I. 2. Absorption

A second phenomenon that will be encountered is the use of complex nuclear
targets to measure the absorption, or attenuation, by nuclear matter of the
outgoing secondary particles. If the outgoing particles live long enough to
traverse the nucleus, then by varying the path length in nuclear matter, (which
we do by varying the size of the nucleus - see Fig. 2.), and observing the
relative yield, we can deduce the total cross section. Since we have a whole
menagerie of unstable particles in our high energy physics '"zoo", with lifetimes
so short, (i.e. < 10—10 secs), that wevhave no way of applying classical methods
of detemining their total cross section, this is a useful technique. The idea
was originally used by Drell and Trefil(6) to show that the total cross section
for protons on protons, derived from an experiment measuring p-A scattering(7)
was in good agreement with observed p-p data. The technique is currently being

(8) (9)

used to determine Al—p and KlBOO_p total cross sections in addition to the
experiments on the absorption of vhotoproduced rho mesons to be discussed below.
These studies of the attenuation of shgrt—lived particles were initially
assumed to be independent of the details of the nuclear models, or indeed of
the details of the interactions within the nucleus. It was hope to treat the
nucleus as a black box which was the variable-thickness absorber in & classical
experiment to measure the total cross section by attenuation. However, it
turned out that these were naive hopes and that the nucleus had to be treated
with more care. Some of these effects will receive detailed attention in the

(10)

lectures of Professor Yennie and we discuss them only qualitatively so that
we will be able to deal with the analysis of the experimental data.

(i) Two-Body Correlations

The existence of two-body correlations in nuclear matter has long been
recognized, but the effects had been assumed to be small and the independent

particle model of the nucleus had been taken to be an adequate description of
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the nuclear interaction. However, a more careful and detailed analysis of the
impact of thesge correlations on calculations of particle absorption in nuclear
matter showed that the effect was substantial and should not be neglected.(ll’le)
The two~body correlation function was evaluated using a 'hard-core” repulsive
potential together with a short range attractive force determined from the
fitting to the low energy nucleon-nucleon scattering data. This implies that
within nuclear matter the particle under study sees effectively '"larger nucleons"
than in the free particle scattering case, leading to an overestimate of the
attenuation cross section. TFor a total cr;ss section of ~ 30 mb, this is about
a 10% effect. (i.e. a 33 mb total cross section evaluated ignoring the two-body
correlations, would be reduced to give 30 mb as the "free" particle total cross

section.)

(ii) Incoherent Background

The question of how to subtract the "incoherent" reactions from the coherent,
or diffractive, events where thé nucleus remains undisturbed in its ground state,
has received a great deal of attention recéntly. The incoherent reactions can be
thought of as processes in which (a) there is a quasi-elastic reaction in which
the nucleus is excited (change of quantum numbers) but does not break up, or
(b) where one or more nﬁcleons or fragments are ejected from the nucleus. Standard
procedure has been to fit the large momentum transfer region to

do _ - Bt
E-Ae [I 1]

assuming that it is dominated by single nuclear processes. This curve is then
extrapolated in under the forward diffraction peak to give the incoherent contri-
bution, (see Fig. 3). This is clearly wrong, in that as the momentum transfer

goes to zero the chance of exciting the nucleus, or ejecting a particle from the
nucleus becomes very small. Rather detailed calculations, with a recipe for
extracting the incoherent contribution from the total scattering have been performed

by Kolbig and Margolis(ls) and Trefil(lu) These considerations are not important
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for the rho photo-production.data, but become sizeable corrections when
studying the w and ¢ experiments.

(iii) Nuclear-Density Distributions

The four common density distributions used in these studies are:

Hard sphere: p(r) = const, r <R

(1 - 2]
O , r>R
Wood-Saxon: pl(r) = °o (1L + e(r-c)/R)-l [ - 3]
A 2
Trefil: o = j=le- (ra/R) [T - 4]
2 22
Harmonic Oscillator: pfr) = po(l +o=s) e ° 1 - 5]
o

Model (d) is often used for low A nucleii, as recommended by electron

(15) Models (a), and (b) claim to be good for large A,

scattering experiments.
while (c) claims to be good for all A. The question of which value of radius
to usge has been difficult. Most analyses have used two radii and suggested that
the answer lies somewhere between the two - - the electron scattering radii(15)
and the "strong" radii obtained from fitting the total cross section as a function
of A for n, K, p, n Scattering.(lé)
Recently the DESY—MIT(17> group were able to determine the nuclear radius as
a function of A, for the photoproduction of rho mesons. (See Fig. 4) They found:
R(A) = (1.12 + 0.02) ER

(iv) Finite Width of the Rho

The question of the effect of the finite width of the rho meson has been

(18)

investigated in detail by Gottfried and Julius. The full nx-production
amplitude is a coherent sum of two parts: a term that describes p-decay outside
the nucleus, and another wherein the p decays inside the nucleus. The former
dominates at high energy (R 5 GeV) in even the heaviest nuclei. The interior
decay amplitude has a mr-mass spectrum that differs very markedly from that of

p-decay in vacuum because of a process closely akin to ordinary collision



I~

broadening. The exterlor amplitude has a mass spectrum that differs somewhat
from that of vacuum decay because the minimum momentum transfer, tmin’ increases
with nrn-mass, and the decrease of the nuclear form factor with tmin therefore
skews the mass distribution towards low masses, (see Fig. 5).

Aside from these modifications of the mass spectrum, there is also some
effect on the magnitude of the differential éross section for p production arising
from the difference in nuclear mean free path between the p and its decay products;
that is, the nn-state has greater difficulty in escaping the nucleus than does
the p itself. Their calculations showed that for energies <5 GeV, such effects
may be gafely ignored.

(v) Real Part of the Forward Scattering Amplitude

In all of the early analysis of vector meson photoproduction, it had been
assumed that the forward scattering amplitude was purely imaginary down to photon
energies of ~ 4 GeV. The importance of taking into account the presence of a
real part in p-nucleon scatteriﬁg was emphasized by Talman and Schwartz,(l9) who
showed that the inclusion of this amplitude'would substantially alter the results
of the analysis of rho photoproduction. Let us look at how this really affects the
analysis.(go)

In the analysis of fhe experiments we relate the forward elastic scattering
of rho mesons to the square of the total rho nucleon cross segtion, by the optical
theorem:

+
|, (oo ~op) @ ol (op) [z - 6]

This equation assumes that the ratio of real to imaginary parts of the
scattering amplitude in rho-nuclear scattering, ObN’ is zero, which introduces
aﬁ error, proportional to OiN, which is quite negligible.

However, the cross sectlion appearing on the left hand side of equation [1-6]

ig, unfortunately, not directly measurable. By using the vector dominance model

we may relate this reaction to the photoproduction process:
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dol - do
TS O(op ~op) @ O(Vp —pp) (1 - 7]

However, because of the mass change in the photo-induced reaction, ¥ —p,
we can never physically study zero momentum transfer collisions since there
will be a minimum momentum transfer, tmin’ which goes into making up the mass
difference. Thus, the theory is required to- calculate the t = O cross sections
from those measured in the physical region. ‘This done by the following optical

model formula:

Sl O —e) = ‘Ayplz 1 - 8]
6=0 :
where A70 = A fd2b faz o(v,z) etd112 e_GpN(l-iOfDN)T(b’Z)/2
where T(b,x) = f: o(b,z') dz', and A, is the single nucleon production
amplitude.
Tﬁe importance of OEN in this equation can be understood qualitatively. The

term involving ¢

N introduces a.phase factor similar to e 11%, 7If ObN#O the

optical potential is complex corresponding to an index of refraction for the
medium. The factor eiqllZ results in lengthening the wavelength of the vector
meson relative to the photon. The index of refraction either enhances or
suppresses this effect depending on the sign of O%N'

A useful approximate expression relating the forward to the extrapolated
cross section is, (following Silverman(l5)),

do
at

ao

dat

2 - .2
-q..Q
a(qll 91 chpr)< ko> [1 - 9]

t=0 N ©=0
where a is a constant very nearly equal to 1/3, < R2 > is the mean squared radius
of the nucleus, and E is roughly the mean nuclear density.

From this equation we see that if QEN

ig enhanced relative to the 8 = O. The effect is linear in qllabN and therefore

is negative, the t = O cross section

is more important at low energies. It is also A-dependent through the factor

< Re >,
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We have now established that some allowance for the existence of a real
part in rho-nuclear scattering must be included in the analysis. However, we
must now determine what size we might expect O%N to be.
In Fig. 6, the total photon cross section is plotted as a function of energyggl)
The solid line is 1/200 of the average of the ﬂ+p and n p total cross sections.
A best fit to the photon data above the resonance region (i.e., above 2 GeV), is

found to be:

(7p) = (96.b +J§9 ) ub [T - 10]

g
T0T R

where k is the photon energy.

The agreement in magnitude and energy dependence between the photon and
“hadron cross sections is surprisingly good, both showing a slow fall-off in cross
sections in the high energy region. Such an observation might lead one to expect
that the real parts involved in the two processes should be comparable

-o- ~ ~Ol ~ =,
(i.e %N O%N g~ 028t 5 Gev/c )

Another more quantitative estimate for the real part, OBN

from dispersion relation fits to the high energy total cross section data, shown

s, may be obtained

in Fig. 6. Damashek and Gilman(gg)'have used the dispersion calculation to
estimate the real part in Compton scattering. The ratio of the real to the
imaginary part of the forward Compton scattering amplitude from these calculations
ig shown in Pig. 7. Again this would indicate an OEN
in pp scattering, of ~ -0.2 at 5 GeV/c, falling to ~ -0.1 at 20 GeV/c.

in yn, and hence from VIM

A more detailed account of this question and a discussion of the possible

existence of an "anomalous' real part in pN scattering, are given by Professor

(10)

Yennie. In the following we shall assume:~

04 ~ O ~ ~0. .
o N 0.2 at 5 GeV
-0.1 at 20 GeV.



I. 3. Vector Dominance Model

The origin of. the vector dominance model dates back to the early 1960's,

(23) (24)

when Frazer and Fulco and Nambu suggested that the lsovector nucleon

form factor could be understood only in terms of a strong m-n resonance, (to be
later identified as the rho meson), and when Sakurai(ES) suggested that as the
electromagnetic current had associated with‘it a photon, so the isospin current
and baryon current and hypercharge current had associated vector mesons and

that there would be strong coupling between the "current-associated" particles.

(26) (27

For excellent reviews of the vector dominance model, see Joos and Schildknecht.
Basically, the electromagnetic interaction of hadrons is described by the

coupling of the electromagnetic field to the hadronic electromagnetic current --

3 () = 3 )+ 55 () [T - 11]

where ji(x) and ji(x) are the zero components of the isospin current and
hypercharge current respectively. The smallness of the coupling constant, @ = eg/hﬂ,
allows one, in most cases, to treat photoproduction in lowest order of the electro-
magnetic interactions.

The vector dominance model then connects the hadronic electromagnetic current
with the fields of the vector mesons po, W, ¢ which have the same quantum numbers
as the electromagnetic current, namely J = 1, =-1, C = -1, Y = 0. This connec-

tion can be made via the current field identity -~

- n, o m . Zmﬁ
i, () == |55 'Du(x)“"'é',;; w0, (%) + 27 s, () | = - — By v (x) [T - 11]

where 7p, 7 7& are the coupling constants of the electromagnetic current to
the vector meson fields pﬁ(x), wu(x), ¢H(X) respectively. m o, o m¢ are the
masses of the vector mesons.

The assumption which is being made here is that the vector mesons p, w, ¢
completely satisfy this summation. That is, the contribution from the three known
hypercharge zero vector mesons completely saturates the electromagnetic current.

This is a very strong statement and I wish to return to it in Chapter VII.



Now, according to the field-current identity, any amplitude involving real
or virtual photons is a linear combination of vector meson amplitudes, each
multiplied by a vector meson propagator. The assumption is then made that the
invariant vector meson amplitudes are slowly varying functions of the vector mass,
mV -- i.e., any energy dependence comes from the propagators and not the coupling
constants.

Kroll, Lee and Zumino(28) have given a very general treatment of the vector
meson dominance model in which they discuss the field theoretic nature of the
assumptions. They showed that the model is rather general and has support in
Lagrangian field theory.

We may obtain relations between the strength of these coupling constants 1if
we assume,

(a) the photon is the U-spin singlet of an SU3 octet,

(b) @ and ¢ are mixed octet-singlet states with a mixing angle aroung L0°

as given by the Gell-Ménn-Okubo mass formula,
(That is, the physical states w, % are mixtures of the pure singlet -
|l> and pure octet l8> states:

'w > = cos 6[1 > - sin 6|8 >

# >

The mixing angle is gilven by

siﬁ 9|1 > + cos 9‘8 >

gsin 6 = 5 5
@ - g

and
= 1/3 i - )
where the square of the mass of the meson state is always used in
these formula.)
(c) the process yp — Vp proceeds at high energies, predominantly by the
exchange of an SU3 singlet. (A similar assumption for pseudoscalar

meson-baryon elastic scattering would yield Oeﬁ(ﬂp) = oeﬁ(Kp) at high



energies, which seems to be correct within 20 percent.)
From these assumptions alone, (i.e. nothing to do with SU6, quark model

’
or even VDM), we find

o(yp = pp): o(yp —wp) : o(yp —¢p) = 9:1:2

and therefore

y ¢y ty,=113 1 —=
¢

P w /2
Historically, one of the first applications of the idea of vector meson
dominance was to an understanding of the pion form factor. The vector meson

dominance diagram for the pion form factor is shown below. A singie calculation

gives o
2 " 1
Fle) = 5> Eonn [+ -3
m - q 2y P
o D

For q2 = 0 this equation gives

This relationship can be used to determine 7p from gpﬁﬂ. The decay width

for the o decay into 2 pions is given by the expression:

- 2 27 3/2
Plp —n+n ) = <g§m> - e [1 ) (i"i_>]
A 12 mp

From the measurements of this process, (see Fig. 8), with electron-positron
storage rings, we can determine 7§/hn. P?ofessor Gourdin(eg) deals with the
overall situation with respect to VDM and colliding beam experiments. We will
use the value of the coupling constants from these experiments as standards for
the photoproduction experiments. The best measurements for the rho width, Ppﬂﬁ,
is found to be (111 + 6) MeV giving 7i/hn as 0.50 + 0.03.

The vector dominance model can also be used to analyze the nucleon form factors
One would expect the isovector form factor to be dominated by the rho meson and to
be given by an expression of the form:

1 .
A [T - 1k4]

1 -4
2
mv'\



However, the experimental data is not explained by the vector dominance model,
and no simple explanation isg known for its behaviour.

Yet another application of the vector meson dominance model is in the

: . (30)

branching ratio in w decays :

+ - o}
W=7 + 7 +n

o}
w =1 + v

The w decay may be thought of in terms of the diagrams shown in Fig. 9.

The widths for these decays are given by

Y 2 2
- 2 (m,, - mﬂ) ( vn) & e
M = 37) = (0.69) m mn =) (=)
w 2 . 2 .
(m~ - 4mﬁ) 167 by
(- n2) &
Do =) = & —2 T (Jemy (i [T - 15]
96 3 2
m e ¥
w o
Taking the ratio of the above expressions and the measured branching ratio(Bl),

0.108 + 0.008, we can determine the coupling of the photon to the rho, 7§/hﬂ.
7i/hn is found to be 0.95 + .1, in marked disagreement with the value
obtained from the colliding beam experiments. However, it should be noted that
in the e+e— experiments we are dealing with virtual photons on the vector meson
mass shell, whereas in this decay we are dealing with real photons. This question

will be @ealt with in meore detall in subszequent chapters.

More generally, the vector dominance model is used to explain the coupling
of photons to vector mesons, (p, @, #). Such processes, see Fig. 10, may be
gstudied in three regions of q?, the momentum transfer between the photon and the
rho: q2 = 0, which may be studied in photoproduction reactions, and q2 > 0,
which may be studied in inelasfic electron scattering.

The assumption implicit in the vector dominance theory is that the same
coupling constant yi/hn will hold in all processes independent of the reaction

and independent of the mass of the photon (i.e., independent of q2 at the y-v vertex)

2
i < b} ) n . N o 2 .
The values of 7V/Ln obtained from storage ring stuales( 9) (i.e., where the

~3
. . 2 2 . ;
photon is on the vector meson mass shell i.e., ¢ =m ), are given in Table I.

v



The values of the coupling canstants obtained in photoproduction processes are

the subJect of the following chapters.

CHAPTER ITI. Experimental Situation for yA —pA.

The cross-section for the photoproduction of rho mesons from nuclear

(32), and then at DESY(33’3u>

targets was measured originally by Lanzerotti et al.
(at 2.7-4.5 Bev), at cOrne11(35> (at 6.2 BeV) and at SIAC(36> (at 8.8 Bev).
There was substantial disagreement between these experiments, but a detailed
comparison of them is hard due to the difficulty in obtaining raw data and to
the difference in the nuclear models used in the analyses. Recently the three
latter groups have taken new data and reanalysed their old data; in addition, a
new experiment has been performed by a Rochester group (at 8.8 BeV). We shall
review these new experiments one by one, and then try to summarize the present

status of rho meson photoproduction from complex nucleii.

II. 1. The SLAC Experiment.

The SLAC experiment hag measured th

D

photoproduction of rho mesons from
hydrogen, deuterium and six complex nuclear targets (Ee, C, Al, Cu, Ag, Pb) at
photon energies from 5 GeV to 16 GeV. The scope of the experiment is shown in

Table II.

The data up to 10 BeV has been obtained using a monochromatic photon beam

(37)

which has been described previously”

L

The beam ig obtained from two-photon
annihilation in flight of 12 GeV positrons on the orbital electrons in a liquid
hydrogen target. The beam delivered ~ 300 monochromatic photons per pulse, with
an energy resolution ofym + 1.5%. The energy spectrum of the photon beam is
shown in Fig. 1lla.

The data gbove 10 BeV was obtained using a conventlonal thin target

bremsstrahlung beam at 10, 13, and 16 eV. The energy spectrum at 16 GeV is

shown in Fig. 11(b). The exposures were made in such a way that one is able to



test for inelastic contributions as one moves away from the endpoint of the
bremsstrahlung spectrum by comparison of the cross sections for several energy
cuts (see Fig. 11(c) ). This is an especially important point here.

The apparatus used in this experiment is shown schematically in Fig. 12.

The wire spark chamber spectrometer and the online IBM 1800 computer system have
been described in detail elsewhere§38) The photon flux 1s measured, pulse-by-pulse,
by a simple e+e— pair spectrometer installed in the last sweeping magnet. To
calibrate the absolute photon flux, the spark chamber system was periodically

used as a palr spectrometer. The properties of the system are: (a) a2 large mass
acceptance of ~ 1000 MeV per setting, with a maximum detectable mass of ~ 3000 MeV,
(b) good mass resolution, ~ + % MeV, (c) large decay angular acceptance, (d) momen-
tum transfer acceptance from 0 to 0.25 (GeV/c)g, with a resolution of 0.0005
(GeV/c)2 for small t, increasing to 0.002 (GeV/c)2 for large t. It is important

to note that this apparatus records events over the whole range of dipion mass,
decay angle and momentum.transfér at the one setting.

The large decay angular acceptance alléws us to verify that the rho mesons
are indeed transversely polarized, normally an assumption in the other experiments
measuring rho photoproduction. The decay distribution, evaluated in the helicity
system, for rho mesons pfoduoed at 9 BeV from & Be target is shown in Fig. 13.

The solid curve is the result of a fit to the distribution, evaluating the spin
density matrix elements using:

) 3 . > 2
W(cos 8, ¢) = £= [0.5 (1-cos™8) + o (3/2 cose - 1/2)

£l

(11 - 1]
sincecosg¢ - 2 Re P10 sin 28 cos #]
assuming

\ 4+ 2 =
€00 Py =1

The fit, which takes into account the geometrical acceptance of the system,

regsulted in:



-0.03 + 0.05

1

P11

1]

Rep,o = 0.03 + 0.03

@

Clearly the rho mesons are produced with an egsentially complete transverse
alignment.

The effective mass distribution of the dipion paris is measured for each
target at each energy. Figure 14 shows a representative mass spectrum. The

solid line is the result of a fit to the model described in Fig. 15.

_ fie 0 Tt

= =M + C + C
Oe 0 - )2 4 TP Loaf o8 )2 4 f P 2
b o E161 1o IS 77 I}
T

where y M2 i uu? 3/2

T =T O S (11 - 2]
PM M2 - Mue

and CO’ Cl’ Cg, Mp, Fp are free parameters, the last two being the mass and
width of the rho. This model aésumes that the rho meson production amplitude

is given by the Breit-Wigner form, and that‘it interferes coherently with an
imaginary amplitude describing the diffractive wnn scattering. This formalism

is due to SBding€39) The SLAC group find the measured mass and width of the rho
meson do not vary as a fﬁnction of the photon energy, k, or the atomlic number, A,

and the mean values are found to be;

Mp ~ T65 + 10 MeV

Pp ~ 145 + 10 MeV
The background is A dependent, varying about a factor of two from Be to Pb,
and also k dependent, varying ~ 20% from 5 geV to 16 GeV.
The SLAC group also fit the data using other forms of the Soding model which
include &) a different t-dependence for the S$S3ding amplitude than for the o)
amplitude, and b) an "anti-resonance' factor in the p-wave background term to

(40)

avoid "double counting" . These effects have been investigated in detail by



the STAC HBC group(ul) and their results are discussed below in Part B. The
form a) had effect only on the hydrogen and deuterium data, while b) introduces
a 12% correction to the cross-sections if it is included. However, I am far
from being happy about the question as to the "correct” mass dependence to use
in fitting the rho shape.

The mass spectra for the hydrogen data is shown in Fig. 16. The solid line

represents the best fit using the model described above. The mass and width

of the rho are found to be:

M = 760 + 10 MeV
o } Hydrogen, 9 GeV.
Pp = 135 + 10 MeV
M= 765 + 10
Deuterium, 9 GeV.
Pp = 152 + 10

The decay distribution of rho mesons produced on hydrogen at 9 GeV, was fitted
by Equation [II~1], and the resﬁlting density matrix elements are shown in Fig.
17 {(a) for the helicity systeﬁ(ug) and Fig. 17 (b) for the Jackson system€u3)

We see that the dynamics of the production are such that the rho meson is trang-
versely polarized in the helicity frame, and not in the Jackson system, (this
will be discussed more fully in Part B). Density matrix elements from HBC

(44)

experiments at 4.3 and 5 GeV are shown for comparison.

The differential cross section for rho production for both hydrogen and

(k& i . i
deuterlum( 5) is shown in Fig. 18 (a). The forward cross sections are found to be:

11) pb/GeV/Cz

I+

(e —pp) = (104

%%(7d —pd) = (360 + 26) p,b/Gev/c2

do/dt {d
and R = aaéag—%gg

The value of R expected, after taking inte account the Glauber correction,

|+

= 3.5+ 0.3

t=0

is 3.65, while the Cornell group have measured R, at 6.2 GeV, to be (3.2 + .2)(h6)



Our measurement is in agreement with the expected value of R for the case of pure
diffraction, but also agrees, within errors, with the Cornell determination. 1In
addition, we see no differences in the gpin-density matrix elements in the
forward direction for the hydrogen and deuterium experiments. We therefore
conclude that the rho production on hydrogen 1s predominantly diffractive and
use the hydrogen data in an analysis of the A-dependence.

The differential cross section is then found by integrating over all decay
angles, and all masses around the rho. A study of the differential crcss section

may then be used to find the total rho-nucleon cross section, o(pN), and the

vector dominance coupling constantsu7) 7§/uﬂ. The equations used in this
. (48 . . .
ana1y31s( ) are given below, and the process shown schematically in Fig. 19.
do do
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Now the A-dependence of (do/dt) (7& —p°A) can be used to determine o
. tmin pN
Further, assuming vector dominance and an imaginary forward amplitude, we

can write,

ao | o o 02N

= (A =p7a) = - =10 ,o(r),t ;) (11 - 5]
t . ¥ 16 P
min o]

Thus, the measurements of the relative A dependence of the forward rho
photoproduction cross-section may be used to determine the total rho-nucleon

cross-section, o(pN). Having determined o(pN), the absolute value of the photo-

' 2
rho- cross-section may be used to determine the photo-rho coupling constant, 7p/hn.

The nuclear density distributions used in these calculations were: a) for

1
A 2 27, the Wood-Saxon distribution (equation [I - 31), with C = COA /3 fermi,

- 4]



and R = 0.535 fermi. Two values of CO were used - one taken from electron-

(15)

nucleus scattering

(16)

scattering where C_ = 1.18.

as CO = 1.08, and the other derived from nucleon-nucleus

b) for Be and C, the harmonic oscillator distribution (equation [I - 51) was
used with o = (A/ﬂ3/2) ag(l + 3/20() and @ = (A-4)/6, (ao is a shape parameter).

Typical differential cross-sections for several targets, at Ey = 9 GeV, are
shown in Fig. 17b. The experimental slope of the cross-sections changes from
~ & on hydrogen, to ~ 400 on Pb.

Some preliminary results of the data are ghown in Fig. 20 and Fig. 21. The
forward cross~section for several targets, as a function of the photon energy, k,
is shown in Fig. 20, where the solid curve is the prediction of the Drell—Trefil(hg)
formalism, normalized to the highest energy data points. The measured energy
dependence shows good agreement with the model. The extrapolated t=0 differen-
tial cross-section is shown in Fig. 21 for several targets, and the data is
certainly in agreement with an énergy independent cross-section, as would be
expected for a diffractive process. However, perhaps more important, the SLAC
experiments at different energies (5, Ty, 9 and 16 GeV) agree rather well on the
k~dependence and A-dependence and seem to represent a self-consistent set of data.

The current status of the analysis gives

G(QN) = (29 + 2.3) wb
2
Yo Jin ™ 0.85 + .11

where the real to imaginary ratio in p-N scattering was taken from Fig. 7.

ITI. 2. The Cornell Experiment.
(50)

The group at Cornell have presented results on the photoproduction of
rho mesons from 10 targets, (Hg, DE’ Be, ¢, Mg, Cu, Ag, In, Au, Pb), at average
photon energies ranging from 4 GeV to 9 GeV. Some of the data had been published

earlier, but has been reanalysed and included with the new data for completeness

and consigtency.



Their experimental arrangement is shown in Fig. 22. The bremsstrahlung
beam, which was monitored by a thin ion chamber upstream, passes through the
target mounted in front of the first magnet, and into a uranium beam stop.
Photoproduced p's decay into i+n_ palrgs the ﬂ+ﬁ_ go through separate "arms” of
the magnet system. A six-fold coincidence in the scintillation counters trigger
the optical spark chambers. The entire magnet system is mounted on a platform
which rotates vertically to ~7o above the target, thus varying the production
angle. The spark chamber pictures are used for high resolution analysis of the
data taken on heavy nucleii.

They studied the dependence on 1lncident photon energy and on the mass of the
dipion system. The dipion mass dependence is obtained by varying the magnetic
fields in the two magnets with their ratio fixed. The photon momentum is varied
by moving the target along the beam direction and changing the magnetic fileld
(i.e. target moves closer to magnet for lower energy photons, and further away
for the highest energies).

The apparatus detects rho mesons Whicﬂ decay approximately transverse to the
rho direction, and the assumption is made that the p decay distribution is given

as singe, where © is the center of mass polar angle relative to the p direction

. oM
of flight. The acceptance in mass is typically T LES

Ap Fio

—£2 o + 7% (except for the hydrogen and deuterium measurement at 6.1 GeV and

0
6.5 GeV, where the acceptance was increased to + 20%.

~ + 4%, and in momentum,

g

Complete mass spectra were taken only at several energles and targets. The
fitting procedure applied to the mass plot (described below), was then used for
all targets at a given energy.

The mass spectra are fit by assuming that the Soding mechanism (described
above) describes the reaction mechanism. Their treatment of the line shape
includes two refinements over that normally used;

a) the two pions from the p decay are allowed to rescatter from the nucleus, and

b) they include an "anti-resonance” term in the Drell amplitude to avoid



"double counting'. The treatment of these effects is dealt with more fully by

(51) (k0) (40)

Bauer s D. Yennie and J. Pumplin . A typical distribution is shown
for copper in Fig. 23.

The data from hydrogen and deuterium was taken at ten momenta between L and
9 GeV. A typical differential cross-section is shown in Fig. 24. The coherent
peak for deuterium is clearly seen for ’t,< 0.05 GeV/cQ. For large momentum
transfers, the fall-off is seen to be the same as for hydrogen. These shapes

are measured by fitting the cross-section to:

%E = A e -bt

ct

and b was found to be (8.5 + 0.6) (Ge\/‘/c)_2 at 7.3 GeV.

The ratio of the forward cross-sections for both targets is shown as a
function of energy in Fig. 25. At energies below 6 GeV the ratio is significantly
lower than the prediction of the Glauber theory (straight line in Fig. 23), but
is quite consistent with the prediction above 6 GeV. (Note that constant value
of OpN = 29 mb was used in calculating the ‘Glauber multiple scattering correction).
The discrepancy from the predicted value can be used to indicate the presence of
I =1 isospin exchange in the nuclear amplitude. The energy dependence of the
discrepancy is consistent with an s_l form as shown by the dashed curve in Fig. 25.

If p photoproduction were proceeding entirely through diffraction, the
Glauber corrected ratio of 3.6& would be the expected ratio in the forward
direction. The fact that the measured ratio is less than the calculated value,
implies that some fraction of the free nuclear amplitude is non-diffractive, and
involves exchange of some quantum numbers in the t-channel - either spin or
isospin. The "coherent amplification” of the deuteron then picks out only the
diffractive part of the hydrogen cross-section leading to the lower ratio.

These data imply that at lower energies, the diffractive part of rho photoproduction
on hydrogen is not accounting for all of the observed cross-section.

The yield of rho mesons from the complex nuclear targets was measured at

four photon energies L.k, 6.1, 6.5 and 8.8 Gev. For many of the measurements,



only the yield at M__ = 760 MeV was measured and the mass fitting function
described above used to give the total cross-section. The data was treated by
an optical model which describes the coherent cross-section at © = 0, as the
single nucleon cross-section fo 2, times the square of the "effective number
of nucleons”. The model took into account the real part in p-N scattering,
which was set equal to that for y-N scattering ag derived from dispersion rela-
tion calculations using the total (y-p) cross—sections(sg) The effect of two
particle correlations within the nucleus were also included.

The incoherent contribution at 6=0 was estimated as outlined by Trefil(lu),
and found to be negligible for all the nuclear targets at these energies.

The optical model used a Wood-Saxon nuclear density distribution for all
nucleii with t > 27, (see equation I-3), while for Be and C targets the harmonic
oscillator shell model distribution was used (see equation I-5) with @ = h/3 for
C and @ = 2/6 for Be.

The analysis involved usiné two nuclear models, or at least two estimates
of the nuclear radius as a function of A. bne model used the nuclear radii as

(15)

determined from the electron scattering data and are labelled E-S. The second
model, called the "Best Fit", took radii obtained from fits to the measured neutron-
nucleus and proton nucleﬁs total cross-sections, using a similar optical model
to that used in the analysis of the photoproduction data. By using a consistent
optical model for both po-photoproduction and the nucleon-nucleus scattering
they hoped that uncertainties due to nuclear parameters would be minimized.

The results of the A-dependence fits to thelr data are given in Table IIT
for each energy. Also shown are the predicted forward hydrogen cross-sections
from their optical model fit to the complex nuclear targets. These are also
plotted in Fig. 26{ where the agreement with measured data is seen to be very
good. The coupling constant is found to be somewhat less than the original

(35)

Cornell publication s due to the inclusion of the real part in the p-N



scattering and the two-body correlations in the nuclear absorption calculation.
Average values for the 7i/hﬂ and oy are 0.68 + 0.03, and ~ 28 + 1 mb. The
value of the VDM coupling constant is not in good agreement with the measurement
or the rho mass shell, from the storage rings, while no systematic energy

dependence is observed for UDN

II. 3. DESY-MIT Experiment.

TLet us now deal with the new DESY-MIT experiment. They have measured the
reaction
}'+A-+po+A

) + -
P = +x

(53)

on fourteen targets (H2, Be, C, Al, Ti, Cu, Ag, Cd, In, Ta, W, Au, Pb, U),
at energies (2.6 - 6.8) GeV. They have analyzed 10” events on hydrogen, and
106 eveﬁts on the 13 complex nuclear targets.

Their experimental set-up is shown in Fig. 27. A bremsstrahlung beam is
brought onto the target, and the pions (from p decay), pass through the two
armed magnetic spectrometer, where they are detected by scintillation counter
hodoscopes and Cerenkov counters. The momentum and angle for each pion is recorded.
The data is then corrected for systematic effects like beam attenuation in the
target, target-out background, absorption of pion in the target and the counter,
dead time, and accldentals. The geometrical acceptance was calculated by a
Monte Carlo method.

The experimental data for hydrogen and the complex targets are shown in
Fig. 28 and 29. Data was taken at twenty intervals in the dipion mass region
L00-1000 MeV, six intervals in the dipion momentum from 4.8 to 7.2 GeV/e, and
twenty intervals in the transverse momentum transfer to the nucleus from 0.0 to
-0.04 GeV/ce. At a given spectrometer setting the acceptance of the spectrometer
was Ap/p ~ + 18%, g@ ~ + 14% and %M ~ + 10h, with typical resolution for a given
event of 8M ~ + 15 MeV, 8p ~ + MeV/c and 5t; ~ 0.00L (GeV/c)®. Great care was



taken to monitor the beam, the spectrometer, and the counters during the
experiment and many checks were performed to make sure the apparatus was well
understood.

Their analysis of this large volume of data involved calculating cross-
sections as a function of A, M, p and t, (i.e. in a 13 x 20 x 6 x 20 space, or
31200 different cross-sections).

The DESY experiment analysed their mass spectra in terms of a Ross-Stodolsky(5u‘
M\k

type fit -- where the normal resonance formula is modified by a term,(ﬁg— y -
E181s

and also by parameterizing the background as a Drell type diffraction amplitude,

as suggested by Sading€39) They find no appreciable difference between these two

fits.

However, in the light of the results for the SILAC HBC experiment discussed

(b1)

above, where a detailed study of several models of the rho 1line shape showed'
the "rho cross-section" to be uncertain to 30-40%, we must treat this comment
with great care. I think that ﬁo experiment can really claim to measure the rho
cross-section precisely, or in a model independent way.

The data was fit by a theoretical form

do

1 2
doam (A, M, », tl) =z p 2M Rn(M) (fc + finc) + BG (4, M, p, t )
- o " .
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This nuclear model was suggested by Von Bochman et 21(12) and includes the

€ is the correlation length, .g the correlation wave function, and B =

effects of a real part to the p-N scattering, and also the two-body nuclear
correlations. They find that the incoherent contributions, finc’ is of order
10% for low A nucleil, but falls quickly being negligible for A > 100. The
background amplitude, BG was parameterized as a general polynomial in (a, M, D, tl)
space, and was ~ 20% for smell A nucleii, falling to ~ 5% for the large A nucleii.
As discussed in Chapter 1, this experiment was able to determine the nuclear
radiis in photo rho process from analysis of their own data and thpsé values were
used in their optical model. They also set the ratio of the real to imaginary
part equal to -0.2, in agreement with the dispersion calculations from the total
photon cross-section. Having set these quantities the measured cross-sections
were compared with the optical model cross section, calculated as described above,

and ¢

2
o £ | and 7i/hn determined. The results of these fits are shown in

Table IV for the Ross—Stodolsky‘type fit -- called Fit 1, and for the coherent
imaginary (in Soding-type) fit -- called Fit 2. They find UpN =27.7T + 1.7 mb,

and 72/hn = 0.59 + 0.08, while the forward hydrogen cross-section is predicted to be
2 do

T at

(7p—pp) = (120 + 7) ub/(Gev/c)?

o
This is by far the most systematic work on the A dependence of rho photo-
production both in terms of the high statistics and also in terms of the number
of targets studied. However, the uncertainties in the nuclear physics and more
seriously, in the model for the rho line shape, makes it impossible for the full

weight of the experiment to bear on the vector dominance questions.

IT. 4. The Rochester Experiment.
(55)

The Rochester group have measured rho photoproduction at 8 GeV from 7
targets - (Be, C, Al, Cu, St, W, Pb) - using a wire spark chamber spectrometer.
(This experimental set-up was a sub-set of that used by the same group to

investigate w-photoproduction, and which is described in some detail in Chapter II1).



They used a 9.15 GeV bremsstrahlung beam incident on these targets (varying
from 2% to 8% of a radiation length thick), located just upstream of a large
aperture magnet. (100 x 25 cm gap). Charged particles emerging from the target were
bent by the magnetic field and their tracks were recorded in a magnostrictive
wire spark chamber away behind the magnet extending over 85 em in the beam direc-
tion. 8ix spark chambers of 1 m? area were used, each capable of measuring both
coordinates with an accuracy of + 0.5 mm. In the first two chambers, one of the
wire directions was tilted by 150 in order to separate the coordinates of multiple
tracks. The events were fed into an IBM 1800 computer which wrote them onto
magnetic tape and performed on-line stability checks of the apparatus. One
vertical plane of scintillaticn counters in front of the chambers and two in back
served for triggering. FEach plane was divided into four separate counters in order
to trigger selectively.

The primary photon beam, which was typically 106 effective quanta per second,
was monitored by a quantameter. 

The detection efficiency was calculatéd using a Monte Carlo program, as a
function of mass, decay angles, production angles and energies of the pion pairs.
The computation took into account multiple scattering, finite size of the target,
and finite accuracy of determining the track-coordinates. The detection effi-
ciency for a forward produced 8 GeV p meson decaying symmetrically was typically
50% averaged over the azimuthal decay aﬁgle.

An off-line program reconstructed the event configuration from the tracks
and determined the kinematical variables. The photon energy was determined to
150 MeV, the momentum transfers to 0.002 (GeV/c)E, and masses to 20 MeV.

The final data was corrected for geometrical losses, absorption and decay of
pions, absorption of the photon beam and inefficiencies of the chambers and
counters. Care was taken to check out the spectrometer for systematic effects.

Normalization was done using the quantameter data.



The mass distribution of pion pairs, integrated over all momentum transfers
less than 0.1 (Gev/c)2 is shown in Fig. 30a. They fit this spectrum with the two
models described above:- the Ross-Stodolsky model and the Drell-Soding model.

In both fits they added an arbitrary incoherent background amplitude. Both of
these descriptions fit the data equally well. The Ross-Stodolsky fit gave Mp = 760
+ 10 MeV, Pp = 144 + 10 MeV, while the Soding-type yielded Mp = 770 + 10 MeV and
almost the same width. They point out that the derived rho cross-sections are
somewhat lower when the S8ding fit is used, (by about 5%), but they used the Ross-
Stodolsky cross-sections for the remainder of their analysis.

(k1)

We must remember again that the SLAC HBC experiment found quite drastic
changes to their rho cross-sections when they use the "correct' form of the S8ding
amplitude (i.e. when they allow the diffraction pion scattering to have its own
t-dependence, different from that of the p mesons). We might then expect even
lower cross-sections when we include this form of the dipion spectrum.

An example of the measured diffracted cross-section is shown in Fig. 30b.

These distributions were analysed to obtain the forward and extrapolated (t=0)

rho cross-sections using an optical model given by:
(o]
g
—_ - — _'a 1 1
002 . lqll 7 lq_'b 2(1 1 DN) /;Q(bjz )dZ
A =A /4 b&/> dz p(b,z)e e e
Vandle o

where AO is the production amplitude of a p-meson from a single nuclgon, b is the

(I - 71

impact parameter, z the coordinate in the forward direction, qll = 5%— , o (b,z)
the nuclear density distribution, ¢ the p-N total cross~section and QEN the ratio
of the real to imaginary part of the rho-nucleon scattering amplitude.

The nuclear densgity distribution was taken as Wood-Saxon for elements with
A > 27, (see equation [I - 3]), while for carbon and berylium the harmonic well
density distribution (see equation [I - 5]) was used.

The radius in the Wood-Saxon case was taken as, R. = 1.12A1/3 as detemined by

(17)

Alvensleben et al. , while for the harmonic oscillator the radius was taken as

R = 2.55f and 2.15F for C and Be respectively. These models allowed a good fit



to the data.

Using this optical model, and setting ObN

analysis of the total photon cross—section(22), the cross-section at 6 = O,

= -0.2, as suggested from an

and o N as free parameters. They found
P

(i.e. t =1t_. ), was fitted taking lA 2
min e}

pf

OpN

117+ 8 mo/c;e\r2

It

29.2 + 2.5 mb.

They then renormalised to the forward cross-sections as measured by the

DESY group(53)

which were ~ 10% lower, and proceeded to give another value for
the total rho-nuclear cross-section:
(o) = 26.8 + 2.4 ub.

Using this value they determine the photon rho coupling to be 7i/hn = 0.62 +
0.12.

I think they are only confusing the issue by renormalising to the DESY data.
While there is a problem between the various determinations of the quantities o(pN)
and yi/hn, the most valuable coﬁtribution the Rochester people can make 1s to

provide an independent measure of these quantities.

Thus we take their results to be (using their S6ding cross-sections)

a(pN)

2
i
70/ 7

29.2 + 2.5 mb

0.71 + 0.12

II-5 Summary

I have summarized the situation with respect to the determination of 7§/hn
and o(pN) in Teble V. The total picture is not very precise but has firmed up to
the point that we could estimate 7§/Mn ~ 0.7 and o(pN) ~ 29 mb without violating

anyone badly. (See Fig. 31).

CHAPTER III. The A-Dependence in Photoproduction of @ and ¢ Mesons

There are not as many experiments measuring the A-dependence for the isoscalar

vector mesons as have been described above for the rho. These experiments are more



difficult in that we are dealing with a much smaller cross section, and that the
decay modes are more difficult to isolate. TIn the case of the w° experiments,

the experiment must detect a three-body decay involving one neutral particle,
while for the ¢, the K+K- pairs have to be detected in a fierce background of pion
and electron-positron pairs. Let us now review those few experiments which have

tried to make these interesting measurements.

IIT. 1. Photoproduction of w:

This process has been measured only once from nuclear targets -- by the
Rochester group(56) at 6.8 GeV from Be, C, A, Cu and Pb targets -- although
several measurements exist on hydrogen.(57)

The experimental set up is shown in Fig. 32. A 9.2 GeV bremmstrahlung beam,
produced on an internal target of the 10 GeV Cornell electron synchrotron, was
hardened by a l-meter long LiH hardener, and collimated to a size of 0.5 em x 1.0 cm
at the target. The target was mounted inside a dipole magnet.

The photoproduced w mesons were detected through the dominant decay mode,
u)—*n+n—ﬂ0. The charged pions were measured in a wire chamber array, SPl, located
downstream of the magnet. The x-coordinate wires of the first two chambers were
rotated by 150 from the vertical, thus enabling a correlation of the two views of
each track. All chambers had a dead region in the median plane so that the y-beam
and electron pairs produced in the target did not pass through their sensitive
region. Aluminum absorbers above and below the beam between the chambers reduced
low energy background. Four trigger counters F in symmetric quadrants in front
of the spark chamber array, and four pairs of counters Bl’ B2 in back registered
the presence of charged pions.

The y-rays from the 7 decay passed through the charged pion detecting
apparatus and an array of anti-counters A, and were then converted in 1.5 radiation

lengths of lead. The position of the converted y's was recorded by spark chamber

SP2, and the energy by the shower counter. An on-line computer recorded data on



magnetic tape and performed checks on chamber efficiencies and the consistency
of the data.

The geometric efficlency of the experimental set up was determined by a
detailed Monte Carlo study. The detection efficiency varied typically from
0.05% for 5 GeV ® mesons, to 0.25% for 8 GeV/c mesons.

The analysis was performed as follows: - first the 7° mass was reconstructed
from the y-ray energies and directions, (see Fig. 33a), and then selecting those
events in the x° peak the 7° momentum was determined. The charged pion momenta
were determined by reconstructing their tracks in the chamber array SPL and
tracing their path back to the target. From the pion momenta, the w-mass, momentum
and decay parameters were determined. The 3w invariant mass spectrum in Fig. 33b
shows clearly a peak at the w mass and a background which consists mainly of non-
reéonant ﬂ+ﬂ_ﬂo events.

The data was corrected for y-conversion efficiency, the effective solid-angle
of the system, photon and pion ébsorption, the w-branching ratio, counter ineffi-
ciencies and dead times, plon decays and lo;ses due to kinematic cuts (e.g., mass
or angle cuts). The background under the w peak, (see Fig. 33b), was subtracted
by assuming that the t distribution of these events was the same as for those in
the wings.

The differential cross sections do/dt for Be and Cu are shown in Fig. 34.
They show a clear diffractioh-type forward peak, but there is also a very substan-
tial non-diffractive background, as to be expected since the one-pion exchange
(0.P.E.) process is much more important in w-photoproduction than for p photo
production. w-photoproduction shows clear indications of non-diffractive contri-
butions. This can be easily understood if we note that SU(3) (including w-¢ mixing)
predicts that the OPE contribution to yp —wp is nine times larger than in
70 —p p while if the Pomcranchon is an SU(3) singlet, its contribution to p°

photoproduction is nine times larger than to w. We have:



o (07) o - (0°)
DIFF =9 ‘ OPE - 1 [IIT - 1]
prrr (©) % opp (@) ?
Since 9opE is proportional to l/s2 (both for Reggerized and single pions) and

IDIFF is constant, we expect that as s - « , the p:w photoproduction ratio will
approach 9. wever, at lower energiles, yp —wp may still have substantial contri-
butions of OPE. For example, if at a given energy 9% of the po cross section is
contributed by diffraction or Pomeranchon exchange and 1% by OPE (or exchange of
the A, trajectory which has the same SU(3) quantum numbers), the @ cross section
at the same energy will include approximately equal contributions of diffraction
and OPE.

The contribution of inelastic and inccherent events was calculated using the

following expression:

OPE
do [ do do
B _p &y +e) (& ] [TTT - 2]
dt eff dt WIT* dt o

Here Aeff is the effective number of nucleons contributing to incoherent photo-

- 8
production; its value was taken as obtained from large angle po pho’coproduction(5 )

and 1 photoproduction(59) in complex nuclei. (dc/dt*)mN* and(dc/dt)am are
cross sectlons for the processes yN—wN*(1236) and yN —wN calculated by G. Wolf
(60)

uging an OPE model. - The cross section for yN —wN* was taken at a different
value t—to take into account that in this experiment the momentum transfer was
reconstructed assuming elastic photoproduction. Finally, G(t) is a correction
factor calculated by von Bochmann, Margolis and Tang(le) to take into account the
suppression of incoherent processes at small t because of nuclear correlations.
The dashed and the dotted lines in Fig. 34 indicate the relative importance of the
inelastic and the incoherent contribution to dd/dtOPE.

The solid lines in Fig. 34 are obtained by fitting

OPE 1 OPE

do do do do do
(=) = (3 + (= = (=) + (& [III - 3]
at’ . at’ A dt n(A) ‘dt oA dt

where do/dtOPE is taken from Eq. III - 2, (dc/dt)pA is the measured photoproduction



2

cross section of po mesons on the same nucleus and n(A) is a fitting parameter
which gives the ratio between diffractive po and o photoproduction cross sections.
The diffractive contribution to w photoproduction can be expressed at small

angles, where coherent production dominates, as

4o DIFF do
(=) =(z) f(R,, 0,0, %) [ITI - 4]
dt A dt N A WN ol

where (dcr/d‘l:)mN is the diffractive photoproduction cross-section on hydrogen,

and where f (R, 0, @, t) is a function of the nuclear radius R,, the ® nucleon

A.,
total cross-section OwN and of O&N’ the ratio of the real to the imaginary part of
the w-nucleon forward scattering amplitude. The data was analysed assuming

o =06N=-O.2, and searching for o

. and (da/dt)mN' The result is:

Wi

2
ogq = 3352 5.5 mb, (-g—% - = 11.k + 1.9 ub/Gev/c

Applying vector meson dominance we find & value of the y—w coupling constant
72/Hn = 9.5 + 2.1, '

They then re-evaluate the (dcr/dt)mN and 7i/hn by taking % o™ 27 + 2 mb.
However, since neither the correctness of this equality nor the absolute value of
GDN is well established, again, I feel that the most useful contribution the
Rochester group can m@ke'is to provide us with their own measurement of thege
parameters,

It should be noted that this value of the y-w coupling constant is substantially
larger than that obtained from the célliding beam investigations<29) (i.e. 7i/hﬂ =
3.7 + 0.7). It should be further noted that this very model dependent separation

DIFF

gives (a% N in good agreement with the data from polarised photon experiments.

This will be discussed further in Part B.

IIT. 2. Photoproduction of d.

Here there are two experiments - one from the DESY group(él) and one from

(62)

Cornell - Both of these experiments use the same experimental set-up described

in some detail in Chapter II, except that gas threshold Cerenkov counters are



added to identify the K+K- mesons from the large background of n+n_ pairs.

The Cornell experiment measured the ¢ production at 6.2 and 8.25 GeV on the
following nuclear targets: H2, D, C, Mg, Cu, Ag, Pb. They analyzed the differen-
tail cross-sections in terms of an optical model as discussed in Chapter II.

Again they used nuclear radil determined from .as best fit to the n-A and p-A
scattering data and a second analysis with the radius set equal to the electron
scattering radius. The difference between the two results is ~ 10%.

The data were fit to the optical model to determine the total #-N cross-

section, o(¢N), the y-¢ coupling constant, 7§/hn, and the ratio of real to imaginary

parts in ¢-N scattering, O@N‘

The results of a fit with Q?N = 0, give:
o(gN) = (20 + 3) mb
and e/hﬂ = 8.5+ 0.3

7¢ +
This is in serious disagreement with the value of the coupling constant
determined from the colliding beam experiments,(29) (i.e. 72/&1 =2.9 + .2).
The quantity O?N was varied to attempt to find a better agreement between
the storage ring and the photoproduction determination of the coupling constant.
For OQN = -0.35, o(¢N) was found to be ~ 12 mb, and 7§/hn ~ 3.4, in good agreement
with the expected quark model crosg section and the storage ring coupling constant.’
However, i1t is highly unlikely that Q%N is large, since the ¢ meson does not seenm
to couple to other particles very strongly, and all exchanges, other than the
pomeron, which would be giving rise to any real part of the ¢-N scattering, are
expected to be suppressed. Therefore, the real part is expected to be small, and
it is almost certainly < 0.1. If we use the rather poor high energy Ktp scattering
data, (together with the quark model), to determine the possible real part in ¢N
scattering, the data is unable to rule out ¢, as great as -0.2. In these cir-

g

cumstances o(¢N) would be reduced to ~ 15 mb and 7§/hn ~ 6.



>

Tre DESY experiment(él) measured the photoproduction of ¢ mesons from Be,
C, kﬁ, Cu, Ag, Ta, and Pb targets at 5.2 GeV. The kaon pairs were detected in
the double arm spectrometer described in Chapter II above. The separation of K+K-
from the background of ﬂ+ﬁ— and e+e- was accomplished by four large aperture
thresheld Cerenkov counters and two lead lucite shower counters; protons were
rejected by time-of-flight techniques. The contamination of =n, p, e, in the final
¢ ~+K+K— events was ~ 1.5%.

The geometrical acceptance of the apparatus was calculated by a Monte Carlo
method. The usual corrections described in Chapter IT above were applied to the
data.

A total of 20,000 K%K_ events were observed and from an optical model fit
to the data they claim to measure the total ¢—N cross section to be

o(gN) =12 + 4 mb.
This is from their presentation to the 1968 Vienna Conference. No further

data or analysis has been presented.

ITI. 3. Sumary:

The measured coupling constants are listed in Table I for the p, w, and ¢
mesons together with the colliding beam measurements of the various models. The
coupling constants are substantially larger, as measured in photoproduction,
than those measured on the vector meson mass shell, but the ratio of the coupling

constants is compatible with being the same, see Table VI.



CHAPTER IV. Coherent Rho Photoproduction from Deuterium

A new experiment has just been completed at SLAC by the Ritson group(65)
measuring the photoproduction of rho mesons from deuterium. This is an interesting
new way to determine the quantities o(pN) and 7§/Mn without getting embroiled in
questiong of nuclear size and real parts. The idea is that at large momentum
transfers, (i.e. lt' > O.6(GeV/c)2 ), the réquirement that the deuteron remain
bound causes the process to be dominated by a two-step process in which the rho
is produced on one nucleon and scatters on the others, giving approximately equal
recoil to both nucleons.

The single scattering, or impulse approximation is a good description for the
small momentum transfer production. Here the photon interacts with only one of the
mucleons, which then must scatter and transfer half of its momentum to the specta-
tor nucleon in order for the deuteron to stay bound. Hence this term is proportional
to the deuteron form factor. Since the deuteron ig an isoscalar, only the isovector
part of the photon can contributé to the reaction, and using the Vector Dominance
Model, the leading term in the cross section at high energy for small values of

M is given by:

do by do 2 2
= o~ o=y, = L - - - = -
4 pN
P
Here, 7§/Mﬁ is the 7-p coupling constant, %% (t) is the ol scattering cross

pN
section and So(t/h) and Se(t/h) are quantities proportional to the deuteron charge

and quadrupole form factor respectively. Therefore, using the optical theorem,

the magnitude of the cross section is determined by ciN/yi where GpN is the

total rho-nucleon cross section. Since the single scattering term is proportional
to the deuteron form factor, it decreases rapidly with increasing‘t'and the cross
section for large ’tl— values (i.e. ’t' > .7 (GeV/c)E) ) is dominated by the double

scattering term in the Glauber expansion. Here the p is produced on one

then re-scatters on the other nucleon in such a way that the two nucleor



average have the same final momentum. This term is given by:

o E 5 ] e
7y b ol
where K is an integral defined below over the well known wave functions for

the ground state of the deuteron. The magnitude of the double scattering term

is therefore determined by'ciN/yi and will decrease as exp(At/2) if exp(At) is

the t-dependence of the single scattering amplitude. Since the cross-section
depends differently on o(pN) in these two separate regions of momentum transfer,

a good measurement of the coherent production over a wide range>inlt|may
determine ¢(pN) and hence 7§/hn without being dependent of the ratio of the

real fo the imaginary part in the scatiering amplitude or the value of nuclear
radii. The nuclear physics of the deuteron is well understood and the real

to imaginary ratio is relatively unimportant.

The layout of the experiment is shown in Fig. 35. The electron beam was
specially prepared to provide 5 nsec wide bunches spaced typically 50 nsec
apart within the 1.6 usec long SLAC beam pulse. The momentum analysed electron
beam passed through several collimators and sweeping magnets before impinging
on the hydrogen target, and was finally stopped in a Secondary Emission Quanta-
meter which served as the primary beam monitor. In addition the intensity of
the photon beam was also measured by a Cerenkov monitor located in front of
the target.

For momentum transfers larger than t = O.h(GeV/c)2 a conventional liquid
deuterium target was used, (38 cm long), while the small momentum transfer data
was taken with a high pressure gas target. The angle and momentum of the recoil
deuteron was determined by the SLAC 1.6 GeV/c spectrometer(66). One essential
difference between this experiment and the previous experiments measuring the
photo rho production on deuterium ig that the deuteron is detected and identified.

The arrangement of the counters is shown in more detail in the insert to



Fig. 35. It consisted of a range telescope, a lucite threshhold Cerenkov

counter to veto =n's, eight hodoscope counters. The ratio of protons to deuterons
incident on the counters was typically 1000 to 1, meking it difficult to achieve

a clean separation by using pulse height and range only. However, since the
photons arrive in well defined time bunches at the target, particles with the

same mass arrive simultaneously at the top of the spectrometer. Fig. 36 shows

such a time-of-flight spectrum for 6 GeV and t = -1 .2(GeV/c)2 gated with deuteron
biases in the counters. There is a clean separation between deuterons and protons.
Since the measurement consisted of determining a step height on a smooth background
a small residue of protons will not affect the result.

The spectrometer focuses p and © onto a single focal plane normal to the
particle trajectory. For a fixed photon energy particles of a given missing mass
will fall along a straight line over the small p-© acceptance of the spectrometer.
Data were collected by aligning the hodoscope along the corresponding line and
measuring the yield of deuteroné for fixed p varying ©. This allows us to see a
step in the yield curve corresponding to p;photoproduction. The method is well
described in the 1iterature(67). Fig. 37 shows such an yield curve for an inci-
dent photon energy of 12 GeV and t = -.3(GeV/c)2. The p-step is clearly visible.

The solid line thrdugh the data points is the result of a least squares fit
to the data assuming a p-step in addition to a polynomial representing the back-
ground. The polynomial used in this fit consisted of a linear and a quadratic
term where the quadratic term started at w threshhold. The shape of the dipion
spectrum was assumed to be given by an interference between the Soding diagrams
and the p resonance as described recently by the SLAC HBC group(ul).

The extracted step heights were corrected for counter inefficiencies, loss
of deuterons in the target or in the counters due to breakup of the deuteron as
well as the change in the Ap/p acceptance caused by the energy loss of the deuterons
in traversing the target. These corrections were typically 15%. In addition to

the momentum dependent errors they had a 3% correction due to photons converting



®

before the target. In addition a 3% uncertainty was assigned to the acceptance of
the spectrometer as well as a 2% uncertainty in the calibration of the beam moni-
tors. The largest systematic uncertainty is due to ambiguity in extracting the
p-step height from the data as previously mentioned.

The measured cross sections are plotted in Fig. 38 versus|t|for 6, 12, and
18 GeV. The observed t-dependence is the characteristic one for a coherent
process on deuterium. It consists of a single scattering region where the cross
section decreases rapidly with increasing[t', a flattening out around
t o= —.5(GeV/c)2, where the interference terms and the contributions from the D-state
in deuterium are important, and then finally forltlz T (GeV/c)e, a region where
the cross section is dominated by double scattering terms.

In the Glauber theory(68), using the V.D.M. the cross section ig given by:

IO AR [sf)(t/u) R si(t/u)]
7o
- [KS (/%) + 1/b K 8 (t/u)] c 99 ) [d—" (t)] 'z
ﬂS/m 0~0 2, dt')'p dtpN
p
1
5 B+ b)) - & () [TV - 3]
7 7P pl
where
5o(8)= f ar [ () + w2<r>] 7o(ar)
@)= [ ar 2ute) futo) - %__2} 3, ar)

Here u(r) and w(r) are the radial wave functions associated with the deuteron's

S and D-state respectively, and QBN is the ratio of %ﬁ%ﬁ% » Which was taken to be

-.2, -.18, -.15 at 6, 12, and 18 GeV respectively. %% (t) is the isovector part
7P ,

of the cross section for the reaction y + p —+p° + p. Recent experiments at

Cornell(69)

have shown that by 8 GeV, and presumably higher, the isoscalar part

of the amplitude is consistent with zero for small t-values. They therefore



proceded to analyse using the previously published cross-sections for

6
Y+ p —p + p from this groupg 7)

(70) (1)

They used the wave functions computed by Partovi and by Lassila, et al.
Both these sets of wave functions reproduce the static properties of the deuteron
and the electric form factor in elastic e-d scattering. It is important to know
that we only need to know the form factor out to about t = —.T(GeV/c)g. In this

range these wave functions essentially give the same results. If we call the

single scattering amplitude f(qo) then KO and Ké are defined by:
2k

Ky fg(l/E%) =‘/P d2g'sg(g')f(-g' + 1/2q)f(g" + 1/2q) ~  [IV - 4]

2
2k
mp/

2k '
K, £ (1/2q) = ?/ a®q's,(a)e(-g' + 1/20)6(+ o' + 1/2q)  [IV - 5]

m~/2k
2
do (t) is the elastic rho nucleon scattering cross section:
dtpN -
' 2
dg (t) = (02 /16s) - (1 + oF )e8'5t +2.1t [1v - 6]
Ty oN oN

This is the t-dependence observed in p-photoproduction on the proton.

In the actual fit, only data in the double scattering region from -.7(GeV c)2
to —1.M(Gev/c)2 was used. At t=0 the proton data were used. This avoids the use
of the data at small t-values, which at present has relatively large uncertainties,
as well as the data between -.B(GeV/c)2 and -.6(GeV/c)2 where interference terms
between the single and double scattering as well asg contributions from the deu-
teron D-state are important.

Fach energy was fit independently and the results are shown as the solid
lines in Fig. 38 and the preliminary values for 7§/hn and GDN are listed in Table
VIIT as well as the forward proton cross sections used.

It should be noted that although they used only data for ltlz .7(GeV/c)2 in

the fit, the curve is in good agreement with the data points at smaller values



ofltL This shows that including these points in the fit would not have changed
the quoted results. Also note that the assumed t-dependence for %% (t) is in
excellent agreement with the measured slope. o

The fit is consistent with an energy independent value for (7i/hﬂ) around

.7, whereas the total cross section tends to decrease slowly with increasing

photon energy, being around 30 mb at about 6 GeV and dropping to 28 mb at 18 GeV.

CHAPTER V. Total Photon Cross Sections on Nucleii

There have been two rather detailed studies of the A-dependence of the total
photon cross section, one covering the low energy region by a DESY'gfoup(72>
while the other was done by a Santa Barbara Group(73) at SLAC, covering the high
energy region.

The DESY experiment measured the cross section of 6 complex nuclear targets
(DE’ Be, C, Al, Ti, and Cu) at photon energies between 1.5 and 6.3 GeV. The
experiment used a tagged photon beam and a detection system of scintillation
counters surrounding the target. Typical heam intensity was of the order 5.103
tagged photons/second, with a photon energy resolution of + 50 MeV. A schematic
layout of the detection system is shown in Fig. 39. The electromagnetic reactions
are confined to the very forward angles, and are vetoed out by the shower counter.
A hadronic event is defined by a signal from the tagging system, a count from the
hadron detectors (which have a hole in the forward direction to let through the
electromagnetic secondaries), and anticoincidence from the shower counter.

They measured the A-dependence of the cross section at 5.5 GeV and the
energy dependence for Be and C targets from 1.5 through 6 GeV.

The Santa Barbara experiment measured the photo absorption at 8, 13.6 and
16.4 GeV on D2, C, Cu, and Pb targets. This experiment also used a tagged photon
beam, with + 2.5% energy resolution, and is schematically represented in Fig. 37.

The great problem in these experiments is to avoid counting electron pairs as

hadronic final states. Since pairs range from 200 times the hadrons in hydrogen



to 5000 times the hadrons in lead, the danger of an A-dependent background is
obvious. Both the Santa Barbara and DESY experiment take great precautions and
perform many checks to be sure the electromagnetic backeground is small and
understood.

The A-dependence of the total photon cross section is of interest, in that
if the photon interacts with matter as a classical photon, then we expect matter
to be essentially transparent to it. In fact, the total cross section on hydrogen
implies a mean free path in nuclear matter of ~ 800 fermis. Under these circum-
stances the total cross section should be linearly dependent on A, the number of
nucleons in the target. However, if the photon mainly interacts via the p meson,
as implied by VDM, then the attenuation of the photon in nuclear matter will be
strong, (the corresponding mean free path would be ~ 3 fermis), and consequently
the surface nucleons will shadow the rest. If the mean free path were zero, the
shadowing would be complete and the cross section would be proportional to the
nuclear surface area. These stﬁdies therefore allow some insight on the inter-
action of the photon with matter.

The detailed theoretical treatment of the absorption of photons will be given
in Professor Yennie's lecturesglo) and may be found in the 1iterature€76) Let us
look at it rather simplyAfor the moment.

The total cross section can be understood, via the optical theorem, from the
behavior of the forward elastic scattering amplitude. In fact, the total cross
section may be simply expressed in terms of the following processes: (see Fig. 40).

In process (a), the Compton scattering proceeds through the single step or
direct interaction with one of the nucleons, whereas in (b) there is an inter-
mediate state of the rho meson -- a two-step process. At low energies, the phase
difference between these two diagrams is rather large, being given by

s and therefore only the left-hand process contributes. This

esp 162 26) -

means that the photon is very weakly absorbed and the A-dependence will go as A.



At high energies, the phase difference becomes negligible, but the diagrams are
180" out of phase, and so there ig complete cancellation. This results in an
A-dependence characteristic of the absorption cross section of the strongly

interacting particle in the intermediate state of process (b). The A-dependence

0.8

of the cross section would then be expected to go as ~ A at the energies of

these experiments. The transition between the l-step and 2-step domain, or between
. . 0.8 . . .
the cross section varying as & and A , is predicted to be in the region L4-8 Bev.

The A dependence is shown in Fig. 41, for both experiments. The DESY experiment

0.95 .0 . .
A %t 0 02, while UCSB say it is of order AO 9. Both

e

gives the A-dependence asg
experiments yield a value which is neither in one domain nor the other. There is
also no observed change in slope as a function of energy. In Fig. 42, we show the
energy dependence of the total cross section for several nucleii normalized to
hydrogen; the black dots refer to the Santa Barbara experiment while the open
circles represent the data from DESY. The consistency between the two experiments
is very evident.

The curves show the energy despendence as calculated in the model of Brodsky
and Pumplin for various values of the rho-nuecleon cross section. The data clearly
agree with a cross section of 19 mb or less, and disagree with the 30 mb cross
section that would be expected from the SLAC-Cornell determination of o(pN). In
addition it should be noted that the data do not agree with the 26 mb that is

predicted by'DESY/MIT experiment. The ratic of resl

ct

o imaginary parts in the
forward scattering amplitude have been taken from Fig. 7.

In Fig. 41, the A-dependence of the total cross sections, normalized to hydro-
gen, is plotted for energies hetween 5 and 16 ReV. The upper and lower lines
reference the case of zero absorption and complete absorption respectively. The

total cross sectlon data agree very well between experiments, and for different

.

energies, on a slope Just a 1ittle less than the zerc absorption limit. The other

data points on the plot are the square roct of t©

red

1@ rho photoproduction cross

sections normlized to hydrog

[¢18}
&

n, from the SLAC and Cornell experiments.



From the optical theorem and rho dominance, 1t can be sghown:

do 0
o) =5 (7A —o"a)

c (o) [0 (- 1]

.o
* (7P -0 D) +=0

This comparison of ratios is independent of nuclear physics and the absolute
values of the vector dominance parameters - both sides of the equation can be
experimentally measured. The equality of Fg. [V - 1] is badly violated, as clearly
shown in Fig. 41, where for lead the left-hand side is measured as ~ 140, while
the right-hand side gives ~ 70, and for copper where it is 65 as againgt 30. This
discrepancy has serious implications for wvector dominance.

From a comparison with the experiments measuring the rho photoproduction on
complex nucleii and from the rho cross section on protons, one can extract the
value of thephoton~rho coupling constant using the A-dependence of the total cross
section. Such a study gives 7i/hﬁ ~ 0.35.

TOne comment should te made at this stage on the spectral functions used in
the above detailed calculation.<7u) The evaluationsg of the A-dependence of the
total photon cross sections have been made using a symmetric, 110 MeV wide mass

(29)

distribution for the rho, as seen by the storage rings. Now clearly the
dipion mass spectrum, as seen in photoproduction, is a very different shape,
showing a large shoulder at low rw masses. These 300-400 MeV dipions will be
coherently produced and thereby cause apprecliable shadowing at very low photon
momenta. Therefore, the transition region calculated by these models will in fact
be much more gradual than has been presented to data, although at high energies
the results will be unchanged.]

We shall leave the total crosz-gection discussion for the moment, and return

to it after reviewing the overall vector deminance model situation.



CHAPTER VI. Status of Photoproduction Experiments on Hydrogen.

We will quickly review the status of several photoproduction processes on
protons, and then incorporate this data into the final picture of where we are

with VDM

VI. 1. Compton Scattering at High Energies

Let us first look at some new data on Compton scattering at high energies.
The experiment was performed at SILAC by the Ritson group(TS), measuring proton
compton scattering at energies of 5.5, 8.5, 11.5 and 17 GeV, in the momentum
transfer range from 0.06 to 1.1 (GeV/C)Q.

The date was obtained by performing a coincidence between the SLAC 1.6 GeV/c
spectrometer and a lucite shower counter to measure the scattered y-rays. The
angle and momentum of the recoil proton were determined using the spectrometer.
Photopréduced 7 's were the main source of background in the experiment; however,
since the solid angle of the shower counter matched to the spectrometer was small
compared to the decay cone of the no(i.e. 5 ~ Mﬂ/Eﬂ), the n° contamination was
strongly suppressed by using the shower counter. The remaining 7° contribution
was measured directly by moving the shower counter out of the Compton plane. The
main event selection was made by the spectrometer. The shower counter simply
provided ;n additional kinematic constraint, largely geometric in nature and not
strongly dependent on the energy resolution of the counter. This was important,
since the high instantaneous rates at SLAC made a good energy measurement of the
photon very difficult without severely limiting the rate.

The layout of the experiment is shown schematically in Fig. 43.

The acceptance of the system was well defined. The spectrometer determined
the t-value, the t-acceptance and the effective target length. The acceptance
in photon energy Ak/k and the azimuthal angle Ap was determined by the vertical

and horizontal slits in front of the shower counter. During the experiment At

varied from .OOL GeV/c2 at the lowest t-values to .O (GeV/c)2 at 1.1 (GeV/c)g,



Lk/k was typically 10%, and N4 varied from .6 mrad to 7 mrad depending upon the
kinemaiice. ﬁ¢ was always small compared to mﬁEﬂ.

Az a check on the acceptance as well as the overall alignment of the systen,
cross sectlons for elastic e-p scattering were measured detecting the recoil
proton in coincidence with the scattered electron. Elastic e-p scattering has the
same Kinematics as Compton scattering at high energy. The response of the shower
counter to electron and photon beams is very nearly the same and the cross sections
are well known for the momentum transfers of our experiment. The data was corrected
for counter efficiencies, losses due to multiple scattering, and for radiative

(76)

effects according to Meister and Yennie. The agreement between the 18 GeV

(77)

electron scattering data and cther published data is good. However, at lower
energies the data from this experiment is systematically low and the agreement is
only at about the 10% level. The authors claim that the discrepancy is still
being studied because of its possible effect on the overall normalization.

Fig. 4 shows a y-p coincidence peak for an incident photon energy of 12 GeV
and ~t = .5 (GeV/c)g. Plotted is the colncidence yield versus missing mass for
the shower counter in and out of the Compton plane. The width of the peak is
mainly due to multiple scattering of the recoil proton. The contribution from #°
photoproduction measured with the shower counter out of the Compton plane is small
although the ﬂo cross section 1s comparable to the Compton cross section for this
t-value and energy. This is because the so0lid angle of the shower counter is small
compared to the ° decay cone. Fig. UL shows the result of subtracting the out-
of-plane yleld from the in-plane yield. The resgultant curve is the experimental
Compton yield. The yield goes to zero on both sides of the peak indicating that
the accidental counts are properly subtracted and background from many-body
processes 1s negligible. Since the no detection efficiency in the Compton plane
(C) is slightly greater than the n detection efficiency (C') out of the Compton

plane, a small residual 7 signal still remaing in the Compton peak. This residual



70 signal is given by (1—C'/C) x the measured n° rate, and 1s generally small.

For the yields of Fig. 44 it is less than a 1% correction. The largest correction
was at 18 GeV and t = -1.1 GeV2 where it was about 8%. Corrections for these
residual n° signals were determined by computing C'/C. We have checked the
computation by moving the counter different distances out of the plane and by
computing ° cross sections using the computed values of C’/C and the ﬁo yields.
The 7° cross sections determined in this way are in good agreement with earlier
measurements on - photoproduction by the same group.(67)

The Compton data was corrected for counter efficlencies, lossvfrom pair
production of the scattered photon before the sweeping magnet, loss of incident
photons before the SEQ, and the change in the At acceptance of the spectrometer
due to energy loss of the proton in the target. The total corrections were aboﬁt
30% and were largely determined experimentally. The total uncertainty introduced
by these corrections, uncertainty in the acceptance and the uncertainty in the
target density is estimated to be about 6% .

The corrected cross sections are showﬂ in Fig. 45. The differential cross
sections (do/dt) are plotted versus t for incident photon energies of 5.5, 8.5,

11.5, and 17 GeV. The solid lines through the data are least squares fits of the

2 .
formAeBJC + CT . The slope is essentially independent of energy and the average

values of B and C are 6.2 (GeV/c)—Q and .5 (GeV/c)“h respectively. The cross
sections decrease slowly with increasing photon energy. In the range from

-.1 (GeV/c)2 to -1.1 (GeV/c)2 we cannot fit our data to a single exponential.
Fits to the data for t < 0.6 (GeV/c)2 are consistent with a slope of 6(GeV/c)-2.
We conclude from this lack of shrinkage that the scattering is predominantly
diffractive out to t of 0.6 (GeV/c)e. The optical points at t=0 are computed
from the measurements by Caldwell, et §l§73> of the total photoabsorption cross
section using the optical theorem and from the dispersion relation results for

Re(fl) of reference (22). The t=0 intercepts of the fits to our data are in fair

agreement with these optical points,. although on the average they are low.



The vector dominance model relates the amplitude for Compton scattering to

the amplitude for photoproduction of transverse rho mesons, thus providing the

following relation:

%%(7p ~7p) = & 9%— %%(VP —vp) (vi - 1]
D:‘%?‘ 7’V

where the sum is over the known vector mesons, and 73/Hn is the photo-vector
meson coupling constant. They evaluated this equation as follows:
(a) the coupling constant gyv were taken from the Orsay storage ring measurements.
(b) the differential cross sections for p and ¢ photoproduction were taken from
our earlier measurements.(67)
(¢) the w cross sections were assumed to be 1/9 of the p cross section. The

fits do not depend strongly upon this assumption.

The results are shown in Fig. 45 as the dashed lines. They are systematically
lower and the slope is steeper than the Compton scattering data. Evaluation
using the recent results of Baliam, et gl.sul) for p and ® photoproduction gives
a slope that is in better agreement with tﬂe data, but the absolute discrepahcy
is worse. The agreement is not improved by using the values of giv measured on
the photon mass shell instead of the storage ring values, but require a value

more in the neighbourhood of 0.3.

VI. 2. Forward Rho Production and Total Photon Cross Section:

We may derive VDM relationships between the forward rho cross section on

protons, and the total yp hadronic cross section:

2
Y
do . o do
dt(7p —pp) = 5 dt(7p - yp) from VDM.

Now from the optical theorem we may relate the forward elastic scattering

amplitude to the total cross section;
do 1 2
(P =)=z o, (9p)

Thus, v2 o

2., Gtot(yp)

L(yp - op) =
dt 167 ' [vi - 2]



assuming the p production to.be purely imaginary. For a real to imaginary ratio,

apN’ in the forward scattering amplitude this becomes:
2

8 p) = —2 o (o) (14 B T - 3]
z (7o 7e) = 0y O ) e

This same forward rho production cross section is related to the total p-N

cross section via similar arguments:

do Cint do
(o =ep) = = - Flep —op) by VDM
7
p
o 2
= 5 . (pp) by Optical Theorem [VI - 4]
o 5 2
or =——% -0,  (pp)(1+ @ ) for some real [VI - 5]
p

part in the p-N scattering amplitude. Therefore we have:

2
¥ <
B ,° - & S S -
5 %ot (P) = 3x (p —op) = 5 o (eP) (v1 - 6]
16 n 167

P

We will not review the individual expériments on the total photon cross-sections
on hydrogen, or the forward rho photoproduction on protons, but merely summarize
the situation. In Fig. 6, the world summary of total cross-section data as a
function of energy is shown, and in Fig. 46, the published data on forward rho
cross-sections. Around 8 GeV the isovector contribution to the total cross-section
is about 100 b, while the forward cross-section from Fig. 44 would be around
125 ub/(GeV/c)e. However, we will discuss in detail in Part B some new experimental
evidence that the SG8ding model gives a correct explanation of the dipion mass
spectrum and that when applied in its general form, it leads to & reduction in
the rho cross section of ~ 30%. This is.also confirmed by the STAC wire chamber
measurement. Therefore, I would take 100 ub/(GeV/c)Q as a better estimate of the

forward photo-rho cross-section. If we then try to satisfy equation [VI - 6], we



find: yi/un - must be ~ 0.34

and o(pN) must be ~ 20 mb

This is in surprising agreement with the total photon absorption in complex
nucleii and not at all in agreement with either the colliding beam experiments(zg)
or rho photoproduction in complex nucleii described in Chapter II.

In addition, it 1s interesting to note:that the solid line in Fig. 46 is
1/200 of the average of the n+p and n p total cross-sections.

By combining quark model and VDM predictions the following relationship may
be obtained:

Yy

o (7p) =T - (%)
"o

[0 (") + o (x0)] . [V - 6]

o

2
This relationship is satisfied for 7p/hﬂ ~ (0.35 - 0.4)

VI. 3. Quark Model Predictions:

We may also use the quark model sum rule
1 + - 0
= = - = O
o (ep) =0 (wp) =z [o (x'p) + 0 («p)] =0 (xp)
to help derive the vector dominance coupling constant.

Using the optical theorem we may rewrite the above equation as:
2
do _11X [do . + ldo-]
55 (b0 —~0p) = [2 [z o)+ 5[5 (o) v - 7]

Now from VDM we may write

Ly sop) = & by ag (op — pp)
8]

Thus a comparison of the forward rho photoproduction cross section with the
forward elastic ﬂip scattering cross sections will allow a determination of
7i/hn. Teking the value to be ~ 100 ub(GeV/c)2 around & GeV, this leads to

2
7 Y ~ 0.8.
70/ m

VI. 4. Single Pion Photoproduction:

There is congsiderable amount of data on the single pion photoproduction

processes, from (1-16) GeV.(T8>



« YN — N
The vector dominance model relates this reaction to rho production by pilons,
via
YN — 7N = pf N —aN Dby VIM,

where the pf represents transversely polarized rho mesons. Since the rho meson
can have any of its three polarization states occupied (while the real zero mass
photon can only be transversely polarized), we have to project out the transvergely
polarized component in making comparison with the photon processes.

Using time reversal invariance in the strong interactions, the above
relationship can be extended:

N 1N = pi N =l = gi N.

An interesting test of VDM is to check out this relationship using photoproduction
data on the one hand, and strong interaction data on the rho production on the
other hand.

There are two single pion broduction photon reactions:

7p~ﬂ#n
yn —x p

These reactions are charge symmetric and if the photon had definite isespin
the cross sections WOuld be equal. The realative sign of the isoscalar and iso-
vector photon amplitudes is difficult in ﬁ+ and n production, thus any interference‘
between the two types of amplitudes will appear with opposite signs in the two
'reactions. Experimentally, the ratio(%i) is far from unity (see Fig. L47) implying
interference between isovector (or p-like) and isoscalar (or w, ¢-like) photons.
We shall ignore the ¢ contribution, since the coupling is experimentally small.

In analysing these reactions, the effects of the interference is rémoved by

. . + - .
considering the sum of n and n cross sections:

1 [do - do + 101 do, - o e do, +
5 [dt (ym —a"p) + I (yp = nﬂ =5 ' pyg a%(ﬂ p—~pn) + = 07 dt(ﬂ n—ap)
p w

[vI - 8]



where the density matrix element Py is evaluated in the helicity frame and pro-
Jects out the transversely polarized p, w's. The results of a typical analysis(79)
are shown in Fig. 48, where 7i/hn was found to be ~O.4.

The single pion reactions show very strong forward peasking at very small
momentum transfers. The cross section increases by a factor of 2 from t ~ mi
to t ~ 0, (see Fig. 49). To date no hadronic experiments have had sufficient
momentum transfer resolution or sufficient statistics to see this sharp forward
spike in rho production by pions. Preliminary results from an experiment at SLAC
should be avallable later this year.

These tests can be extended by using polarized photons. The difference

between n+ and 7 photoproduction cross sections for photon polarization perpendi-

cular to the production plane can be related to the p aligmment via

+ - 1004 do
/2 (op +0) = ) [(pll + 01_1) EE] _ o [VI - 9]
70 ) T p*pn

Fig. 50 shows a comparison of the data for 7§/hn taken to be 0.52 (i.e., the
colliding beam value). Clearly agreement could only be obtalned with a value of
2
y b ~ 0.3.
e
Notice that whenever we observe the photon going explicitly into a rho meson,
. 2 ' . . . .
we find 7p/hn ~ 0.7 to 0.8, while for processes involving hadrons in general,

the coupling constant is coming out ~ 0.3 to O.h.

CHAPTER VII. Summary of VDM Problems and Description of a Simple Model:

In the preceding chapters we have reviewed the experimental situation with
regard to photoproduction and the vector dominance model. The main features
which we have discussed are:

1. The rho photoproduction A depehdence gives a total rho-nuclear cross-
section of ~ 29 mb, and a photon-rho coupling constant of ~ 0.7.

2. The photon-vector meson coupling constant, as measured with real photons

2

(o = 0), are larger than the coupling constants measured with the photon on the



vector meson mass shell, (qe': mi).

3. The total photon-hadron cross section has an A-dependence which is
less than A (i.e. not infinite mean free path), but greater than AO'8 - which
would be expected from rho dominance. In fact a detailed examination of those
experiments yields a determination of the photon-rho coupling constant equal to
~ 0.3.

L. The data on hydrogen are no less confusing, yielding 7§/hﬂ ~ 0.3 for
compton scattering analysis and the relationship between the forward rho cross
section and the total photon cross section, and 7§/hn = 0.7 for compérison of
the forward rho cross section with the nip cross section through the quark model.

5. The values of the coupling constants discussed above are in disagreement
with those obtained in the colliding beam experiments.

This makes for a disquieting kind of summary. We may accept the factor of
two discrepancies as the limits of applicability of VIM and be content that it
is such a useful model, i.e. thét the photon behaves so much like a rho meson in
its hadronic interaction. On the other hand we might look for clues as to how
to improve the agreement. The differences between the 7i/hﬂ deduced from processes
where the photon couples to a rho, and processes where the photon couples to other
hadrons, and the fact that the shadowing observed in the total cross-section
measurements is finite but not as much as would be expected from rho dominance,
leads naturally to a simple model.

The simple model violates rho dominance but not the spirit of vector dominance,
and it allows a simple description of the above phenomena. Let us examine once
more the current field identity, (equation [I - 12]),

5 (x) == M3/27V
and rather than making the assumption that the rho meson saturates the electro-
magnetic current, we postulate a series of additionai vector mesons of higher mass,
or & continuum of p-wave pion pairs, which also couple to the photon. We para-

meterize these additional contributions as an "eguivalent meson', p' such that:



and 72 =Xy
8}

Where p' represents the sum over the other P-wave states, Mp, is the "average"
mess of the additional states, and 7?, is the "average" coupling of the photon
to these new states.

In this picture the hadronic interaction of the photon is mediated by both
the p and the p' (see Fig. 51), the relative amounts being given by the coupling

(43

constants ) 7§/hn and 7i,/hﬂ. The absorption of the photon will depend on the
masses of the p and p' (i.e. we only have "strong" absorption when the phase
difference exp. [(Mi/Qk)- R] 1is small), a d their total cross sections o(pN)
and o(p'N).

It should be emphasized that we only picture this additional photon coupling
as being a single particle -- it may be many resonances or, indeed, it may be
just a strong coupling to a continuum of hadron states extending to high masses.

If the mean mass of the p' is greater than 2 BeV, then at present energies,
the contribution from the other states will not give rise to a coherent amplitude
in photoabsorption. This means that the photon absorption will have a contribution
which has essentially zero absorption (the p' amplitude) and a contribution which
has strong absorption (the o amplitude). The A-dependence, and the k-dependence
of the total photon cross section may be used to determine the relative amounts
of the p and p' amplitudes, and also the minimum mass of the p'. Measurement of
the coherent rho photo-production cross section may be used to fix the parameters
of the p amplitude, since even if p'— p coupling is substantial, the p' amplitude
1s not coherent at these energies and does not contribute.

Quantitatively, the coherent rho experiment gives o(pN)~ 29 mb, and 7§/hﬂ ~ 0.7.
The fit to the total cross section data implies the p and p' amplitudes are roughly
equal and that the effective mass of the p' be greater than 3000 MeV. Figures 52
and 53 show the A-dependence and k-dependence respectively, as calculated from

this medel. They are in good agreement with the data.



We return now to the discrepancy, between Eq. [V - 1] and the measured data,

discussed above. The equation should now be rewritten as:

1 - ~4 1
1 do o /2 1 do . /2
tot - 7@ 7;:)' -
Tt (7P) "1 4o 012 1 1 e
e, ——— ————— 1
[.2 = (7P ~p p% + |72 #z(re ~o'p)
70 *’ypr -

The RHS of this equation is (70 + 208)/(1 + 1) = 139, for the lead case. The
denominator has equal contributions from the p and p' amplitudes as required by
the model fits discussed above, while in the numerator the 70 comes from the
measured p cross section on lead, and the 208 is the p' amplitude contribution
with no absorption or shadowing (i.e., the heavy mass p' has essentially zero
absorption and consequently o(A) @ A). We see, then, that the new form of the
equation is satisfied.

To show that this model also works for hydrogen data, consider the relation-

ship (omitting the p' amplitude, for the moment),

1/4° 1
1 do /2 /2
Gtot<7p) 05[72 dt(?P ‘*ppi] + [term for w and 4]

p
Here the total photon cross section on hydrogen is related to the forward Compton
amplitude, by the opticai theorem, which in turn is related to the forward vector
meson cross sections by VIM. This relationship has been shown to work well for

7§/hn ~ 0.3 to 0.4. Within our simple model, we now rewrite this equation as:

1 1/2
1 /2
0,4 (7P) @ {;5— (7P —*pp)] + [term for w and ¢]

© 1
1 d ' /2
+ [ 5= FL(7P ~ p)]

7p,
This relationship is also well satisfied for 7§/hﬂ ~ 0.8 and roughly equal p
and p' amplitudes.

We have shown that with a simple model which assumes there are contributions

to the hadronic interaction of the photon in addition to the p meson, that the



new data on total photon cross sections can be explained and made compatible with
the coherent rho production data. In addition, we have shown that this model
is consistent with the hydrogen photoproduction data.

We shall learn in the next chapter, that there is no evidence for any
additional vector mesons up to masses of ~ 2000 MeV. This implies that the
additional coupling of the photon, which we are discussing here, must be due
either to the continuum of P-wave states or that the additional mesons be higher
in mass.

Recent experiments at ADONE indicate a possible strong coupling'of the photon
to hadronic final states, (non-resonant), in the 2 GeV region. These preliminary
results may be evidence for the existence of the additional photon couplings

discussed above.

CHAPTER VIIT. gearch for High Mass Vector Mesons

Several groups have searched for evidence of the photopreduction of high
mass vector mesons. The existence of such ﬁarticles would have a great impact
on the vector dominance model. It is of general interest, beyond the VDM, to
search for such particles since the quark model and the Veneziano model predict
the existence of states ét masses of ~ 1250 MeV and between 1500-1600 MeV.

The experiments fall into three main classes -- 1) looking at a particular

(80-83).,

hadronic final state and studying the mass spectra ; 2) using a missing

(84)

mass spectrometer and averaging over all decay modes 3 3) looking in lepton

(85,86)

pair mass spectra. I would like to describe our experiment at SLAC and

then try to summarize the field.
. (80) . s
The SLAC experiment studied the dipion mass spectrum produced from a Be
target by 16 GeV bremsstrahlung beam. The apparatus was the same as that dis-

cussed in Chapter II above. The geometry of the system was arranged so that the

dipion mass acceptance (for energies > 14 GeV) extended from 0.7 to 2.5 Gev,

and did not vary much between 1000 and 2000 MeV.



As the incident photon and target recoil were not observed, each event was
analyzed assuming the reaction was of the form y + A —A + n+ + 7 . A comparison
of the energy spectra of the dipions and the incident photon beam reveals that
for Enn > 14 BeV, the upper limit on the inelastic contamination is 10% for
M__ < 1.0 BeV and 25% for 1.0 < M_ < 2.0 BeV.

The spectrometer acceptance was unfolded from the observed spectra with
the assumption that the cross section was azimuthally uniform in the helicity
system.

We observed a total of 620 events in the intervals E__ > 14 Bev, t-t < 0.3
BeV/cg, 0.9 <M <2.0and -0.6 < cos 8 <0.6. The distribution of weighted
events versus polar decay angle eﬂﬁ evaluated in the helicity system is shown in
Fig. 54. The cutoff at cos eﬂﬂ = 0.6 is imposed by the acceptance. The data are
consistent with p-wave dominated dipions following a sineeﬂﬂ distribution indicated
by the smooth curve.

The momentum transfer distfibution is shown for two mass regions in Fig. 55.
It is clear from the data that this distribution changes significantly as the
dipicn mass is varied. Thig change can not be explained by the nuclear form
factor. In Fig. 56 we plot versus M__ the ratio of the forward (t =t =
- (Mﬂi/EEﬂﬂ)E) cross section to the cross section at t-t . = -0.12(Bev/c). The
curves are calculations of the expected ratio assuming (a) that the effect is due

(euStmin), and

solely to the variation of the nuclear form factor with tmin’

(b) through (d) that, in addition to (a), there is a Drell-type dipion production
(87)

that interferes with the rho production. The separate curves refer to

different parameterisation of the rho meson width.(88) The model predicts that

the t-slope of the elementary process y + p —p + n+ + o depends upon MTUT and is

supported, for M__ < 1.h BeV/ce, by experiment.(gg)

2
In Fig. 57 we show the weighted yield (for tet s, < 0.046 (Bev/c)T) versus

M__ and the expectations (normalized to the rho peak) based on the model of rho

(87,88)

production plus interfering Drell-type dipions. This small t region, where



coherence dominates would most sensitively reveal the presence of any high mass
vector mesons. |

There is no agreement between the data and the model dependent calculations
as displayed in Figs. 56 and 57. Although the precise manner in which the rho
tall disappears is unknown we believe that the widths Pb and Td represent the
extremes and that the truth is intermediate to these. An upper limit for any

dipion production in excess of rho and Drell-type production can be deduced from

the difference of the data and curve d, Fig. 57. Assuming that all dipions have

a singeﬂr distribution we deduce, for example, that at M__ = l.h-l._GBeV/c2 the
. -2 do _
upper limit 10 der(MTmr = Mp).
Two other experiments (at CEA(82) and at Cornell(8l)) have measured the 2x

mass spectra from nuclear targets, but only for forward angles and at photon
energies below 9 GeV. The Cornell mass plot is shown in Fig. 58. In addition,

(83)

the HBC experiments have information on the 2n mass spectrum produced from
protons. A histogram summing o&er all experiments is shown in Fig. 59. (The
DESY-MIT group have finished an experiment étudying this question, but at present
no results are available.)

The missing mass survey was performed by the Ritson group at SLAC using the
SIAC 1.6 GeV/c spectrometer.(Bh) They searched for the production of resonances
with masses between 1.3 GeV and 2 GeV at a momentum transfer, t = -0.2 (GeV/c)g,
and ~ 17 GeV photon energy. The low t value and high energy should be specially
suitable for singling out states that could be diffractively produced. In parti-
cular, they should have been sensitive to any new vector mesons in this mass range.

A single integral yleld curve shows structure arising from both the high
energy photoproduction of high mass states and from lower energy photon production
of gingle plon states or other low mass states. Therefore, they used a subtraction
of two sweeps taken at 17.8 GeV and 16 GeV peak energies. Fig. 60 shows both the
unsubtracted and subtracted ylelds. The integral yleld curves represent on the

order of 2.107 counts each. Any produced particle would show up as a peak in



the subtracted yield curve. No such peak can be seen in the data.

This observation is important since it searches for the effect in all decay
modes and does not require a large branching ratio into a specific mode (like the
21 mode, discussed above). The results are summarized in Table XV.

(85,86)

There have been two experiments measuring Q+u- mass spectra up to
2000 MeV. One such spectrum is shown in Fig. 61, or rather the ratio between the
observed spectrum and that expected from Bethe-Heitler production. The results
of these experiments are also summarized in Table IX.

In summary, there is no evidence of any sharp structure (i.e., width

~ 100-200 MeV) in the high mass photoproduction surveys.

CHAPTER IX. Conclusions

We have reviewed the experimental situation in vector meson photoproduction
and total photon absorption measurements and have shown that vector dominance is
qualitatively in good shape. There are quantitative problems, but a simple model
hag been proposed to explain these discrepaﬁcies. We require some other strong
coupling to the photon (other than the p, w, ¢) and the acceptance of some q2
dependence at the y-v vertex (to explain the difference between the colliding
beam value of 0.5 and thé model value of 0.7) and then the model would be in
gsatisfactory shape. Searches for higher vector meson to satisfy the first of
these criteria have ylelded negativé results, although a hint of some confirmation
of such an effect is coming from ADONE these days. The A-dependence of the total
photoabsorption cross-section being AO'9 is already a strong hint that such coupling
to heavy objects does exist -- however, we will see. Finally, the q2 dependence
of the y-v vertex can not be judged, yea or nay, from present experiments - but
it is certainly not unreasonable.

In conclusion, I think that we should not be surprised or disappointed at the

detailed troubles and "fixing-up" of VDM, but that rather we should be surprised

that such a simple model so successfully ties together so many different processes.
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FIGURE CAPTTONS

Feymman graphs for a) diffractive elastic scattering of pilons on a

nucleon and b) diffractive photoproduction of rho mesons on a nucleon.

Schematically showing the use of different sized nucleii to measure

the nuclear absorption of the short-lived rho particle.

Differential cross-section for a diffractive process, showing the
coherent and incoherent contributions. The dotted line represents

8 straight extrapolation of the large momentum transfer region, while
the dashed line represents an optical model calculation.

The nuclear radius as a function of A, as determined by Alvensleben,

(17)

et al.

The differential cross-section and mass distribution for a diffractive
process. The dotted line represents the mass spectrum after weighting

by the momentum transfer distribution.

2
The total photon cross section as a function of photon energy( 1>.
The solid line is l/QOOth of the mean of the n+p and n—p total cross

sections.

The ratio of the real to imaginary part of the Compton scattering
amplitude as a function of energy. (The Thomson term ee/m, has been
subtracted from the calculated value.)

+
Vector dominance model graph for the process e e —x w .
. ' + -
Vector dominance model graphs for the decays a) ® — > and b) @ — = x 7

The three regions of momentum transfer in which rho photoproduction may
be studied.

(a) The energy spectrum from the monochromatic beam at 9 GevV,

(b) the thin target bremsstrahlung spectrum for 16 GeV,

(c) schematic representation of the photon beam energy spectra from
various runs. The shaded areas show energy cuts at corresponding points
on the spectra, allowing checks to be made on the possible contribution
from inelastic processes. Note that the low energy cutoff of the above

spectra is due to the energy acceptance of the spectrometer.

The spectrometer system, showing the arrangement of the counters,
the magneto-strictive read-out wire chambers and the two photon monitors,

a pair spectrometer and a éhower counter inside the tungsten beam



Pig. i2.
Fig. 153
Tig., 1h.
Fig. 15.
Flg. 16.
Fig. 17.
Fig. 18.
Fig. 19.
Fig. 20.
Fig. 21.
Fig. 22,
Fig. 23.
Fig. 2k,

(Continued)

stopper. Periocdically, for calibrating the 2D4 pair spectrometer,

the beam stopper was removed and the spark chamber system converted
into an electron~positron pair spectrometer. For full description

gsee ref. 36.

The observed decay distribution of rho mesons from Be, at 9 GeV,
evaluated 1In the heliclity system. The data includes the forward
coherent peak (i.e., t < .05 (Gev/c)T).

~F

The mass distribution of the pion pairs produced from Be by photons
from the 5 GeV monochromatic peak. The solid line is the best fit
to the data using a coherent mixture of resonant and diffractive

background amplitudes, as described in text.
Schematic descriptions of the Soding model.

The dipion mass distribution from 9 GeV photon interactions on hydrogen.
The solid line is the best fit to the data using a coherent mixture of

recsonant and diffractive background amplitudes.

The spin density matrix elements for rho decay evaluated in (a) the
helicity frame, and (5) the Jackson frame. The data is from the SLAC
wire spark chamber experiment at‘9 GeV, the SILAC HBC group at 5 GeV
and the Weizmann HBC group at L4.3. GeV.

The differential cross section for rho production on (2) hydrogen and

deuterium, and (b) complex nucleii, at 9 GeV.
Schematic diagram representing rho photoproduction.

The energy dependence of the forward rho cross section for Be, Cu, and
Pb as measured by the SLAC wire chamber group. The forward hydrogen

cross section is shown for comparison.

The energy dependence of the extrapolated, t = 0, differential cross

section for rho production.
Schematic of the Cornell Spectrometer system.
Dipion mass spectra from copper target at 8.8 GeV photon energy.

The differential cross section for rho production on hydrogen and

deuterium at T7.34 GeV photon energy.
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Fig. The ratio RDT = (do/dt) Deuterium/do/dt) Hydrogen at t = O for various
i

1

energles. The straight line at = 3.77 represents the prediction

T{
“DH
for pure diffractive photoproduction. The dashed curve represents an

-]
arbitrary 8 = fit, where § ~ 2xM, = total c.m. energy squared.

Fig. 26. The forward rho cross section for hydrogen as a function of photon

energy.

Fig. 27. Schematic of the DESY-MIT spectrometer.

Fig. 28. (a) Experimentally measured < %" cross sections do/dodm in ub/sr-MeV/c2
for hydrogen as a function of the variables m and p. The curves are
best fits to eq. [II - 6](the background is not shown). (b) Projection
of Fig. 28a onto the (p, do/dndm) plane for fixed values of m. The
curves are best fits to do/dQdm = p2 (1 + M/p)g. This shows explicitly

2
that the data for fixed m increase more slowly than p (M >0).

Fig. 29. (a) The cross section Z = do/d0dm(ub/sr MeV/c2 . nucleon) as a function
of m (MeV/cg) and t in units of -0.001 GeVg/cg for p = 6.2 + 0.2 GeV/ce.
The curves are the best fits to eq. [ITI - 6] . The background is not
drawn. This figure shows about 2% of the data. (b) Mass spectra after
removal of production.mechanism. (Wote that in the absence of background,

all spectra would be identical.)

Fig. 30. (a) Distribution of the effective mass of the e pair for Carbon
summed between t = 0 and £t = .l(GeV/c)e. The curve 1s a fit Breit-
Wigner plus polynomial tackground. The Breit-Wigner shape is corrected
by the Ross-Stodolsky factor (m/mﬁﬂ)u. (b) Differential cross section
do/dt for Carbon. Theline represents the optical model calculation with

harmonic-well density distribution and r = 2.351.
. . . . . 5 2
Fig. 31. Summary of the various experimental determinationg of o(pN) and 7p/hﬂ.

Fig. 32. Geometry of the apparatus used for detecting photoproduced o mesons

. + -0
through their decay n = =« .

Fig. 33. (a) Invariant mass distribution of the two detected 7 rays.
(b) Invariant mass distribution of ﬂ+ﬂ-ﬂo, after a mass cut has been

applied to the invariant 27y nmass.

Fig. 34. Differential cross sections for @ photoproduction in Be and Cu. The

two dashed lines indicate the contributions given by the two terms in

=

g. [III - 2] for Be. The solid lines are fits to the data given by
Eq. [IIT - 37 .



Fig. 35. Experimental layout. The insert indicates the arrangement of counters

in the spectrometer.

Fig. 36. Time spectrum of particles arriving at the rear of the spectrometer.
The pattern is cyclic with another proton spike beginning just above

the deuteron spike.

Fig. 37. Yield curve of deuterons counted as the spectrometer angle wag decreased.
The smooth curve through the data ig a least squares fit. It is the

sum of a p-step and an empirical background, which are alsoc shown.

Fig. 38. Measured cross sections at 6, 12, and 18 GeV. The smooth curves are
theoretical, and are described in the text. The normalization at
10w|t‘is fixed by the cross sections for forward p-photoproduction from
photons (given in Table XII). The fit at large‘t‘is arranged by adjusting

g There are no other adjustable parameters.

PN’

Fig. 39. Schematic diagram of layout for the total photon cross section experiments

Fig. 40O. Diagrmatic representation of the a) one-step and b) two-step processes
‘contributing to forward compton scattering.

1/2
Fig. 41. Comparison of the A-dependence for Gtot(yp) and [%%(VP”*DP)] / .

Fig. 42. The energy dependence of the total photon cross section for several
nucleii. The curves show the calculated k-dependence for different
values of the rho-nucleon total cross section, G(pN), uging the total

of Brodsky and Pumplin with Ty = 1.13f.

Fig. 43. Experimental set-up to measure Compton scattering, by the Ritson
group at STAC.

Fig. k. Compton yields (a) yield curves with shower counter in the Compton
plane, (7 + %°) and out of the Compton plane, (no); (b) difference

between the two curves in (a).

Fig. 45. The differential cross-section for Compton scattering at 5.5, 8.5,

11.5, and 17 GeV. The dashed curves are the prediction of the VDM.

Fig. k6. Forward differential cross-section for rho photoproduction on hydrogen.

. - . . . . ﬂ-/ + . (2)
Fig. 47. Ratio of single pion production, 1 , from deuterium.
Fig. 48. Vector dominance comparison for single pions produced by unpolarised

photons.

Fig. k9. Single 7T differential cross-section(e), multiplied by (S-MQ)Q, and

plotted as a function of t.



Fig. 50,
Fig. 51.
Fig., 52.
Fig. 53.
Fig. 54.
Fig. 55.
Fig. 56.
Fig. 57.
Fig. 58.
Fig. 59.
Fig. 60.
Fig. 61.

Vector dominance cémparison for single pions produced by photons with

(2)

linear polarization perpendicular to the production plane.
Schematic for the model hadronic interactlion of the photon.

The A-dependence of the total photon cross section. Also included is
the square root of the t = O rho cross sections. These should be

equal within the framework of VDM. The upper and lower lines represent
the A-dependence expected from zero absorptlon and asymptotic strong
absorption of the photon. The intermediate lines are the prediction of

a simple model of photon interactions desgcribed in the text.

The k-dependence of the total cross section, with the predictions of

the simple model of photon interactions described in the text.

Weighted events versus ‘coseﬁﬂ‘in the helicity systen.

1.0 <M <2.0 GeV/cg, |t-t . |< 0.3 (Gev/c)2 and E__ > 14.0 Ggev.
— wm mini— T -

Momentum transfer distributions for Eﬂﬂ > 14.0 Gev, lcos@ﬂﬂlg 0.6 and
(a) 0.8 < M <1.0 GeV/02 and (b) 1.0 < M_<2.0 GeV/ca. Smooth

curves are drawn only as a viewing aid.

Variation with Mﬁﬂ of ratio of cross-sections at t = % ‘n to that

7 . mi
at t-t_. = -0.12 (Ge’\]’/cz). E__ > 14.0 Gev, < 0.6. Curves
min i - -

cos8
Ee1
explained in text.
2
Variation of yield versus M__ for‘t-tmin‘s 0.046 (GeV/c) ,,coseﬂﬂig 0.6
and Emf > 14.0 gev. (Data for Mﬂﬂ < 0.9 GeV/ce acquired from our study
of rho photoproduction at 16 GeV.) Dashed curve is the calculated

acceptance and the solld curves are explained in text.
Dipion mass plot from CORNELL high mass search.

Two pion mass spectra from all STLACK HBC experiments. Private

communication G. B. Chadwick.
Subtracted yield curve in missing-mass search by Ritson group.

(a) The ratio of experimental yield to that expected from BH production

ags a function of muon-pair invariant mass.



TABLE T

7 5 7 2 Y ¢
o N i
Uy L Lt
Colliding
Beam 0.50 + 0.03 3.7 + 0.7 2.9 + C.2
Experiment

TABLE IT

SYSTEMATIC STUDY OF RHO MESON PHOTOPRODUCTION
USING A WIRE SPARK CHAMBER SPECTROMETER AT SLAC

ENERGY
(GeV} MONOCHROMATIC y's BREMSSTRAHLUNG
TARGET ™,
5 7 9 10 13 i6
H2 x x X x ®
D, x X X
B > x X X X
e
C x % %
AL X x X
Cu X ks X
Ag x
Pb x Fs X %




GeV

8.8

6.5

6.1

Table IIT

Nuclear o 7d/hn
Parameters PP P
Best Fit - .24 .68 + .0k
E-S -.2k .63 + .0
Best Fit ~.27 T+ .05
E-S -.27 65 + .05
Best Fit ~.27 .58 + .03
E-S -.27 62 + Ok

g

pN
mb

26.8 + 1.2

25.9 + 1.0

30.1

27.9

26.1

27.5

1+

1.5
1.3

9

1.1

E
o
ub/GeV

105 + 11

106 + 11

124 + 15

120 + 15

117 + 10

122 + 13



TABLE IV

A (MASS FIT 1) g%(yA —pA) (MASS FIT 2)
Beryllium 627 + 31 652 + 50
Carbon 772 + 52 800 + 50
Aluminum 1322 + 63 1279 + 51

A Titanium 1796 + 78 1706 + 66

| Copper 2099 + 115 2102 + 66
Silver 2591 + 79 2585 + 73

! Cadmium 2656 + 93 2583 + Th

Indium 2696 + 90 263k + Th

Tantalum 2958 + 154 . 2900 + 151

’ Tungsten 2925 + 140 2877 + 715

| Gold 2OLE + 128 2966 + 147

‘ Lead 3112 + 93 3167 + 76

f Uranium 3070 + 93 3035 + 58

ng(A)/DF(A) ~ 1.2 ~ 1.2

mp(MeV/cg) 765 + 10 775 + 10

% \10‘2 Hb/(“ev/c)z 118 + 6 120 + 7.b

oy (md) 26.7 + 2.0 27.7 + 1.7

75/%{ 0.57 + 0.10 0.59 + 0.08




Table V

EXPERIMENT o(pl) 72/%
(mb ) °

DESY 27.7 + 1.7 0.59 + .08

CORNELL 28 + 1 0.68 + .03

STAC 29 + 2.5 0.85 + .1

ROCHESTER 29 + 2.5 0.71 + .12




TABLE VI

2 2 2
70"/ b 7o 78"/t
t Colliding beam .
‘ = 0.5 .0 . . ). 0.2
experiment 0t 3.1 £ 0.7 29 %
yA —vA ~ 0.75 ~ G ~ 8
(for ofN = 0)
; ~ 6 -f
| (for ofN =-.2)
i
TABLE VII
A L 2
y P 2 y 2
o 7w $
sSu(2) 9 1 : 2
DMO 7.4 1 : 0.85
08 13.8 1 : 2.1
Colliding beam 7.5+ 1.5 1 : 1.3+ .3
yA -~ vA 12+ 3 1 : L1+ Wk
(for apll = 0)
1.3+ .4
(for OpN =-.2)
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Experimental Group

H.

*

Hicks et al.

. MeClellan et al.

. Bulos et al.
. Eisberg et al.

. Ballam et al.

. Barles et al.

. Hayes et al.

. Anderson et al.

(after Silverman

Decay Mode

20

2y

ALL

The 1limit varies smoothly with mass; 5

Table IX

(),

Mass Range

1360-1780
1000-1800
1000~2000
1000-2000

1000-2000

1100-1800

1250-1900

1000-2000

correspondsg to 1100

2
y ! 3 T (2
.MJ?.___O_ > 1% 0 _.Q\...,,.....‘.._E
y = ™o

D P
y ' B T ox
(), ) > (5 —>20) T
o 9]

1 o
i 025 1
v~ o
2(o) "
atF e

MeV whereas 20 corresponds to 1200 MeV.
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which may be studied in inelastic electron scattering.
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PART B. Review of Photoproduction Experiments

In this section we will review new, and often quite preliminary,
results from recent photoproduction experiments. For more complete
coverage of the "recent past", the excellent reviews of Diebold(l) and
(2)

Lubelsmeyer are highly recommended.

CHAPTER I. Neutral Pion Photoproduction from Hydrogen

About one year ago, the experimental situation seemed to be very clear

for the process
7+ p —n" +p - [1-1]

There were experiments up to 6 GeV from CEA(B) and from DESY(u), and from
(6-16) GeV from SLAC.(5) Two quite different techniques were employed at
DESY and at SLAC, the former detecting only the photons from the x° decay,
while the latter detected only the recoil proton and isolated reaction [I-1]
by missing mass analysis. Despite these differences, the data was in good
agreement where it overlapped, as shown in Fig. 1.

The angular distribution around 6 GeV can be characterized by the
following features (sée Fig. 2):

(a) At large t the cross section falls off with the canonical e_Bt
of most photoproduction processes,

(b) around t ~ 0.6 GeV®

there is a broad dip,

(c) the cross section rises fairly sharply, (e.g. e_6t), from this
dip reaches a maximum at t ~ 0.1 GeV2 and then turns over creating a forward
dip,

(d) a very sharp forward peak is observed at essentially zero

momentum transfer.
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The energy dependence of the differential cross section is fitted

by

do 20-2
It = f(t) (S—MQ)

where @& 1s an "effective slope" and not specific to some particular
Regge exchange. The data was fitted with o small, (-0.2 <a< .2),
but not as surely zero as for the charged pion photoproduction case. The
data, as it existed at the time of the Daresbury Conference, is summarized
in Fig. 3. Notice that the secondary dip around t ~ 0.6 Geve seéms to
disappear at the highest energies.

The basic features of the data can be qualitatively explained from
simple exchange arguments, but beyond that the trouble starts. The
«° photoproduction process (shown below in Fig. 4) involves the exchange
of an object with C = -1. Theé possible candidates for such an exchange
are the photon, the vector mesons, (p,w),'and the B-meson. (We will
neglect the ﬁ meson, since it couples weakly to nucleons.) In our naive
picture they will all contribute. The photon exchange (or interaction
with the Coulomb field) is responsible for the sharp forward spike -- the
so-called Primakof effect.(6) From SU(3) we expect the vector meson contribution
to come mainly from the w. We then expect two dips in the differential
cross section -- one in the forward direction since the x° photoproduction
process involves helicity-flip, and a second at t ~ 0.9 GeVe where thg

(7)

w (and p) trajectories have a nonsense zero in the helicity flip
amplitudes.
Thus, the simple picture would expect the large, very sharp forward

peak, the accompanying dip in the almost forward direction, and the
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secondary dip around t ~ 0.5-0.6 GeV2 as observed in the data. The
B-exchange would be expected to fill in this secondary dip to some extent.
However, several‘experimental observations gave this picture a hard

time. As the energy increased the contributions from the low-lying
B-exchange should decrease faster than the w-exchange contributions,
resulting in the dip at t ~ 0.5 GeV2 getting deeper. This is certainly
not what is seen in Fig. 3. Further, the w exchange contributes to the
unnatural parity exchange. If indeed the above model were corréct, the
unnatural parity contribution should dominate in the region of
t ~ 0.5 GeVg. A CEA group(B) has studied this reaction uéing polarized
photons, and their measured asymmetry parameter is shown in Fig. 5. For B
dominance, we should expect the asymmetry parameter to be -1, whereas the
data is positive (and nearly 1) for all values of t. Finally, the ratio
between the reactions

Y+ D >+ Y

Y+ n —-7° +n
should be unity within this simple model, since the B and w exchanges should

(

not interfere. However, studies from CEA 9) show quite substantial departures
from unity. (See Fig. 6.

Despite these problems the model was patched up by including cuts
(or absorption effects, if you prefer) and finally made a Ffair attempt at
fitting all the data.

Now, there is new information on the high energy differential cross
sections. The SLAC group(lo) has improved their experiment in two respects:

(a) taken new data with a hydrogen gas target, and (b) reanalyzed all their

data in the light of the Compton scattering measurements. The first enables
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them to measure to even small t values, since they only detect the

recoil proton and the limitation to the technique is multiple scattering

to the proton as it comes out of the target. The new data now extends down
tot ~ 0.05 GeV2. The second effect turns out to be very important for the
angular distribution at larger t. In Section A (VI, 1) above, we
discussed the elegant experiment measuring Compton scattering from 6-16

GeV. There we remarked that the differential cross section had a substantial
quadratic term in t, causing a flattening out of the cross sectioh at

large t values. Now Compton scatfering is a serious background in the
measurement of no photoproduction, since they cannot be separated by missing
mass techniques. Initially the background had been estimated using

yp —pp data and assuming Vector Dominance Model was good. However, the
quadratic term in the cross section, together with the fact that the total
Compton cross section is esséntially fl@t with energy while the total 7
cross section is falling fast, implies drastic changes in the angular
distribution at high energies. This effect is shown elearly in

Fig. 7.

The experiment uses the SIAC 1-6 GeV spectrometer to detect the recoil
protons, and a typical missing mass plot is shown in Fig. 8. The Compton
background is subtracted out at each momentum transfer and energy.

At each value of t, the differential cross section versus photon energy
on a log-log scale may be fitted to a straight line with a good chi-square.
An example i1s shown in Fig. 9 for t = -0.3 (GeV/c)E. The effective Regge O
has been obtained by setting the slope of the straight line equal to 20-2.

To provide angular distributions at standard energies, and as an average
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over the numerous individual points, values of dc/dt were taken from these
straight-line fits at fixed values of E_ = 6, 9, 12, and 15 GeV. The results
are plotted in Fig. 10. The distributions show a "dip" around

f = -O.5(GeV/c)2, not changing much with energy. Notice that the dip
appears at all energies now that the Compton scattering background can

be properly dealt with, although it does not get deeper with energy.

A comparison of this experiment with the lower energy data from DESY is

shown in Fig. 11.

The effective trajectory a(t) is plotted in Fig. 12. A least-squares fit

to a straight line gives a(t) = 0.18 + 0.26 %, although from pure w-exchange
we would expect a{t) = 0.45 + 0.9 t. The measured values of O seem to
indicate that the cross section falls off somewhat slower than 3-2 for

small t-values.

It will be interesting to watch the double-take in the theory

now that this new high energy data is available.
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II. Study of the Reactions N —=A

(a) Photoproduction of A(1236) from Hydrogen and Deuterium at 16 GeV

Using the SLAC 20 GeV/c spectrometer, the differential cross
sections for ﬂiA photoproduction off hydrogen and deuterium have been
measured at a photon energy of 16 GeV and for t's of O to -0.2 GeVE.(ll)

By subtraction of the proton data from the deutrons, they obtain cross

sections on the following reactions:

y+p on A [TI-1]
y+p on + A [I1-2]
y 4+ n = + N | [II-3]
Y + n SN [II-4]

Missing mass plots are shown in Fig. 13 for each of the reactions.

Clear steps are seen in all charge states at the mass of the A (i.e, N*(1236))
The curves through the data represent the sum of contributions from

yN —xN, yN —=xnA, yN —pN and the Drell process yN —x + (anything). A1l
processes were folded with a bremsstrahlung photon energy spectrum and
smearing due to Fermi momentum was included for the deuterium reactions
using the Hulthen momentum distribution.

Comparison of deuterium and hydrogen cross sections involve several
possible systematic problems, such as Glauber shadowing of one nucleon by the othe
in the deuterium processes. To get a feeling for these effects they compared
their measured cross seétions for yp —>ﬂ+n from free protons and from those
bound in deuterium. (Only data for t 2 -0.2 GeV2 were used to avoid exclusion -

principle effects.) This comparison gave a deuterium~to-hydrogen ratio of

1.02 + 0.02. Comparison of their K+A production from deuterium to hydrogen
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for t ~ 0 to =2 GeV2 gave a ratio of 1.02 + 0.04. The product of the
systematic effects is thus consistent with unity and they took the
neutron cross sections to be simply the difference between deuterium and
hydrogen cross sections. The results are shown in Fig. 1h.

These measurements are of particular interest because of the
sensitivity of these cross sections to the possible exchange of particles
with isospin > 1 (exotic exchanges). The A cross section can have a
large contribution from the interference of a small exotic exchange
amplitude with the I = 1 amplitudes while cross sections for processes
involving double charge exchange (np —nA” for example)vare only
sensitive to the square of the I > 1 amplitude.

Comparisons of different charge states allow sensitive tests for
amplitudes which are usually_assumed to be small. 1In terms of t channel

quantum numbers the four cross sections , can be written as

do [ ¥ x 8 i i 1,1 2

T [Mnbe ] = 3_21“*1- F AL -3 [T1-5]
L 1=

dolm 58] - S Al = oAl sl P2 [T1-6]

at 7<p/ i B .le - F AL Ay l
L 1=

where the summation is over the eight helicity amplitudes and the subscripts
1 and 2 refer to the t channel isotopic spin; the + and - subscripts denote
the G parity of the t channel and correspond to isoscalar and isovector
photons, respectively. Figure 15 shows the ratios of the charge-symmetric
cross sections; in general, the cross sections are not equal and interference
terms between exchanges of opposite G parity are required, as observed in

@2)

single pion photoproduction.
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If T = 2 exchange is negligible, the cross sections are uniquely

predicted to be in the ratio

-+t + -
P D . monA = 3 [TI-T]
-+ + 0 - :
m = A 7P I A

The deuterium-to-hydrogen ratios should then be 4/3 for n  and L for x
These ratios are shown in Fig. 16 as a function of VTE. The n+ ratio shows
clear deviations from the prediction over most of the t range studied, a
typical value being 3, in which caée the I = 2 exchange amplitude must be
at least 16% of the I = 1 exchange amplitude. Although this result can be
interpreted in terms of exotic meson exchange, it could also be explained
by double Regge pole exchange, giving Regge cuts. The measured n  ratio

is not as sensitive a test fpr I = 2 exchange since the errors are large

in comparison to the smaller ratio.

The vector dominance model suggests the relation

o ( hel da) L2 ( hel da)
=e0 P11 & o+ T8y P11 Tt o™ [II-8]

where the two photoproduction cross sections are averaged to eliminate pw
interference terms. In addition to the usual vector dominance assumptions
thé derivation assumes line-reversal invariance. Using the n+p —>poAf+
data from the ABC collaboration,(lB) the two sides of Eq. II-8are plotted
in Fig. 17 for 8 GeV, assuming the ratio of A™ to A%+ cross sections to be
independent of energy. The 10% w contribution has been ignored and

2 .
7p/hn = 0.52 was used. The figure shows a factor of 5 discrepancy i.
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vector dominance relation, which also disagrees with the calculations of

(14) (15)

Dar and of Gotsman. Three possible sources can be found for the

factor-of-5 discrepancy: (a) the vector dominance model which has had

(

troubles elsewhere, 16) (b) the line-reversal assumption which will not be
valid if interferences exist between amplitudes corresponding to t channel
exchanges of opposite signature,(l7) (c) difficulty in the cross section

(18)

determination for po AT+ since both the p and the A have large widths.

(b) A Production by Linearly Polarized Photons:

This process has also been studied at 2.8 and 4.7 GeV using
polarized photons in the SLAC 82" HBCglg%he photon beam is obtained by
backscattering ruby laser light from the SIAC electron beam. The 180°
scattered photons have multi-GeV energies, are fairly monoenergetic and
maintain the polarization of the incident visible light. For more details
of this technique see reference (20).
The effective mass spectra for the pn+ and prx  systems are shown in
Fig. 18. At both energies a clear Af+ signal is found, but not much sign
of Ao.
The solid curves in Fig. 18 were obtained from a maximum likelihood fit
to the entire Dalitz plot assuming Aﬁ+, AO, po production, and a phase space
background. The po mesons were assumed to have their spin aligned along
their direction of motion in the overall c.m.s. In order to determine the total
A cross section, o(Arn), they chose a form of ?A which agrees with the results
for the (3,3) nN phase shift, 833, even at many half widths above the
resonance,(EJ) viz:
T, % « SiJ“2833 ot (MAF(M))z
Fa Ty reg (MZ-MZ)Z-!-(MAT(M))Q

(I1-9]



where T(M) follows from tan d,, = Mﬁr(m)/(mi - M?) and M, = 1.236 GeV.

(22)

33

The values of &, have been taken from a phase shift analysis.

33

instead the second part of the above equation is used together with a

irf

conventional parameterization for I'(M) (as was done, e.g., by Boyarski
et g;.,(ll)) one finds a value of o(aArn) larger by ~ 20%. Notice that
_this would give good agreement between these two experiments.

Figure 19 shows the differential cross sections do/dt for Aff production
obtained from an independent maximum likelihood fit as described above for each
t-interval. Also shown are the measurements of Boyarski, et g;.(ll) at
E7 = 5.0 GeV. Measurements in the backward direction have been made by
Anderson, et gi.(EB)

The Aﬁ+ angular distributions are analyzed in terms of the A spin
density matrix in the Gottfried-Jackson frame. The z axis is taken as the
direction of the incident proton in the A rest frame; the y axis is
defined as the normal to the production plane (; « ; x ;_). The electric vector
e of the photon makes an angle ¢ with the production plane: cos ¢ = ; . (2 X §),

~

"
sin @ = y * €. The decay angles 6 and ﬁ are the polar and azimuthal angles

of the outgoing proton in the A rest system: cos @ = -2,

cos p = 7. (zxDp) |E X 5‘, sin ¢ = (yx2)- (2 x )1z x 5]. The decay
(2k)

angular distribution is then given by:

W(cos 0,¢,8) = 4—?1’7 [pg3 sin2 0 + (_1/2 ;pg3)(1/3+cosz 9)

0 ) -
-2/J3 Re P gy €OS ¢ sin 26 -2/43 Re pg_l cos 2¢ sin2 6

1 .2
-P_ycos 2<I>[p33 sin” 6+ pil (1/3-l~cos2 ) :

1 . : 1
-2/J3 Re Pgqcos ¢ sin 26 -2/J3 Re Pg_q cOS 2¢ sin2 0]
—P sin 28 |2/J3 1 2 s i J 2 ; . 2
y m pg, sin ¢ sin 20+2/V3 Imp3_1 sin 2¢ sin®

[II-10]



where P7 is the degree of linear polarization; Py = 94% at 2.8 GeV and

P7 = 92% at L.7 Gev. We define the polarization asymmetry ZIZ by

o1l W(e=0) - W(d=7/2)

2= P, WE=0) + WE=/7 (II-11]
41,1y
=-2(pgy + P11)

where W(®) is the ¢ distribution integrated over 6 and . A related
quantity is the parity asymmetry, Pc’ defined in terms of the cross sections

for natural and unnatural parity exchange in the t-channel, GN and GU:

N
o -0
p = = [II-12]
o + 0
. : 1 1 ()
At high sP =2 + = - I,
igh energies P_ (p33 pll)

To obtain the nine measurable density matrix parameters, events were
selected with Mpﬂ+ < 1.32 GeV and the method of moments was used with the

(26)

Eberhard-Pripstein procedure to remove the po reflection: only events

with cos 6 < 0.3 (0.7) at 2.8 GeV (4.7 GeV) were used, where 6y is the
angle in the c.m.s. of the A between the decay proton and the A line of
flight in the total c.m.s. Figure 20 shows the p?; and PU obtained this way.
It is clear that OPE alone cannot explain the data since it would require
P, = -1.

The solid lines in Fig. 19 and 20 are the predictions of gauge
invariant OPE model, and are in fair agreement with the data. It is clear

from the behaviour of the forward cross section and the spin density matrix

elements, that simple OPE bears no resemblance to the data.



This group alsc made a VDM comparison to the reaction
np — AV. They use OPE calculations for the hadronic process to predict
the cross sections at 5 GeV, (the energy of the HBC yp experiment), whereas
the spectrometer group (described Ia above) extrapolated their photon data
to the same energy as the np experiment using the invariance of
do/at (S-ME)2 in photon processes. The HBC experiment claims that VDM

il ML LL1GC

works moderately well.



III. Measurement of the Energy Dependence of pA Photoproduction:

The reaction yp —+pA has been studied by the DESY(E?D and CEA(EB)

HBC groups for photon energies up to 4.5 GeV. The most likely production
mechanism for the reaction is OPE (one pion exchange ), as indicated in
Fig. 21, with the only unknown the pny coupling at the upper vertex. The
early studies derived a value for this coupling of 0.1 MeV < F(p — 5y ) < 0.25 MeV,
in excellent agreement with the SU(3) prediction of TI'(p —mny) =
1/9T(w —xy) = 0.13 MeV. However, there were some hints that all was not
well, in that the spin density matrix elements for the p and A decays
were not in good agreement with OPE predictions.

Two new pieces of information are available on this process.

First the Weizmann HBC group(29) have recently measured the process

y +n »>aA’ »a’p

at 4.3 GeV. .

If this reaction is dominated by OPE then we can relate the cross
section to that for 9p —pA:

viz. 0 @A e (002 ) o(gaT)

- (8U(3))  (opg) __(5U(2))
One finds that a’ is expected to be twice, (x 2), the observed cross
section for p-Af+, whefeas the experimental data gives an upper limit of
1/3 p_Af.

i.e.,

(0PE) + SU(3) =a(w &%) = 20(p A ).

Expt. = o(w 2°) < 33‘- o (pa). [III-1]



This implies that there are other contributions to the p-Af+ process.
It will be interesting to see what the data on yp -*poéf looks like,
to get an indication of what these other processes might be.

Secondly, the energy dependence of the reaction

7 e AT

has been measured by the SLAC-Weizmann-Tel-Aviv HBC collaboration(ao)
in the energy region (2-8) GeV. The data is shown in Fig. 22. OPE
would predict that the cross section should fall at E_g, while thé data
show a fall-off more like E_o'6, although E-l gives quite an acceptable fit.

This is an interesting puzzle -- clearly OPE is not dbminating the
reaction yet the estimate for the coupling constant pny, obtained under

this assumption, is quite reasonable.



IV. Photoproduction of w-mesons:

(a) Production of w-mesons by Polarized Photons:

The SLAC-LRL-Tufts HBC collaboration have measured the reaction
+ -0
P4 Sl S I
at 2.8 and 4.7 GeV, using linearly polarized photons in the SLAC 82-inch HEC.
The effective mass distribution of the (n+n-no) system is shown in
Fig. 23. Spectacular o’ peaks are observed at both energies. The total
o production cross section is shown in Fig. 24, together with previous

(27, 28, 31, 32, 33)

measurements. The differential cross section is also

shown in Fig. 25. The decay angular distribution of the w is analyzed in

(34)

the helicity frame, where it may be expressed as

0
- pj.k - P cos 2@’)[):11 - P, sin 2«;'5,02

£ Y 1K 7' ik

i is
W(cos0, ¢,¢) = = 210y 4 230 1y 00620 i Re o0 s
80, 9,0) = o 5( -/’00) + ~2-(3P00~1) cos_O -v2 Re P30 sin20 cos ¢
0 . 2
_”%ﬁ15“10(T52¢
, R N 1 2, = . 4
~].’.>, cos 29)[/)11 sin"g - POO cos” 0 -- \/2 Re Pio sin 90 Ccos¢ - pi_l sin?g cos 2(,6}
T P AR
__]4)), 531112g7')t/:?, Im Py Sin 20 sin ¢+ Im 'O:;.—l stO 55,1129'5] [IV-1]
where P7 is the degree of linear polarization. The nine independent
measurable density matrix parameters, which were determined by a moment
analysis, are shown in Fig. 26 as a function of t. TIn contrast to 0

photoproduction, they find considerable helicity flip amplitude for

w production.



From the density matrix parameters one can deduce the parity

. . . . N U
asymmetry, Py, which measures the cross section contributions o, o

from natural parity and unnatural parity exchange in the t-channel:

N
N U (1)
¢ -0 U 1
P, = T or o =35(2+P)o [1v-2]
o+ 0
N U . - . . -
where 0 = ¢ + o . In the high energy limit P; is glven by
1 1 .
Py = Epl-l ~ Poo [Iv-3]

GN, GU, and Po are plotted in Fig. 24 and 26 respectively; natural and

unnatural parity exchanges contribute in approximately equal amounts.

The unnatural cross section, oU, decreases from 2.8 to 4.7 GeV whereas

ON does not change significantly. The natural differential cross section,
acV/at, for 0.02 < |t | < 0.k GeV", is shown in Fig. 25. Assuming that

(5.6 + 1)t Hb/Gevz.

oV is accounted for by OPE, they find that ch/dt = 12.1 e
This value of the slope is in good agreement with that obtained for Compton
. (35) . (36) :
scattering and for rho photoproduction (when analyzed using the
§8ding-Drell mechanism).
One can compare oﬂ to the corresponding quantity, OS , for po production

o'(37)

in the reaction yp —pp For |t| <1 GeVE, they found the ratio

Ug/og to be between 6 and 9 depending on the models used to determine the
o° cross section. In Section (A;I~3) above, we had shown that this ratio
should be 9 for pure diffractive production of the vector meson. However,
there could be a large positive contribution (~ 40%) from A, exchange to

Og which would reduce the value of this ratio(36)(the Ao exchange

contribution to cg is expected to be small).



The fall off in OU agrees well with the OPE predictions which give
a factor 2.5 between 2.8 and 4.7 GeV, while the data gives 2.2 + 0.6. The
magnitude of the OPE cross secﬁion is proportional to the radiative decay
width of the w, Tumy. From the values of og at 2.8 and 4.7 GeV in the
interval Et' <1 GeV2 and using the parametrization of Benecke and
Dﬁrr(BY) they obtained an7= 0.98 + 0.12 MeV, in good agreement with the
value obtained from the w width and branching ratio.(BB)

Finally, we calculate the predictions for the @ density matrix elements
assuming that the natural parity exchange contributions conserve helicity
in the total c.m. system and that the contributions from unnatural parity

exchange are due to OPE. As a function of t the w density matrix is then

given by

(N) OPE

ao/at o + da o /dt p(zie)

o1k = : [TV-4]
1k do /dt v+ ac®Far -

The solid line in Fig. 26 shows the predictions of this model.

(b) Energy Dependence of the a° Photo-Cross Sections:

Another experiment studying P photoproduction has been
reported by the SLAC~Weizmann HBC collaboration.(39) They have presented
data on

P TUp v
in the energy region (1.2 - 8)GeV, from three monochromatic photon beam
experiments at 4.3, 5.3, and 7.5 GeV, and bremsstrahlung data from

(1-4) Gev.



Examples of the three pion mass plot are shown at various energies
in Fig. 27. The w signal is clear at all energies, although it is
naturally sharper for the monochromatic beam experiments.

The energy dependence of the total w production cross section is

shown in Fig. 28. The authors fit this data to the following form

olw) = ¢C + C

-0ty -
opE P DIFF ©

where p is the photon laboratory momentum in GeV. The diffractive term
one would expect to be almost constént with energy and the OPE term
should fall like p_2.

They find a best fit, within the energy region of the experiment,
to be

o) = (20 5,770 4 1.6 5 70 %)

ub.
The diffractive and OPE contributions are shown separately in
Fig. 28. For comparison, they plot the unnatural exchange cross section

for this reaction as determined for the polarized photon experiment

discussed above in Section B, IV. a. The greement is very good.



V. Rho Photoproduction with Polarized Photons:

(a) Cross sections and the o Mass Shift:

The SLAC-IRL-Tufts HBC collaboration have used the linearly
polarized photon beam to study the reaction
Y+ p —=n + 1 +p
in the SLAC 82-inch HBC at 2.8 and L.7 GeV.(uo) The average polarization is
calculated to be 94% and 92% at each energy respectively.

The effective mass plots for n+n_ pairs are shown in Fig.»29, where
the p is seen to dominate.

In order to test the Ross-Stodolsky factor(u]) they multiplied the
p-wave Breit-Wigner for the p by a factor of (Mp/Mﬁﬂ)n(t). Maximum
likelihood fits have been made for each event allowing for po and Af+(1236)
production and a phase space term and fitting these contributions together
with the parameter n(t) as a function of t. The fits describe the = "
mass spectra well, as shown by the dashed curves in Fig. 29. The fitted
values for n(t) are shown in Fig. 30c,d. In contrast to the prediction of
Ross and Stodolsky, hamely n(t=0) = 4, the parameter n is ~ 5 near t = 0;
it drops to zero around t = 0.5 GeVE.

From an analysis of the rho decay distribution, the authors were able
to determine the intensity of the s-channel c.m. helicity-conserving p-wave
n~n contribution, by isolating a characteristic moment of the p decay. The
dots on the histogram of Fig. 29 show this contribution as a function of
dipion mass for different t intervals. They remark that in the p region
this contribution accounts for almost all the events, and shows the same

skewing on the experimental mass distributions.



Further analysis of the nn angular distribution was made by studying
the M . dependence of the Yg(S,W)) moments. In Fig. 31 the moments Yg

and Yg at 4.7 GeV are displayed. The YO

o moment shows the behavior expected

for the sin26 decay of the po. The positive values of Yg above 1 GeV are due

tovthe Af+ reflection. The moment Yﬁ shows a distinctive interference

pattern in the p region which can be interpreted as an interference between

the po and a ﬁ+ﬂ- state of spin J > 3. of the exponential slope of the t

distribution on the 7" mass (see Fig. 30a,b). The shape of the

interference pattern observed for Yﬁ is also correctly predicted. (See Fig. 31.)
In Pig. 32 the differential cross sections are shown for the different

methods of analysis. The helicity conserving p-wave, and modified

Ross Stodolsky give essentially the same answers, while the p cross sections

obtained from fitting the Soding model lead to smaller values of the

forward cross section (by ~ 30%). This difference is very important for

the Vector Dominance Model tests discussed quite fully in Section A, above.

(b) Conservation of s-channel Helicity in 0° Photoproduction:

In the same experiment as reported above, the SLAC-LRL-Taft

(k2)

HBC collaboration investigated the rho decay distributions. The analysis
wag carried out in three coordinate systems: the Gottfried-Jackson system,
where the z-axis is chosen as the direction of the incident photon in the

po rest system; the helicity system where the z-axis is opposite to the
direction of the outgoing proton in the po rest system; and the Adair system
where the z-axis is along the direction of the incident photon in the overall

c.m. system. The y-axis is always normal to the production plane. Notice

that for forward production all three coordinate systems coincide.



Taking ® as the angle of the photon electron polarization vector
with respect to the production plane, and 6 and ﬁ as the polar and
azimuthal angles of the n+ in the po rest system.

The decay angular distribution for rho mesons produced by linearly
polarized photons can be expressed in terms of nine independent

measurable spin density matrix parameters p?k:(MB)

_ 341 0\, 1,0 2 0 .. :
W(cos 0, ¢,d)= 1_1?{5(1_ pOO) + 2(3p00— 1) cos“0-Vv2 Re plosm29 cos ¢

0 . 2 : 1 .2 1 -2
- py_q sin 0 cos2¢ - Pycoszdi[pu sin 0+ Pgo COS 6

-v2 Re piosin26 cos ¢ - Pi_l sin20 cos2 ¢:]

- P, sin2¢ [\/5 Im pio sin 20 sin¢ + Im pi_l sin’6 sin2¢]} (v-1]

Here, Py is the degree of linear polarization of the photon, which is
calculated from the Compton scattering process to be 94% at 2.8 GeV and
92% at 4.7 GeV. The matrix elements pgk describe the rho decay in the case
of an unpolarized beam; the additional terms pik and p?k result from the
linear polarization of the photon.

Matters are simplified if we use the angle ¥ = ﬁ - @, which in the
forward direction is the angle between the photon-polarization and po
decay planes. If the rho is transverse and linearly polarized like the photon

oo,
then in the helicity system, pi_l = - Im pi_l = 1/2 and all other Piy I



in Eq. (2) are zero. In this case the decay angular distribution is
proportional to sin2 e c032 ¥. DNote that under these conditions ¥ becomes
the azimuthal angle of the decay n+ with respect to the rho polarization
plane.

Figure 33 shows the distributions of the polar angle 6 and the angle
¥ in the helicity system for events in the rho mass region with
[tl < 0.4 GeV2 where t is the square of the four-momentum transfer
between incoming and outgoing proton.

The cos @ distributions are proportional to sin29, i.e., the rho mesons
are produced in reaction (1) with c.m.s. helicity + 1. Tﬂe ¥ distributions
are ~ cos2Y and show that the rho is almost completely linearly polarized.

The matrices pgk, pik and pik can be used to examine the production

mechanism; for example, the contributions oN, UU from natural parity

(P = (-l)J) and unnatural parity (P —(-l)J) exchanges in the t-channel

can be obtained by measuring Pg,

g - GU
P, = =% [v-2]

g 4+ 0
which to leading order in energy is given by

1 1
Po = 2011 7 Poo [v-3]
They studied the influence of possible background by determining
0 -
the Piy S & function of the ﬂ+n mass, M%ﬂ, with the method of moments
using all events in a given ﬂ+ﬂ— mass interval. Figure 34 shows the Min
dependence of pgo and pi-l in the helicity system and that of Py. There

is a pronounced difference between their values inside and outside of the



rho region. The values pgo =0, pi_l = 0.5 and Py ~ 1 in the rho region

are clearly associated with the production of the rho.

The polarization and asymmetry are shown in Fig. 35, as a function of t.
It is clear that rho production is dominated by natural parity exchange out
tot ~ 1 GeVg. In fact, the contribution from unnatural parity, for
1] <1 GeVZ, is estimated at 3.1 + 2.2% for 2.8 GeV, and -1.1 + 1.9% for
the 4.7 GeV experiment.

In Fig. 36 and 37 the density matrix elements are shown for 2.8 Gev
and 4.7 GeV respectively, evaluated in the three different coordinate
systems. They conclude from this data:

1. The density matrix parameters vary rapidly in the Gottfried-Jackson
system. The t-channel helicity-flip amplitudes increase rapidly with
increasing iti. This behavior rules out t-channel helicity conservation
and also excludes a zero spiﬁ particle exchange without absorption as the
only contributor to rho production.

2. The p?k in the Adair system also vary significantly with t
(see also Fig. 38a). This excludes the hypothesis of spin independence in
the total c.m. syste@ for rho production.(uu)

3. In the helicity system the helicity-flip contributions are zero
within errors up to tt ]= 0.k GeVE, i.e., the rho behaves like a photon with
the spin aligned along its direction of motion. In other words, the rho
production mechanism conserves s-channel c.m.s. helicity. The fact that
the flip contributions are minimum in the helicity system is further
demonstrated in Figs. 38b,c. The rho density matrix as calculated in the

helicity frame was rotated by an angle B around the production normal and a

least squares fit made to find that value of B for which the flip terms



become minimal, i.e., for which the rho density matrix is closest to that
of the photon. Figs. 38b,c show B as a function of the rho c.m.s.
production angle Oom together with lines indicating where the data points
should fall if the flip terms were minimal in the Gottfried-Jackson (G.J.),
helicity (H), or Adair system (A), respectively. For g, * 25°, the helicity
system is clearly preferred.

In summary, rho photoproduction via 7p ~>ppo proceeds almost
completely through natural parity exchange and conserves helicity'in the

s-channel c.m. system up to |t = 0.4 Gev©.
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FIGURE CAPTIONS

Comparison of DESY and SLAC 7° photeproduction cross sections at
time of Daresbury Conference.

Typical differential cross section for 7° photoproduction.

S1AC «° photoproduction cross sections at time of Daresbury
Conference.

Graph of no photoproduction process.

Asymmetry in no photoproduction.

Ratio («°n /ﬂop) for photoproduction of 7° from deuterium.
Comparison of no and Compton cross sections.

Typical no missing mass signal.

Cross section for process p —>nop, at a fixed t, as a function of
energy.

no angular distributions.

Comparison of SLAC and DESY 7° cross sections.

Effective a(t) for yp ~xp.

Fits to the 7 aﬁd 5~ data from hydrogen and deuterium for dc/dﬂlab
Vs MM? at 1.4°. The curves show the single nucleon, the delta and
the rho processes folded with a 0.03 XO bremsstrahlung spectrum
including a Fermi smearing for the deuterium case as given by the

Hulthen momentum distribution.

Measured cross sections for niA photoproduction vs momentum transfer
V:E_. The yn cross sections result from deuterium minus hydrogen
subtractions. Fits made to missing mass spectra included the single
nucleon process, the delta, background from yN —pN, and a correction
for phase space yN —nnN. A Jackson type Breit-Wigner form was used
to calculate the shape of the A contribution. Smooth curves are

drawn to guide the eye.
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The ratios (yp —>n_AT+)/(7n —>5A7) and (7n —+n-Af)/(7p BIND

vs V—t . These ratios, where different from one, indicate an interference

between isqscalar (w-1like photon) and isovector (po-like photon)
amplitudes. For comparison the curve shows the ratio for

(yn =x7p)/(7p = 'n).

The deuterium-to-hydrogen ratios vs /:3. Neglecting absorption
effects in deuterium, which were found to be negligible in our

vd —+ﬂ+nn data, dominance of I-spin-one exchange implies R = L for
7 and R = 4/3 for n~. The x' data indicate that I-spin-one exchange
alone does not fit the data for lt‘ R 0.15 GeVz.

Test of the vector dominance model. The average of Af+ and A 1is
compared to that predicted from the n+p —+poAf+ data at 8 GeV by
vector dominance. There is disagreement by about a factor of 5.
Smooth curves are drawn'to guide the eye.

Reaction 7p —>pﬂ+n_. Effective mass distributions for the pﬂ+

and px  systems. The shaded histograms represent events with

|t | < 0.4 Gev® and M+ _ > 1.0 GeV.

Reaction 7p —A' 'x~. Differential cross sections do/dt from this experiment

(%) and from Ref. 3 for Ey = 5 GeV (4). The shaded regions in (b),
(d) are shown on an expanded scale in (a), (c). The curves are the
predictions of the gauge invariant OPE model.

Reaction 7p ‘*Aﬁ+ﬂ—. Density matrix pérameters and parity asymmetry
Pg. The solid curves are the predictions of the gauge-invariant OPE
model. The dashed curves show the VDM predictions.

Graph of the process yp —*p_AT+.
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23.
2k,

25.
26.

27.
28.

29,

30.

31.

32.

The cross section for yp ‘*p—Af+ as a function of photon energy.
Three pion mass spectra for the reaction yp ~*pﬂ+ﬂ-ﬂo.

The cross section for w production as a function of photon energy.
Differential cross section for yp —pw.
Density matrix elements for w decay.
Mass spectrum for (ﬁ+ﬁ-ﬂo) as a function of photon energy.
Cross section for yp —uwp as a function of photon energy.
ﬂ+ﬁ- mass distributions for events of the reaction yp ~+pn+n-. The
helicity-conserving p-wave intensity is shown by the points o. The
curves give the results of a maximum likelihood fit using the the

o . . n(t) .
o  the parametrization (Mb/Min) (---) and the Soding model (——).
Reaction 7p —+pn+ﬂ_: (a),(b) The exponential slope of the t
distribution as a function of the w ' n mass taking all events in a
given n+n- mass bin and with 0.02 é lt} < b GeVg. The curves show the
result of the Soding model. (c),(d) Fitted values for n(t) using

the parametrization (Mb/Mﬁﬁ)n(t); (e),(f) Ratio of the fitted p°
production to Drell cross sections, a5 (t)/aD(t). The curves show
the predictions of the Fdding model.
Reaction yp —px = : for moments Yg(e,v) and Yg(e,w) in the helicity
frame as a function of M, for 0.02 < §t§< O.k4 GeVg. The curves show
the results of the Sdding model.
Reaction yp “*pﬁ+ﬂ-: Differential cross sections as a function of %
for the helicity-conserving p-wave contribution (%), for po production

as obtained from fits with the Soding model (%) and using the

parametrization (Mb/M%n)n(t)(%).



33.

3h.

5.

36.

37.

38.

Reaction yp “*ppo. Rho decay angular distributions in the helicity
system for |t] < 0.L GeVe and 0.6 < M < 0.85 GeV without background
subtraction. The curves for the cos 6 distributions are proportional
to singe.

Reaction 7p —*pﬁ+n_. The density métrix elements pgo and pi_l

and the parity asymmetry, Py, as a function of M.

Reaction 9p —+ppo. The parity asymmetry, Py, and the asymmetry, X,

as a function of t in the Gottfried-Jackson, helicity and Adéir systems.
Reaction 7p —>ppo. The spin density matrix parameters as a function of
t in the Gottfried-Jackson, helicity and Adair systemé, for 2.8 GeV.
Reaction 7p —>ppo. The spin density matrix parameters as a function of
t in the Gottfried-Jackson, helicity and Adair systems, for L.7 GeV.
Reaction 7p —*ppo. (a) Comparison of the spin density matrix
parameters pgo, Re pgo, Im pio in the helicity (+) and Adair systems
(#) as a function of t (data of Fig. 36, 37). (b,c) The angle B

for rotation into the "minimum flip" system as a function of the

c.m.s. rho production angle ecm.
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