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High-energy photon interactions are discussed in terms of the hadronic structure of the photon, which is
expressed by means of a formulation which is akin to, but somewhat more general than, vector-meson-
dominance or specific generalized vector-dominance models. Experiments which demonstrate and yield
information about this hadronic structure are discussed critically, and the resulting information is carefully
evaluated. Special attention is paid to diffractive processes such as the photoproduction of vector mesons
and to photon shadowing effects on nuclei. Relationships to other views of photon interactions, such as the
parton model and the space-time description, are also discussed;. these views are seen to complement the
hadronic structure picture rather than to be in conflict. The general overview is that there is ample
evidence which shows that the photon's hadronic structure plays a significant role in its interactions. %'hat
further work would most significantly enhance the understanding of the hadronic structure of the photon is
also pointed out.
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required by relativistic quantum theory. These interac-
tions are between "bare" states described by a "free
Hamiltonian. " Physical particle states, however, are
eigenstates of the complete Hamiltonian. Therefore, a
physical particle state contains not only the correspond-
ing bare particle state, but also contributions from all
bare states coupled to it by the interaction. We may
think of the particles in these bare states as constituents
of the physical particle.

Accordingly, with the above interaction, the physical
photon has an electron-positron pair constituent. It is
possible to think of pair production as arising through
the scattering of this constituent by the Coulomb poten-
ti.al, permitting the pair to actually materialize, pro-
vided that the energy available is sufficiently high, i.e. ,

&2m, c'. At low energ-ies («2m, c'), the virtual e'e pair
does not manifest itself in a very pronounced way, al-
though it does of course play an important role in re-
fined quantum-electrodynamic effects. This illustrates
the point that at different energy scales, different as
pects of the unde+lying dynamics become visible.

When the first experiments on photoproduction of pions
and electron scattering from nucleons were carried out,

I. INTRODUCTION

A. The internal strUcture of the photon

The concept of the pho'ton originated in the first years
of quantum mechanics, and the study of electromagnetic
interactions with matter has played a prominent role
throughout the history of quantum theory. At first, the
photon was regarded as structureless, and the theory
was very successful in predicting various spectral. lines
and their intensities and in understanding other processes
such as the atomic photoeffect. As the scale of available
energies increased, it was found that through an interac-
tion with a Coulomb field the photons could materialize
as pairs of electrons. Although not usually thought of in

these terms, this phenomenon was the earliest manifest;
ation of photon structure.

Pair production occurs because of the basic interac-
tions

y- e'+e
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the photon (real or virtual) was for purposes of hadronic
interactions again regarded as structureless. (Of
course, its structure due to electron pairs was taken in-
to account through radiative corrections, which were in
principle well understood. ) That is, the photon was as-
sumed to measure a charge density which is already pre-
sent in hadrons or to induce a transition to an excited
state (possibly involving particle production), with all
the physical details being associated with the target,
very much as in atomic physics.

Within the last fifteen years, there has been a growing
awareness that this is too simple a view, and that in
reality the photon has an internal structure which is very
similar to that of hadrons, except that it occurs with a
relative probability only of order n(=l/137). At lower
energies, this hadronic structure of the photon is riot
apparent since the photon cannot materialize into these
constituents by interacting with a target (in analogy with
e+e pair production, the energy availabl. e is far too low
to excite this degree of freedom&. However, as avail-
able photon energies have risen to the multi- GeV range,
the similarities between photon interactions with hadrons
and other hadron interactions have become increasingly
apparent; an overview of these will be given in Sec. II.A.
An elementary introduction to these ideas is provided in
a Scientific American article by Murphy and Yount
(1971). An intuitive discussion of the hadronic proper-
ties of the photon, based largely on the material in this
review, was given by Yennie (1976) at the 1976 Cracow
School of Theoretical. Physics and also at the 1976 Latin
American School of Physics in Caracas.

To avoid (or anticipate. ) later confusion, it should be
emphasized that there is no sharp distinction between ef-
fects due to the photon's internal structure, the target's
internal structure, and the mutual properties of the in-
teraction. To illustrate this point, we anticipate the fact
that there is an interaction which permits a photon to
transform to a vector meson (such as the p, w, or @)

and that this vector meson in turn couples to other had-
rons. Such an interaction could affect the charge dis-
tribution seen in electron scattering experiments, as il-
lustrated in Fig. 1(a). In this case, it has been usual to
regard the modification due to (1.1) as being associated
entirely with the target: V causes a change in the dis-
tribution of charge which is measured by the electron
through a virtual photon. It is worth noting in this case
that the photon is typically highly virtual (and spaceiike:
its energy « its momentum). Another process is il-
lustrated in Fig. 1(b). Here a real, high-energy photon
transforms into a V before interacting with a target to
produce a multiparticle final state. In this case it is
more natural. , as we shall argue in this paper, to re-
gard the V as part of a "hadronic structure" of the pho-
ton since in particular the conversion to V often takes
place well outside the normal structure of the target.
We have described two extreme situations where the
physical interpretation seems rather plausible, but there
are also intermediate cases where the interaction and
the structures must be considered as a unity. While it
is strictly speaking meaningless to discuss the photon's
structure in isolation from its subsequent interaction, we

(o) (b)

FIG. 1. Two situations where a photon interaction proceeds
through an intermediate vector meson. {a) Elastic electron
scattering with a virtual photon; here the vector meson is
usually regarded as yielding a modification of the target charge
distribution. {b) High-energy interaction of a real photon; the
conversion takes place well outside the target and the vector
meson is considered part of the photon's hadronic structure.

shall analyze the structure of a high-energy free photon
in Sec. II.B, having in mind a target at rest with which it
will ultimately interact.

In a complete theory of high-energy electromagnetic
interactions, the intuitive picture of how a collision takes
place plays an interesting, but not a crucial, role. Lack-
ing such a theory, the intuitive picture acquires a more
important significance. It substitutes for a theory and
aids us in developing models for interpreting and cor-
relating experimental facts. One line of models Ivector-
meson-dominance or generalized(extended) vector-domi-
nance] places the emphasis on the hadronic structure of
the photon, while another (parton) concentrates on the
structure of the target in an infinite momentum frame.
The hadronic structure models are more natural and
successful in describing the facts in one kinematic do-
main, and the parton models in another; they are not in
conflict, but each seems "unnatural" when employed be-
yond its appropriate kinematic region (see Sec. II.D for
further discussion).

The present paper is an assessment of the status of
the hadronic structure picture. In spite of its length, we
make no claim for a complete or balanced presentation.
When originally conceived several years ago, the aim
was to restrict the discussion to high-energy photon in-
teractions with nuclei as a test of vector-meson domi-
nance. Although the scope of the paper has been ex-
panded, it is still largely oriented toward photon inter-
actions with nuclei and emphasizes the role of lower-
mass constituents of the photon (the p, &u, and Q). The
various approaches to understanding the high-mass con-
tributions are described in Secs. II.C, II.D, and VI.B as
speculations. This is a reflection of our view that the
role of these constituents, while undoubtedly important,
is still only imperfectly understood. We were also not
as successful as we would have liked in tying down the
important numerical parameters of the model. Hopefully
we have pinpointed the uncertainties of experiment and
theory so that the next generation of work will produce
more definitive conclusions. In the final chapter, we
have tried to indicate areas where experiments could
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add to our general understanding of the hadronic struc-
ture picture.

In the preparation of this article, we have benefitted
from numerous review articles. Good sources of gen-
eral information are the proceedings of recent lepton-
photon conferences. Some conference summaries of
particular rel. evance are as fol. lows: 1971 Cornell con-
ference (ed. , Mistry, 1972); see papers by Wolf (1972),
Gottfried (1972), K. Wilson (1972), and Kendall (1972).
1973 Bonn conference (eds. , Rollnik and Pfeil, 1974);
see papers by Strauch (1974), Gabathuler (1974), Moffeit
(1974), and Preparata (1974). 1975 Stanford conference
(ed. , Kirk, 1975); see papers by Schwitters (1975),
Gilman (1975), Silverman (1975), Mo (1975), Taylor
(1975a), Llewellyn-Smith (1975), and Wolf (19'75). 1977
Hamburg conference (ed. Gutbrod, 1977); see papers by
Hand (1977), Marshall (1977), W. Y. Lee (1977), and
Nachtman (1977). The 1970 Scottish Universities Summer
School was devoted to electromagnetic interactions of
hadrons (Cumming and Osborn, 1971); it has several
articles related to this review (Leith, 1971; Gourdin,
1971; Harari, 1971; and Yennie, 1971). More recently,
a coll. ection of articles on the same subject has been
edited by Donnachie and Shaw (1978a); we have had the
benefit of some of these before publication (Donnachie
and Shaw, 1978b; Grammer and Sullivan, 1978; and
Leith, 1978). Feynman (1972) has prepared a book
based on his lectures at Caltech. Some other reviews
which we wish to cite are the following: Bauer (1972),
Bjorken (1973), Gottfried (1970), Greco (1975), Harari
(1967), Rosenfeld and SMing (1973), Sakurai (1968,
1969a, b, 1973, 1975), Schildknecht (1969, 1972, 1975),
Schwitters (1977), Schwitters and Strauch (1976), Silver-
man (1969), Stodolsky (1970), Ting (1975), Weise (1974),
Wolf (1971), Yan (1976), and Yennie (1977).

We tried to make the search of published literature
complete to July 1, 1977. Some information which came
to us since that date has been included where it seemed
appropriate. We have, in general, not included material
from the unpublished literature such as theses, labora-
tory reports, invited talks presented at meetings, etc. ,
unless the information was unique or had special signifi-
cance. We found it difficult to evaluate this material and
were suspicious because it had not been publ. ished. Its
limi. ted accessibil. ity also makes it of secondary value to
the reader of this review. A glossaryof notationis pro-
vided in Appendix E. Specialized material which may be
skipped without breaking continuity is indicated by a
mark (0) at the beginning of the paragraph.

B. Brief historical review

Our review of the development of ideas about the pho-
ton's hadronic structure will emphasize topics that are
important for the remainder of the paper. It omits (with-
out further apology) many interesting topics rel. ated to
the development of vector-meson dominance. It also
emphasizes the origin of concepts and early experiments
rather than their subsequent refinements. These further
developments are described in the detailed discussion of
subsequent sections. We hope there are no serious dis-
tortions of the evolution of the subject.

The need for vector mesons was first indicated by
some puzzles concerning the electromagnetic structure
of nucleons. IHowever, Duerr (1956) and Teller (1956)
had suggested earlier that vector mesons might play a
role in nuclear forces. ) A pre-vector-meson review of
the situation was given by Yennie, Levy, and Ravenhall
(1957). Electron scattering experiments by Hofstadter
etal. (McAllister and Hofstadter, 1956; Chambers and
Hofstadter, 1956) had revealed that the proton had an
extended charge distribution. Intuitively, this could be
accounted for by a positive pion cloud in the proton.
However, electron-neutron interactions (Hughes et al
1953; Melkonian ef a/. , 1956) as well as electron-deu-
teron scattering (McIntyre, 1956; McIntyre and Hof-
stadter, 1955) had revealed that the neutron had no ap-
preciable charge structure, mhereas charge symmetry
had indicated it should have a negative pion cloud. A
way out of this puzzle was suggested by Nambu (1957).
He noted that if the electron and nucleon could exchange
an isoscalar vector meson it mould be possible to can-
cel the effect of the negative pion cloud in the neutron
while enhancing the charge of the positive pion cloud in
the proton. Another puzzle was noted by Drell (1958) in
a carefulreviem, presented at the 1958 CERN Con-
ference, of the dispersion theory approach (Federbush
etal. , 1958; Chew etal. , 1958) to the electromagnetic
form factors. He pointed out the difficulty of simultan-
eously accounting for the magnitude and the radius of the
isovector magnetic moment of the nucleon, which in the
timelike region was thought to be dominated by inter-
mediate pion pair states. After Drell. 's elaboration of
the possibly important role of n' —n interactions in en-
hancing the low-mass region t which, incidentally, had
also been suggested in an earlier, non-dispersion-the-
oretic paper by Holladay (1956)], Gell-Mann summarized
the situation with the following comment:

"I understand from this talk that the theorists con-
cerned with dispersion theory of G," can get out of a very
deep hole only if they suppose that the pion —pion system
has a sort of resonance in the I=1, J=1 state, so that
the form factor of the pion can correspond to a very
spread-out pion. If so, it may be possible, using the ob-
served magnetic moment and the observed structure of
magnetic moment, to find very severe restrictions on
what must be properties of this I= 1, J= 1 two-pion state,
and one should formulate these, the energy and the l.ife-
time of this state, and ask people to look for it in prod-
uction experiments of two pions. "
Subsequently, Frazer and Fulco (1959, 1960) found that
they could explain the observed form factor in terms of
a mn resonance in the I= 1, J=1 state with a total energy
of roughly 550 MeV. A critical review of the studies of
that era was provided by Drell and Zachariasen (1961).

During this same period, and moving further away
from the picture of photons coupling with "loose" pions,
Sakurai (1960) took advantage of a general gauge field
theory (analogous to electromagnetic theory) proposed
by Yang and Mills (1954) to develop a theory in which
there was a whole family of vector mesons which were
universally coupled to conserved isotopic spin, baryon,
and hypercharge currents. Universality means that there
is just one coupl. ing constant for each type of vector me-
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son; this is analogous to the universality of the electric
charge. For example, the coupling of the I=1 vector
mesons (p', p, and p ) to both n mesons and to nucleons
is given by the same constant (aside from isotopic spin
factors). This coupling strength is defined at a certain
value of the pion or nucleon isotopic spin form factor
(namely at zero momentum transfer), and these form
factors need not have the same momentum-transfer de-
pendence. Sakurai's idea was extended by Gell-Mann
(1962) to the higher symmetry scheme (eightfold way)
although the additional. strangeness-changing currents
were not exactly conserved.

Gell-Mann and Zachariasen (1961) discussed the role
of universality in the electromagnetic form factors.
They argued that both the p meson (for example) and the
electromagnetic field ought to be coupled to the same un-
renormalized isovector current. As a consequence, the
matrix elements of the isovector part of the electromag-
netic current should be proportional to the correspond-
ing p matrix el.ements. In the special case where the
bare (unrenormalized) po mass is infinite, their result
reduces to an effective direct coupling of the photon to
the p', and may be expressed

5 4COMeV
104 Events200—
G = One Event

765

p+ '1l + 7T'

~ +p n+vr +~'
150—

100—

50
O

I I I

V) 4» 400 MeV

~ 250 274 Events
I—.

& = One Event
w 200—

150—
LLI~ 100—

1 Phase Space

I I I
I I I I I I

765

Phase Space

ll

50—

200 400 600 800 1000

m lN MeV

1200

FIG. 2. The observed dipion mass spectrum of Erwin et al .
(1961). Initial pion momentum =1.9 GeV (from Erwin et al .,
1961).

(1.2)

where J& is the source of the p'. The direct y —p cou-
pling is proportional to e/f~, where fz measures the cou-
pling of the p to its source. Q' is the negative mass-
squared of the photon (see footnote 9). In the case of a
particle form factor, (1.2) applies separately to the
charge and magnetic moment form factors and is de-
picted graphically in Fig. 1(a). [Application of (1.2) in-
cluding refinements such as the p"s instability and the
precise definition of f~ will be discussed in Sec.II.B.] In
the same paper, they described how various meson de-
cays could be related by assuming a basic mph coupling,
together with direct couplings of the photon to the p or

The details of these relations were pursued in a sub-
sequent paper by Gell-Mann, Sharp, and Wagner (1962);
we shall not discuss this topic further in this review.
This confluence of ideas marks the beginning of the vec-
tor-meson-dominance (VMD) model of electromagnetic
interactions, a model which for simplicity and definite-
ness usually incorporates the additional assumption that
vector-meson poles at Q' = —mv dominate the Q' depen-
dence of the particular matrix element under consider-
ation.

Following up the suggestion that there might be a
strong mn attraction, several experiments were per-
formed to determine the pion-pion scattering amplitude
by studying the reaction

These first experiments were visualized through the
Chew —Low extrapolation technique (1959), in which one
scattered a real pion off a virtual pion in the nucleon.
These experiments indicated a strong m -v resonance at
a total energy of roughly 700 MeV. The first unambigu-
ous evidence for this resonance was presented by Erwin,
March, Walker, and West (1961). They analyzed bubble
chamber data for the reactions

P +P'~ v +v +P

77 +P ~ 7l +7T +Jg

by pl. otting the number of events versus the mass of the
2n system; see Fig. 2. This resonance was subsequently
called the rho meson. It was found to have m&

——760,
I'~ = 150 MeV, and the quantum numbers I= 1, J= 1.

A few months l.ater Maglic, Alvarez, Rosenfeld, and
Stevenson (1961) reported the discovery of the I= 0 u me-
son from an analysis of bubble chamber data for the re-
action

p+p~ 2' +2' +7T

They plotted the number of events versus the invariant
mass of the three-pion system (m', n, rro), (v', v', rr ),
(&', &, r ) and found a strong enhancement in the rr', w

rr channel at yn = 787 MeV with a width small. er than 30
MeV; see Fig. 3. This resonance was subsequently
found to have the quantum numbers J= 1, I=O.

During this same period McLeod, Richert, and Silver-
man (1961) used a photon beam at the Cornell 1.3 GeV
synchrotron to look for a two-pion resonance. They
found a strong enhancement in the cross section for a
n-n mass of 720 MeV; see Fig. 4. This was the first
evidence for the photoproduction of rho mesons.

A little later the second isoscalar vector meson pre-
dicted by Sakurai (1960) was discovered in a bubble
chamber experiment at Brookhaven (Bertanza etal. ,
1962) in the reaction

+K++K
K +p

Ao+Zo+Z'

The resonance, which is called the @ meson, occurred
at m @

——1020 MeV with I @
~ 20 MeV; Fig. 5 shows the

observed mass spectrum. Its isotopic spin of zero is
revealed by the presence of a K'K mass peak in the
reaction
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a paper by Herman and Drell (1964) in which they specu-
lated on various models for photoproduction of vector
mesons. One of these used an extension of the multi-
peripheral model of Amati, Fubini, and Stanghellini
(1962). They concluded that these vector mesons could
be produced by a diffractive mechanism and that the
cross section would have approximately the same energy
and momentum dependence as nP scattering. They used
the universal coupl. ing scheme to relate coupling con-
stants, and their result may now be interpreted as
equivalent to vector-meson dominance (VMD), albeit in
a rather hidden form.

The first systematic study of rho-meson photoproduc-
tion was made at the Cambridge Electron Accelerator by
the Cambridge bubble chamber group (Crouch etal. ,

1964b) and by a Harvard counter group (Lanzerotti etal. ,

1965), who showed that in hydrogen the cross section had
a diffractive character. The cross section became ener-
gy independent above the resonance region, depended ex-
ponentially on momentum transfer, and was proportional
to the vP scattering cross section. Measurements by the
counter group of the production from complex nuclei
(Lanzerotti etal. , 1965) showed that the cross section
was coherent and increased more slowly than''. In
fact, a whole series of early photoproduction measure-
ments also indicated that in general photoproduction
cross sections had a hadronic behavior and, to a good
approximation, are given by multiplying the analogous
pion cross sections by u/2n (Osborne, 1965).

Several influential papers on diffractive photoproduc-
tion of vector mesons appeared in 1966. Freund (1966)
and Ross and Stodolsky (1966a) made the first applica-
tion of VMD to these processes, assuming that the photo-
production amplitude was e/f„(in our notation) times the
elastic scattering amplitude of the vector meson, so that

Jackson (1967), it was noted that p photoproduction ap-
peared to be diffractive with a decay angular distribu-
tion corresponding to s-channel helicity conservation,
~ photoproduction could be accounted for as a combina-
tion of diffractive and one-pion exchange contributions,
and P photoproduction was much smaller than had
been expected from SU(6). In the subsequent discussion,
Joos pointed out that SU(6) together with smaller strange
quark scattering cross sections [as suggested by Lipkin
(1966)] could help explain this small cross section [see
also Joos (1967b)]. In the following year, Harari (1967)
wrote a critical review comparing various models of
photoproduction of neutral vector mesons with the ex-
perimental facts.

At approximately the same time, Beder (1966) dis-
cussed how VMD and time-reversal invariance could be
combined to relate photoproduction of m' (from the iso-
vector part of the photon) to v production of p . The
subject quickly developed into one of the most confusing
in this general area of physics. Aside from a few gen-
eral remarks we shall not attempt to review it here.
The interested reader may find such a review and furth-
er references in the 1971 Erice lectures by Sakurai
(1973). The essential difficulty is how to incorporate the
supposed slow variation of the p matrix element with
mass (which varies from Q' =0 to —mz). The problem
is that the real photons are necessarily transversely
polarized, while p"s are not; further, the separation of
an amplitude into transverse and longitudinal parts is
not a relativistically invariant concept (Fraas and Schild-
knecht, 1968; Bial'as and Zalewski, 1969). An amusing
insight by an anonymous contemporary wit is shown in
Fig. 6. Various authors have now been able to give a
reasonably favorable interpretation of the VMD connec-

Using SU(6), Freund suggested that the po scattering
amplitude should be about the same as that of the pion
and made a remarkably good estimate of the forward
production cross section (=100@,b/GeV'). He also used
VMD to estimate the Compton scattering cross section.
Ross and Stodol. sky gave a more comprehensive discus-
sion, containing most of our present ideas. They and
Drell and Trefil (1966) pointed out the importance of ex-
periments on nuclei to determine the two-body, total
cross section (o~) of the unstable po. Their methods
have stimulated other work on the determination of
cross sections of unstable particles.

The first optical model analyses of the CEA counter
experiments (Drell and Trefil, 1966) led to a prelimi-
nary (high) value of o'~. Subsequently, a number of very
substantial. experiments were carried out to determine
this and other important parameters of the reaction.
These are discussed in Sec. III.C, and photoproduction
from complex nuclei is reviewed in Sec. IV. C. One of
Ross and Stodolsky's (1966 a, b) suggestions, the photo-
production of ~ and Q with the aim to study their mixing,
has never adequately been followed up.

By the time of the 1966 Berkeley conference on high-
energy physics, the prominent features of po,
photoproduction had begun to emerge. In the talk by
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that. the photon has spin 3/2i

REFEREHCKSS AND FOOTNOTE4
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FIG. 6. A vritty reaction to a simple theoretical picture over-
burdened with qualifications and subtle refinements.
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tion between the two processes, including the extension
to virtual (spacelike) photoproduction. A more dynami
cal analysis was carried out by Schmidt (1969) and Man-
weiler and Schmidt (1970, 1971) using the fixed-t dis-
persion relation formulation of photoproduction of pions.
This incorporates variations in the mass which are not
accounted for by the usual smoothness assumptions. In
our opinion, the experiments show the presence of the
VMD mechanism, but a good dynamical model is neces-
sary in comparing experiment and theory. However, for
fairly general reasons discussed in Secs. II.C and V.D,
we believe some VMD violation is likely in these pro-
cesses.

To sum up, this era was perhaps the high point of vec-
tor-meson dominance. It certainly seemed successful in
explaining gross, overall features of photon interactions
as well as diffractive production processes. Values of
coupling constants as determined by quite different ex-
periments seemed to be in approximate agreement Isee,
for example, Sakurai (1969)]. Moreover, as remarked
by Stodolsky (1967), the total photon cross section could
be estimated from forward vector-meson photoproduc-
tion using the relation

16me da„
)y po ~ @ fv dt (1.6)

This estimate does yield a rough accounting for the ob-
served total cross section. However, in trying to de-
scribe nondiffractive, very energy-dependent processes,
VMD seemed a bit forced. A few reviews of the status
of VMD at that time were given by Sakurai (1969a, 1969b,
1973), Gottfried (1972), Schildknecht (1972), and Leith
(1971).

One idea which was emerging from the VMD picture
was the possibility of photon shadowing in nuclei. Stodol-
sky (1967) pointed out that if a photon acts like a combi-
nation of p', co, @, the total photon cross section should
be smaller thang. times the single nucleon cross sec-
tion ra similar argument had been given earl. ier by Bell
(1964) for neutrino-nucl. eus cross sectionsj. Later
authors (Brodsky and Pumplin, 1969; Gottfried and
Yennie, 1969; Margolis and Tang, 1969; Nauenberg,
1969) showed that the effect should go away at lower
(- few GeV) energies.

It had always been felt that it was very difficult to mea-
sure the total photqnucleon cross section. However,
stimulated by the theoretical work on VMD and shadow-
ing, groups at DESY (Meyer etal. , 1970; Heynen etal. ,

1971), SLAC (Caldwell etaL, 1969, 1970, 1973), and
Daresbury (Armstrong etal. , 1971, 1972; Brookes etal. ,
1973}undertook systematic measurements of the total
photon-nucleon cross section for H, D, and complex nu-
clei. These experiments all showed shadowing but not to
the same degree or with the same A, and energy depen-
dence as predicted by VMD. These and subsequent ex-
periments will be described in Sec. III.A and the analysis
will be given in Sec. V.B. The model also predicts
shadowing in individual channels such as photoproduction
of pions or incoherent p photoproduction (Gottfried and
Yennie, 1969}. Some such shadowing has been seen in
experiments at SLAC (Boyarski etal , 1969) and Cor.nell
(McClellan etaL, 1969c; Meyer etal. , 1972). These ex-
periments will be described in Sec. III.H and the analysis

will be given in Sec. V.D. More recently, a DESY group
has observed shadowing in Compton scattering from nu-
clei (see Sec. V. C). Shadowing experiments for virtual
photons have been carried out at SLAC, Cornell, and
Brookhaven. In all present cases the observed shadow-
ing is small and comparison with theoretical expecta-
tions is inconclusive. The experiments are discussed
in Sec. III.J and the theory in Sec. V. E.

The first gross breakdown of VMD came in the SLAC-
MIT measurements (Bloom et a/. , 1969; Breidenbach
etal. , 1969) of inelastic electron scattering, a process
which is thought to occur through interchange of a virtual
photon. The SLAC group found that the inet. astic electron
scattering cross section was surprisingly large. The
most striking feature of the data for highly virtual, high-
ly energetic photons was "scaling"; that is, the func-
tional form of the variation of cross sections with vir-
tual photon mass and energy is predictable solely on the
basis of dimensional. analysis without reference to any
other mass, cross section, etc. This scaling behavior
had been earlier predicted on theoretical grounds by
Bjorken (1969). Popularly, the measurements were
understood by picturing the nucleon as made of point-
like objects called partons (Feynman, 1969). A quark
was one possible candidate for a parton. More recent
experiments (to be described in Sec. III.I) indicate slow-
ly varying deviations from scaling at large Q' and v.

Important support for the idea that the photon interacts
(at least partialiy') through its hadronic structure was
provided by a study of the space-time properties of high-
energy photon interactions. Ioffe (1969) showed that the
experimental data required a long longitudinal range,
suggesting that the photon converts to hadrons before in-
teracting with the nucleon. Pestieau, Roy, and Terazawa
(1970) made a more quantitative analysis, and the role of
the long range in diffractive interactions was further em-
phasized by suri and Yennie (1972). Thus over a wide
kinematic range the principal qualitative feature of VMD,
that of providing the photon with a hadronic structure,
remains valid.

Early attempts to use VMD to explain inelastic elec-
tron scattering were not particularly successful; naive
VMD predicted either too large a longitudinal cross sec-
tion or too rapid a fat. loff with the mass of the virtual
photon. At the same time, the colliding e'e experi-
ments (Sec. III. F) were revealing that the photon's had-
ronic structure is considerably richer than a simpt. e,
superposition of p, ~, and g. In fact, the probabit. ity
for a photon to be in a higher-mass hadronic state is
comparable to the probability for it to be in one of the
low-lying vector-meson states. Most recently, the
family of hadronic photon constituents has been enlarged
by the discovery of the 8/rP (Aubert

equal.

, 1974; Augustin
et a/. , 1974a}, indicating the presence of exciting new
physics.

The first theoretical attempts to include the effects of
additional photon constituents were made by Gribov
(1969) and Brodsky and Pumplin (1969) in a generaliza-
tion of VMD. Later, Fujikawa (1971), Sakurai and
Schildknecht (1972), Bramon and Greco (1972), and
Bramon, Etim, and Greco (1972) began detailed study
of generalized vector- meson dominance, in which speci-
fic models of the higher-mass states are employed.
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Around the same time, accurate data on the real photon
total cross sections were becoming available and it was
found that the VMD contribution (1.6I accounted for about
80% of the experimental value. The new states are eas-
ily adequate to supply the missing contribution. In fact,
it is clear that the new states must interact with an ap-
preciably srnallex effective cross section than typical
hadronic ones in order to account for real and virtual
photon cross sections. These models, as wet. l as other
speculations about the role of higher-mass constituents,
will be described in Sec. VI.B.

II. GENERAl FEATURES OF HADRONIC
E L ECTROD YNAIVI I CS

The purpose of this section is to give the reader a
bird' s-eye view of the whole field. Later sections will
provide detailed descriptions of the data and, in many
cases, a closer examination of the theoretical argu-
ments. It is suggested that the less dedicated reader
may wish to read this section as a more or less self-
contained "mini-paper, " then glance at the figures and
tables in Sections III, IV, and V, and return to a read-
ing of Section VI for a summary and speculations.

A. Analogies between photon- and hadron-induced
processes

S
s (Gy&)

IO 20

FIG. 8. A plot of BeT&&/ImT&& for Compton scattering versus
energy. The solid curve comes from the dispersion relation
analysis of Damasbek and Gilman (1970); the data point comes
from tbe measurement of BeT&& of Alvensleben et al. (1973),
together with the optical-theorem value for ImT&&.

High-energy hadron —hadron elastic scattering shows
al. l the features that one would expect to flow from a
strong interaction and the existence of a myriad of open
channels: a total cross section that varies very slowly
with energy; a forward amplitude that is dominantly
imaginary; and virtually complete opacity at small im-
pact parameters. Photon interactions, on the other
hand, are very weak. There, is no doubt that the low par-
tial waves, corresponding to small impact parameters,

500—

400—

500—

have only very small phase shifts, and that the total
cross sections forphoton-hadron collisions, o», are no-
where near geometrical. At first sight one might there-
fore have expected photon-hadron scattering to bear no
resemblance to that of hadrons by hadrons.

A host of experiments have Ishown that such expecta-
tions were quite wrong. ' The most obvious similarity
of photon and hadron interactions is the behavior of the
total cross sections, which is illustrated in Fig. 7. Both
show spectacular resonances at low energies, and above
3 GeV they level out and become structureless, ap-
parently tending to a constant at high energies. ' The
limiting photon total cross sections on neutrons and pro-
tons are nearly the same, indicating that the photon in-
teraction does not depend primarily on the charge of the
target. The photon total cross sections are smaller than
the hadronic ones by approximately the fine structure
constant in order of magnitude. Except for its very
small magnitude, the nucleon's Compton amplitude'
T&z(s, t) is virtually indistinguishable from, say, the
pion-nucleon amplitude (at least for s» t). For energies

gO0M ~
dh ~

x
0

ao~

1,0
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FIG. 7. A plot versus energy of the total hadronic cross sec-
tion and the total photon cross section. The solid line is a plot
of (ox+& +ox-P/440 using data taken from the compilation of
Hobler and Jakob (1972). For the electromagnetic total cross
sections see the compilation of Damasbek and Gilman (1970)
(0».-e) and Armstrong et al. (1972a, b) {0&&.-o; and o&„.~).
This figure was taken from Genz and Schmidt (1973).

An excellent review of the evidence for the similarity of
photon and hadron interactions is contained in the 1971 and
1973 Erice Lectures of Sakurai (1973, 1975). lennie (1977)
has also given a review at the 1972 Cargese summer school,
with emphasis on diffractive processes.

2&henever we talk of "constant values" at large s, we do not
mean to rule out the possible presence of terms rising logari-
thmically with s. A very recent experiment (Caldwell et al .,
1977) shows that photon cross sections develop this behavior
which was previously well confirmed for hadronic reactions
at CEBN {Amaldi et al ., 1973; Amendolia et al ., 1973) and at
FNAL (Carroll et al ., 1974).

We denote the amplitude for the process aN bN by T,~
throughout. N denotes that the target is a single nucleon. A
detailed glossary of notation is contained in Appendix E.
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FIG. 9. Comparison of angular distributions: (a) Elastic 7(-N

scattering; (b) Photoproduction of po mesons; and (c) Compton
scattering from protons. Here (a) is from the data of Foley
et al. (1967) and (b) and- (c) are adapted from the thesis of
Kogan (1975).

I

o&z and 0&z refer, respectively, to the total cross section
for a photon to interact with a nucleon and its elastic part (i.e. ,
nucleon Compton scattering). A proton or neutron is distin-
guished by N =p or n. Our interest in this paper lies in the
purely hadronic interactions of the photon; but, of course, the
electromagnetic process of electron pair production has a
much higher cross section —the additional powers of n being
overcome by the large scale which is set by the electron's
Compton wavelength (Xe). Qn the proton, the electromagnetic
cross section is of order 100 times the hadronic cross section,
while on nuclei the electromagnetic background grows worse
with increasing X because of coherence in the Coulomb field.
This copious pair production presents difficult problems for
the experimentalist who wishes to measure hadronic cross
sections. It also presents an opportunity, as one can interfere
electromagnetically produced pairs with those produced in
strong interactions and thus determine phase relations (Alven-
sleben et al ., 1970c, d; )higgs et al ., 1970a, 1971; Alvensleben
et al ., 1973). In studying Compton scattering directly, the
dominant electromagnetic contribution is prominent only for
near-forward scattering, and it may be avoided by studying
events with momentum transfers»A/X, .

above the baryon resonances T&z has an angular falloff
whose slope is similar to that of purely hadronic angular
distributions; and the ratio ReT&&(s, 0)/ImT&z(s, 0)
shown in Fig. 8, as determined from the forward disper-
sion rel. ation (Damashek and Gilman, 1970) and by di-
rect measurement (Alvensleben etal. , 1973), is small
and negative, as is the case for the mN and NN ampli-
tudes. Typical angular dependences in elastic n scatter-
ing and in Compton scattering are compared in Fig. 9.

There is, of course, one important difference. Where-
as the total, elastic cross section in purely hadronic col-
lisions is typically 15-20/o of the total cross section, this
cannot be the case for an electromagnetic process: 0&'~

is necessarily of order +o». But this distinction be-
tween Compton amplitudes and purely hadronic ampli-
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FIG. 10. Comparison of the 5 QeV data for the photoproduction
reaction yp vr+n with 5 GeV data for 7I+ and 71 elastic scat-
tering and & P charge exchange. The figure was taken from
R. L. Anderson et al. (1973b). The photoproduction data are
from Boyarski et al. (1968) and R. L. Anderson et al. (1969,
1973b); the pion data are from Diddens (1972).

5A crude attempt has been made by Yennie (1975) to analyze
the forward ~ inclusive distribution in terms of the dipion
constituent of the photon, with some qualitative success. The
dipion constituent refers to the part of the physical photon
which may be regarded as a & ~ pair, as will be described in
the following subsection. It includes the p, together with a
nonresonant pion pair state.

tudes is "compensated" by diffractive photoproduction.
indeed the most striking feature of photoproduction is
the copious production of neutral vector mesons V, most
prominently the p . The amplitudes T&& for Vproduc-
tion' can be considered to be the photon analog of purely
hadronic elastic amplitudes: they approach (nearly) s
independent' limits, and have the same typical falloff in
t, asiilustratedin Fig. 9. In the case of po one has more
detailed information: one knows that there is no helicity
flip near t = 0 (Ballam etal. , 1973), only a small differ-
ence between the production amplitude on neutrons and
protons, andthere are indications that IReT&zt «ImT&z
(Alvensleben etat. , 1970d; Biggs etat. , 1971). More-
over, the portion of v» attributable to V production is
of the same magnitude as cr„/o„, in hadronic collisions.

Turning to finer details of high-energy cross sections,
we note briefly two other similarities between photon
and hadron interactions on nucleon targets. One is the
general behavior of nondiffractive interactions leading
to two-body final states. These can be described phe-
nomenol. ogically with Regge exchanges, and they are
characterized by dips and peaks governed by common
rules. An exampl. e is shown in Fig. 10. The other is
inclusive cross sections which display sharply falling
P~ distributions and simil. ar l.ongitudinal momentum dis-
tribution properties, as illustrated in Fig. 11. These
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FIG. 11. A comparison between the invariant structure func-
tion found in photoproduction and that found in pion inclusive
hadron reactions. Figure was taken from Moffeit et al. $.972).
Curves are approximations to the hadron-induced data with
representative data points shown.

states: a bare photon I ys), which at high energies ac-
counts for a small, or perhaps negligible, portion of the
interaction; and a small —of order ~n —hadronic compo-
nent vn Ih) which undergoes conventional hadronic inter-
actions, That is, we expect the important part of the
physical photon state to be expressible as

(2.1)

where Z, is introduced to assure the proper normal. iza-
tion of Iy); all states in Eq. (2.1) have the same 3-mo-
mentum k. Invariance considerations dictate that Ih)
should have the same symmetry quantum numbers as
the photon, i.e. , J~ =1, Q =&=8=0. The copious
photoproduction of the vector mesons p, cu, and Q sug-
gests that they provide very important contributions to
Ih). The restrictive assertion that these three mesons
are the sole hadronic constituents of the photon, and
that the bare componenti ys) cannot interact with had-
rons, is the hypothesis of vector-meson dominance'
(VMD) in its most naive and clear-cut form. The less
restrictive assumption that all interactions result from
Ih), which has more constituents than p, w, and p, is
referred to as generalized vector dominance (GVD). '

These ideas may be formulated more precisely by
considering the structure of the state Iy) in conventional
time-independent perturbation theory. ' To lowest order
in the electromagnetic interaction H' between photons
and hadrons'

in+)(n+ IH' iys)
v —E„ (2.2)

relations become quantitative when the cross sections
for particular photon and hadron processes are divided
by the appropriate total cross sections. This shows that
if one removes the small overall probability for photon
interactions, there is a detailed correspondence. For a
more complete account of these similarities, we refer
the reader to the reviews by Sakurai (1973, 1975).

The final similarity between interactions of hadron and
photon projectiles is absorption by nuclei, which is one
main topic of this paper. Both hadron and photon inter-
actions display shadowing, which is to say that the pro-
jectile's initial interaction is almost always with a nu-
cleon on the incident side of the nucleus. The presence
of photon shadowing is thus important in exploring our
main supposition that photon interactions are due (in
most cases) to the incident photon's being momentarily
in an actual hadronic state. The general physical ideas
of photon shadowing are discussed in Sec. II.E, experi-
mental studies of photon shadowing are described in
Secs. III.A, B, H, and J, and detailed analyses are made
in Sec. V. Section VI includes some speculations as well
as suggestions for photon (or virtual photon) experi-
ments on. nuclei which might shed further light on the
hadronic properties of the photon.

B. The physical photon state and the notion of
vector-meson dominance

As we have just seen, from a purely phenomenological
viewpoint, photon interactions with hadrons bear many
remarkable sjmilarities to purely hadronic interactions.
At a very crude level, this could be understood if the
physical photon Iy) were a superposition of two types of

where

In+�

) is a completely interacting hadronic state
(identified by particles emerging from the interaction
region as time —+~) and Iys) includes the exact hadronic
vacuum, together with a bare photon of momentum k.
The energy of the photon is ~(=—IkI for real photons and
(k' —Q')'" for virtual ones'), and the energy E„ is given
by (OR +k')'", where ORis the invariant mass of In+).
Here S„stands for sums and integrals over all appropr-
iate labels in n.

6Some references to VMD and GVD have been given in Sec. I
and others will be given later in this section and in Secs. V.E
and UI.B.

The idea of using time-independent perturbation theory to
discuss the photon's hadronic structure has been mentioned by
several authors (Gottfried, 1972; Nieh, 1973). The most de-
tailed discussion, which will be outlined here, was given by
Yennie g.975).

This interaction also produces a constituent with two bare
photons plus hadrons, which we ignore since (except for Comp-
ton scattering) it does not contribute to hadronic interactions
to lowest order in e. Interactions between photons and leptons
are also ignored in the present discussion. However, when
the generalization to virtual photons is made,

I y) originates
from a deep-inelastic lepton scattering.

BIt is not really correct to speak, of virtual photon states since
there are no such elements of the physical Hilbert space. How-
ever, it happens that the theoretical treatment of inelastic
electron scattering is really an extension of the theory of real
photon interactions in which an exchanged virtual photon has
an off-mass-shell relation between its energy and momentum:
v -k =k =——Q, where Q &0 for inelastic electron scattering.
It is usual to characterize the "virtual photon" by its kinematic
parameters v and Q, together with its polarization.
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As mentioned earlier, the invariance properties of H'
assure that the states )n+& have the photon's symmetry
quantum numbers. Possible examples of such states are

rr'rr rr', AX, NN, etc. Since the vector mesons
p, co, and g are not stable under strong interactions,
they actually do not appear as separate terms in the sum
in (2.2). However, to the extent that they may be re-
garded as narrow resonances in the v rr, n'tT ~', and
KK modes, respectively, their contributions may be
separated off and replaced by equivalent elementary vec-
tor-meson states, which may then be regarded as inter-
acting more or less like distinct physical particles (see
below). We then recover the contributions expected
from VMD or GVD.

At high energies, the expression (2.2) may be simpli-
fied and given a more familiar appearance. " This in-
volves the following ingredients:

(1) The energy denominator of (2.2) may be approxi-
mated

~o. ~le~&= —{2v)' 45/ , S )k, OR, n, &

&&(k, OR, n, )K (O)(~,&, (2.4)

where the sum now extends over all internal quantum
numbers holding k and Z„= (k'+OR')'~' fixed, and K' is the
interaction Hamiltonian density. " The label h. & means
that (2.4) is valid only for the low-mass components of
the photon.

(3) In a model in which the states ~n&& are trans-
versely polarized vector mesons of definite mass, the
matrix element of K'(0) is independent of k and the inte-
gral in Eq. (2.4) collapses to a discrete sum which is
the usual VMD expansion for a photon state tthe rhs of
Eq. (2.6) belowj. The Q dependence is contained entire-
ly in the denominator and is that of a vector-meson

~ It is often confusing to the newcomer to this type of discus-
sion that our analysis of photon structure seems very depen-
dent on the specific Lorentz frame. How can a high-energy
photon have a structure that differs from a low-energy one?
For a photon by itself there can be no difference, and the an-
swer to our question must lie in the additional presence of an
"observer" or target. It makes little sense to discuss the
structure of the photon apart from its interaction with other
objects, and without loss of generality the reatIer might en-
vision each Lorentz frame as the rest frame of a hypothetical
target. In the perturbation scheme we have employed, the
photon structure seen by such a target ca+ depend on energy
(Lorentz frame) and is described by the analysis in the text.

From now on, we write the expressions for virtual photons.
The real photon results are obtained by setting Q2 =0 and drop-
ping longitudinal photon terms.

The transition from (2.2) to (2.4) uses the fact that the ma-
trix element of II' is (271)3 times a momentum-conserving 6
function times the corresponding matrix element of 8C'(0).

v —E„=—OR'/2v (real photons, v»OR)

= —(OR' + Q') /2 v (virtual photons, v» (OR' + Q') ' ) ~

(2.3)

(2) For fixed OR, the center-of-mass motion may be
explicitly separated out and (2.2) may be rewritten
(Yennie, 1975)"

propagator. The vector-meson state has momentum k.
{4) More generally, the transverse matrix element of

K'(0) is independent of k, and Eq. (2.4) is like a
continuous superposition of vector-meson states, each
of momentum k. Since the probability amplitude for
these states depends on ~, but not k, we say that the
superposition is "frozen in. "" For longitudinally pola-
rized photons (possible only for Q'c0), the matrix ele-
ment of K'(0) does depend on k, but in a definite way. A
slightiy more detailed discussion is necessary [see
Yennie (1975), Sec. IV], but one finds again that the
longitudinal structure is frozen in.

(5) We note that the hadronic states occurring in (2.4)
are precisely the ones seen in e'e - hadrons and the
probability per unit OR', P(OR', Q'), of their occurrence
is given by the cross section of the latter reaction, "
namely (for transverse photons)

f'(OR', q') = (, ,), S I(0, OR, ~, IK'(0)ly. &l',
"i

OR' a...(e'e —W (OR})
(OR'+ Q')' 4v'n (2.5)

3The reader familiar with the parton model of deep-inelastic
electron scattering will recognize that we have given an infinite
momentum frame treatment of the photon, in which the internal
state has become independent of the momentum of the photon.
However, the particle labels in n; are quite different from
parton labels. These pictures are further compared and con-
trasted in Sec. II.D.

~4This idea is stressed in the various papers on GVD: Gribov
(1969); Brodsky and pumplin (196'9); Ritson (1971); Fujikawa
(1971); Bjorken (1974); Sakurai and Schildknecht (1972);
Bramon, Etim, and Greco (1972); Bramon and Greco (1972).

The e'e annihilation experiments will be summarized
in Sec. III.F. For masses &1 GeV, the resonances as-
sociated with the familiar vector mesons p', u, and @
completely dominate the final states, confirming that
they are the most important low-mass members of the
photon's hadronic component. Additional very broad
resonances have been observed (possibly excited states
of these familiar vector mesons); and very recently
some very narrow resonances and threshold behavior
at high energies have been discovered (new particles
and possibly new physics). At higher masses, most the-
oretical expectations had been that E'(OR', 0) would de-
crease, probably as I/OR' (see, for example, Bjorken,
&974 I. This behavior, known as "scaling, " means the
dependence of o„,(e'e -Ã(OR)) can be simply predicted
from dimensional analysis, ignoring the importance of
any mass except 5g, the center-of-mass energy. At the
time of writing, the highest-energy data is suggestive of
scaling behavior. In the next few years, the ~' range
mill be extended by a large factor, .and it will be seen

. whether this trend continues or new thresholds will ap-
pear. In any case, it is clear that higher masses give
a large contribution to the photon's structure.

Let us consider the low-mass resonances in a little
more detail. One might suspect that such states domi-
nate Eq. (2.4) at low Q' because of the factor 1 (OR'+Q, ).
As indicated previously, the hypothesis that such reso-
nances do dominate (2.4) is called VMD. If a resonance

Rev. Mod. Phys. , Vol. 50, No. 2, April 1978



Bauer, Spital, Yennie, and Pipkin: Hadronic properties of the photon 273

is very narrow, we may replace the 5p' in the denomi-
nator of (2.4) by its value at the position of the reso-
nance and take it outside the integral. The remaining
integral, including contributions from all. decay chan-
nels (n, ), is then defined to be the appropriate vector-.
meson state. Thus we find

(2.6)

where l V) is an appropriately normalized state and the
normalization constant is chosen Qy convention to be
e/fz for real photons. " When the p resonance in the
n's channel is studied in detail. (Yennie, 1975), it is
found that l

po) defined in this way corresponds to a spa-
tially localized state. That is, it is very similar to any
other physical particl. e." It is expected that the other
vector-meson states have the same property.

The VMD approximation (2.6) has great predictive po-
wer because it connects scattering amplitudes involving
high-energy photons, pN- X, to analogous amplitudes
involving vector mesons, VN- X; We find, assuming
the bare photon does not interact,

(2.7)

where "S" is the S matrix operator of formal scattering
theory. When restricted to the p' mode, Eq, (2.7) ex-
presses the "p -photon" analogy alluded to in Sec. I.
Equation (2.7) is a general. ization of (1.3) and is illus-
trated by Fig. 1(b).

~"Our understanding of VMD may be enhanced by a
slight detour into a version suggested by relativistic
quantum field theory. In this context, photons and vector
mesons are incorporated as elementary particles. Many
pioneering papers in this field have employed this ap-
proach, so readers conversant with older literature

~5Many different conventions for coupling constants are em-
ployed in the literature. Table I defines the ones used in the
present paper. Because of the coupling of the vector mesons
to their decay channels, the different conventions lead to quan-
titatively different values (at the 10/0—15% level) of the coupling
constants. These effects are discussed in Appendix C. Con-
sistent use of any convention of course produces consistent re-
sults. (Note also that some authors use e/2' rather than

6This study also shows that replacing K2 in the denominator
of Eq. (2.4) by m2& in the simplest model leads to a state vector
l p) that cannot be normalized. If, instead, we retain the fac-
tor SR +Q in the denomina. tor of (2.4), dividing by a, factor
m&+Q outside the integral and multiplying by the same factor
inside the integral, we produce an equation similar in appear-
ance to Eq. (2.6) but where the new state

l
"p") can be normal-

ized. However, l
"p") in this case depends on Q~! Although

this dependence on Q2 is weak and to a first approximation can
probably be ignored, the implication is that

l
"p") does not rep-

resent a pure vector meson but rather a mixture of component
states, i.e., a spatially localized vector meson plus a cloud
of nonresonant r+~ pairs. Yennie (1975) estimates that a con-
tribution as large as 10% of the total probability may be as-
sociated with this nonresonant dipion state.

~~This symbol (e) indicates a paragraph which Inay be .Skipped
without breaking continuity in reading. It generally indicates
somewhat more specialized material.

might find this view more familiar. Whether or not this
notion of "elementary particle" has any profound mean-
ing, our point of view here will be to regard it as a use-
ful formalism when only a few low-mass vector mesons
are the photon's most important constituents.

OThe basic idea is that a photon enters the @world of
hadrons through a direct coupling to the p, &u, and @
vector mesons, corresponding in lowest order in e to an
interaction Lagrangian density $1(x)" given by

V V
(2.8)

The interaction (2.8) is not gauge invariant beyond lowest
order, as was emphasized by Feldman and Matthews (1963).
However, it is possible to replace (2.8) by a coupling of order
e involving the field strengths associated with the photon and
the V, together with a direct coupling of the photon to the cur-
rent source of the V, which exactly produces the effect of (2.8)
to lowest order and assures gauge invariance to all orders
(Kroll, Lee, and Zumino, 1967). The j'z appearing here is
different from fz in Eq. (2.6). It corresponds to normalizing
the vector-meson propagator at Q2 =0 rather than at Q =-~—see Appendix C.

where V„and A" are quantum field operators associated
with the vector meson and photon. In Feynman diagram
language this leads to a direct photon-vectoi-meson
coupling of strength emv/fv "By hy.pothesis, all photo-
hadronic interactions involve the propagation of these
vector mesons as intermediaries between the photon
and the rest of the hadronic system.

~A basic constraint in all of this is that real (Q'= 0)
photons couple to the conserved electromagnetic current
with a universal strength "e." Sakurai (1960) proposed
that these three vector mesons couple universally to the
conserved hadronic currents: isospin, baryon number,
and hypercharge. These universal coupling strengths
must be such that the photon in the end properly couples
to the electromagnetic current (a linear combination of
these conserved hadronic currents). For example, in
coupl. ing a photon to charged pions we deal with an I.—
spin 1 system and need only consider the p' as an inter-
mediary. Considering the direct y-p coupling and p
propagator Icc1/(Q'+m&)j at Q' =0 it is apparent (ne-
glecting any p —&'r form factor and propagator effects)
that the p —vm coupling strength is simply fz! A few
paragraphs bel.ow, we shal. l see in discussing experi-
mental determinations of f„ that this simple VMD pic-
ture of the charged-pion form factor is pretty well borne
out.

~In any case this form of VMD [known commonly as
the field-current identity (Cell-Mann and Zachariasen,
1961; Kroll, Lee, and Zumino, 1967) because the elec-
tromagnetic current is effectively identified with vector-
meson fields] adds useful and more sophisticated pre-
dictive power to the present formulation of VMD, Eqs.
(2.6) and (2.7). First of all, we easily recover (2.7) in
the approximation of a "structureless" vector meson by
incorporating a free particle vector-meson propagator
ccl/(Q +mv) and neglecting any "off-the-mass-shell"
(Q' differing from -mv) modification of the vector-me-
son scattering amplitude. (With this set of approxima-
tions there is no distinction between fv and fv. ") How-
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TABLE I. Definitions of different experimental coupling con-
stants of. vector mesons.

1.

Idiom

V e+e:

fy e nz~
41T 3

defines the coupling of the photon to the vector meson with
the vector-meson propagator normalized at the resonance.
A different normalization convention was adopted by Kroll,
Lee, and Zumino (1967); in their convention, the vector-
meson propagator is normalized at k~ = 0, defining a coupling

f~y f~~ II ~(0)
47t 47t m~~

where II& is the vacuum polarization correction to the propa-
gator [see Appendix C, Eqs. {C.l)-(C.lj.}]. Their coupling
constant f~ appears as the natural choice in the field-current
identity, Eq. (2.8).

ly &= )-e, 1y &+—' lp&
2f - 8 f
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This phenomenological coupling includes the effects of ex-
trapolation in the external mass of the amplitudes.

3. St~on@ interactions of the V, fox example p decay:

Gi .

'I

i

I I i

physical photon wave fronts

physico I p wave frants
y I

)

ever, by relaxing these last assumptions we can include
in a single picture of photon structure all. those addi-
tional hadronic states coupled by field theory to the vec-
tor mesons. A practical illustration of this appears a
few paragraphs below.

Returning now to some general consequences of VMD,
we note that the reactions e'e - rr'n. , n n. rr', K'K,
and KA disclose the important parameters f ~, f„, and

f @, and also make possible internal tests of the theory.
For example, by studying the "bump" in the n'n mode
attributed to the p' (see Sec. III.F), we may readily see
that its width is given by the p —n'a coupling strength
(f~,„, see Table I; in VMD f~„=f ~

=f ~ if finite width
effects are ignored) and that its overall normal. ization
is determined by the y —p coupling strength [(e/fz)m z
in VMD]. The data seem to be quite consistent with this
normalization/width relationship predicted by VMD
(Benaksas etal. , 1972),"when account is taken of the
finite width effects (Gounaris and Sakurai, 1968; Vaughn
and Wali, 1968). Analyses for f and f @ in the other
modes are similar but complicated somewhat by a va-
riety of branching ratios (see Sec. III.F and Appendix C).

A process of great interest to us in this paper, which
is very easy to analyze from the viewpoint of the photon's
hadronic component, is the photoproduction of the vector
mesons themselves. The target modifies the hadronic
constituents (essentially by absorption at small impact
parameters) so that behind the target the state corre-
sponds to a slightly attenuated incident photon state plus
physical hadrons. The mechanism is ilt.ustrated in Fig.
12(a) for the p part of the photon. If we now make the
further assumption that constituents are not mixed by
the scattering, i.e. , the "diagonal approximation, " we
can view p production by an incident real photon as

shown in Fig. 12(b). Under these circumstances, then,
we clearl. y have the result

T, v = (8/fv)Tvv (2.9)

for any vector meson V in the photon's hadronic compo-
nent. Note that (2.9) depends only on the absence of bare
photon contributions and the diagonal approximation;
explicit VMD is not used in any wayf In Table I we de-
fine a phenomenological photoproduction coupling by f~
in place of f„ in Eq. (2.9). The difference between these
allows for off-diagonal. VMD or non-VMD-type pro-
cesses. Comparison of experimental values of fT',/4n
and f~/4z then provides a test of these hypotheses; such
comparisons are made in Sec. IV.

While the diagonal approximation is often made as a
simplifying assumption when VMD is applied, the two
are really quite independent. There is nothing in VMD
to prevent the scattering of V into V', indeed, the neu-
tron-proton difference in photoproduction is often at-
tributed to p scattering- into- td contributions. More-

FIG. 12. Compton scattering and diffractive photoproduction
of p mesons in a simple model. (a) shows the situation in the
vicinity of the target nucleon. The p component of the physical
photon is absorbed out, leaving a bare photon. The bare pho-
ton state may be reexpressed in terms of physical photon and
physical p states; the coefficient of the physical photon state
is fixed by the condition that the state be correctly normalized
to order e /f 2&. Here (b) shows the modified portion of the wave
reexpressed in terms of physical particles. Immediately be-
hind the target nucleon, the two components are in phase and
combine with the incident wave to reproduce a bare photon.
Further along they become disentangled and represent real
Compton scattering and p production (from Yennie, 1975).
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over, in the photoproduction of the isoscalar Q and (u

mesons Eq. (2.9) might well be modified by an off-dia-
gonal "mixing" term consistent with the VMD hypo-
thesis. In the language of SU(3) both tu and Q mesons
are mixtures of SU(3) singlet and octet states and in fact
appear to be much closer to pure "quark" assignments,
where the P(&u) consists of only strange (nonstrange)
quarks; see Gourdin (1971). In any case one easily en-
visions a strong SU(3) violating coupling between &u and

@ which in principle could lead to @ (a& transitions on
nuclear targets. Ross and Stodolsky (1966b) were aware
of this possibility and pointed out some of its implica-
tions in nuclear photoproduction of @ and &u. More re-
cently Bauer and Yennie (1976), assuming diagonal scat-
tering of strange (nonstrange) quarks and employing
"exact" Q, to quark content from experiment, have esti-
mated that @-~ transitions might reduce the rhs of Eq.
(2.9) by 9% (6'%%uo) in the case of the @(~).

Concentrating specifically on p photoproduction
(Q' = 0), we mention that it i.s possible to apply VMD in
the more sophisticated manner allowed by the field-cur-
rent identity by taking into account the coupling of the
photon (field-theoretically through the p') to v'rr pairs.
One can think of this as p dominance, where the p is
itself structured by its coupling topionpairs (Bauer, 1973)
or, alternatively, as more of a "pion pair dominance, "
encompassing the po as a prominent resonance (Yennie,
1975). These considerations lead to a modification of
the mass spectrum of photoproduced n'~ pairs from a
Breit-signer shape to one which is skewed toward low-
er masses. Since a proper treatment of this line shape
hasbeenanirksome problem in the treatment of data,
we shall give a brief discussion of the underlying physics
here (In Sec. . IV. C the practical procedure for defining
the p cross section is given. ) In addition to the ampli-
tude for simple p' production, the interfering con-
tribution from nonresonant pion pairs is rather im-
portant (Soding, 1966; Pumplin, 1970; Bauer, 1970,
1971). The model is similar to that described above
leading to Eq. (2.9}. Still within the confines of VMD

8
Tyy —~ —2 Tvv ~

(VMD) —~ (2.10)

The imaginary part of the VMD contribution to the for-
ward Compton scattering amplitude yields (via the opti-
cal theorem) the VMD contribution to the total photon
cross section oy„, where

2

0 (VMD)
yu ~ c2 (2.11)

several possibilities and results are illustrated in Fig.
13 (Yennie, 1975). The curve labeled R.S. [for the line
shape predicted by Ross and Stodolsky (1966a)] corre-
sponds to y. model where the nonresonant pion pair state
and the p both interact with the same cross section; the
result is a Breit —signer shape modified by a factor
(m z/m~, ). The curve labeled D.S. [for the photoproduc-
tion model of Soding (1966), which incorporates the Drell
amplitude (Drell, 1960)) assigns double strength to the
nonresonant pion pair amplitude corresponding to the as-
sumption that e~ggg pion has an interaction cross section
comparable to that of the p . The preference of the data
for this second model is then probably a rough indication
of a physically real, nonresonant, two-pion component
in the photon. Other approaches to the line shape prob-
lem have been given by Kramer and Uretsky (1969).
Kramer and Quinn (1971), and Kramer (1972) using dis-
persion relations and by Satz and Schilling (1970), Dewey
and Humpert (1971), and Uretsky (1973) in a dual model.

Another very important process we shall consider in
detail is the total photon-nucleon cross section. For
Q' = 0 we can estimate the low-mass contributions rather
simply. Returning to Fig. 12(a) and Eq. (2.6) we see that
the photon state vector is modified in passing through
the target, thus producing a contribution to Compton
scattering. As mentioned earlier in the paper, we are
favorably motivated by the fact that the energy and angu-
lar dependence, along with a predominantly imaginary
phase of experimental Compton scattering, is similar to
that of elastic vector-meson scattering. The VMD
contribution to the Compton amplitude Tyy is given in
the diagonal approximation by
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FIG. 13. The mass distribution of pion pairs in photoproduction
from hydrogen. The curve labeled p is the pure p part of a
best fit with an adjustable background (Spital and Yennie,
1974a). The curves labeled RS and DS refer to phenomenolog-
ical models of Ross and Stodolsky (1966a) and Soding {1966).
The data are from the DESY-MIT group (privately supplied by
Professors U. checker and S. Ting) {from Ye~~~e, 1975).

[Actually, Eq. (1.6) is a better representation for op~"n'
since it incorporates off-diagonal contributions. ] At
high energies we take from experiment' (e /fq)v~=85
pb, (e'/f ')o =10 p, b, and (e'/f @)cr& = 7 p. b, which total
up to =100 p, b, in comparison to =120 p, b, or a defect of
order 20%. Finite width corrections (see Appendix C
and Bauer and Yennie, 1976) can change these estimates
slightly. Moreover Q- ur transitions (Ross and Stodol, -
sky, 1966b) might easily reduce the total Q and u con-
tent to about 12 p.b (Bauer and Yennie, 1976). The role
of VMD in the interaction of virtual. photons with nucleon
targets is discussed in Secs. C and D.

We have seen or mentioned that VMD is a quantitative-
ly useful hypothesis in many contexts. On the other hand,
it seems to break down as a complete description of pro-
cesses whose cross sections decrease rapidly with en-

GA more complete discussion of these parameters is one of
the objectives of this paper. For the moment, we indicate
only very approximate estimates.

Rev. IVlod. Phys. , Vol. 50, No. 2, April 1S78



Bauer, Spital, Yennie, and Pipkin: Hadronic properties of the photon

ergy, such as pseudoscalar meson photoproduction. In
any case the contribution of such processes to the total
cross section individually is relatively unimportant [as
an example, a'(yP- rr'n) = 20/v' pb, with v between 1.8
and 16 GeV (Boyarski et aL, 1968)] . From a theoretical
point of view, the space-time discussion of the next sec-
tion suggests that such nondiffractive processes may be
biased toward higher-mass photon components (or even
direct photon interactions) involving delicate in.erfer-
ence among many components. Our notion of absorption
is more of a "bulk" effect; so it is not implausible that
&MD should work best for diffractive amplitudes which
correspond to the absorption mechanism we have de-
scribed.

C. Space-time aspects of real and virtuaI photon
interactions

Our discussion so far has been phrased in the language
of stationary state perturbation theory. Our intuitive
discussion of photon interactions assumed tacitly a zpp-
axability of the problem into two stages: the internal
structure of the photon is first worked out independently
of the target, and then the various components are per-
mitted to interact with the target. For this picture to be
valid, the virtual hadrons must be present for a time
sufficiently long so as to undergo collisions as if they
were ordinary, "real" hadrons. They must be able to
propagate like physical particles into the target as if
they had become detached from the. photon. They would
then reflect their photonic origin only in their symmetry
quantum numbers and the specifics of the superposition. '

In free space, the virtual hadrons never could become
detached. The physical photon is always making transi-
tions back and forth between a bare photon and hadronic
states i.n such a way as to produce the steady state
(2. 1)." Such transitions are called vacuum polarization
fluctuations, and we m ay regard interactions w ith the
target as arising from the interception of a photon in its
temporary had ronic state. For these interactions to sat-
isfy the separability conditions it is necessary that the
fluctuation lasts a typical time (called the formation
time), which is relatively long compared to the interac-
tion time with the target. The formation time may be

2OThe specific details of the superposition could be quite im-
portant in determining the properties of various interactions.
The superposition produces a localized state which interacts
as a unit which may have very different properties from those
suggested by the labels n; occurring in (2.4). For example,
in some circumstances it may be better to visualize this state
as a quark pair rather than in terms of real physical particles.

The superposition of bare photon and hadronic states that
we called in Sec. II.B the "physical photon" is (to lowest order
in e) an eigenstate of the full Hamiltonian. Apart from inter-
actions with a target, no transitions occur among the various
components. If, however, we start with a bare photon and
allow it to evolve in time under the influence of the full Hamil-
tonian, time-dependent transitions do occur between the bare
photon and the —as we now perceive it—developing hadronic
structure. Regarding calculational techniques, e.g. , a pertur-
bation expansion, the two approaches differ only in being
"steady state" or "time dependent. " It is this latter view that
we will emphasize in this section.

estimated from a venerable uncertainty principle argu-
ment to be

1 2v
v —E„Q'+5K

(2.12)

We use the terms "formation distance" and "formation
time" interchangeably since the hadronic component propagates
essentially at the speed of light. The concept of formation
time is discussed more fully in papers by Spital and Yennie
(1976) and Ye~»e (1976). For narrow resonances, the hadron-
ic component takes much longer to build up than t&, but tg is
the more relevant time since it represents the coherence time
for different contributions to act together constructively. If a
broad mass distribution is important for a given process, the
buildup time for the component could shorten and become com-
parable to the formation time. Then the concept of separability
breaks down. An intuitive discussion of this point is contained
in the lectures by Yennie (1976).

For fixed Q' and gg', this is directly proportional to the
photon's energy. For example, the p component inside
a 10 GeV photon has a formation distance of order 7 E I"
That high-energy interactions can proceed over longi-
tudinal dimensions that grow with energy was first real-
ized by Gribov, foffe, and Pomeranchuk (1965). Ap-
plication of this notion to inelastic electron scattering
was initiated by Ioffe (1969), and its application to nu-
clear photoabsorption cross sections was initiated by
Gribov (1969). its importance for diffractive photon
processes was stressed by Nieh (1970, 1973).

In the above example, the distance over which the pho-
ton can travel in its hadronic phase is much larger than
the typical dimensions of hadrons. Since the interaction
time is l. ikely to be characterized by the nucleon radius,
the separability condition should be well satisfied for
contributions arising from the p' constituent. When the
formation time becomes shorter (large OR' and/or large
Q'), the hadron-mediated interactions may become
practically indistinguishable from interactions due to the
bare photon term.

Spital and Yennie (1976) have studied the separation of
photon interactions into direct and hadron-mediated
terms using time-dependent perturbation theory. They
showed that the hadron-mediated term is a superposition
over hadronic states of the amplitude for the photon to
contain a hadron multiplied by the amplitude z for that
hadron to interact, which is just what one might expect
from the preceding intuitive discussion. This result
might seem to indicate that our comments about forma-
tion time are irrel. evant, but this is not so. The ampli-
tude 8 is off the hadron's energy shell by the amount
~v —E„~= (Q'+OR')/2v = (tz) '. To the extent that C is in-
sensitive to this energy discrepancy, 6 is the same as
for a real incident particle and the separability condi-
tion ps satisfied. We may regard the rate of change of
Ct with respect to ~v —E„j as a measure of the interac-
tion time. Whenever S is slowly varying, the interac-
tion time is small compared to the formation time, and
hence the interaction does not sense the small discrep-
ancy in frequency of the incoming hadron. When 8 varies
rapidl. y, the converse is true. Incidental. ly, if one ex-
pands 8 in powers of (v —E„), the correction terms can-
cel the energy denominator in (2.2). Such corrections
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should then not be associated entirely with the photon's
hadronic structure; rather they become inseparable
from its direct interaction effects.

The remarkable property of a long formation distance
must surely lead to observable consequences. In the
following section we will describe the role that long-
ranged interactions play in the scaling region. In Sec.
II.E we shall describe how such effects should show up
rather directly in photon reactions in nuclei. The re-
mainder of this section will describe another compelling,
if less intuitive, argument for evidence of long-range
interactions.

The argument begins with the fact that the propagation
of light thr'ough matter is completely determined by the
commutation properties of the electromagnetic current
density J&. This permits us to relate the imaginary part
of the forward Compton scattering amplitude (or equiva-
lently, through the'optical theorem, the total photon-
nucleon cross section) to the space-time behavior of the
absorption and emission of photons. The derivation of
this relationship is given in Appendix A. Here we shall
describe briefly the arguments by which the long-range
behavior is inferred from the data.

As explained in Appendix A, a phenomenological de-
scription of total photon-nucleon cross sections (nucleon
spin averaged) requires knowledge of two independent
structure functions W, , (Q', k.P), where h is the photon
4-momentum, k =—(v, k'). Q' =——h' = k' —&' is positive for
inelastic electron or muon scattering and zero for real
photons. In the laboratory frame we find Q' ~2k P
= 2Mv, where the equality holds for elastic lepton-nu-
cleon scattering. Here ~ is the nucleon's 4-momentum
(P=—0 in the lab) and M is its mass. Experimentally, the
dimensionless quantities M~, and v~, are determined
by "single-arm" inelastic electron or muon scattering,
as described in Sec. III.I. They are also related to quan-
tities called the transverse and longitudinal virtual pho-
ton total cross sections (o r and o z)" (Hand, 1963) by

2M v(1 —x) (, )

(2.13)

3Aside from the limiting case Q =0, the quantities oz and
OL do not have precisely the intuitive meaning of cross sec-
tions. The intuitive meaning derives from the probability of a
particle in a beam to have a certain interaction; but there is,
strictly speaking, no such thing as a beam of virtual particles.
Aside from certain kinematical factors, the observed cross
section corresponds to the imaginary part of the forward
Compton scattering amplitude. For a real photon, this is pro-
portional to

l kl otot(v). In generalizing to virtual photons,
Hand (1963) chose to replace

~
k~ by the momentum of an equiv-

alent real photon which would yield the same total center-of-
mass energy as the virtual one, namely, & —Q2/2M. This
gives rise to the factor {1—x) in Eq. (2.13), as compared to
the result of replacing ~k~ by v. Such differences in kinemati-
cal factors are of course entirely absorbed in the definition of
az and ol. It is only necessary that we adopt some convention
and stick with it. Since the Hand convention is used fairly uni-
versally, we adopt it here. These remarks will be important
later in deciding the appropriate way to implement VMD when
x&0.

(u) (c)

FIG. 14. The space-time dependence of forward Compton
scattering. (a) The complete amplitude; y is the space-time
separation between the annihilation of the incoming photon and
creation of the outgoing photon. (b) The hadron-mediated con-
tribution. {c) A short-range contribution.

where x —= Q'/2Mv is the famous Bjorken scaling vari-
able. The limiting behavior for small Q' is

(2.14)

where o s(v) is the total real photon-nucleon cross sec-
yX

tion.
The result of the analysis given in Appendix A is that

the forward Compton scattering amplitude may be ex-
pressed as a Fourier transform of a matrix. element of
the commutator of two current operators. Then, using
various symmetry properties, it is possible to express
W ] and W, as space -time integrals. For example,

vW2(k', v) =2@'vM d'y sin(k y)&(y P)&(y')f, (y, y'P) .

(2.15)

Here y is the 4-vector space-time separation between
the points of absorption and reemission of the virtual
photon and is illustrated in Fig. 14. y ~ P(=yPS in the
laboratory frame) is called the "range. " Note that y is
~ot the difference between the coordinate of the photon's
disappearance and the nucleon position. A critique of the
idea of interaction range in the present context has been
given by Miklavc and Woo (1973).

Simplest analyses of (2.15) assume f,(y', y P) to be
regular and nonvanishing near the "light cone" (y'= 0).
The singularity structure of the current commutator that
leads to this behavior is "canonical. " (If one evaluates
the commutator with free field operators, the singular-
ities obtained are called canonical. ) These assumptions
with f, (0, y P) a. nontrivial function of y. P lead to
Bjorken scaling (Bjorken, 1969). This means that as
Q', v- ~ with x = Q'/2Mv fixed, the structure functions
MW, and vW, become functions E,(x) and (P)axnd do
not depend on Q' and v separately. The connection be-
tween canonical singularities and scaling has been shown
by Brown (1969), Jackiw, van Royen, and West (1970),
Brandt (1969, 1970), and I eutwyler and Stern (1970).
Figure 15 illustrates that the data appear to have this
behavior, at least over the SLAC kinematical range. At
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FIG. 15. Scaling of 2M'& and &W& in deep-inelastic scattering
(from Taylor, 1975). SLAC data with Q &1 GeV and W (=M
+2M& —Cj ) &4 GeV are shown. Analysis was made assuming
R =01/Oz =0. Values of v W& are extracted from measurements
where e —1/2, those of 2MW&, where e ~ 1/2. The large ver-
.tical bars below + =0.3 in the graph of &W& are from the muon
experiment at Fermilab (Chang et al. , 1975).
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higher energies, however, deviations from scaling ap-
pear —see Sec. III.I."

~Other possibilities for the behavior of f, near the
light cone have been studied. For example, anomalous
dimensions [Wilson (1969); conference reviews were
given by Wilson (1972) and Frishman (1972)] correspond
to singularities with the behavior (y') near the light
cone. Most contemporary theoretical work suggests that
light-cone singularities are not worse than canonical,
i.e., they are either canonical, asymptotically free, "or
have anomalous dimensions with P &0.

We are particularly interested in the long-range (large
y. P) behavior of f, because of its possible connection
with the hadronic structure of the photon. Ioffe (1969)
first showed that the experimental data on inelastic elec-
tron scattering required a long range. Pestieau, Roy,
and Terazawa (1970) then made a more quantitative anal-

Tests of scaling have been extended to very large values of
Q~ and v using 56 and 150 GeV muons at Fermilab (Watanabe
et al ., 1975; Chang et aE. , 1975; H. I, . Anderson et al ., 1976).
Results show deviations from scaling as described in Sec. III.I,
but it is remarkable that no large breakdown occurs.

For present purposes, asymptotic freedom (Gross and
Wilczek, 1973; Politzer, 1973) yields very small departures
from scaling which vary only logarithmically with energy. See
Sec. III.I for a comparison of theory and experiment.

0 4 8 l2 I 6 20 24 28
y-P

(b)

FIG. 16. The space-time analysis of Pestieau, Roy, and Tera-
zawa (1970). (a) Three fits to the possible scaling limit of
vW&. {b) The dependence of the space-time function j&(0,y .p)
along the light cone for each of the three fits to the scaling
limit.

&.y= v(y. -y.) —(0'/2v) y. . (2.16)

For large v, the rapid oscillations of the sine function
force the major contribution to come from the vicinity

ysis using a formula of Jackiw, van Royen, and West
(1970) for inverting the scaling limit F,(x) of vW, to find
f, (0, y ~ P). Their results depend of course on the as-
sumed form of F, since that quantity could only be
guessed from finite energy data, and they are shown in
Fig. 16. As was anticipated from Ioffe's work, the long-
range behavior of f, turned out to be extremely sensitive
to the small-x behavior of E,(x). If lim„, E,(x) e0, the
result is that f, o= y, ' for large y, . Such a. behavior is
necessary to overcome the factor of Q appearing ex-
plicitly in Eq. (2.15). For smaller yo, the function
changes behavior at yo

-
A& and remains finite as yo- 0.

The general idea of Ioffe's argument is as follows.
Consider the sine function of Eq. (2.15) and rewrite 4,
= v+ Q'/2v with lkl = k, . Then
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of the light cone. If, in addition, f, were short ranged
in y ~ P (hence in y, ), the result of the integration would
depend on Q' only in the combination Q'/2v. Ioffe
showed that this is incompatible with certain features of
the data and hence concluded that f, must be long ra, nged.

The study of the long-range behavior was elaborated
further by suri and Yennie (1972). An outline of part of
their treatment is given in Appendix A. They draw the
following conclusions:

O. 35

0.30

0.25

0.20

O. I 5

O. I 0

l I I I 1llu
Ili ' & &~(

i~(')(s I t j ~

r
e jg

'i~ rt

(1) If f, is short ranged, E, approaches 0 at least as
fast as x' for small x. Experimental data plotted versus
x are shown in Fig. 15. While the data suggest validity
of scaling, &, appears more nearly to approach a con-
stant for small x, and is certainly not proportional to
x'.

(2) If f, is short ranged, the real photon cross section
should drop as 1/v' for high energies. Contemporary
data indicated that v (v) approached a positive constant
(-100 ))b) as v-~ (see Fig. 7); present data shows a
logarithmic rise with v.

(3) Since (1) and (2) appear to be in sharp disagreement
with present data, long-range terms are necessary; and
an asymptotic term like h(')(y')/y, (large yo) will yield
both a constant real cross section and an &, which is
nonvanishing for small x:

f, c& - a~ = const. and limE, (x) 4 0.h (y')
3'o X~P

(2.17)

~ (4) Long-range terms with the structure h(')(y')/yo
(1&a &3) yield Regge-type energy behavior of the total
cross section: 1/v'

~ (5) We mention for completeness that if one has a
pure term h('(y')/y', (i.e. , if the asymptotic behavior is
extended to y, = 0), the resulting contribution to v W, will
be (for v'» Q')

v ~(~) Q g(~)(Q2)
V

(2.18)

26Interestingly, the threshold behavior for E'2(x) near x =1
also influences the behavior of P2(0, +0) for large yo. It requires
an essential singularity in f2 for (complex)

~ yo~ . However,
the limiting function is small and quite integrable for reaP yo.

where for large Q', O' C(Q')' '. With nonvanishing C,
this gives a scaling contribution of the form C'x' '.
Actually, there cannot be such pure terms since, aside
from questions about whether such singularities are le-
gitimate or not, they would violate the threshold condi-
tion that v~, should vanish for x & 1." Therefore the
asymptotic behavior in yo is not continuable into small
yo. Somehow, the function is smoothed over, and the
analysis of Pestieau, Roy, and Terazawa (1970) indicates
that this smoothing takes place at around a proton radi-
us.

To reinforce our conclusions that the long-range be-
havior expected from VMD or GVD is demanded by the
data, let us look at the diffractive contributions in more
detail. In the space-time analysis, these correspond to
long-range terms as in Eq (2.17). We .would expect that
if x is not too large, it should be possible to ignore the
short-distance smoothing oi' f,. The usual guess is that

0.05

0 0.2 0.4 0,6 0.8 i.O l. 2 I.4 |.6
Q~ (GeV'i

FIG. 17. ~lV2 as a function of Q in the small-x region. The
data are for various values of x ranging from about 0.01 to
about 0.15 (from Stein et al. , 1975). The VMD curves are
based on Model I of Table XXXV, calculated for infinite ener-
gy (x —0), with only the po assumed to give a longitudinal con-
tribution specified by &&

——0.6 in (2.20). The curve labeled
"REF" is a reference curve to be used to compare data in dif-
ferent figures (Figs. 17 and 167). Its equation is &8"2 =0.89@
x (1 +0.648@ )/(1 +1.2@2)2:—A. (Q2). It has +0 physical significance.
However, its slope at @~=0 has been adjusted to correspond
to a real photon total cross section of 100 pb, which is close
to the apparent asymptotic value; its asymptote. c value for Q2
—~ is 0.40. It is probable that the experimental values of
vW2 in the region 0 &Q &1 GeV will drop as & increases, but
no effort has been made to fit A (Q2) as the limiting curve.

(R~Q'/2v) «1 where J('~ is the radius of the proton (-1/
2m, ). Thus we require x «2m„/M= 0.3. In practice,
x &0.1 seems adequate and we expect the pure diffractive
term to dominate and yield

~(diff) q 20(1)(q 2) (2.19)

A compilation of data plotted as a function of Q' from
this region is shown in Fig. 17 and they seem to fall
along a universal curve independent of v as expected. Of
course, other Regge contributions, as well as short-
range smoothing, could be causing small systematic de-
viations from the ultimate curve (for x 0). The reader
should note that Fig. 17 is not incompatible with scaling
since it contains only small-Q' data, .

Nondiffractive interactions display an intriguing dif-
ference. The rapid decrease of these cross sections with
energy corresponds to a more rapid falloff of f, with yo
than y, ' (suggesting short-range behavior —see suri and
Yennie conclusions (2), (4), and (5) above). Thus the
ability of long-range VMD to completely describe such
processes is questionable. Intuitively, we might guess
that interactions involving the changing of the internal
quantum numbers of the target depend critically on the
fine details of the overlap of the wave packets of the tar-
get and projectile. In order to have a significant proba-
bility of achieving the "right" overlap for a given nondif-
fractive process to occur, the photon may. well have to
disappear quite close to the important region of the tar-
get —hence the shorter range of such processes. (An in-
dicator in pion photoproduction might be that the slope
parameter B in ~T&, (t)~' - e ' is about 3 GeV ', in con-
trast to 6-8 GeV ' in p photoproduction —showing that
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2 2 2

T 2 2 ~ 2 V

e2 ( Q2 ~2 2

0 V V

f2 ~2 2 ~ Q2 V
V V V V

(2.20)

the effective interaction radius of m photoproduction is
about a, factor 2 smaller than in the p' case. )

Now we come full circle, and ask "What does VMD or
GVD predict about the behavior of vW2d""?" Since there
are many diff erent ver sions of GVD, we shall restrict
our discussion to VMD. There it is assumed that 0 ~ and
v~ are dominated by p', ~, and @ and

2.0—

HYDROGEN, x * . I

HYDROGEN, x =.I5
DEUTER IUM, x =.I

DEUTER IUM, x = .I5

ERRORS = STATISTICAL ONLY

where harv is the total cross section of the transversely
polarized (m =+I) vector particle. The factor 5» is in-
troduced because the longitudinally polarized particle
need not have the same total cross section (Sakurai,
1969c). The most important aspect of this assumption is
that it yields a result of the form (2.20). ' Although the
form of the space-time behavior associated with vector
mesons should be almost self evident from our discus-
sion, it can be worked out explicitly. This has been
done by Pestieau and Urias (1973) and by Spital and Yen-
nie (1976). They find that f, is of the expected form

lz (y')/y, [Eq. (2.17)].
Historically, of course, deep-inelastic electron scat-

tering was regarded as the first strong evidence against
VMD. In first comparisons [in a'conference report by
Panofsky (1968)] using o r only, it was noted that the vec-
tor-meson contributions to v W, went to zero as 1/Q' and
therefore fell below the data. When cr~ was taken into
account (with gz= 0.6) (Sakurai, 1969c), it again ap-
peared possible that VMD could account for the observa-
tions. However, this led to a large ratio R(= o z/o r),
which later was found to be in disagreement with experi-
ment (Miller et al. , 1972). Thus the simplest version of
VMD is inadequate to explain all the features of inelastic
electron scattering.

If we do wish to "find VMD" in these data, we must
first of all, in line with the above discussion, restrict
ourselves to small x. Moreover, we should also re-
strict ourselves to small Q', which Isee Eq. (2.15)]
places greatest emphasis on the photon's low-mass com-
ponents. Interestingly enough, if one looks at the small-
x region of the present SLAC data (Friedman and Ken-
dall, 1972; and Stein et a/. , 1975), where machine ener-
gy limitations link small x with small Q, it appears
that VMD contributions can account for a large fraction

7In our opinion, it is actually the quantities (1 -x)oz and
(1 —x)OL which should be approximated by the right-hand side
of (2.20) in the small-x region. See Footnote 23 for a discus-
sion of this additional factor. On the other hand, one might
expect the VMD estimate to begin to break down when the for-
mation time becomes comparable with the interaction time,
which is perhaps of the order of the proton radius. The cor-
rections would then be expected to be of relative order tq t /I;&

or R& (Q ~+ M )/2 v = xt 1+ (~jg/Q 2)], which is a rather larger
eorreetion than the 1 —x factor would give. The apparent ab-
sence of such a large dependence of the data on x in this region
is perhaps an indication that the interaction time is much less
than Ap.

R=. I4

Q2 {GeV2)

FIG. 18. Values of A(=ol/az) vs. Q2 for various small values
of x. The data are from Biordan et al. (1975). The curves are
based on the same VMD model illustrated in Fig. 17. In both
cases, the longitudinal part comes solely from the p . For
the curve "Pure VMD, " the transverse part arises from po, cu,
and Q. For the curve "Modified VMD, " the transverse part
is given by the difference between A (Q ) (see caption of Fig.
17) and the longitudinal p contribution to & W2.

of the data (Yennie, 1975). This is shown in Fig 17.".
The ratio B also warrants more detailed study in the

small-x region. Published SLAC data (Riordan et al. ,
1974b, 1975) on R for x ~ 0.15 is shown in Fig. 18 plotted
against Q'. Naive VMD calculations predict that R
monotonically increases with Q', a behavior tentatively
suggested by the data for 1 —Q'& 2.5 GeV' at which point
R may be as large as 0.4 —0.5 published data for R at
large x is typically of order 0.15; unpublished SLAC
data reported by Hand (1977) in a conference summary
talk yields R= 0.35 ~ 0.16]. In Fig. 18, the curve labeled
"pure VMD" clearly disagrees with the data; but the one
labeled "modified VMD, " which incorporates a trans-
verse non-VMD component, is of the right order of mag-
nitude even though it overshoots the data at the large Q'.
Apart from this, the faint suggestion of the data that,
around Q' = 2 —3 GeV', R reaches a maximum is intrigu-
ing, and may indicate the Q' region where VMD breaks
down as a viable qualitative description of the data. As
more small-x data is obtained, hopefully over a wider
range of v and Q' (in attempting this at SLAC energies
one rapidly encounters serious uncertainties in radiative
corrections, as well as other systematic errors), it will

This figure differs from the original in several respects:
Bather than the elaborate dipion calculation, a simple VjgD
result is shown here, using new parameters from Sec. IV.
Also, the limiting curve for infinite energy is shown. The
VMD results for finite energy (say 10 GeV) would be appreci-
ably higher (perhaps 25'fo); but since there is some uncertainty
about how to extend the nondiffractive terms to finite Q2, we
prefer to show only the limiting curve here.
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be interesting to see whether or not these trends persist.
As we have seen, there is ample evidence that the

small-x region of inelastic electron scattering is asso-
ciated primarily with the hadronic structure of the pho-
ton. Within this framework (usually called GVD), we
shall see that it is possible to fit the data in many ways,
in all of which at small Q' the p', up, and Q would make
the dominant contributions. Unlike the original difficulty
that VMD appeared to predict too low a cross section,
the problem with GVD is how to suppress the effects of
the very abundant higher-mass constituents that we have
up to this point ignored. To see the problem most clear-
ly, consider the total probability of the hadronic com-
ponent (see Sec. II.B) using the data from e"e interac-
tions up to the currently available masses (up to around
5 GeV; see Sec. III.F). This turns out to be of order
1.3', with the p contributing 0.4n." Unless the trend
of these data changes drastically, the total hadronic
component could be several times n. Clearly, it is not
possible that this whole component be absorbed with a
typical hadronic cross section of order 25 mb, which
would lead to a total photon cross section of -250 p, b (to
be compared with the experimental value of -120 p.b), a,s
well as a large overestimate of vW, . The cross sections
of some of the. higher-mass constituents must be consid-
erably smaller.

At the present time, there is no generally accepted ex-
planation for this apparently small interaction of the
higher-mass components. Perhaps it indicates that ihe
matter which is initially created in e e annihilation is
not strongly interacting until some time has passed.
That is, the higher-mass part of Eq. (2.2) represents a
localized state which is completely unlike our usual pic-
ture of hadronic matter. Such a state may not have suf-
ficient time to evolve and interact while passing through
a nucleon. Various possibilities for the high-mass con-
stituents are discussed in Sec. VI.B. In most of these
the effective absorption cross section varies as I/K'.

D. Scaling in high-energy photon interactions

Until this point, we have been emphasizing the role of
the photon's hadronic structure in real and virtual photon
interactions. Historically, when the first deep-inelastic
electron scattering (DIES) results became known, it ap-
peared that VMD was unable to account for the rather
large observed cross sections and their slow decrease
with Q'. As a consequence, it has become more popular
to discuss DIES in terms of parton models (Bjorken and
Paschos, 1969; Feynman, 1969). The term "parton"
conveys a mental image of a nucleon as made of internal
constituents (partons) which are pointlike in their inter-
action with the electromagnetic field. In a simple way,
these models were able to account for the observed scal-
ing behavior of DIES. Most popularly, the partons are
quarks and/or antiquarks (Kuti and Weisskopf, 1971). At
the first level of understanding, the hadronic photon
model and the parton model appear to be quite different,
perhaps even incompatible. That they are in fact com-

8&e thank Mr. David Kaplan for evaluating this probability
for us.

patible and complementary to each other was pointed out
by Nieh (1970). This section will first discuss the
"naive" parton model, then describe how the hadronic
photon can also account for scaling, and finally discuss
how the two points of view may be reconciled. Grammer
and Sullivan (1978) give a more complete and explicit
discussion of this subject which is in general accord with
the ideas presented here.

In the naive parton model, the most important property
of the partons is their longitudinal momentum distribu-
tion in an infinite momentum frame. (If p is the proton's
momentum with ~p~ »M, p~~ is the component of the par-
ton's momentum parallel to p.) When expressed as a
fraction of the proton's total momentum (P =P~~ /~p~), the
distribution function f(P) is assumed to be essentially
independent of energy. " A crucial assumption is that
for collisions involving extremely short times the parton
behaves like an ordinary free particle. The limits Q',
v-~ are designed to make the scattering time suffi-
ciently short, and the interaction is assumed to be the
absorption of a highly virtual photon by a, pointlike par-
ton. As such a model contains no fundamental length-
at large v and Q' the parton's mass and transverse mo-
mentum is thought to be unimportant —it naturally leads
to Bjorken scaling. " In detail, the kinematics of the
free collision forces the virtual photon to pick out a par-
ton whose P = x —= Q'/2Mv. Consequently, the scaling
function F,(x)(E,(x)) is proportional to f(x)(xf(x)),
apart from known factors depending on the spins of the
partons (see, for example, Bjorken and Paschos, 1969;
Kuti and Weisskopf, 1971). Experimental results on R
—= o~/a r (the most recent, Riordan e$ ~/. , 1974b, 1975)
require the partons to have spin & rather than 0.' A
pedagogical discussion of the parton model. has been
given by West (1975); unfortunately, it is slightly marred
by an error in the formal mathematical treatment of the
bound state model. Kogut and Susskind (1973), Roy
(1975), and Yan (1976) have given reviews of the status
of the parton model.

An apparently opposite viewpoint is that sca,ling can be
accounted for by hadron-mediated interactions [or gen-
eralized vector dominance (GVD)]. Many authors have
followed this approach, with fairly specific assumptions

Some field-theoretical models support this idea (see Drell,
Levy, and Van, 1969, 1970; Drell and Tan, 1971; note how-
ever that these models use a transverse moxnentum cutoff
based on physical considerations outside a pure field theory
approach), which is analogous to the "freezing in" of the pho-
ton's structure as described in Sec. Il.]3. However, it is not
quite the same thing because the photon's structure was de-
scribed in terms of physical hadrons, while the partons refer
to some more primitive entities.

Modified parton models predicting deviations from sealing
behavior also exist. Examples are partons with form factors
(Chanowitz and Drell, 1974) and partons within partons (Kogut
and Susskind, 1974). Very recently, parton models have been
improved to reQect features expected from quantum chromo-
dynamics; for a review and references, see Nachtmann (1977).

32gecause transverse momentum is assumed limited, the
high-energy photon-parton collision is approximately one di-
mensional. The constraint of helicity conservation then makes
it very difficult for longitudinal (transverse) photons to be ab-
sorbed by spin-~& (0) partons (Callan and Gross, 1969).
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about the vector states involved and how they interact.
These approaches will be described in Sec. VI.B. Here
we attempt a general, "alL-encompassing" formulation
and discussion.

Let us recall some of the main features of Secs. II.B
and II.C. The amplitude for a mediating hadroni. c state
to contribute to a definite final state was given by two
factors:

(1) The amplitude for the vector state —which contains
as factors the matrix element of BC'(0) and the denomina-
tor (Q'+ 5R') ', and (2) the amplitude for the vector state
to interact with the nucleon. The importance of the for-
mation time (tz —2v/(Q'+ 5R')) relative to the collision
time (I„„)was emphasized. Only if the ratio tz/t„„ is
large can we expect the vector state to interact more or
less as an ordinary hadron. The fact that was empha-
sized at the end of Sec. II.C is that to account for the
high-mass data on e+e hadrons, the factor (1) is sur-
prisingly large, so that the factor (2) has to be strongly
suppressed. This could happen either because the indi-
vidual components have a cross section which decreases
rapidly with increasing mass or because of destructive
interference between components of different masses.
Various speculations are described in Sec. VI.B.

A plausible representation for the hadron-mediated
part of the cross section may now be written down. Tak-
ing into account the possible interference between differ-
ent constituents of the photon, the transverse cross sec-
tion (defined in Sec. II.C) takes the form (Spital and Yen-
nie, 1976) '

d SR'd SR'.
(Q + 3R )(Q + 3R )

(2.21)

I~ incorporates the imaginary part of the amplitude for
scattering of constituents of mass N, into those of mass
9K„as well as the matrix elements for the photon to con-
vert into these constituents; the types of constituents oc-
curring are summed over. The denominator factors
come from the original energy denominator in (2.2).

OThe fact that I~ should depend on 3K'„3K,', and v

(i.e., the total energy) is obvious. However, its possi-
ble dependence an Q' is less direct. Mathematically it
can come about because the momentum of the mediating
hadrons (k) does not have the appropriate magnitude for
hadrons of energy v[ namely (v' —%')'I']. Or, inother
words, ihe mediating hadrons are off the energy shell by
-(Q'+ %')/2v. Rather than use these off-energy-shell
variables directly, we have rearranged the arguments
of I~ to include Q'. Physically, this dependence de-
scribes the effects of the formation time relative to the
collision time (t&/f „q) and of the overall energy-momen-
tum constraints, which require Q'&2Mv for a real pro-
cess. For small Q' («2Mv), the integral emphasizes
small 3R and the formation times become large; in this
limit, the dependence of Iz on Q' is expected to be un-
important. For higher Q, it is plausible that the reduc-
tion of the formation time causes I~ to decrease with in-
creasing Q'. Certainly near threshold (Q' close to
2Mv), Ir should vanish.

As an illustration of Eq. (2.21), diaganal VMD or GVD

corresponds to"
2 4

(2.22)

Off-diagonal VMD or GVD replaces this by a double sum,
where c«(v) denotes an off-diagonal scattering ampli-
tude

M M

f

(2.23)

(1 —x)c~= Q' II.(3R'„5R,', 2vM, Q') d3R, d3R',

p (Q +5R,)(Q +SR2) 5R~

(2.24)

What can we infer about I~ and I~ from experimental
evidence, perhaps coupled with assumptions about ca-
nonical singularities? For small Q'(~1. 5 GeV') and
large v(a5 GeV), we have seen that v W, is nearly a
function of Q' alone" and that the low-mass VMD terms
(p', ~, Q+ nonresonant two pions) give a reasonable esti-
mate of its order of magnitude. Accordingly, unless
there are very significant interference terms involving
the low-mass constituents, the contribution from the
higher masses is small (-20%%uq for Q'=0 and somewhat
larger for Q'o0). In this region, we expect the impor-
tant arguments of Ir ~ to be 9R2„3R', (resonances, etc.)
rather than Q'; and in spite of the large probability as-
sociated with heavy masses, the integrals in (2.21) and
(2.24) must cut off rather rapidly above the resonances.

However, if the factor Iz, in (2.21) always cuts off the
integral very strongly above the resonances, it is easy
to see that the transverse contribution to vW, would at
first rise as a function of Q', but would ultimately van-
ish as 1/Q'. This would lead to a vanishing transverse

3To agree with Eq. (2.20), a factor of (1 -x) would have to be
placed on the left-hand side of that equation or on the right-
hand side of {2.21).

This experimental statement is based on the assgmption
that oz/oz —=0.18. Since this is not true in this region, the
points in Fig. 17 may be modified slightly when the correct
(and as yet not completely known) values of oi/o. r are taken
into account. It should be emphasized that the sensitivity to
oz/oz is small since the experiment measures (oz+~o~) with
e typically close to 1. Thus v 8'2 is less uncertain than 8'&.

Specific models in GVD assume a definite spectrum of
vector mesons extending to infinite masses. See Sec.
VI.B.

It is evident that Eq. (2.21) has suffici. ent generality to
account for any set of data without any direct photon
terms. Thus it will be impossible to rule out hadron-
mediated interactions as an explanation of the data.

What changes must be made to treat the longitudinal
cross section g~? Gauge-invariance restrictions re-
quire the presence of a direct interaction term. How-
ever, this direct interaction term need be no larger than
order Q'/v' compared to the hadron-mediated term (Yen-
nie, 1975). Consequently, theassumptionof GVDis still
tenable, and the conclusion is that one obtains an expression
similar to (2.21), but with an additional factor Q /5R, SR2:
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contribution in the scaling region, in apparent disagree-
ment with experiment. Moreover, we know the heavier
masses are present. A strong cutoff is therefore unlike-
ly; and it seems inevitable that the interaction mechan-
ism for these higher masses must be rather different in
character from that of the lower masses.

We shall now describe the general behavior of I~ I
which leads to scaling. As usual, we assume in the ab-
sence of any fundamental length that when Q', 5R'„5R22,
and 2vM are sufficiently large, other masses in the
problem become irrelevant. Then since I has dimen-
sions [M '], it should satisfy

I@{A.5R„A.5R', A.2vM, AQ ) = —I (3R„SR,2@M, Q )

(2.25)

(2.26a)

where

( ) r (~&& ~2& / & ) dg2d~21'
(g2 1)($2 I) &. 2 (2.26b)

~A similar discussion for gl. could run into trouble
although the argument proceeds in the same formal way.
The possible trouble is that the extra factor of f,g2 in the
denominator could invalidate setting the lower limit
equal to zero as Q'-~. In particular, it is well known
that the resonance contributions can lead to scaling of
the longitudinal cross sect ions, and that a contribution
from higher masses is not necessary to produce scaling.

We said earlier in this section that the parton and had-
ron-mediated views of photon interactions are apparently
different. In fact, the intuitive pictures that these terms
convey are quite different. Now we want to observe that
these views are not necessarily in conflict (Nieh, 1970).
By appropriate assumptions, either can account for scal-
ing, and neither is "proved" if scaling is in fact con-
firmed. Either could be "improved" to account for any
future breakdowns of scaling. Of course as a theoretical
model becomes more specific and makes more detailed
predictions, it is placed in greater jeopardy by experi-
mental tests, and confirmations by experiment become
more signif icant.

It is our feeling though that in the scaling region both
of these pictures may be encompassing identical physics,
but in two widely differing Lorentz frames (recall how
dramatically the roles of electric and magnetic fields
vary with the Lorentz frame classically): A proton in-
finite-momentum frame where the photon has too little
energy to form any hadronic constituents during the time
allotted for the scattering (Drell and Yan, 1971) would

where "asy" refers to the limiting behavior of the func-
tion when all arguments are 1arge. On rescaling the
mass integration 5R'; (,'Q in (2.21), we find

(1 )
" fr(Q'(;, Q'52', Q'/x, Q')

~2)@2 (g, + l)($2, + 1)

Now we want to study this as Q' becomes very large,
with x fixed. If I~ has no awkward behavior near the
lower limit (resonances don't matter), we may use (2.25)
with A. = Q'. Then

(c)

I IG. 19. Examples of graphs in the covariant parton model.
(a) Believed to be the leading contribution as Q, v —~. As
seen in the infinite-momentum frame of the nucleon, this de-
scribes a photon interacting with a parton in the nucleon struc-
ture. In the lab frame, it could describe scattering where the
photon is mediated by a parton pair. (b) A diagram that could
include VMD contributions. (c) Sea-gull graphs which give a
fixed-pole contribution.

seem most appropriate to the parton model. On the other
hand, as described in Sec. II.B, the hadronic structure
model is most appropriate to the photon's infinite mo-
mentum or "lab" frame. For a true comparison we need
a covariant picture that encompasses both limits. Such
a covariant parton model was first described by Lands-
hoff, Polkinghorne, and Short (1971) involving a funda-
mental-field-theoretic coupling between photons and
pointlike partons and a phenomenological parton-nucleon
interaction. The important contributions are illustrated
in Fig. 1S. It is simple enough to make assumptions that
both follow experimental data and lead to scaling. For
Q', v-~, the picture is the naive parton model in the ap-
propriate proton infinite-momentum frame, and the
"aligned jet" hadronic structure model (described in Sec.
VI.B) in the lab.

A gauge-invariant extension of the covariant parton
model for the complete Compton amplitude was given by
Brodsky, Close, and Gunion (1972, 1973). These authors
also show the equivalence between the covariant model
and the inf inite-momentum (time-ordered perturbation
theor'y) calculations described above. It is clear that in
all these calculations the extensive use of free particle
dynamics in the parton model can only be valid within a
typical hadronic relaxation time or hadronic confinement
region in space. Jaffe (1972) has discussed the space-
time properties of the parton model.

Apart from the question of Lorentz frame, the relative
utility of the parton versus hadronic structure viewpoint
may also be suggested by the region of "x" covered by
the experiment. Since x is the fraction of the pro-
ton's momentum carried by the parton, it appears that
the hadron-mediated view might be more useful in the
small-x region (~0.15, say) and certainly in the small-
Q' region where the parton approach may be less sensi-
ble. Here, the large, nearly constant value of vW,
(-0.35) is closely identified with hadron-mediated, dif-
fractive behavior. As x increases, one sees a steady
falling off of vW, . As suggested previously, this could
represent a weakening of the hadron-mediated cross sec-
tion as the formation time is decreased and threshold ef-
fects become important. Thus the large area under the
v~, curve may not be a reflection of pointlike charges
in the nucleon (an idea popularized in the early days of
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the parton model), but rather a reflection of the large
diffractive contributions at small x. On the other hand,
the parton view could be useful and correct for larger x.
The experimental facts, together with the exercises we
have just gone through, indicate that when the hadronic
states have large masses and are far off the energy
shell, the interactions are rather different from those
of ordinary hadrons. Since, when x ~ 0.15, the forma-
tion time is rather small, it becomes meaningless to
think of the intermediate hadrons as really being pres-
ent. Even in the lab frame, the photon therefore effec-
tively interacts directly with the nucleon structure.

If we depart from predominantly diffractive interac-
tions and deal with cross sections that fall rapidly with
energy, the hadronie structure viewpoint may be less
tractable, as the discussion of Sec. II.C points to these
interactions as having a more short-range character.
The analogous parton picture in the scaling limit may
make more sense, asitinvolves only partons carrying a
nonzero fraction of the proton's momentum (x W 0). Thus
the study of vW, (proton)-vW, (neutron), in which diffrac-
tive contributions tend to cancel, wi)l be of enhanced
significance to the parton model.

%Further interesting theoretical contrast between the
hadron-mediated approach and parton model calculations
is the question of the existence of the "J=0 fixed pole"
in the Compton amplitude (Creutz, Drell, and Paschos,
1969; Damashek and Gilman, 1970). For the parton
model, the fact that the two photons can interact at ar-
bitrarily short distances with a charged parton leads im-
mediately to a real contribution to the Compton ampli-
tude that is, apart from normalization factors, indepen-
dent of photon mass or energy. Such a term is "unha-
dronlike" and analogous to the Thomson limit in classi-
cal physics (see Brodsky, Close, and Gunion, 1972,
1973). [This is also a consequence of scaling, gauge in-
variance, and the existence of a dispersion relation for
the Compton amplitude; see Cornwall, Corrigan, and
Norton (1970, 1971).] On the other hand, this "local"
two-photon contribution in the real Compton amplitude
could strictly only arise in the hadron-mediated descrip-
tion from the infinite mass spectrum. Attempts to find
such a term in experimental data using dispersion rela-
tions and a variety of hadronic models are still incon-
clusive —see Sec. III.B.

%bile we wish neither to indulge any naive model too
seriously nor to comment on its ultimate veracity, the
qualitative successes of the naive parton model never-
theless point out very dramatically a very important as-
pect of photohadronic interactions. This is that a photon
is probably not a simple composite of hadrons in the
sense that a hydrogen atom is a composite of an electron
and proton or even the same sense as a hadron is alleged
to be a composite of quarks. In these latter cases the
hydrogen atom or hadron has a definite (unit) probability
of being its appropriate constituents. In the case of the
photon the total probability that it is made up of hadrons,
J dSK'P(3R'), in all likelihood diverges (Sec. II.B). This
fact does not mean the hadronic picture or GVD is incor-
rect, only that the mix of constituents in any interaction
will have to be carefully chosen. In contrast with the
qualitative description in Sec. II.A, we will not always
expect the photon's behavior to be analogous to that of a

single or even a fixed superposition of hadrons. By
emphasizing a "pointlike, " noncomposite aspect of the
photon, situations appropriate to the parton model tend
then to highlight the breakdown of this, most naive,
photon-hadron analogy.

E. Photon processes in nuclei

If the intuitive arguments about the Long-range behavior
of photon interactions are correct, how can this feature
manifest itself experimentally'P Clearly, if we deal with
real photons incident on single nucleons, there is no di-
rect experimental way of distinguishing long- from
short-range effects. The data on energy dependence and
deep-inelastic scattering, coupled with the theoretical
assumption of canonical light-cone singularities, do of
course imply this long-range behavior. However, the
only intuitively clear way to demonstrate the long-range
character of the interaction is to put obstacles in the way
of the hadronic buildup and study how this alters the in-
teraction. Very conveniently, nuclear matter supplies
an appropriate density of nucleons for such a test. The
idea is illustrated in Fig. 20, in which two mechanisms
for interaction are contrasted. If the photon interacts
only directly with each nucleon, the presence of the other
nucleons should have no effect [Fig. 20(b)]. However, if
the hadronic component is present over a long range,

(o)

~0 0~
/

&0 0~0

0
Oi

&0 O~0
(c)

FIQ. 20. Spatial visualization of photon interactions. (a) In
interaction with a single nucleon the photon may convert to
hadrons a long distance before reaching the nucleon. (4) The
direct interaction of a photon with a nucleon in a nucleus.
This would lead to no shadowing of photons. (c) With a long
formation time, a photon cannot interact with a nucleon deep
within the nucleus without initiating a reaction on another nu-
cleon first. Thus the total cross section is reduced relative
to that due to (b).
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then interactions deep inside the nucleus will tend to be
shadowed [Fig. 20(c)j.

We would expect rather different experimental results
in the two cases. If the interaction were primarily short
ranged, then an incident photon would have an almost
equal chance to interact with any nucleon —the conven-
tionally calculated mean free path of a photon in nuclear
matter is hundreds of fermisf In this case, the total
cross section would be given by

o (A.) =Ao (1) (pure short range), (2.27)

o'(A) &Acr (1) (long range) . (2.28)

One often says that the absorption should be a surface
effect and the total cross section should go as A, '. Of
course, this power law is only meant to be suggestive as
we are dealing with finite nuclei where the radius is not
much greater than the mean free path and the surface
thickness. This expectation for photon shadowing in the
infinite energy limit was first pointed out by Stodolsky
(1967) in the framework of vector-meson dominance
(VMD). Subsequently, Gribov (1969) and Brodsky and
Pumpiin (1969) argued that it should be true more gen-
erally if interactions are mediated primarily by the ha-
dronic constituents of the photon. More complete VMD
analyses, taking into account the energy dependence of
the formation time, were given by Brodsky and Pumplin
(1969), Nauenberg (1969). Recent reviews of hadronic
aspects of photon-nucleus interactions were given
by Weise (1974) and Grammer and Sullivan (1978). At
low energies the formation time will be short enough so
that shadowing will be unimportant. This expectation
is confirmed by specific model calculations which will
be described later, in Sec. V.

In addition to the possibility of shadowing of the total
photon cross section, there are other photon processes
in nuclei which emphasize the hadronic structure of the
photon. Examples are the diffractive photoproduction of
states which are originally contained in the photon, and
nondiffractive photoproduction of simple systems such
as single pions. The idea of diffractive photoproduction
was described in Sec. II.B and illustrated in Fig. 12. It
is assumed that the only important constituent of the
photon is a (nearly) stable p, which is completely ab-
sorbed in the target region leaving a "bare" photon. In
this extreme example, it is this stripping away of the p'
which renders the photon incapable of further interac-
tions in the nucleus. When the state immediately behind
the nucleon, or nucleus, is reconstituted in terms of a

where v (1) is a suitably weighted average of total cross
sections on neutrons and protons. On the other hand, if
the interaction is primarily long ranged, the photon's
initial interaction will be principally with the nucleons
on the incoming side of the nucleus. Nucleons further
along the photon trajectory may participate in secondary
reactions which do not add to the total cross section.
Stated in other language, the hadronic cloud of the photon
is very quickly stripped off and the remaining bare pho-
ton is nearly incapable of interaction. Thus the photon
penetrates nuclear matter quite freely, but its ability to
initiate interactions is quickly shadowed. In conse-
quence, we expect

physical photon and physical p,"the distortion of the
photon state from a plane wave leads to Compton scat-
tering, and the presence of the real p leads to diffrac-
tive photoproduction.

The great advantage of using nuclei for the photopro-
duction of p' was first appreciated by Ross and Stodolsky
(1966a) and Drell and Trefil (1966). Those authors
pointed out thai, while it is impossible to construct a po

beam for conventional scattering experiments (a 10 GeV
p' travels about 14F before decaying), a high-energy P'
produced in the middle of a large nucleus has plenty of
time to scatter or be absorbed on its way out; and
through multiple scattering theory, study of the A de-
pendence of nuclear photoproduction yields fundamental
information, in particular the total p' cross section on
a single nucleon. Incidentally, for this purpose it is not
necessary that the production mechanism be diffractive;
it need only be coherent (the nucleus remains in its
ground state). In principle, this type of analysis could
be applied to any type of coherent photoproduction, but
the most comprehensive experiments and analysis have
been carried out for p' production. The experiments
will be described in Sec. III.C, and an analysis of the re-
sults will be presented in Sec. IV.C. Results for other
vector-meson photoproduction will also be given in
Secs. III.D, and III.E and analyzed in Sec. IV.D.

Nondiffractive, incoherent, photoproduction processes
are harder to understand in terms of simple, VMD con-
stituents —as discussed in Secs. II.B and C. In princi-
ple, each final channel may be sensitive to a different
feature of the photon's hadronic structure. Each reac-
tion may be regarded as a filter which "sees" some as-
pect of the structure. Experiments on nuclei may then
be able to tell us whether the reaction selects a long-
range or a short-range part of the photon's structure.
This is in contrast to the VMD point of view which as-
sumes that the components of importance are only the
p', u, and Q. We shall not attempt to review this com-
plicated and controversial subject here, "but rather try
to draw phenomenological conclusions from the experi-
ments in Sec. V.

Before turning to a comparison of theory and experi-
ment in the succeeding sections, we shall review very
briefly the various assumptions underlying the theoreti-
cal analysis of high-energy processes in nuclei. The
formalism itself is outlined in more detail in Appendix
B. The basic approach to these processes was developed
in a seminal paper by Glauber (1959), and such analyses
are now a major industry.

The basic idea of the Glauber formalism is that the
interaction of a high-energy particle with a nucleus can
be built up from amplitudes on single nucleons. The in-
cident projectile is assumed to interact with each nucleon
in turn as it moves in a straight line (eikonal approxima-
tion) through the nucleus. The essential nuclear physics
assumptions ar e:

(1) The nucleons do not move appreciably during col-
lisions. This is certainly plausible, since, for a pro-

3~A physical po state takes the strong interaction into account
exactly and also includes a bare photon component to order e.

Recall the remarks of Sec. I.B.
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jectile moving at the speed of light, the nuclear transit
time is short compared to the evolution time scale of the
nuclear wave function.

(2) Only the ground-state wave function is needed for
the calculation. Although the nucleus is not restricted to
remain in its ground state during the collision, the fact
that the incident energy is large compared to the nuclear
excitation energies enables one to use closure to sum
over the intermediate excited states.

(3) The target nucleons do not overlap significantly so
that the simultaneous collision of the projectile with two
nucleons may be neglected. Thi. s assumption is hard to
verify directly, but the theory's successes lend credence
to it.

Less essential, but still necessary, assumptions in-
volve the probability distribution of nucleons in the nu-
cleus. The simplest such assumption is called the inde-
pendent particle model (IPM) which neglects correlations
between particles. The only improvement yet incorpor-
ated in the formalism is to include the effects of two-
body correlations. These are as yet only imperfectly
known, particularly in the nuclear surface; but fortun-
ately for many purposes their effect is small.

The expressions calculated with the Glauber formalism
depend on whether the process is coherent (nucleus re-
mains in its ground state after the collision) or incoher-
ent (state of nucleus changes). Ordinarily, experimental
energy resolution is not sufficient to determine the nu-
clear final state. For coherent processes, this means
that the data will have to be corrected for the additional
events accepted ("incoherent background"). For inco-
herent processes one uses closure to evaluate the sum
over nuclear final states.

Now let us try to visualize a high-energy process in a
nucleus. The projectile, incident at some impact param-
eter 1, hits the first nucleon. After the momentum and
energy associated with the projectile have passed
through the first target nucleon, we will find, in princi-
ple, a very complicated situation. One effect is that the
initial channel will be partially depleted. This depletion
(with a mean free path of 2 to 3F for incident hadrons)
is responsible for both the total cross section for ab-
sorption of the projectile by the nucleus and elastic dif-
fractive scattering. The probability removed from the
incident channel reappears in various forms. Each time
one of these new forms, or the remainder of the incident
channel, strikes a new nucleon, it can be further trans-
formed. Since different intermediate forms can inter-
fere with each other at each state of development, this
picture is too hopelessly general to be of any real prac-
tical interest. There is a natural tendency for high-en-
ergy physicists to contemplate this chaotic situation and
conclude that no useful information can be drawn from
experiments using nuclei. Experience has taught that
this view is unduly pessimistic and that with reasonable
further assumptions it is quite feasible to make many
predictions which represent the actual physics. The
more refined the prediction, however, the more likely
that the complicated underlying nature of the process,
along with unknown details of nuclear physics, will in-
troduce significant uncertainties. In any given process,
the various possible corrections should be estimated and

the level of validity of the analysis evaluated.
For the types of reactions of interest to us, it is usual

to assume that at most a few intermediate channels are
of importance, and that these channels are simple in na-
ture. In principle, for photon-initiated processes, one
really needs to know how the entire hadronic superposi-
tion is modified as it pahses through each nucleon.
Gribov (1969) and Brodsky and Pumplin (1969) describe
such an analysis for photon absorption in what would now
be called a generalized vector-dominance treatment and,
in line with our previous discussion, show that it leads
ta shadowing at high energies. The amount of shadowing
obtained depends on the transition amplitudes from one
hadronic component to another. This information is un-
available from simple two-body interactions, so for
practical calculations it is necessary to make further
assumptions or approximations.

For example, we might speculate that for diffractive
interactions at high energies a hadronic system simply
may not have time to make complicated internal transi-
tions during its passage through the nucleus. (The time
required for any internal transition is dilated by a factor
proportional to the energy of the system. ) Since the in-
teraction is diffractive, i.e., no quantum numbers are
exchanged with the nucleus, the net result may be that
the projectile's internal "wave function" undergoes mini-
mal changes inside the nucleus. If the incident particle
is a hadron, we might think of the nucleus as providing
a disturbance which results in particle production
through projectile fragmentation. " If the incident par-
ticle is a photon, we might regard the nucleus as an
analyzer of the photon's virtual hadronic component that
channels the virtual constituents into various final
states. The above pi'cture may have to be drastically
modified in the case of nondiffractive processes, which
probably involve short-range photon interactions (see
Secs. II.B and C).

Fortunately, we know that a large fraction of the real
photon cross sections (-80/g) can be attributed to its p',

and Q constituents —see estimates following Eq.
(2.11). Thus the real photon cross section is dominated
by rather well-known, low-mass constituents. " Most of
our work will be concerned with the study of how these
constituents participate in photon reactions in nuclei. In
Sec. IQ diffractive photoproduction on nuclei will be used
to estimate the parameters associated with these chan-

~There is some experimental evidence for this point of view
in the reaction T(A (n7I)A (Bemporad et al ., 1971; Beusch,
1972). The absorption cross section for the final hadronic
system in the nucleus is found to be much closer to 0~ than
no„, indicating that inside the nucleus the system is far from
asymptotic and bears some resemblance to the projectile.

It is interesting to speculate how well this picture holds up
at very high energies (&100 GeV). As projectile energy in-
creases it becomes kinematically possible to produce more
and more states coherently from a nuclear target. Thus the
Glauber picture could be complicated by the necessity of con-
sidering many more channels, and crass sections could be
drastically altered from their values at lower energies (above
and beyond small changes due to a nominal, slow variation of
two-body cross sections with energy). In our view the resolu-
tion of this question must await future experiments.
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nels. In Sec. V this information will be applied to other
processes such as total absorption and incoherent parti-
cle production. Failure of this picture to predict the re-
sults of experiment, apart from problems with the opti-
cal models, will be taken as an indication of the pres-
ence of higher-mass constituents and/or short-range
photon interactions. We refer to these loosely as "un-
shadowed contributions. " The isolation and satisfactory
treatment of these effects would require analyses of
greatly increased complexity; such studies are still in
their infancy —see Sec. VI.B.

I I l. EXPER IMENTAL 8ESULTS

In this chapter we review the major experimental work
relatirig to the hadronic properties of the photon. In
most cases, the phenomenological analyses and detailed
theoretical implications of the data are discussed in
other parts of the paper. In some cases material is in-
cluded here for convenience and completeness even
though it may not be essential to the remainder of the
paper.

A. Total cross sections for real photons

As was emphasized in the previous chapter, measure-
ments of the total hadronic photon cross sections on nu-
cleons (crz~ and gz„) give one of the significant pieces of
evidence for the hadronic structure of the photon. Aside
from overall normalization (see Fig.. 7), these cross
sections are very similar to m'p and m p total cross sec-
tions, suggesting a similar underlying mechanism. The
major part of the cross section can be attributed to the
VMD mechanism (p', ~, Q contribution), but there is a
need at the 150/o-25% level for other contributions. A
more subtle test of the hadronic structure picture, and
the VMD model in particular, is provided by measure-
ments of total photon-complex nuclei cross sections
(crz~), which are expected to show the effects of shadow-
ing. In this section we shall first review the measure-
ments for nucleons and then those for complex nuclei.

To measure total hadronic photoabsorption cross sec-
tions, it is necessary to determine the number of photons
incident at a given energy and the fraction of these pho-
tons that interact hadronically in a target of known thick-
ness and material. The fraction interacting can be de-
termined either by observing the hadronic absorption
and thus the absence of the photon or electromagnetic
interaction products in the final state or by detecting the
final-state hadrons. The successful counter experi-
ments have used a combination of the two techniques to
enhance the signal-to-noise ratio.

The measurement of the total cross section for photons
is made difficult by the large cross sections for purely
electromagnetic interactions such as electron-positron
pair production. The ratio of the electromagnetic to ha-
dronic interaction cross sections for the photon ranges
from -200 in hydrogen to -2500 in lead. This large
background makes it difficult to use the conventional at-
tenuation method in which the total cross section is mea-
sured by observing the number of particles that disap-
pear from the incident beam. It is necessary instead to
use the observation of a produced hadron in coincidence

with the disappearance of a photon from the beam. The
successful experiments have combined the use of a
tagged photon beam, a total absorption shower counter,
and a geometrical method for separating hadronic and
electromagnetic events.

To produce a tagged photon beam, one uses an incident
monochromatic electron or positron beam in conjunction
with a magnet and a set of scintillation counters. The
apparatus determines the momentum of the elect.ron or
positron subsequent to its bremsstrahlung in a thin radi-
ator, thereby giving electronically tagged-photons of
known energy. It is particularly important to have a
clean incident beam with no halo and no low-energy con-
tamination. It is also essential to use a thin radiator and
to design the apparatus so as to minimize false tags due
to trident production and multiple processes such as
double bremsstrahlung in the photon radiator. A judici-
ous arrangement of veto counters is generally used to
reduce these backgrounds and to eliminate tagging sig-
natures not accompanied by a photon.

The basis of the geometrical method is that the pro-
ducts of the pure electromagnetic interactions, such as
pair production, are contained in an extremely small
angular cone (8 —m, /E), while the products of hadronic
interactions are more broadly distributed in angle. Thus
by using hadronic counters with a hole in them one can
eliminate most of the electromagnetic events. A total
absorption shower counter is used to see if energy cor-
responding to that of the incident photon has disappeared
from the beam. Since the shower detector has the same
response to an electron-positron pair as the photon that
produced the pair, it signals the hadronic disappearance
of the photon. There is the additional advantage that for
asymmetric electron-positron pair production in which
one member of the pair is. produced at a large angle and
could be confused with a hadron, the forward member,
which carries most of the energy, enters the shower
counter.

Direct measurements of the total hadronic cross sec-
tion p.» are now available from 0.2'75 GeV to 180 GeV
and the cross section (T&„ from 0.275 GeV to 30 GeV. The
data were obtained using a counter setup and a tagged
photon beam [DESY-Hamburg (Meyer et a/ , 1970);.
Santa Barbara —SLAC (Caldwell et a/. , 1969, 1970, 1973;
Hesse et a/. , 1970); Glasgow-Sheffield —DNPL (Arm-
strong et a/. , 1971; 1972a, b); Cornell (Michalowski
e/ a/. , 1977); Santa Barbara-Toronto-FNAL (Caldwell
et a/. , 1977)], an electron beam [Lebedev- Yerevan-
Serpukhov (Belousov e/ a/. , 1975)], bubble chamber ex-
periments [Aachen —Berlin —Bonn —Hamburg —Heidelberg-
Munchen Collaboration (ABBHHM) (Erbe e/ a/. , 1968a,
1969)], and the combination of a bubble chamber and a
monochromatic photon beam [SLAC-Berkeley (Ballam
e/ a/. , 1968); SLAC —Berkeley —Tufts (Ballam et a/. ,
1969a)]. The SLAC-MIT group (Bloom et a/. , 1969b) has
also determined the total cross section 0» by extrapola-
tion to Q =0 of measurements of inelastic electron scat-
tering; within the +8/0 estimated systematic errors, the
results are consistent with the direct measurements
over the full range in which the data overlap, 0.265 GeV
& F&& 15 GeV. The total cross sections determined by the
extrapolation to Q'= 0 of inelastic muon proton scattering
data (Perl e/ a/. , 1969) are also consistent with the re-
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suits of the direct measurements. An extrapolation at
very small Q' (&0.1 GeV') at 2 GeV has been carried out
by Eickmeyer et al. (1976a) and gives agreement at the
10% level. In this review we shall concentrate on the
more precise real photon counter experiments and mere-
ly cite the others as giving confirmation.

lm

t e
R

1. Description of experiments

Figure 21 shows a diagram of the apparatus used by
the Santa Barbara —SLAC group (Caldwell et al. , 1973);
Figure 22 shows a diagram of the apparatus used by the
Glasgow —Sheffield —DNPL group (Al mstrong ef of .

~

1972a, b); Figure 23 shows a diagram of the apparatus
used by the DESY—Hamburg group (Meyer et al. , 1970).
All three experiments used a tagged photon beam to
count the number of photons within a fixed energy band,
a carefully calibrated total absorption shower counter to
determine whether or not the electromagnetic energy of
the photon or its equivalent disappeared from the beam,
and a hadron detector with a hole in it to suppress the
detection of electromagnetic events. Two basic elements
in the design of the experiments are the use of geometry
to separate hadronic and electromagnetic processes and
the fact that a shower counter has the same response to
an electron-positron pair as to the photon that produced
the pair. A judicious arrangement of veto counters is
used to reject beam halo, low-energy beam contamina-
tion, and anomalous events (e.g. , trident production)
such as those produced by higher-order electromagnetic
processes in the photon producing radiation. The basic
signature of a hadronic event is a tagged photon, a small
pulse in the downstream shower counter, and a detected
hadron. It is crucial to have a good understanding of the
tagging system and the total absorption shower counter.

For the Santa Barbara-SLAC group the tagged portion
of the bremsstrahlung beam, which was produced by po-
sitrons of energy Eo, included four energy bins between
0.74Eo and 0.94ED. Wide-angle photons produced in the
bremsstrahlung radiator were eliminated by the shower
counter AO located in front of the target. Those photons
which did not interact in the target passed through cen-
tral holes in the hadron detectors S2a and S2b and. pro-
duced a large pulse in the total absorption counter Sl.
The major background, e'e pair production, had the
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group. (a) Illustration of tagging system. A weak electron
beam strikes a radiator H. Tagging of y rays is produced by the
64 electron counters E, associated in groups of four, with the
backing counters B. (b) Schematic diagram of the detection
system. The p rays pass through the hole in the collimator
veto counter V&, to interact in the liquid-hydrogen cell T, 200-
mm long and 44-mm in diameter. Hadronic events are de-
tected in the surrounding box of paired scintillators S, and +
counters S'. I, and L' denote lead converters. Forward-going
electromagnetic events are vetoed by the shower counter V2,
and electron counters C. A coincidence between a hadron
counter and a tagging counter constitutes an event, and the
channel number of the tagging counter is recorded on tape
(from Armstrong et al. , 1972a).
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same signature as a transmitted photon, since pairs had
a sufficiently small angle to pass through the holes in
S2a and S2b. Hadronic interactions were identified by a
signal from one of the tagging channels in coincidence
with a signal from the hadron detector S2, and no large
coincidence pulse in Sl. The S2 counters, each a four-
layer sandwich of 2.5 cm lead followed by scintillator,
were required to give either a four-pulse coincidence in
S2a or S2b or a summed pulse height from the two coun-
ters equivalent to three minimum-ionizing particles
passing through four scintillation planes, corresponding
roughly to a 1 GeV electromagnetic shower. These cri-
teria ensured a high efficiency for the detection of both
charged and neutral pions, while greatly reducing the
accidental coincidences caused by the background elec-
tromagnetic events. The positions of S2a and S2b were
varied so as to study the electromagnetic contamination
and the events missed due to wide-angle hadrons.

One of the chief difficulties facedby the Santa Barbara-
SLAC group was due to the poor duty cycle of -the Stan-
ford Linear Accelerator. The electronic logic was ar-
ranged so that a tagged photon was specified by one and
only one twofold coincidence in the accelerator gate and
with no simultaneous signal from any of the anticounters
AO through A4. Circuits with different resolving time
were used to monitor the major accidental rate —that be-
tween TAS1 and S2. The accidental rate ranged from a
few percent for hydrogen and deuterium targets to a.s
high as 25/0 for a lead target.

The correction for geometric losses, because the solid
angle subtended by S2 was less than 4m, was determined
by a Monte Carlo calculation and found to be «2% for the
worst case. The correction due to the inefficiency in the
S2 counters below 2 GeV varied from (1.3 + 0.5%) to
(0.5 + 0.5%) in going from the lowest to the highest inci-
dent positron energies. The correction for contamina-
tion due to electron-positron pairs was in the worst case
(Pb at 4 GeV) 10%. The total cross sections for the
Santa Barbara-SLAC group cover the energy range from
3.7 to 18.3 GeV. They used essentially the same appara-
tus for the measurements on H, D, C, Cu, and Pb.

The Glasgow-Sheffield-DNPL group (Armstrong et al. ,
1972a, b) used a tagging system (Brookes et al. , 1970)
with much higher resolution so that they could make a
detailed study of the total cross section in the resonance
region. They used 64 tagging channels with a nominal
non-overlapping width of +12.5 MeV and an actual over-
lapping width of +17.5 MeV. In addition to the analogs
of the counters used by the Santa Barbara-SLAC group,
they surrounded the target with a rectangular box of
scintillation counters and with additional m' counters.
They found these counters necessary for low-energy
measurements. Auxiliary angular counters were used to
estimate the small Loss of hadronic events in the forward
cone by extrapolating the observations to zero angle.
The correction for losses in the forward direction ranged
from 0 at the nominal 275 MeV point to +8% at the nom-
inal 4.225 GeV point. The other corrections such as
double bremsstrahlung losses and the corrections for
randoms were much smaller and less than a few percent.
The systematic error in the absolute cross sections for
hydrogen and deuterium was estimated to be +3%. The
Glasgow —Sheffield-DNPL group used essentially the

same apparatus for the measurements with deuterium
and hydrogen targets. These data, cover the range in
photon energy from 0.265 GeV to 4.215 GeV.

A Sheffield-Glasgow —DNPL group (Brookes et al. ,
1973) used a slightly different apparatus to measure the
total hadronic photoabsorption cross sections for C, Al,
Cu, Nb, Sn, Ta, and Pb over the energy range 1.7-4
GeV. The liquid hydrogen target used earlier was re-
placed by solid targets in the form of circular disks
which were individually mounted on slides and moveable
into and out of the photon beam by remote control. They
used the space made available through removal of the
liquid target and its refrigerator to improve the effi-
ciency for detecting backward-going m 's. The beam in-
tensity was adjusted so that the random coincidence and
veto rates were always kept at a level below 10% of the
rate of real events. The data were corrected for ha-
dronic events emitted in the forward cone of the vetoing
shower counter (4% to 6/o), double bremsstrahlung in the
radiator (-2/0 to -4/0 for Pb), production of an x ray and
an undetected electron followed by pair production with
detection of the electron (-2% to -3%), pair production
detected as hadronic events (for Pb= 3%), and low-ener-
gy contamination in the beam (—2% to -3% for lead). The
net overall mean systematic corrections ranged from 8%
in C to -4% in Pb.

The experimental method employed by the DESY-
Hamburg group (Meyer et al. , 1970) was very similar to
that used by the Santa Barbara and Glasgow-Sheffield-
DNPL groups. They used a tagged photon beam with 12
energy-defining counters each arranged to have —,

' over-
lap with both neighboring counters. The total energy
range covered by the tagging counters was 2.0 GeV and
the energy resolution, which was limited to z 50 MeV by
the finite width of the counters, was independent of po-
sitron energy. Tagged photons were defined by a two-
fold coincidence between the smaller energy-defining
counters and the corresponding back counters. The pho-
ton flux was measured by requiring a coincidence with a
shower counter located at the end of the experiment. A
number of veto counters V1 through VV rejected back-
ground outside the beam (Vl, V2), multiple processes in
the radiator (V3-V6), and a halo of photons around the
beam just in front of the target (V7). In a.ddition to being
vetoed in VV, the particles in the halo were stopped in a,

lead shield between V7 and the liquid target. The shield
also prevented backward particles, from hadronic reac-
tions in the target, from being vetoed by VV. Due to all
these veto counters more than 95/0 of the tagged photon
signals were accompanied by a high-energy photon.

A set of scintillation counters was used to detect
charged particles from the target. Most hadronic reac-
tions were seen by the A counters, which consisted of
half cylinders surrounding the target. The B counters
covered the forward angular range from 2 to 10 and
were arranged as overlapping rings so as to give the
angular distribution of the forward produced particles.
A lead scintillator sandwich counter P identified electro-
magnetic particles. Counters G and E were used to mon-
itor electron pairs from the target. To suppress purely
electromagnetic reactions, the S counter, covering the
small forward cone (=1'), was operated in anticoinci-
dence with the hadronic counters A and B.
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FIG. 24. Experimental arrangement used by Lebedev-&ere-
van-Serpukhov group. S& and 8&, monitor counters; beam
shapers consisting of collimators and guard counters AC& and
AC2,. T target; hadron detectors consisting of counters 1—4;
compound Cerenkov total-absorption spectrometer which in-
cludes counters C& and C2 (from Belousov et a/. , 1975).

The accidental coincidences were measured in three
different ways: (1) by recording delayed hadronic trig-
gers, (2) by forming the hadronic trigger with three dif-
ferent resolving times of 22, 25, and 32 nsec, respec-
tively, and (3) by recording the time overlap spectrum
of the trigger pulse. The cross sections obtained by us-
ing each of the three methods were in good agreement
with each other. An extrapolation procedure was used to
correct for the forward hadronic events which were
missed; the uncertainty in this procedure was estimated
to be 2%. The correction due to double bremsstrahlung
varied between 1.5 and 5. 5%%up between 3 and 7 GeV with an
estimated uncertainty of ~1%.

The DESY-Hamburg group (Heynen et at. , 1971) used
essentially the same apparatus to measure the total
cross sections for Be, C, Al, Ti, Cu, Ag, and Au at
5.4 GeV 2nd to measure the energy dependence of g&&
for Be, C, and Ti between 1.5 and 5.7 GeV. In addition
to the corrections mentioned earlier, this experiment
required a correction for the absorption of photons in
front of and in the reaction target (-4/0), and a correc-
tion for the finite veto efficiency of the shower counter
8, which was given mainly by the conversion and detec-
tion probability for photons. This correction varied
from 6% for Be to 25% for Au.

A Lebedev-Yerevan-Serpukhov group (Belousov et at. ,
1975) used an electron beam produced from the 76 GeV
Serpukhov proton accelerator to measure the total cross
sections for hadronic photoabsorption by protons at en-
ergies from 12 to 38.8 GeV and by deuterons from 12 to
30 GeV. The apparatus, which is illustrated in Fig. 24,
consisted of a 50 cmII, target which acted as the elec-
tron radiator and the photon absorber. The difference
in the angular distributions of the electromagnetic and
hadronic processes was used to separate the two pro-
cesses. For energies above 10 GeV the secondary par-
ticles of the electromagnetic interactions. remain essen-
tially within the electron beam, while the hadrons are
emitted at substantially greater angles.

The hadronic detectors each consisted of four scintil-
lation counters with a circular aperture with a diameter
of 10 cm. Between the counters were 3-cm thick lead
plates with the same central opening. In addition there
were two such plates in front of each detector. The
large lead thickness was necessary to suppress the de-
tection of low-energy electrons and photons emitted at
large angles to the beam. The counters S, and S, were
used to monitor the electron beam. A total absorption
Cerenkov counter was used to measure the energy of the

H5 H6

FIG. 25. Apparatus used by the gerevan —Lebedev —IHEP group
for their measurements of the total photoabsorption cross sec-
tion for carbon (from Bayatyan et al. , 1975}.

electrons which accompanied hadronic events and thus to
determine the energy of the photon. The hadronic coun-
ters were empirically located in aposition where their ef-
ficiency was 100%%uo. The data, were corrected for hadron.
electroproduction (6 to 16%), shape of the bremsstrah-
lung spectrum (0 to 6%), removal of photons through pair
production (6.5%%uo), counting losses due to analyzer dead
time (&10%%uo), other material in the beam, and in one case
anomalous background contribution from electromagnetic
processes.

A Lebedev- Yerevan-IHEP group (Bayatyan et al. ,
1975) has used a more conventional tagged photon appa-
ratus to measure the hadronic photoabsorption in carbon
in the energy range 14-34 GeV. Figure 25 shows a dia-
gram of their apparatus. A 40 GeV electron beam
with momentum spread Ap/p = 3/o was monitored by
Counters C, and C2 and struck a lead radiator of about
0.08 radiation lengths. The tagging hodoscope consisted
of two arrays of counters coincident in pairs. Anticoun-
ters Ay A4 were used to prevent the spurious tags from
low-energy positrons produced in the radiator. The co-
incidences between the tagging system and the shower
counter S, gave the number of noninteracting photons.

The hadronic photoabsorption events were detected in
the lead scintillator sandwich counters. A hadronic pho-
toabsorption event was indicated by the coincidence of
(H,H,H,H,) or (H,H,II,II,) with the tagged signal and
no S, pulse. Photoabsorption events with only neutral
hadrons were not detected with this setup. It is known
that such events make up less than 2% of the total ha-
dronic photoabsorption cross section at 2-4 GeV. The
data were corrected for the absorption of the photon
beam due to e'e production, attenuation of the incident
photon beam due to the'inconsistency of its cross section
with target area (5%), random coincidences (&1%%uq), empty
target (5 to 14%%u~) multiple bremsstrahlung processes (10
to 15%), electromagnetic background (2%), geometric loss
of p events (0.5 to 1.5%%uq), and hadron counter efficiency (6%%uq).

A Cornell group (Michalowski et at. , 1977) has used a
tagged photon beam in the energy range 1.0-10.5 GeV to
measure the total hadronic cross section for hydrogen,
deuterium, and complex nuclei. Incident electrons from
the Cornell 12 GeV synchrotron struck a 0.002 radiation
length thick tantalum target, and photons were tagged by
deflecting the corresponding energy-degraded electrons
in a magnet and detecting them with sixteen tagging
scintillation counters. This system detected electrons
in the energy band 1.08 ~E, ~4.40 GeV.

Figure 26 shows a schematic view of the hadron detec-
tor and downstream veto counters used by the Cornell
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FIG. 26. Schematic view of the hadron detector and down-
stream veto counters used by the Cornell group. Angles less
than 30 mrad were covered by an array of four counters di-
rectly in the beam, approximately 4m downstream of the tar-
get. These counters are VE, a thin scintillator (0 & 0 &12
mrad), VO, a thin scintillator (12 mrad&0 &30 mrad), VG, a
scintillator with lead converter in front of it (12 mrad & 0 &30
mrad), and Vp, an 18-radiation length counter (0 &0&12 mrad)
(from Michalowski et al. , 1S77).

Group. The target was surrounded by scintillation coun-
ters and at large angles (a 350 mrad from the beam) par-
ticles were detected in scintillation counters forming a
box around the target. At forward angles (30 mrad&6
&450 mrad) the detector consisted of two large discs of
scintillator each viewed by 36 phototubes. At all angles
greater than 30 mrad the counters were preceded by two
radiation lengths of lead to ensure good m detection.
Angles less than 30 mrad were covered by an array of
four counters directly in the beam, approximately 4 m
downstream of the target. There were in particular two
thin scintillators (VE and VO), a scintillator preceded by
a. lead converter (VG), and an 18 radiation length shower
counter.

The event trigger was a coincidence between a tagged
photon and a "hadron" signaled by a count in the hadron
counters surrounding the target. At all energies the
trigger rate was dominated by electron-positron pairs
where a low-energy electron or positron was scattered
to an angle greater than 30 mrad. These were rejected
by the pulses in VE and VP. For hydrogen the rejection
of events with forward-going particles introduced a ha-
dronic inefficiency of 8%%uo at E& = 10 GeV and 2o/o at E&=2
GeV. For high-Z elements occasionally both members
of the electron pairs emerged at large angles and gave
two "hadron" tracks with np counts in the downstream
veto counters. Angular information from the two scintil-
lator discs was used t'o reject all pairlike (observed
multiplicity at one or two) events which were totally con-
fined to a forward cone with angle chosen such that a
Monte Carlo estimate of the residual e -e contamination
was less than 2/o of the observed hadronic cross section.
This procedure has the disadvantage that it results in a
significant inefficiency for detecting high-energy p pho-
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FIG. 27. Schematic diagram of the tagged photon beam used
at the Fermi National Accelerator Laboratory by the Santa
Barbara-Toronto —FNAL group (from Caldwell et al. , 1978).

toproduction and, since a large fraction of the rho cross
section is coherent, could introduce an incorrect A. de-
pendence. Calculations using the published rho cross
sections were used to determine this correction. The
correction to the total cross section was as high as 12/o,
however, the correction to the shadowing factor was
never more than 3/o. For hydrogen the rho's were
counted and the correction experimentally verified.

Data were obtained with 0.02 radiation length hydrogen
and deuterium targets and with roughly 0.08 radiation
length carbon, aluminum, . copper, silver, gold, and
uranium targets, at photon energies of 2.00, 3.27, 4.81,
6.21, V. 79, and 9.51 GeV, respectively. The worst case
empty target rates were hydrogen (10/o), carbon (2/o),
and gold (22%). The reported errors are statistical and
do not include a further systematic uncertainty of 4%.
As a check, the total electron-positron pair production
cross section was extracted from the data. Over the
range 1-10 GeV, and for all targets, the cross section
agreed within 10%%uo with the theoretical cross sections.

A Santa Barbara-Toronto-FNAL group (Caldwell
et a/. , 19'l8) has used a tagged photon beam at FNAL to
measure the photon-proton total cross section from 30
to 180 GeV. Figure 27 shows a schematic drawing of the
FNAL tagged photon beam. Protons struck a Be target
and the neutral particles produced at 0 were separated
by a sweeping magnet from charged particles. Photons
from the primary neutral beam were converted to elec-
trons and transported to the tagging system. Collirha-
tion in the beam transport system defined the energy to
+2. 5%%uo and reduced the pion contamination to typically
0.5%. The tagging system consisted of three magnets
and a bank of hodoscopes and shower counters which
measured the energy of electrons which radiated photons.
Photons could be tagged in the energy range 0.45E, &E&
&0.93K, . The major sources of false tags were tridents
and tridentlike events due to double conversion in the ra-
diator. This source of false tags was largely eliminated
by judiciously placed veto counters which detected the
positrons. The veto counters, cuts, and requirements
on signals in the tagging hodoscope kept the false tag
rate below 0.05%.

Figure 28 shows a diagram of the hadron detector used
by the Santa Barbara- Toronto —FNAL group. There
were three hadron detectors which provided overlapping
coverage in the forward center-of-mass hemisphere.
Each of the hadron detectors had excellent efficiency for
m, P, and 7t . Neutrons and Kl. were detected with an
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(z p(v) = Q c, v '"' ', (3.5)

cr~„=c~+ (c~. —c„)v 'l'=a" +b"v 'l'.
In terms of the vector-meson-dominance model, A, ex-
change corresponds to diagrams in which the p' changes
into an ~ or Q or vice versa Table I.I summarizes the
Regge fits determined from the data from 4 to 18 GeV of
the Santa Barbara-SLAC group (Caldwell et a/. , 1973).
Table III summarizes the Regge fits determine/ by the
Russian group (Belousov et al. , 1975) using the data
from 2 to 4.215 GeV of the Glasgow-Sheffield-DNPL
group, the data from 2 to 6 GeV of the DRSY-Hamburg
group, the data from 4 to 18 GeV of the Santa Barbara-
SLAC group, and the data from 12 to 30 GeV of the
Lebedev-Yerevan-Serpukhov group. The data are con-
sistent with a neutron-proton difference that goes to
zero as the energy increases. The errors in the fits are
statistical and only partially represent the real uncer-
tainty. This is especially true for the neutron-proton
difference. The data are not sufficiently precise to ex-
clude expressions such as

gyp =Q+6V

as suggested by suri and Yennie (1972), or

(3.7)

TABLE II. Regge fits using only the Santa Barbara-SLAC data
to the form o =a+ bv, where & is the photon energy in GeU.
Also given are the corresponding contributions for the Pomeron
(c&) and the energy-dependent isoscalar (c&.) and isovector (c& )2
contributions obtained from both the proton and neutron data

(from Caldwell et al. , 1973).

a~= 98.7 +3.61Mb

b = 65.0 + 3.0.1pb
. a"= 103.4 + 6.7pb
b"= 33.1 + 19.4)Mb

c& ——101.9 +2.9jMb

c&.——50.9 +8.5pb
= 9.1*3.0pb

~»- (98.7+ 65.0v-'~')I b

o.~„= (103.4+ 33.1~-' ~~) j(Lb

o» —o~„= (18.3 + 6.1)v pb

c& /c&. ——0.18 +0.06
2

where the c; are constants and the n;(0) are the t = 0 in-
tercepts of the Regge trajectories, cL;(t), which are ex-
changed in the t channel. Such parametrizations give
very good fits to the energy dependence of purely ha-
dronic total cross sections (e.g. , rr'P, K P, etc ) . .There
it is found that the leading isospin 0 or 1 trajectories
tthose with n;(0) &Oj are the Pomeron (corresponding to
diffraction scattering and constant total cross section),
which has o~(0) = 1, and the E", A„p, and u trajector-
ies, all of which have o.(0) = 0.5 as determined either
from drawing the usual linear Regge trajectories (with
slope = 1 GeV') through the observed physical particle
positions or from fits to the hadron-hadron total cross
sections at high energies. For Compton scattering only
t-channel trajectories with C =+1 contribute, so we can
restrict our attention to only the I" and A. , trajectories
in addition to the Pomeron. We take o.~(0) = 1 and the
effective intercept at t=0 of the &' and A. , to be 2. The
total yP and yn cross sections may then be expressed in
the form

cr ~=c~+ (c~. +c„,)v 'l'=a'+b~v 'l'

TABLE III. Regge fits to the neutron and proton photoabsorp-
tion cross section using all the available data from 2—38 GeU
(from Belousov et al. , 1975).

Cross section
b

(pb/GeV ) X Number of points

O7,P
0'r

O7,P Oy~

~re+ ~yn

99.8 + 1.6
98.5 + 3.2

198.2 +3.6

57.0 ~3.0
45.2*6.3
14.5+1.9

103.6 +7.1

56
38
50
29

45

41

g =a+a '~'+cv '~'
')rP

as suggested by Shibasaki et at. (1971).

3. Results for complex nuclei

(3.8)

Measurements on complex nuclei give direct evidence
as to whether the hadronic structure of the photon gives
rise to shadowing similar to that observed in hadronic
reactions. The effect of shadowing is most easily seen
for different nuclei in terms of the effective nucleon
number, defined as

Acff
A Zo p + (A. Z) cr y„—

(3.9a)

The Santa Barbara —SLAC group used this expression to
report their measurements on C, Cu, and Pb targets.
They first applied the West correction 1/(1 —P) with P
= 0.013 to 0&& and assumed that the error was equal to
ihe whole West correction. The West corrections for
nuclei heavier than deuterium have been removed for the
figures shown in this section. The Sheffield-Glasgow-
DNPL group expressed their results for C, Al, Cu, Nb,
Sn, Ta, and Pb in terms of (3.9a) but did not make the
West correction. The DESY—Hamburg group expressed
their results for Be, C, Al, Ti, Cu, Ag, and Au in
terms of the expression

jeff
A. Ao~~

' (3.9b)

where 0.» is the mean value for the cross sections on
neutrons and protons. They did not make a West correc-
tion on cr&~. Since the difference induced by this proce-
dure is less than the quoted systematic error, we have
not corrected the DESY-Hamburg data to*the form used
by the other two groups. The Yerevan-Lebedev-IHEP
group used Eq. (3.9a) to express their results for C;
they did not make a West correction. The Cornell group
expressed the shadowing in terms of the ratio

CT yA

¹r&~—(N —Z)cr» (3.9c)

where 0 „ is their measured cross section for the deu-')rd

teron, and no allowance has been made for the fact that
the deuteron cross section is less than the sum of the
neutron and proton cross section. We have used the
Glauber and West corrections depicted in Fig. 32 to cor-
rect the Cornell data so that the shadowing is expressed
with respect to the best estimates of the free neutron and
proton cross sections. Figure 35 shows plots of A, rr/A
@s a function of photon energy for the measurements on
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curves in Figs. 35—37 are described in Sec. V.B. They are
repeated in Fig. 202, where they are compared with other
models.
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FIG. 36. A plot of A,ff/A for carbon for data from the DESY-
Hamburg, Glasgow-Sheffield —DNPL, Santa Barbara —SLAC,
Yerevan-Lebedev —IHEP, and Cornell groups.

C, Cu, and Pb by the DESY-Hamburg (Heynen et al. ,
1971), Sheffield-Glasgow-DNPL (Brookes et a/. , 1973),
Santa Barbara. -SLAC (Caldwell et al. , 1973) and Cornell
(Michalowski et a/. , 1977) groups. Figure 36 shows a
somewhat more extended plot for carbon which includes
the data from the Yerevan-Lebedev-IHEP group (Bay-
atyan et a/. , 1975). Figure 37 shows the energy depen-
dence of A,«/A for Be, C, and Ti observed by the
DESY-Hamburg group. Figure 38 shows the shadowing
observed for C, Al, Cu, Ag, Au, and U by the Cornell
group. 2n these plots the errors bars include only the
statistical errors and do not include the estimated sys-
tematic errors. %ith the exception of the Cornell exper-
iment the systematic errors are estimated to be 3 to 5%

0.2—

I I I

2 4 6 8
PHOTON ENERGY (GeV)

10

FIG. 37. The energy dependence of A,ff/A for Be, C, and Ti
observed by the DESY-Hamburg group (from Meyer et al. ,
1970).

for the low-Z nuclei and roughly 10 to 15/o for the high-
Z nuclei.

The Sheffield-Glasgow-DNPL data indicate a shadow-
ing which turns on at a photon energy between 2 and 3
GeV. This observed energy dependence is greater for
the light nuclei than for heavy nuclei. The DESY-Ham-
burg data give an A,f, /A which is less than 1 and thus
suggestive of shadowing; they do not, however, show the
energy dependence seen in the data of the Sheffield-
Glasgow-DNPL group. The two experiments tend to
agree at high energy and to disagree at low energy. The
Santa Barbara —SLAC group finds a.n A,«/A which is in-
dependent of energy and decreases significantly with A. .

The Cornell data display a shadowing with a significant
energy dependence for the heavy nuclei. The observed
shadowing agrees roughly with that found by the Shef:-
field-Glasgow-DNPL and DESY-Hamburg groups but is
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In summary the data are consistent with the behavior
expected for shadowing but display less shadowing than
one would expect from the naive VMD models. The data
are consistent with an increase of shadowing with energy
which is slower for heavy nuclei than for light nuclei.
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somewhat less for the heavy nuclei than that found by the
Santa Barbara-SLAC group. Figure 3S shows the A de-
pendence of A,~~jA determined by measurements of the
Sheffield-Glasgow-DNPL group and the DESY-Hamburg
group. These data indicate that there is a definite de-
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FIG. 39. The A. dependence at various energies of A.,ff /A. de-
termined from measurements of the Sheffield-Glasgow-DNPL
and DESY-Hamburg groups.

FIG. 38. The A. eff/A. determined from the measurements of the
Cornell group.

B. Cornpton scattering

The elastic scattering of photons from protons, which
for historical reasons is called Compton scattering, is
of fundamental importance. Below the threshold for
meson production, Compton scattering is adequately de-
scribed by a modification of the Klein-Nishina formula
which takes into account the anomalous magnetic mo-
ment of the proton (Powell, 1949); above the threshold
for meson production, the cross section increases with
energy and depends upon the spin state of the proton.
Early theoretical studies of Compton scattering were
motivated by the desire to probe the mesonic structure
of the nucleon (Sachs and Foldy, 1950; Capps and Holla-
day, 1955). Models were used to calculate the detailed
scattering amplitude so that it could be compared with
experiments. Somewhat later it was realized (Gell-
Mann, Goldberger, and Thirring, 1954) that one could
extend the analog of the Kramers-Kronig relations to
field theory and use dispersion relations to relate Comp-
ton scattering to other photonuclear reactions. In par-
ticular, Compton scattering is related to the total
hadronic photon cross section through the optical theo-
rem and dispersion relations. It was subsequently
proved under quite general assumptions (Low, 1954;
Gell-Mann and Goldberger, 1954) that in the low-energy
limit the Compton scattering amplitude contains the fre-
quency-independent Thomson amplitude plus a term
linear in the frequency which is determined by the static
magnetic moment. Later, the vector-meson-dominance
model kindled interest in the Compton scattering cross
section at high energy. Compton scattering gives a di-
rect test of VMD; if VMD is correct, Compton scatter-
ing should show the characteristic energy and momen-
tum-transfer dependence found in hadron-hadron elastic
scattering as well as a cross section which can be cal-
culated from the cross sections for vector-meson photo-
production. Even if VMD fails as an adequate descrip-
tion, the more general "hadronic photon" picture de-
scribed in Sec. II.B still predicts striking similarities
to hadron-hadron elastic scattering. In this section we
shall review the existing data on Compton scattering with
particular emphasis on the region above the nucleon
resonances.

1. Early measurements

The first measurements of nucleon Compton scatter-
ing were reported by Pugh et al. (1954). They employed
a coincidence, anticoincidence telescope with lead con-
verter to identify the gamma ray, followed by a large
liquid scintillator to estimate the energy of the gamma
ray. They used this setup to measU. re at 90' and 135
the absolute gamma-ray scattering cross section for
Be, C, Al, Cu, Sn, Pb, and Bi in the energy range from
35 to 130 MeV. They found that for the elements heavier
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than aluminum the agreement with Thomson scattering
was adequate but for the lighter elements there was a
clear disagreement corresponding to too large a back-
ward scattering of high-energy photons.

The first measurements on hydrogen were reported by
Oxley and Telegdi (1955). They used a converter tele-
scope consisting of a 2.1 g/cm' carbon filter, an anti-
coincidence plastic scintilla, tion counter, a, 7.4 g/cm
lead converter, and a threefold telescope with 5.2 g/
cm' of aluminum absorber interspersed to measure the
scattering of 30 to 95 Me& photons by protons. They
found that their measurements were adequately de-
scribed by the Powell (1949) modification of the Klein-
Nishina calculation. A somewhat more complete account
of this effort was later reported by Oxley (1958).

Above the threshold for meson production, it is no
longer possible to use a single counter to measure
Compton scattering. The principal difficulty is the ne-
cessity of distinguishing the Compton scattered photons
from the much larger number of photons coming from
the decay of photoproduced m' mesons into two gamma
rays. Since in a bremsstrahlung beam the energy of the
incident photon is not defined, the measurement of the
energy and angle of the recoil proton is not sufficient to
distinguish between the two reactions. Two methods
have been used to overcome this difficulty.

Figure 40 shows the apparatus used by an Illinois
group (Bernardini et al. , 1960) for measurements in the
range 100 MeV to 290 MeV. They detected in coinci-
dence the scattered photon (with a lead-glass Cerenkov
counter) and the proton (with a magnetic spectrometer).
This enabled them to determine with precision the mo-
mentum of the recoil proton. Because for the same
photon energy, C ompton recoils carry g reater energy
than neutral pion recoils, the group could use the maxi-
mum photon energy to separate the two processes. Fig-
ure 41 shows a somewhat different setup that was used
by a Cornell group (DeWire et aL, 1961) to measure the
Compton cross section in the vicinity of 300 MeV. This
group used a range telescope and made measurements
at such angles that the recoil protons from Compton

I I
COLL I MATED

„
I

BREMSSTRAHLUNG

t

BEAM

LIQUID HYDROGEN

POL

TO QUANTAMETER

FIG. 41. A schematic diagram of the apparatus used by the
Cornell group in their measurements of Compton scattering
in the vicinity of 300 MeV I'from DeWire et al. , 1961}.

scattering were of longer range than from 7t' production
with the available maximum photon energy. They also
studied the angular correlation between the scattered
photon and the recoil proton. For C ompton scattering
there is a unique correlation; for ~ production the
correlation is smeared out by the decay kinematics of
the neutral' pion.

%'ith an increase in gamma-ray energy, it becomes
more difficult to use the measured proton energy to
separate Compton scattering from m' production, and it
is necessary to make increased use of the angular cor-
relation. Figure 42 show s the apparatus used by an

LEAD GLASS %RE
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EERENKOY
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TO THE MONITOR
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APERTURE MAGNET
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FIG. 40. A schematic drawing of the apparatus used by the
Illinois group in their measurements of Compton scattering in
the energy range froro. 100 MeV to 290 MeV (from Bernardini
et al. , 1960).

RC

FIG. 42. Apparatus used by the MIT group in Compton scatter-
ing experiments carried out at Cornell. Spark chambers were
used to deterxnine the trajectories of the scattered gamma ray
and the recoil proton; a lead-glass Cerenkov counter was used
to determine the energy of the scattered photon; a range cham-
ber was used to measure the energy of the recoil proton (from
Stiening et al. , 1963).
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Oxley
Pugh
Oxley
Hyman
G. Bernardini
DeWire
Baranov
Stiening
Nagoshima
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Gray
Barbiellini
Fujii
R. L. Anderson
Buschhorn
Boyar ski
Bus chhorn
Buschhorn
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Kabe
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Baranov
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son et al. , 1970a).

FIG. 45. A plot versus momentum transfer of the Compton
scattering measurements reported by the DES' (Buschhorn
et al. , 1970, 1971a), SLAC-Stanford (Anderson et al. , 1970a),
and SLAC (Boyarski et al... 1971) groups.

For protons with kinetic energy greater than 65 MeV the
range was measured by a carbon plate wire chamber
system. The results are plotted in Fig. 45. The plots
include only the statistical errors. There is an esti-
mated systematic error of +7/p which is due to the fol-
lowing contributions; background subtraction 3%%u&,

' pho-
ton spectra 3'%%uo', target thickness 2%. For the energy
range 3.7-4.2 GeV an additional systematic error of
+7% is due to the steep slope of the photon spectrum.
The results of an exponential fit of the form A exp(Rt)
for 0.06&1&0.4 GeV are given in Table V. All sys-
tematic errors except the normalization uncertainties
(quantameter calibration and target thickness) have

been taken into account in the fit.
The MIT group (Deutsch et al. , 1973) used a similar

arrangement in their measurements of Compton scat-
tering at the Wilson Synchrotron Laboratory and at the
Cambridge Electron Accelerator. For one set of mea-
surements they used a magnet rather than a range tele-
scope to measure the momentum of the recoil protons.
The result of the fits to their data are summarized in
Table V. They estimated the normalization error of an
individual run to be about +7/~ with a common overall
scale uncertainty of about +10%%up.

Figure 46 shows the apparatus used by the SLAC-
Stanford Group (R. L. Anderson et a/. , 1970a). A coin-
cidence experiment is made difficult by the poor duty
cycle -of the Stanford Linear Accelerator and thus special
precautions were taken to shield the counters carefully.
A lead-lucite shower counter 13 radiation lengths thick
was used to detect the scattered gamma ray. The coun-

TABLE V. Results for j/P yP. Fits to the data of the forxn der/dt=A exp(Bt) and Aexp(Bt+Ct ).

Experiment
—t range

(GeV')
B

(GeV-')
C

(Gev 4)

DES' (Buschhorn)

SLAC-Stanford

SLAG

Combination of SLAC-Stanford
and SLAC

DESY (Criegee)

2.2-2.7
2.7-3.2
3.2—3.7
3.7-4.2
4.0-5.2
5.0-6.2
6.0-7.0
1.5-2.5
2.6-3.8
5.5
8.5

11.5
17
8.0

16.0
8.0

16.0
5.0
6.0

0.1 -Q.4
O.l -Q.4
0.1 —0.4
0 1 -0.4
0.06 -0.4
0.06 -0.4
0.06 -0.4
0.1 -0.25
0.15 —Q.4
0.1 -0.6
0.1 -0.8
0.06 -0.8
0.1 -1.1
0.014 -0.17
0.014 -0.17
0.014 —Q.8
0.014 -1.1
0.002 -0.06
0.004 -0.08

1.26 +0.13
1.14 +0.11
1.24 + 0.11
1.02 +0.14
0.92+0.09
0.76 +0.06
0.76 +0.07
1.25 ~0.13
0.99 + 0.10
0.88 +0.15
0.6 +0.1
0.63 +0.06
0.55 +0.05
0.82 + 0.04
0.69 +0.03
0.79 +0.03
0.64 +0.02
0.82 +0.04
0.79 +0.04

5.2+ 0.5
5.7 + 0.4
6.2 +0.4
5.3 + 0.5
6.0+ 0.4
5.5 +0.3
5.9 + 0.4
5.3 + 0.5
5.0 + 0.3
6.9 + 1.3
6.2+ 0.8
6.5 + 0.6
6.6 + 0.4
7.7 ~0.5
7.9 ~ 0.5
7.6 + 0.4
7.3 + 0.3
8.5+ 1.5
8.6 + 1.2

1.3 +1.9
0.7 +0.9
0.8+0.7
1.1 +0.4

2.3 +0.5
1.7 +0.3
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ter was placed inside a well shielded cave which could
be moved remotely in angle and in height. The aperture
of the counter was defined by remotely movable lead
slits in front of the counter. .The momentum and angle
of the proton were measured by the SLAC 1.6 QeV
spectrometer. The recoil proton and the incoming pho-
ton defined the plane of elastic scattering. Since the
solid angle of the shower counter, which was matched
to the spectrometer acceptance, was small compared
with the 2y m' decay cone, the m' contamination was
strongly suppressed. The remaining mo contamination,
including accidental counts, was measured directly by
moving the shower counter out of the Compton plane.
The main event selection was therefore made by the
spectrometer, and the shower counter simply provided
an additional kinematic constraint which was primarily
geometrical and not strongly dependent on the energy
resolution of the counter. The Compton data were cor-
rected for counter efficiencies, loss from pair pro-
duction of the scattered photon before the sweeping mag-
net, loss of incident photons before the secondary emis-
sion quantameter, and the change in the At acceptance
of the spectrometer due to energy loss of the proton in
the target. The total corrections were typically about
30/p and were largely determined experimentally. The
total uncertainty introduced by these corrections is
estimated to be 20/z of the correction.

Figure 45 shows a plot of the data versus momentum
transfer. The data include all the errors except an
overall normalization error of about 5%. Table V sum-
marizes fits of the data to the form A exp(Bt+ Ct ').

Figure 47 shows the setup used by the SLAC group
(Boyarski et al. , 1971). They did not observe the scat-
tered proton', they used a pair spectrometer positioned
40 m from the 3.8 cm long hydrogen target to measure
the angle and energy of the scattered photons. The pair
spectrometer had a converter (0.044K'Oof copper, 10 cm
widex 13 cm high) in front of an 18D72 magnet with a
15 cm gap which was oriented to bend the pair-produced
electrons and positrons in the vertical plane. Scintilla-
tion counters were used to determine the trajectories of
the e' and e .

Two 14 radiation length lead-Lucite shower counters
were used as part of the trigger. The bremsstrahlung
beam was monitored by a secondary emission quanta, —

meter positioned 13 m behind the target and by a gas

SL IT

IS D 72
MAGNET

Pb (I/2 inch)

CONVERTER

50 cd

FIG. 47. A schematic diagram of the pair spectrometer used
by the Stanford group. They observed only the scattered gamma
ray (from Boyarski et al. , 1971).
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Cerenkov monitor and an ion chamber in front of the
target. Data were taken at various angles from hydro-
gen and deuterium with the converter in and out. The
cross section was then determined by fitting the ob-
served spectrum with (a) a Compton step variable in
height; (b) a fixed linear term beginning at the brems-
strahlung end-point energy computed from the processes
yN 1t N, with mo- yy and yN- gN with f)- yy', (c) a fixed
linear term starting at the final y threshold for the pro-
cess yN- cuN with u- yv; (d) a variable linear term
starting at the final y threshold for yN- 7t'h(1230) with
m'- yy", and (e) a variable flat background term de-
scribing chance triggers. The end-point energy was al-
lowed to vary to account for any spectrometer energy
miscalibration. These processes were folded with the
bremsstrahlung spectrum, the e' and e straggling in
the converter, and the spectrometer resolution. Figure
48 shows a typical spectrum together with the fitted
Compton step. To account for the uncertainty in the
fitting procedure a systematic error estimated at
3/~(2/z) for the 8(16) GeV fits has been added in quadra-
ture to the statistical errors. An overall systematic
error of +3% common to all points has not been included.
The results for a, hydrogen target are plotted in Fig. 45.
Fits to the form A exp(Bt) are tabulated in Table V; fits
to the combined data of this experiment and those of
Anderson et al. (1970a) to the form A. exp(Bt+ Ct') at
8.5 and 17 QeV are also summarized in Table V.

Figure 49 shows the setup used by a second DESY
group (Criegee et a/. , 1977a) to measure the Compton
scattering from H, and D, at 5 and 6 QeV. They did not
measure the energy or direction of the recoiling nucleon
but detected only the scattered photon. The photon en-
ergy and angles were measured in a pair spectrometer
consisting of a 4 mm thick Al converter, a, bending
magnet, and two telescopes equipped with seven spark
chambers and one shower counter each. The energy
resolution of the spectrometer was 1.3%(fwhm). The
beam intensity and photon spectrum were continuously
measured by a second pair spectrometer placed down-
stream in the main beam. The intensity was also mon-
itored with a quantameter. The systematic error in the
intensity measurement was +1.2/z. The contribution of

FIG. 48. A typical fit to the observed spectrum used by the
SLAC group to measure the Compton cross section (from Boyar-
ski et aE. , 1971).
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require a quadratic term in the exponential. Por com-
parison, at 9 GeV the slope parameters for mP scat
tering for ltl &1 GeV' are B=9.0+0.2 GeV' and C =2.5
+ 0.3 GeV ~.

3. Deuteron experiments
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Figure 51 shows the cross sections for hydrogen and
deuterium obtained by the SLAC group (Boyarski et aL,
1971). For deuterium the data show a sharp forward
peak due to coherent scattering together with an inco-
herent part that remains at larger t. With the neglect
of spin effects and Fermi motion corrections, such as
the West correction, the deuterium cross section is
given by

FIG. 49. A schematic diagram of the apparatus used by the
DES' group for the measurement of Compton scattering from
H, D, ]3e, C, Al, Ti, Cu, Ag, and Au (from Criegee et al. ,
X.977a).

inelastic hadronic reactions was separated through the
different photon spectra they produce. The experiment
concentrated on small momentum transfers ranging
from -0.004 to -0.08 GeV' at 6 QeV, and from -0.002
to -0.06 GeV' at 5 GeV. The systematic error in the
experiment resulted mainly from the uncertainty of the
background (+1%), of the converter position (1.5%), and,
in the case of the 6 GeV data, from the error in the telescope
efficiencies (1.5+). By quadratic addition to the normal-
ization error they obtained a total systematic error of
2.5% at 5 GeV and 3.6'//~ at 6 GeV. Figure 50 shows a
plot of the data, for hydrogen and deuterium versus mo-
mentum transfer. The errors are statistical only and
do not include the systematic error. Pits to the form
Aexp(Bt) are tabulated in Table V. For this experi-
ment these fits include both statistical and systematic
errors.

The plots in Fig. 45 and the fits tabulated in Table V
show that the data from the five groups agree satis-
factorily. They also show that the cross section dis-
plays the diffractive characteristics shown by hadron-
hadron elastic scattering. That is, do/dt is approxi-
mately constant with energy and has the characteristic
exponential dependence on momentum transfer. For the
wide-t region (e.g. , ltl &0.6 GeV') the data definitely

(3.11)~n,P +0+~1 '

The SLAC group used E(t) =e'4' as determined from
electron scattering (Rand et al. , 1967; Buchanan and
Yearian, 1965) and G(t) =0.069e ~' ~+0.07e ' ' with

n,p o 8 Gey eoyarsKl etol. 0971)

1.0—
07—

04-
-'I=

0.2—

4.0

2.0—
o l6 Gey Boyarski et al (197l)

«o«f)). = 21T.I' ll + &(4f) + 2G(t) I
+ 2 IT.I'I l —&(«) I

(3.10)

(see Appendix B). Here T„T,are, respectively, the
isoscalar and isovector t-channel exchange amplitudes
of nucleons, E(t) is the deuterium form factor, and G(t)
is the Glauber multiple scattering term. We have writ-
ten
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FIG. 50. A plot of the hydrogen and deuterium cross sections
obtained by Criegee et al. (1977) at 5 and 6 GeV (from Criegee
eg ag. , 1977a).

FIG. 51. A plot versus momentum transfer of the Compton
cross section for hydrogen and deuterium obtained by the
SLAG group (after Boyarski et al. , 1.971).
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TABLE VI. Tabulation of the determination of the isospin-0 and isospin-1 components by
Criegee et al. from their data and from a reanalysis of the SLAC data of Boyarski et al. The
* refers to the calculation with Hulthen wave function. The **refers to an analysis of the
data with the deuteron form factor and the Glauber correction obtained from a wave function
following acid {from Criegee et al. , 1977).

I &0+ &g I'
Re(T, V;*)

I Tp+ &g I'

Criegee et al (1977)
5 GeV

6 GeV

0.13+ 0.09
{0.08 + 0.10

-0.12+0.15
{-0.12 ~ 0.15

0 ~0 03
0.02 ~0.03)*
0.10 + 0.04
0.10 ~0.04)*

Boyarski et al. (1971)
8 and 16 GeV

Criegee et al. together with
Boyarski et al.

Calculated using total cross section
measurements of Meyer et al. (1970)

0.03 + 0.10
(0.02 ~ 0.12
0.08 ~ 0.05

-0.043 + 0.012
0.02 + 0.02)**
0.02 + 0.01

Im Tg/Im To ——0.042+ 0.008

B=7.8 GeV as determined from a calculation by Ogren
(1970).

The ratio of deuterium to hydrogen can be expressed
by two unknownparameters; and from the combined 8
and 16 GeV data, fits to the D, /H, ratios versus t give
for these parameters

also reanalyzed the data of Boyarski et al. using their
Glauber correction. The results are given in Table VI.

All the ratios are compatible with a vanishing or at
least small isospin-1 exchange contribution to the pho-
ton-nucleon interaction. They are also compatible with
the measured ratio

ae(TgT, )/IT, +T, I' = -o.o49+ o.o12

IT,I'/IT +T,I'=0.03yo. lo.
(3.12) ImT

ImTO 0 p+ g
(3.14)

These parameters differ from those originally given by
Boyarski et al. (1971) due to an error pointed out by
G. Poelz (see the erratum to Boyarski et al. , 1971). On
the assumption that T, and T, have the same t depen-
dence, the negative real term implies that the differ-
ential neutron Compton cross section is larg'er than
that for protons, unlike that seen in total cross sec-
tions. These results, together with the total yn and

yp cross sections (Caldwell et al. , 1973), give for the
isovector phase 6, and the isoscalar phase 5,

~0

6, = ~/2,
(3.12)

i.e., T, is almost pure real and T, is almost pure imag-
lnarg.

Criegee et aL (1977a) also used their deuterium and
hydrogen data to determine the arrplitudes for isospin
0 and isospin 1 exchange. They assumed that the deu-
terium cross section could be written in a form similar
to Eq. (3.10). Table VI summarizes the two isospin
ratios I TiI'/I To+ TiI' and ReITo*T~I/IT, + T, I' obtained
from fits to these data. This table includes only the
statistical errors. Systematic uncertainties resulting
mainly from the uncertainty in the background and in the
precise converter position are about half of the statistic-
al errors.

The isospin ratios depend sensitively on the assumed
shape of 8'(l) and G(t) Criegee et al.. used a deuteron
wave function following Reid (1968) and calculated G(t)
in the p-dominance approximation. An analysis of these
data starting from a Hulthen wave function yielded con-
sistent but numerically different ratios. Criegee et al.
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FIG. 52. The momentum transfer distribution for the scatter-
ing of 3 and 5 GeV photons from Be, C, Al, Ti, Cu, Ag, and
Au nuclei {from Criegee et al. , 1977b).

4. Shadowing in Compton scattering from nuclei

A DESY group (Criegee et al. , 1977b) used the pair
spectrometer system described previously to measure
Compton scattering from Be, C, Al, Ti, Cu, Ag, and
Au targets at 3 and 5 GeV photon energies. The mea-
surements covered the kinematic ranges 0.001 ~ItI
&0.020 (GeV)' and 0.002 & ItI ~0.060 (GeV)' at 3 and 6

GeV, respectively. The method used to analyze the data
was similar to that employed with the proton and the
deuteron; a fit with an ela, stic plus an inelastic com-
ponent was used to extract the elastic Compton scat-
tering cross section. . Figure 52 shows the observed t
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Owing to the difficulty in assessing the proton-neutron
difference, choice of an "average" single-nucleon cross
section is uncertain. Our choice is discussed in Sec.
V.C and differs at the -5 percent level with the choice of the
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dependence at 3 and 5 GeV; an optical-model calculation

[inc-

ludingg an incoherent component and with an overall
scale factor and the nuclear radius (Wood —Saxon) as
free parameters] was used to determine the forward '

differential cross section for elastic photon-nucleus
scattering. The nuclear radii obtained with this proce-
dure agreed satisfactorily with the tabulated values,
thus demonstrating that high-energy photons give es-
sentially the same nuclear sizes as high-energy elec-
trons.

VMD optical-model calculations were used to com-
pare the data with both measured single-nucleon cross
sections and measured total cross sections via the
optical theorem. The optical-model calculation is des-
cribed in Sec. V.C. The shadowing effect can be ex-
pressed by the ratio & of the measured forward cross
section to that expected for scattering on unshadowed
nucleons through the expression

(0)„[A' (0)~ ] . (3.15)

group itself. Experimental results and optical-model
calculations are shown in Fig. 53. Comparison of the
data with corresponding total cross-section measure-
ments and optical-model calculations of the ratio of real
to imaginary part are displayed in Table XXXVI. The
data show shadowing of a magnitude consistent with that
seen in the total cross-section measurements.

5. Polarization and spin effects

%A DESY group (Buschhorn et al. , 1971b) measured
the elastic scattering of linearly polarized photons on
protons for v between 3.2 and 3.7 GeV and for four-
momentum transfers ranging from —0.1 to —0.7 (GeV)'.
The photon asymmetry is defined as

(da, /dt do
~,

/d—t )
(do'&/dt + do'

p /dt)
(3.16)

where do~/dt and darn/dt are the differential cross sec-
tions for photons with polarization vector perpendicular
and parallel to the scattering plane. Figure 54 shows
a plot of the observed asymmetry versus scattering
angle. A linear fit gives

Z(t) = —(0.08 ~0.18)gati . (3.17)

The predictions of three popular models are: 0' ex-
change and 8-channel helicity conservation, Z =0; spin
independence, Z = (1 —cos'8)/(1+cos'8). For this ex-
periment, spin independence corresponds to Z = 0.35lt).
The s-channel helicity conservation or 0' exchange fit
the data best, but the errors do now allow a definitive
rejection of the other model. A similar result is ob-
tained for p production (see Sec. III.C).

~There has been one measurement at the Cornell
Wilson Synchrotron Laboratory by a MIT-Tufts Group
of the polarization of the recoil protons (Deutsch et a$. ,
1972). For v in the range 3—7 GeV and for t values from
—0.2 to —0.54 (GeV)', they obtained for the recoil proton
an average polarization P =0.12 y0.06, where the error
includes statistics only, with no evidence of any struc-
ture as a function of momentum transfer. ln the DESY
experiment (Buschhorn et ai. , 1971b), which measured
the photon asymmetry Z, the recoil proton polarization
was evaluated later and found to be P =0.01 +0.18. These
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FIG. 53. Shadowing in Compton scattering represented by the
ratio
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FIG. 54. A plot of the observed asymmetry versus momentum
transfer for measurements with a polarized photon beam car-
ried out by the DESY group (from Buschhorn pp al. , 197kb).
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results imply that the real part of the nucleon helicity
flip amplitude is small relative to the diffractive part
of the amplitude.

It has been suggested that the forward scattering am-
plitude TII(v) might simulate an expression of an ex-
tended Regge-type, denoted by T

II (v), where

6. The real part of the Compton scattering amplitude
g 7t. n-(P)

4w sinn n,.(0) (3.24)

The forward Compton scattering amplitude is conven-
tionally expressed in the laboratory frame in terms of
the amplitudes T„and T~ through the equation (Dama-
shek and Gilman, 1970)

T(v) =xgl.T II(v)e2 ~ e, + to (e".&«,)T,(v)Ix; . (3.18)

Here y,. and X& are the Pauli spinors characterizing the
initial and final nucleons, and e, and e2 a.re the polariz-
ation vectors of the incident and scattered photons,
respectively. Since an average over nucleon spins
leaves only TII (v), T II(v) is called the spin-averaged for-
ward amplitude. The amplitudes T,I(v) and T~(v) are
separable through experiments with polarized photons;
TII(v) corresponds to parallel, T (v) to perpendicular
linear polarization vectors of the initial and final pho-
tons, respectively. In terms of T II and T~, the two
independent helicity amplitudes (photon and nucleon
spins parallel, or antiparallel) for forward scattering
are

T~(v) =TII(v) —T (v),

T (v) =T„(v)+T,(v).

(3.19a)

(3.19b)

Since the helicity amplitudes T,~ and T are simply re-
lated by the optical theorem to the total hadronic photo-
absorption cross section, we have

v o„(v)+cr„(v) v
( )ImTil v =

4
—

2 a~ V (3.20a)

where vr(v) is the spin-averaged total cross section,
and

( )
v (7 (v) —0 sp(v) (3.20b)

For unpolarized targets and beams, the forward dif-
ferential cross section is given by

This yields

c ~,)
= —,. IT(~)l'

+ —,IReTI(v)l'+ —IT,(v)I, (3.22)

where t is the square of the four-momentum transfer.
The real part of T,I (v) can be calculated from the imag-
inary part through the use of the dispersi. ~n relation

ReTII(v)= ——+ g Iot v' " dv'or(v) (3.23)
M 2m I'p V —V

Here I is the nucleon mass and vp is the threshold for
single-pion production. The constant, n/M, is the
Thomson limit and it can be inferred from rather gener-
al theorems giving the behavior as v-0 (Low, 1954;
Gell-Mann and Goldberger, 1954). Numerically —n/M
= -3 p, b-GeV.

as v- ~. Attention is normally restricted to the Pomer-
on trajectory n, (0) = 1 and the neighboring trajectory
with o, (0) =0.5. Interest also centers on the possible
existence of a real constant C which might be inter-
preted as a, fixed pole. Regge theory leads to a sum rule

2C2
2 Vr(V )dv 2 Cl + ly2jf 27(

(3.26)

As discussed in Sec. II.D, it is of considerable interest
whether or not C is zero.

Several groups have used the dispersion relations
(3.23) to calculate from the measured total cross sec-
tion ReTI, (v). The low-energy data (below -2 GeV) are
fit with a series of resonances of Breit —Wigner form
plus a background term, and the high-energy data (above
-2 GeV) are parametrized with the Regge form

+ O. 2(P) -X
1 2 (3.27)

As was mentioned earlier the high-energy data are not
sufficiently precise to allow a simultaneous fit to o,,(0).
However, since any value of o, (0) between 0.4 and 0.6
would seem reasonable, alternative fits have been per-
formed for these two extremes. Calculations of the
real part have been carried out by Dominguez et al.
(1970), Damashek and Gilman (1970), the Glasgow-
Sheffield —DNPL group (Armstrong et aL, 1972a), and
the DESY group (Naroska. , 1970). Each of these groups
used a, different source of data for the total cross sec-
tion and hence different Regge parameters. Table VII
summarizes parametrizations of the cross section. and
the resultant values of C for calculations by two of the
groups. The data are consistent with there being a fixed
pole C with a value in the neighborhood of the Thomson
limit -3p.b GeV.

Figure 55 gives a plot of the ratio of the real to imag-
inary part for proton Compton scattering as calculated
by the Glasgow-Sheffield-DNPL group (Armstrong et al. ,
1972a). It is essentially the same as that found by the
other two groups.

The MIT —DESY group (Alvensleben et al. , 1973) has
measured the real part of T~, through the interference
between the Compton and Bethe-Heitler amplitudes by
detecting the zero-degree electron pairs asymmetri-
cally. Figure 56 shows a schematic drawing of the ap-
paratus. Counter hodoscopes were used to determine
the particle trajectories; Cerenkov and shower counters
were used for particle identification. Figure 8 shows a
comparison between the experimental result and the

dV
C = T

II (0) ——,Im T I,
(v') + — I, ImT, I

(v'),
V F jp

(3.25)

where N is high enough that ImT, I(v) = ImT „(v) is valid
for v ~ N Expl. icitly Eq. (3.25) then gives
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TABLBLE UII. Hegge parameters determi
refers to thes o e total cross-section measur

ers etermined through use of the d'e aspersion theory sum rule. A

et a2. (1973), Meyer et al. (1971), and Ball
easurements of Bloom et al. 1a . ( 969), B to those of Caldwell

, an a am et al. (1968b, 1969a).

Calculator
Data set

Low energy High energy n (0)
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(pb)
C

(pb/GeU)
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Sheffield-
DNPL
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Gilman

A.

B
A+B

A

B
Q+E

A
I3

A.+ B
Glasgow
Shef field
DNPL
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0.6
0.6
0.5
0.5
0.5
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0 4
0.4
0.6
0.5
0.4
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consistent with the Thomson limit

C(proton) = -3.0+0.8 pb-GeV .

We don't wish to leave the reader with the impression
that there is overwhelming evidence in favor of the ex-
istence of a "fixed pole" in Compton scattering. The
fine details of the hadronic model used are important
to the computation. Analyses employing Regge exchanges
more elaborate than simple poles (e.g. , Tait and White,
1972; Moffat and Snell, 1972) point toward a much more
ambiguous situation.
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FIG. 58. Argand diagram showing the spin-averaged forward
scattering amplitude To{v) (in pb-GeV) for Compton scattering
from the deuteron, plotted as v goes from 0 to 4.0 GeV (from
Armstrong et al. , 1972b).

Ey{GeV)

FIG. 57. A plot versus energy of the cross section for forward
Compton scattering together with the optical-model dispersion
theory predictions. The shaded area indicates the error of
roughly 4~/p in ~y p.

C. Rho photoproduction

To a remarkable extent the rho meson dominates stud-
ies of high-energy photoproduction. Its production cross
section is roughly one-sixth of the total hadronic photo-
production cross section; the rho is the dominant fea-
ture of the hadronic structure of the photon. In this sec-
tion we shal1. revie~ the present state of the knowledge
of rho production.

The rho meson is an unstable particle whose mass
and width are roughly 770 an/ 155 MeV, respectively.
Its quantum numbers E (J )C are 1'(1 ) and its dominant
decay mode is two charged pions. Once an axis of quan-
tization has been chosen in the rho rest frame, the de-
cay can be characterized by the orientation of the decay
plane with respect to the plane of production and by the
direction of the m' meson in the decay plane —see Fig.
211. The decay plane can be viewed as the plane of po-
larization of the rho meson. For production by polarized
photons the angle between the polarization planes of the
rho and photon can be directly re1.ated to the contributions
in the production cross section from natural and unnat-
ural parity exchanges in the f channel (Stichel, 1964;
Stichel and Schulz, 1964; Schilling et a/. , 1970). The
decay distribution of the rho in the rho center-of-mass
system gives a measure of the relative populations of
the rho spin states with yn, =+1 and yn, =O. In Appendix
D the relationships between the density matrix elements
of the rho, the polarization of the photon, and the decay
angular distribution are summarized. Here we wish to
emphasize an important experimental result described
near the end of this section; namely, if one chooses the
z axis of the overall yp center-of-mass system to be op-
posite to the direction of the proton recoil (a choice
known as the "helicity system"), the rho has the same
polarization as the incident photon. This phenomenon is
referred to as s-channel helicity conservation (Gilman
et a/, , 1970).

Four experimental methods have been used to study
rho photoproduction —bubble chamber or streamer cham-
ber experiments in which all three fina1. -state partic1. es
are observed, counter-spectrometer experiments in

which the two pions from the decay of the rho are ob-
served, counter-spectrometer experiments in which
only the recoil proton is observed, and counter-spec-
trometer experiments in which all three particles are
observed over a limited so1.id angle.

't. Track chamber experiments

The feasibility of studying high-energy photoproduction
in hydrogen by the track chamber technique was first
demonstrated by Sellen et a/. (1959; Chasan et a/. ,
1960) using a hydrogen-diffusion cloud chamber. In that
work the authors studied photoproduction up to about 1
GeV and obtained first results on the production of the
&(1236). Later, the production of the &(1236) and of the
p" meson were studied in a heavy-liquid bubble chamber
(Fretwell et a/. , 1967). The first measurements with a
hydrogen bubble chamber were carried out at the Cam-
bridge Electron Accelerator by a Brown —CEA —Harvard-
MIT-Padova group known as the Cambridge Bubble
Chamber Group (Crouch e/ a/. , 1964a., b).
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FIG. 59. (a) The photon-energy distribution obtained by the Cambridge bubble chamber group. The solid and dashed curves are
sums of appropriately weighted bremsstrahlung distributions with and without a 10' energy resolution, respectively. This weight-
ing is due to the fact that the experiment was not performed at a unique positron energy but rather at several positron energies.
The theoretical curves are normalized to the energy above 0.1 GeV. Errors shown are statistical (from Crouch et al ., 1967b).
(b) Unnormalized photon energy spectra for photons produced by backscattering of photons from a ruby laser (1.78eV) by electrons
of 12 and 16 GeV. The arrows indicate the energy intervals used. The ordinate gives the number of photons (from Ballam et aI
1972). (c) Spectra for photons produced by positron-electron annihilation. The incident direction of the positrons is monitored to
+ 0.1 mrad by two positron beam indicators, while the outgoing photons are collimated into a beam at 7-11 mrad to the positron
direction by two collimators, so that a vertical sheet of photons traverses the bubble chamber. The photon spectra in the bubble
chamber were deduced from measurements of the reaction yp p 7I+ 71 and normalized to microbarn equivalents from e'e pair
production measurements. For (i) the positron energy was 8.5 GeV, the mean production angle 11.8 mrad; for (ii) E =10GeV,
& = 9.4 mrad; for (iii) E+ = 12 GeV, ~ = 7.15 mrad. The inserts show the distribution of energies E& found for 3-constraint fits
about that calculated from the vertex position in the chamber (from Kisenberg «&., 1972a).

Bubble Chamber experiments have been performed
using a bremsstrahlung photon beam (Brall et a/. , 1966;
Crouch et a/. , 1966; Erbe et al. , 1967, 1968; Hilpert et
al. , 1970a, b; Schiffer et a$. , 1972; Benz et al. , 1973,
1974), monochromatic beam produced by positron anni-
hilation (Ballam et a/. , 1968a, 1969; Eisenberg et a/. ,
1969, 1970, 1971, 1972) and monochromatic beam pro-
duced by the Compton scattering of a laser beam from
a high-energy electron beam (Ballam et a/. , 1970a,
1972, 1973; Bingham et al. , 1970; Alexander et at'. ,
1974, 1976; Eisenberg et aE. , 1976; Gupta et ai. , 1976;
Bapu et a/. , 1977). This latter technique gives not only
monochromatic but linearly polarized photons. The
incident photon beam is measured by using the num-
ber of e'e pairs together with the known pair pro-
duction cross section in hydrogen. The hydrogen
pair production cross section is estimated to be accur-
ate to 0. 5%%up and has been verified to +1%%. The shape of
the photon spectrum is usually determined from the en-
ergy spectrum of the e'e pairs or from the 3C, p~+vr

events. Figure 59 shows the three types of spectra that
have been used.

Groups at SLAC (Davier et a/. , 1968, 1969a, 1970;

Park et a/. , 1972; Liu et a/. , 1972;) and DESY (Struc-
zinski et a/. , 1972, 1973, 1976) have used streamer cham-
bers to study photoproduction. The SLAC group used the
SLAC 2.2m streamer chamber and a 16 GeV brems-
strahlung beam to study photoproduetion from hydrogen.
The photon beam was monitored in a quantameter cali-
brated to a, few tenths of 1/p with electron and positron
beams and the SLAC Faraday cup. The photon spectrum
was checked by measuring the energies of pairs pro-
duced in the hydrogen gas target tube. The quantameter
data, which were accurate to +2. 5%%up, were used in the
final cross-section calcul. ations. The scanning efficien-,
cy was (87+ 3/p), the measuring efficiency (88+ 2%%up), the es-
timated systematic uncertainty in the absolute cross-
section data +8%%up.

The DESY streamer chamber group used an energy-
tagged broadband photon beam together with a built-in
liquid hydrogen target. They covered the laboratory
energy range from 1.6 to 6.3 GeV, with the energy of the
photons determined by the tagging system to +1%%up. The
photons passed through a liquid hydrogen target of 3.8
em length and were counted in a totally absorbing show-
er counter. En determining the cross sections it was
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necessary to make a large dead-time correction for the
shower counter. Since the systematic uncertainties in
determining the cross sections were of the order of 15%%uo

the. group elected to normalize their data to the published
total cross sections using the expression

so —
y

70 — "!

60—

cr (yp~ p7r" 7/ )

CEA
-f- ABBHHM
4 SLAC-UCLRL-TUFTS
+ EISENBERG et al.

64.9 80o.„,—o, , = 8.7+ — pb.
y y

The chief disadvantage of the track chamber experi-
ments is the small number of events and the consequent
limited statistical precision. The chief advantages of the
track chamber experiments are that the kinematic fit is
overconstrained and one can observe the full angular
distribution of the decay pions. The overconstraint al-
lows one to eliminate unambiguously the inelastic events
where the recoiling system is not a proton. The observa-
tion of the complete angular distribution of the decay
pions eliminates the ambiguity due to the decay distri-
bution and makes it possible to determine the decay ma-
trix elements and to obtain information concerning the
individual production helicity amplitudes.

For the study of p photoproduction the most serious
correction to the track chamber experiments is for the
loss of short proton tracks. This distorts the momen-
tum-transfer spectrum at low ltl. Since the minimum
momentum transfer decreases with energy, the inacces-
sible region increases with photon energy. The Weiz-
mann —SLAC —Tel Aviv group (Eisenberg et a/. , 1972a)
reported in their study of photoproduction with positron
annihilation radiation of 4.3, 5.25, and 7.5 GeV nominal
energies that loss of short proton tracks was significant
for l/l &0.06 GeV'. This effect was correlated with the
number of pairs per frame but independent of track ori-
entation. There was a, -13%%uo loss for a photon energy
&4 GeV. The ABBHHM group (Hilpert e/ a/. , 1970b)
studied this correction by measuring the spectrum of re-
coil protons in rho production from a deuterium target.
Table VIII summarizes the corrections made in each of
the major hydrogen bubble chamber experiments. The
dominant error is generally due to the limited number
of events. Figure 60 shows a plot of the total cross sec-
tion for the channel yp -p&m fo jnd by the track chamber
and bubble chamber groups. The agreement between the
measurements by the different groups is good.

50 —
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b 40—
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0 l I l
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I l
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I'IG. 60. Cross. sections for the reaction yp p7r+~ as a func-
tion of energy found in the several bubble chamber experiments
(from Eisenberg et aE. , 1972a).

2. Counter experiments

Figure 61 shows the counter-spectrometer system
used by the Harvard group (Lanzerotti et a/. , 1965;
1968) in their study of rho photoproduction at the Cam-
bridge Electron Accelerator. The system consisted of
two spectrometers, each of which used a half-quadru-
pole magnet and a number of scintillation counters to
determine the momentum of the pions coming from the
decay of the rho meson. Cerenkov counters and shower
counters were used for particle identification. The two
spectrometers were independently movable and the an-
gular distribution of the rho decay could be observed by
moving the spectrometers in the horizontal plane. Rho's
produced at 0' and decaying at other than 90 in the rho
center of mass could be observed by running the two
spectrometers in an asymmetric configuration. A brems-
strahlung beam was used and a quantameter of the Wilson
design was employed to determine the number of equiva-
lent quanta. The chief disadvantages of this simple spec-
trometer system were its small solid angle and its inabil-
ity to reject particles scattered from the magnets.

TABLE VIII. A summary of the exposures carried out with hydrogen-filled bubble chambers.

Group Beam
Energy
(GeV)

Type of
chamber (cm) Pictures

Systematic
error Small-t correction

CEA Hardened
Brems strahlung

4.5
6.0

30 865 000 &5% 10' estimate
lowest bin

ABBHHM

SBT

Hardened
Brems strahlung

Annihilation
Radiation

Laser-Compton
(Polar ized)

5.45
5.8

4.3
5.25
7.5

2.8
4.7
9.3

100

208

1700000

300 000
252 000
940 000

294 000
454 000

1 260 000

&3 lo

&3%

&3%

No corrections made
-15%-for E'~& 2.5 QeV

Significant for
[t~ &0.06 GeV'
-13% for E~&4 GeV

(-0.4+0.4)% for ~t~~ t ~
{3.4 +0.5)% for ( t ~

~ t,,
(7 +5)% for 0.02&

) t I
& 0.05
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FIG. 65. Spectrometer system used by the Cornell group in
their studies of rho photoproduction (from McClellan et al. ,
1969).
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FIG. 66. Schematic diagram of the spectrometer system used
by the Hitson group at SLAC to study vector-meson production
through missing mass experiments in which the recoil particle
was observed. The insert shows the detector system in more
detail (from Anderson et ag. , 1970b).

tern is mounted on a platform which rotates vertically
(to -7") about the target, thus varying the production
angle. Typical acceptances (FWHM) are &m„/m„=+4%%uo
and &/t, //t, =+17%%uo. The spark chambers were used for
high-resolution analyses of the data taken on heavy nu-
clei, and served only for qualitative checks on the hy-
drogen-deuterium data. For the analysis of the data it
was assumed that the p-decay angular distribution was
given by sin'6I, where 8 is the center-of —mass polar
angle relative to the p direction of flight. The overall
systematic uncertainty in the hydrogen data was estimat-
ed to be +7%%uo.

In a subsequent experiment the Cornell group (Berger
et a/. , 1972) used a proton recoil hodoscope in coinci-
dence with the pair spectrometer to eliminate the inelas-
tic processes. The scintillation counter hodoscope, with
an angular resolution of +25 mrad, was placed below the
hydrogen target, and the pair spectrometer was tilted
vertically to vary the production angle from 0 to a max-

imum of 0.083 radians. Coplanarity of the recoil proton
and vector meson was used as the criterion for two-body
production.

Bulos et a/. (1969) used at Si AC a wire chamber spec-
trometer based on a large-aperture magnet in conjunc-
tion with a monochromatic photon beam from positron
annihilation to study rho production from hydrogen and
complex nuclei. The data from this experiment has
never been fully reported in the published literature.

Figure 66 shows a schematic diagram of the SLAC
1.6 GeV spectrometer used by the Ritson group at SLAC
(Jones et a/. , 1968; Anderson et a/. , 1970b) to study
vector-meson production through missing mass experi-
ments in which the recoil particle was observed. It is
a weak-focusing (n = 0), second-order-corrected, 90'
vertical. bend magnet with a radius of 254 cm. The spec-
trometer focused production angles and momenta onto a
single focal plane. The resolution was +0.08%%uo in momen-
tum and +0.4 mrad in angle. For low ~&~ values [~/~
&0.4 (GeV)'] the protons were identified by range and
pulse height using the first trigger counters. At higher

~
t

~
values, a threshold Cerenkov counter was used to

provide additional pion rejection. The primary beam
monitor was a nonsaturating quantameter which had
been calibrated against a Faraday cup. The net overall
normalization uncertainty for cross sections determined
using this apparatus is estimated to be (5+1)%. The
production of resonance particle ~ in the reaction y+p
-X+/ corresponds to a step in the detected recoil pro-
ton yield measured as a function of angle for a fixed-
photon end-point energy. This is evident from the equa-
tion

Ms = 2k(P cos8 —T) —2MT (3.29)

relating the missing mass and p, 8, M, and T which are,
respectively, the momentum, angle, mass, and kinetic
energy of the recoiling proton. Figure 67 shows mea-
sured proton yields for a peak bremsstrahlung energy of
11.5 GeV and for /=-0. 7 (GeV)' and the breakdown of
the yield into separate me, p', and

hatt peaks. This tech-
nique does not have sufficient resolution to separate out
the u, and other measurements must be relied on to
make this correction.

Figure 68 shows the apparatus used by Gladding et al.
(1973) to study vector-meson production from hydrogen
at the Cambridge Electron Accelerator. They used a
tagged photon beam and a recoil. proton wire spark cham-
ber spectrometer for primary identification. They also
employed an array of large spark chambers downstream
to observe some of the decay particles as an aid in sep-
arating the rho and omega.

A group from the California Institute of Technology
(Barish et a/. , 1973) used the SI.AC 8 GeV spectrom-
eter to study rho photoproduction from hydrogen by
observing the recoil proton and using the missing mass
to separate out the components due to m' and rho pro-
duction. They used a bremsstrahlung beam and carried
out measurements at photon energies of 6, 12, and 18
GeV for momentum transfers 0.5 to 3 GeV'.

The chief disadvantage of the experiments in which one
observes only the two pions is that one must make as-
sumptions about the decay distribution in order to ana-
lyze the data. Those experiments which detect pion pairs
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3. Treatment of the rho shape

A difficulty in the extraction of the rho cross section
comes from the need to separate the observed mass
spectrum into what is rho and what i bw a is ac round. Fig-
ur«9(a) shows a Dalitz plot for the rea, ction

ese ata were takenfor a photon energy of 9.3 GeV. Th d

1973 usin m
by the SLAC —Berkeley —Tufts group (B 11 t I

arne

a.,
) using monochromatic photons produced by back-

scattering a laser beam by an electron beam. Thi lm. is pot

It i
a strong rho band and a relativel k N by wea and.

of the ban
is clear that there is no problem du t thue o e overlap

o e bands since they are widely separated. Figure

near decay angles 8=- @ =90 actually measure

2(p'„+ p', ,) (drrldt) .
CC[See Angular Distribution of p' Deca. ~" b 1

III C 4 nother difficulty is ruling out an inelastic
component. The Cornell group (Berger et al. 1972

sured the inelastic contribution at 8.5 GeV in a sep-
arate experiment. They found f thor eir running con-
ditions that in the mp ass region the contamination at
small t! values is 5%-10% and increases to -25% at

in
hief disadvantages of experime tt =0.4 GeV'. The c

which only the recoil proton is ob d
imen s

s o serve are the un-
certainties involved in unfolding the spectrum and the

to ver
impossibility of measuring the angula d t b tr is ri u ion down
o very small momentum transfer. Table IX summar-

izes all the re ors a e reported experiments on rho photoproduction
from hydrogen.
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69(b) shows a Chew-Low plot for these same data. Fig-
ure 70 shows the projected mass plots for various
ranges in momentum transfer. These plots show the
major difficulties in the analysis of rho photoproduction.
The mass peak is not symmetrical about the rho mass
and the data cannot be represented as a simple Breit-
%igner plus a phase space background. In addition,
there is a low-mass background which decreases as the
momentum transfer increases.

The determination of the rho cross section from the
mass spectrum has caused a lot of difficulty and pro-
duced a wide disparity in the reported cross sections.
This problem is discussed at length in a recent paper by
Spital and Yennie (1974a) and is reviewed in Sec. IV.C of
this paper. It is generally believed that the background
is chiefly due to a coherent "Drell mechanism" (Drell,
1960), as was first pointed out by Soding (1966). As
argued by Bauer (1970, 1971) and Pumplin (1970), this
background has the property of going to zero at the rho
mass. Thus Spital and Yennie have suggested that the
rho cross section be defined as

20

I l

ltl & I.Q Gev'
59 EVENTS

L I ~ J J I I

0.2 0.4 0.6 0,8 1.0 I.2 l.4 I.6
M~+~ (GeV)

L

1.8 2.0

where rn, and I'~ are taken from external sources such
as colliding-beam measurements. The recommended
procedure is to measure the whole spectrum, fit it ap-
propriately, and use the fit to determine the cross sec-
tion at the rho mass.

Two popular fitting functions to the entire spectrum
are the p-wave Breit-signer with the Soding term ad-
ded, and the p-wave Breit-Wigner with the Ross-Stod-
olsky modification which has the form

FIG. 70. Reaction yp p 7t+7r at 9.3 GeV. Distributions of the
mass for different t intervals. The helicity-conserving

P-wave intensity, II, is shown by the solid points. The curves
give the result of a mmCimum-likelihood fit to the reaction using
the Soding model (from Ballaxn et al. , 1973).

der 1 dg
dt 2 ~ dtdm (3.30)

(3.31)f. (m,ym )"('&,

where the exponent n(t) is variable. Fits of the first
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for the p shape (from Wolf, 1972).

form are shown in Fig. 70. The fitted values of n(t) to
the same data using Eq. (3.31) are shown in Fig. 71. A
similar behavior is observed at other energies.

There are several difficulties with the Spital —Yennie
procedure. It does not prescribe a method for dealing
with an incoherent background; it depends critically on
values of m p and I'p which are not well known; p-u
interference cannot be ignored; and it is sensitive to the
absolute momentum calibration in the experiment. A
further uncertainty at low t is given by the dependence
of the minimum momentum transfer on the mass of the
zz system.

Various other definitions of the rho cross section are
employed in the literature. Since it is not always feas-
ible to convert these to the Spital- Yennie definition, we
describe various other techniques which have been used;
they have been used to obtain some of the results re-
ported here.

(1) A "phenomenological Soding" p' cross section de-
termined from the Spital- Yennie procedure [Eq. (3.30)]
with Rz p 7VO MeV and I p

= 15 5 MeV and using the fitting
form (3.31). This agrees with the Spital —Yennie defini-
tion with a particular choice of the fitting function, and
the results should be directly comparable to those de-
rived from other fitting functions, e.g. , using the Sod-
ing model.

(2) A so-called "Soding model" p' cross section de-
rived from a fit of the Drell-Soding model to the data.
This model includes helicity-conserving p production,

two Drell diagrams, a rescattering term, and incohe-
rently, A" production and a phase space term. It is
conventional (but not necessarily theoretically justified)
to use the Ferrari S—elleri 7t K-form factors (Ferrari
and Selleri, 1961) in conjunction with the Soding model.
The fitting procedure removes the influence of the co-
herent background and gives a p' cross section which is
proportional to the area of a p Breit-Wigner distribution
integrated over the available phase space. This proce-
dure is questionable because a formal integration over
the Breit-Wigner form with the conventional mass-de-
pendent p-wave width diverges. It would be better just
to deal with the amplitude of the fitted curve, but in
either case the cross section is still sensitive to the de-
tails of the Drell-Soding model.

(3) A "parametrization" p, cross section obtained by
fitting the Dalitz plot to a matrix element consisting of
phase space, A++, and a p' whose shape is given by the
form fs~(mz/m )"t'l. Basically this procedure ignores
the coherent background and yields a p' cross section
through the assumption that all dipion pairs, other than
those originating from 6" production and phase-space-
like background, are from p' photoproduction.

(4) A model-independent cross section for p-wave st
pairs called II, which is determined from a moment
analysis of the observed angular distribution for m'&

pairs in the po mass region.

Table X summarizes the fits of the form (doldt)~,
x es' made by the SLAC-Berkeley- Tufts (Ballam et al. ,
1972; 1973) and Weizmann —SLAC —Tel Aviv (Eisenberg
et a/. , 1972) bubble chamber groups. The cross sec-
tions not only depend upon the method of analysis, but
they vary significantly between the two groups. The
discrepancies are disconcerting, and the differences in
cross sections obtained by the two groups using the same
method indicate that the quoted statistical errors do not
adequately represent the real uncertainty in the deter-
mination of the cross sections.

Table XI summarizes the rho cross sections de-
termined by the various groups, together with our
best estimates of what the cross section would be using
the Spital- Yennie procedure with I"p= 155 MeV, and in
some cases correcting for the decay angular distribution
using the density matrix elements measured in the bub-

TABLE X. Fits of the form der/dt ~& Oe to the measurements of Ballam et at. (1972, 1979),
Eisenberg et aE. (1972a, 1972b) using different models to extract the rho cross section.

(Gev) Soding

dcrldt[ t 0 (ab Gev )

Spital-
Param Yennie Soding

B (GeV 2)

Spital-
Yennie Group

2.0-2.5
2.5—3.0
3.0-3.7
3.7-4.7
4.7-5.8
6.8 8.2

143 +14
170 +17
160 +16
100 +10
132 +13
102 +10

138 +20
179+27
159+ 26
130 +13
123 +14
104 +11

215 + 24
219*30
181+ 26
125 + 12
140 +14
107 ~12

5.4*0.5
6.4 +0.6
7.1 +0.7
6.5 +0.5
7.7 +0.6
7.1 +0.6

5.9 ~0.7
7.7 +0.9
8.2 +1.0
7.5 +0.6
7.6 +0.6
7.5 +0.6

6.7 ~0.9
7.5 ~1.1
7.5 ~1.2
6.8 +0.7
6.7 +0.8
7.0 ~0.8

Weizmann

2.8
4.7
9.3

104+6
94+6
86 +5

138+8
114~6
95~4

132 + 12
98 +8
79 ~4

5.4 ~ 0.3 6.6 ~0.3
5.9 +0.3 7.2 +0.3
6.5 + 0.2 7.3 +0.2

6.3+0.4 SBT
6.0 +0.3
6.3 +0.3
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TABLE XI. Summary of determination of pP p P. The forward differential cross section (da/dt), 0 and the slope parameter B
were determined from a fit of do/dt to the form (do/dt), Oe '. The total cross sections were determined in most cases by
integration of the fitted curves.

Expel iment

ABBHHM
Erbe et al.
(1968a)

SLAC
Davier et al.

(1970)

SBT
Ballam et al.

(1972)

Ballam et al.
(1973)

QorneU. *
McClellan et al.

(1971)

Berger et a7.
(1972)

DESY-MIT
Alvensleben et al.

{1969, 1970b)

SWT
Eisenberg et al.

O.972a}

(GeV)

2.5-3.5
3.5—4.5
4.5-5.8

2—4
4-8
8-12

2.8

3.91
4.08
4.61
5.58
5.92
6.53
6.94
7.40
8.24

3.0
3.6

4.8
5.4
6.0
6.4

2.0-2.5

2.5-3.0

3.0-3.7

3.7-4.7

4.7-5.8

5.8-8.2

—t Range
(Gev')

0.05—0.5

tmin

0.02—0.4

0.02—0.4

0.02—0.4

tmin

tmin

tmin —0.23

0.08—0.5

tmin

tmin

tmin

0.06-0.4

Fit method

~S,/I, )'

p-wave
Breit- signer

&(t)
(MgM )n(t )

Soding
Spital- Yenni e
rr(t}
(~/~ }""'
Soding
Spital- Yennie

rr(t}
(I /~ )n(t)

Soding
Spital- Yenni e

Modified
Spital- Yennie
Corrected
to I'=155 Mev

(M,/I, )'
Soding

(M /M }"~"
Soding
Spital- Yennie(I/I )""'
Soding
Spital- Yennie
(M /I )"
8oding
Spital- Yennie

(m/M )""'
Soding
Spital- Yennie
(~,/~, )
Soding
Spital- Yennie(I/I )" t&

Soding
Spital —Yennie

(do/dt)] 0

(pb/GeV')

147 +13
149 +19
130 ~16

178 +33
133 +34
152 +65

144 +12
138 ~8
104 +6
158 +13
109~8
114~6
94+6

109+8

84 +6
95 ~4
86 +5
94 +4

211+18
188 +18
175+16
167+8
158 + 11
136+11
141+13
135+6
134+9

156.5 + 11.5
132
127 +8
138 +5
125+5
117+3
113+5
119~6
117,'

138 +20
143 +14
215 +24
179 +27
170 +17
219+30
159+26
160 +16
181+26

130 +13
100 + 10
125 +12
123 +14
132 +13
140 +14
104 +11
102 +10
107 +12

(GeV')

6.9 +0.4
8.1 +0.7
7.9 +0.7
8.3 +1.0
8.9 +1.5

11.1 + 2.8
7.5 +0.6
6.6 +0.3
5.4 +0.3
6.3 +0.4
7.6+0.5
7.2 +0.3
5.9 +0.3
6.0 +0.3
7.1+0.4
7.3 ~0.2
6.5+0.2
6.3 +0.3

8.50 +0.5

9.0 +0.6

6.9 ~0.4

5.9 +0.7
5.4 +0.5
6.7 ~0.9
7.7 ~0.9
6.4 +0.6
7.5 +1.1
8.2 ~1.0
7.1 +0.7
7.5 +1.2
7.5 +0.6
6.5 +0.5
6.8 ~0.7
7.6 +0.6
7.7 +0.6
6.7 +0.8
7.5 ~0.6
7.1+0.6
7.0+0.8

(YP PPO)
(P)

21.3+2.3
l8.4 + 2.8
16'.5 +2.5
19.2 +2.3
15.6 ~1,7
13.4 +3.6
19.2 +2.2
20.9 + 1.5
19.3 + 1.5
25.1 +2.6
14.5 + 1.4
15.8 + 1.1
15.9+ 1.3
18.2 +1.6
11.8 + 1.1
13.0+ 0.7
13.2 +0.9
14.9 + 1.0

19.7 + 1.5

15.0 +1.2

16.8 ~ 1.1

23.4 +4.4
26.5 +3.6
32.1 ~5.6
23.3 +4.4

. 26.6+3.6
29.2 +5.9
19.4 +4.0
22.5 +3.2
24.1 +5.2
17.3 +2.2
24.6 +2.4
18.4 +2.6
16.2 +2.2
17-1+2 2
20.9 +3.-3
13.9 +1.8
14.4 ~1.9
15.3 +2.5

In this experiment not the full p cross section, do/dt, but the quantity 2( p„+ p~& &)do/dt is measured (see text). The numbers
given here for 5.58 and 7.40 Gev are the reported measurements and have not been corrected for the variation in density matrix
elements; the cross section for 8.5 Gev has been corrected using the values of the density matrix elements determined by Ballam
et aE. (1973). (2(p„+ pg g)) was taken to be (1+0.5t).
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ble chamber experiments. It is ouour conviction that the
S t l—Yennie procedure gives the momost unambiguous

of the rho and when making compariso
used the crosstween the different sets of data, we have use

section determined in this manner.

4. Experimental resu Its
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~ Hallo ITI et o I.
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x Cornell S.5 GeV—
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IOO +
I I I I

50 e Baliam et cll. , 4.7 GeV

ABBHHM 4.5 —5.8 GeV

Anderson et a I. 6.0 GeV

a. Hydrogen

4.7Fi ures 72 shows differential cross sections atFigures s ows i
—Tufts (Ballani

et &/. , 1972) and ABBHHM (Erbe et «., 1968) bubble
chamber groups and the SLAC 1.6 GeV spectrometer
gl ouproup (Anderson et a/. , 1970b). Figure 73 shows a
comparison be ween ab t data from the SI AC-Berkeley—
Tufts group (Ballam et a/. , 1973) anand data from the
Cornell (Berger et a/. , 1972) and Ritson (Anderson et
a/. , 1970b) groups. The counter experimen s g'riments ive in the
forward direction somewhat larger erosross sections than
are expecte y simpd b '

1.e extrapolation of the bubble cham-
ber cross sections.

Figure 7 s ows a p4 h lot of the forward cross section as
function of energy together with the cross section cal-a unc ion 0

culated using the quark model and f /pm4= . . ar
shows data as listed in the publications by the various

rou s who have studied rho photoproduction. Part (b)
shows the cross sections obtained fromm a reevaluation
of the ublished data using the Spital —Yennie procedure
with the assumption that I'~= 155 MeV.
f the quark model calculation are summarized in
Table XII. The agreement of the data obtaine y
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FIG. 74. The forward differentxal cross ssection for the reac-
0

g h the cross sections reported bytlon ')pp p p . Part (a s ows
1 t hniques that have beenthe various group gs usin the severa ec ni

' n. Part (b) shows theemploye or ed f d termining the cross section. ar
e ro-cross sections o me wbta d hen one uses the Spital —Yenni p

M V The solid curve is, in both parts (a)cedure with lz =155 Me
~ ~ ~odel-VMD prediction calculated usuxg theand (b}, the quark mo e-

measure paon-nuc ea — leon scattering cross sections vg, e
sumption that g& 4&=2. . ar18 P rt (a) follows a figure in Ballam
et al. , 1973.
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TABLE XII. A summary of the data used to calculate the p and u photoproduction cross sec-
tions expected for the simple quark model plus vector-meson dominance. The cross sections
are expressed in the form A exp(Bt+ Ct ), where t is in GeV . The strong interaction cross
sections are in mb/GeV and the photoproduction cross sections are in pb/GeV .

Reaction
Momentum

(GeV) Source of data
Real
part

P P-P P'

GdP-coP

'YP P P

3.0
4.0
8.5

16.7
3.0
4.0
8.5

16.0
3.0
4.0
8.5

16.4
3.0
4.0
8.5

16.4
3.0
4.0
8.5

16.4

Coffin et ai. (1967)
Coffin et al. (1967)
Hartung et al. (1965)
Foley et al. (1963)
Coffin et al. (1967)
Coffin et al. (1967)
Hartung et al.
Foley et al. (1963)

fp/4m'= 2.18

f~~/4' = -18.4

—0.31
—0.34
—0.25
-0.18
—0.16
-0.16

,--0.12
-0.11

53.0
40.0
32.5
31.5
53.0
46.1
38.1
31.5
53.0
43.0
35.5
31.5

177.7
144.0
119.1
105.6
20.7
17.1
14.2
12.6

6.74
6.68
7.45
8.73
7.80
7.95
8.54
8.83
7.25
7.31
7.99
8.79
7.25
7 ~31
7.99
8.79
7.25
7.31
7.99
8.79

0.19
0.44
0.72
2.55
1.04
1.28
1.84
2.12
0.60
0.86
1.28
2.36
0.60
0.86
1.28
2.36
0.60
0.86
1.28
2.36

(a)
I

f ABBHHM

LAC STC ) SWT

various groups is' poor. The cross section determined
by the Spital- Yennie procedure agrees satisfactorily
with the quark-VMD model.

Figure 75 shows the total cross section obtained for
p' photoproduction in the region below 12 GeV. Part (a)
shows the data taken indiscriminately from the litera-
ture; part (b) shows only data obtained with the Spital-
Yennie procedure with the assumption that I"~= 155 MeV.
The solid curve is the quark-VMD prediction with the
assumption that f'~/4n = 2.18. The data obtained with the

Spital- Yennie procedure are in quite good agreement
with the quark-VMD prediction.

In an experiment carried out at FNAL with a 147 GeV
muon beam incident on a 1.19 m liquid hydrogen target
and a spectrometer based on the Chicago cyclotron
magnet, Francis st al. , (1977) studied the muon pro-
duction of rho mesons at high energy. With the assump-
tion that a,(Q2) = a,(0)(1+q'/m, ')~ they determined the
photoproduction cross section by extrapolating mea, sure-
ments with Q' ~ 0.3 (Ge&)' to g'=0. Figure V6 shows a
plot of their results, together with representative lower-
energy data and vector-dominance-model predictions
calculated using the pion-nucleon elastic cross sections
(gu»k model) and the g,'/4'= 2.18.
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FIG. 75. The total cross section for the reaction yp —pp .
Part (a) shows the cross section reported by the various groups
using the several techniques that have been employed for de-
termining the cross section. Part (b) shows cross sections
obtained by using the Spital- Yennie procedure with I'& =155
MeV. The solid curve is the quark model-VMD prediction cal-
culated using the measured pion-nucleon scattering"cross sec-
tion with the assumption that f z/4' =2.18. Part (a) follows a
figure in Wolf, 1972.
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FIG. 76. A plot of the total rho photoproduction data obtained
from extrapolation to Q =0 of p muoproduction cross sec-
tion obtained by Francis et al. (1977) together with representa-
tive lower-energy data and the quark model. -VMD prediction.
The predicted curve is an extension to high energy of the curve
shown in Fig. 75.
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b. Comparison of doldt for hydrogen from different
exper/ ments

In order to display this relationship we have used the
quark model-&MD expressions

Given all these data the question arises what is the
best value for the rho photoproduction cross section.
There are clearly unresolved discrepancies in the mea-
surements. The bubble chamber data become unreliable
at low t; the counter data require at high t a correction
due to the unmeasured density matrix elements. Part
of this discrepancy can be removed by assuming the t
dependence is not a simple exponential but is given by
ihe more general expression

da p p 4' da'
p p

dt f2 dt
(~o'- p'p) = ~ (p'—p—r'p)

d(Y ! g dQ' ~i ~ $ da
(p'p——p'p) = — (~'p) + — (~ p)dt 2 dt 2 dt

(3.33)

(3.34)

A exp[Bt+ Ct']. (3.32)

The data from individual experiments are not sufficiently
precise and do not extend over a sufficiently wide f, range
to obtain a. meaningful fit with this generality. One sus-
pects, however, that the cross section is very similar
to that found in pion-nucleon scattering.

together with a simple parametrization of the available
pion-nucleon scattering data to obtain a reference cross
section with respect to which the photoproduction data
can be displayed. Table XII summarizes the data that
were used for this calculation. For the pion data the
optical point with the tabulated real part was added to
the measured differential cross section and all the data

+ BALLAM etal (1972) 2.7 GeV ~ McCLELLAN et al (1970) 5.5 GeV

o ANDERSON et al (19IO} 6.0GeV

ABBHHM (1968} 4.5-5.8Ge Y

~ BALLAM et al (1972) 4.7 GeV

~ BERGER et al (1972) 8.5GeV

~ McCLELLAN et al (1971) 73GeV

o ANDERSON et al (19'.0) 11.5GeV

BALLAM et al (1973) 9.5GeV

& ANDERSONetal (1970) l67GeV
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FIG. 77. A comparison of the experimental differential cross sections obtained by using, where possible, the Spital-Yennie pro-
cedure with I =55 MeV, with the quark model-VMD prediction based on the measured pion-nucleon cross section and assumingPf &/47r =2.18. The data used as input to this calculation and the predicted cross sections are summarized in Table XII. The pre-
dicted energy dependence of the forward cross section (solid curve in Fig. 74) has been used to correct the measurements to the
energy noted in the lower part of the figure.
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in the restricted range 0.03 (GeV)2& I/I &0.8 GeV2 were
fit to the expression given by Eq. (3.32). The real parts
were taken from the analysis of Hendrick and I,autrup
(1975). These fits were then. used together with Eq.
(3.34) to obtain the best expression of the form of Eq.
(3.32) for the pp differential cross section. This cross
section was then used with Eq. (3.33) and with the as-
sumption that j',/4m = 2.18 to calculate the p' photopro-
duction cross section.

Figure VV shows the ratio of the measured cross sec-
tions obtained with the Spital- Yennie procedure with I',
=155 MeV or from measurements with recoil protons to
the quark model-&MD expressions. The calculated en-
ergy dependence of the forward cross section (solid line
in Fig. 74) has been used to extrapolate the measure-
ments to the closest of the energies at which the pion-
nucleon data were used to determine the po-nucleon
cross section. Figure VV shows in a more immediately
apparent manner the degree to which the cross sections
determined by the different experiments agree and the
extent to which they agree with the quark model-&MD
prediction. At 2.7 GeV the measurements of Ballam et
al. agree satisfactorily with the model. At 4 Ge&, with
the exception of the 5.5 GeV forward cross section re-
ported by McClellan et al. , the data of the different
groups agree satisfactorily with one another and with the
VMD-quark model. At 8.4 Ge& the agreement of the
measurements of the different groups is satisfactory at
low t, but not good at high t. The highness of the mea-
surements by Berger et al. suggests that the correction
made for the unmeasured density matrix elements was
too large. At 16.7 QeV the data are somewhat low but
noi in serious disagreement with the quark model-&MD
calculation. In general the data of the various groups
agree with one another at the 15% level and with the
quark model-VMD prediction. The quark-VMD model
may in fact be a more accurate representation of the
true cross section than the data.

estimate the theoretical uncertainty in B to be 0.05. The
Cornell group (McClellan et a/. , 1969b) found for the
deuterium-to-hydrogen cross section at k= 0 (averaged
over energy), R(t =0) = 3.26+ 0.10. If the discrepancy
between the experimental and theoretical values for &
is attributed to the isospin dependence, then Eq. (3.35)
gives

Her,*T,/I T, + r, I'=O.O1+O.O2

from the incoherent part and then

(3.36)

(3.37)

from the coherent part.
In a bubble chamber experiment, a Weizmann group

(Eisenberg, 1974) measured the forward cross section
for coherent photop-". oduction from deuterium by observ-
ing events in which there was a recoil deuteron. They
then calculated from the ratio of this cross section to
the proton cross section that

l T, I''
2 =0.06+0.16,

0

@=70 +30
(3.38)

where P is the phase angle between T, and T, ; this is
consistent with the results obtained by the Cornell group.

In another bubble chamber experiment a DESY group
(Hilpert et a/. , 1970b) measured the yd- pod cross sec-
tion over a t range 0.04&

I tI &0.20 GeV' for energies
from 1.8 to 5.7 QeV. They then compared the measured
cross sections for hydrogen and deuterium and obtained
a value for

I T, /TOI' consistent with that of the Cornell
group. This group (Hilpert et a/. , 1970b) also measured
the cross section for the reaction yn- p p and found, for
energies above 3.5 GeV, o'(yn- p p) = (l. .o+ 0.4)pb. Then
with the assumption that the p and A, exchange contribu-

c. Deuterium

Data on po production from deuterons can be used to
obtain information on the relative size of the isospin-0
and isospin-1 t-channel exchange contributions to the
reaction yN- p'¹ As described in Appendix B the dif-
ferential cross section for production from deuterium,
summed over all possible final states of the two-nucleon
system, is given in the closure approximation by

«./«=4(l &.I'-'I l+&«t) I+ I &. I'-'I I- +«/)
I

+
I
L (/)

I

' +
[ T. I

'G(t)) . (3.35)

I I I I
i

I I I

500 —1,8& Ey& 2.5 GeV

yd ~ pod
I I I I I ( I I I

-- 2.5& E &3.5 GeVy

100—
CU

50—
C3

J3

~[6 ~o—

) with(Mp/M7r7r) (i) Benz et al (l974)
) interference model(ii)

l I I I I
i

I 1 I

&53GeVy

Rehovot(Ey=43
GeV)

Here T, , is the amplitude for isospin-0, 1 exchange,
E(t) is the deuteron's elastic form factor, D(t) is the
single-scattering term arising from the spin-dependent
port&on of T, and

I To I' G(t) xs the Glauber correction.
This form ignores ihe West correction. The predicted
ratio of the deuterium-to-hydrogen cross section, as-
suming only isospin-0 exchange, is B(t=0)=3.75. This
estimate differs from that reported by McClellan et al.
(1969b) due to use of a smaller value of o, (25 mb in
place of 38 mb; see also McClellan et a/ , 1971b). We.

I l I I I I I i

0 0.1 0.2 0.1 0.2 0.1 .. 0.2
ltl [«&']

FIG. 78. Differential cross sections determined by Benz et al.
+974) for the reaction yd p d. The black dots and open cir-
cles refer to two different methods for determining the rho
cross section. Also shown are the data of Eisenberg et al.
(1972b). The curves are predictions from the reaction yp p p
assuaging equal p production amplitudes for neutrons and
protons (from Benz et al. , 1974).
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TABLE XIII. Results of fitting an exponential & exp(Bt) to the differential cross sections
da/ dt ~r 0 (corrected for finite-width effects) for coherent po production yd pod, in the I range
0.04 &

~
I

~

& 0.20 GeVz. The models referto different methods for fittingtothe mass spectrum
and determining the rho cross section (from Benz et al. , 1974).

~, (Gev) 1.8-2.5 2.5-3.5 3.5—5.3 1.8—5.3 Model

A. (pb GeV ~) 467 +144 541 +148 335 +77 410+67
B (GeV ~) 25.5 +3.9 29.5 +3.2 24.2 + 2.5 25.5 + 1.8

(M /M„)""'+ phase space

~i (pb GeV ~)

B (Gev-')
468 +108 470 +120 312+75

23.8 +2.7 26.5 +3.1 22.6 +2.8
383 +60

23.7 +1.8
Diffractive amplitude+ Drell

one-pion exchange terms

A (rtjb GeV ) 481 +111 501 +129 327 +83 402 + 65 Alternate definition of resonant
B (GeV ~) 24.0 +2.7 26.9 +3.2 22.9+2.9 24.0 +1.8 part of the amplitude

tions to p production do not tend to cancel, they esti-
mated that

(3.39)

2.0
vs [GeV]

2.5 3.0
t I I I 1 t t I I I I 1 1 I 1 1

I I I I t 1 1 I

25—

Benz et al. (1974) studied the reaction yd- p'd at DESY
using the 85 cm deuterium bubble chamber Bnd a 5.5
Ge& bremsstrahlung beam. In their analysis they re-
stricted themselves to three-prong events with a visible
deuteron track. They found 1061 events in the momen-
tum-transfer photon energy range 0.04&

~

I
~

&0.20 (GeV)'
and 0.9 &E & 5.3 GeV, respectively. Figure 78 shows
the der/dt obtained with the different fits to the mass dis-
tribution together with the data of Eisenberg et al.
(1972b). The kinematic turnover at low

~

I
~

arises from

the fact that for fixed E the kinematically possible max-
imum value of M...- depends on f., thus producing a vari-
able cutoff in the mass distribution of a wide resonance
like the rho. Correcting for this cutoff and fitting the
data to the exponential form, A exp(Bt) yields the values
of A and E summarized in Table XIII. With the assump-
tion that do/dt is exponential throughout and with the cor-
rection for the finite width effect, the average total cross
section for the region 1.8&E &5.3 GeV is (13.2+ 2) )tb.

Benz et al. (1974) also used their deuterium data to
study the reaction yn- p p. Figure 79 shows a plot of
the total cross section as a function of energy; Fig. 80
shows the measured differential. cross section for 1.2
&Er &2.5 GeV. The first point at

~

t) =0.084 GeV' is cor-
rected by + 20/q for kinematic inaccessibilities due to the
mass dependence of the minimum momentum transfer.

Benz et al. (1974) used their deuterium data to set a
limit on the I=1 amplitude for rho photoproduction. With
the assumption that ReTo/ImT, =- —0.20 and using the
data, of Erbe et al. (1968) for da/dt(yP- p'p) they found

20

15
O

CA

o 10

I
I

I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I

I
I
I
I
I

I

I
I
I
I
I
I
I
I

I
I
I
I

I
o.(yp~ pop)(handdrawn average)

'I

I
I
I
I
I

\
I

\

cr(yn~p p)

+ Benz et ol (197zt)

Eisenberg ('l97ztb)—pion exchange prediction

)t&&~~) &1.1 GeV

20.0—

10.0—

5Q—)

b 1Q

0,5

I ~ l I ) I
l

I l I )

yn ~p-p
1.2& E & 2.5 GevY

ange

d o:e'~'
dt

3
Ey (Gevl

0.1
0,5 1.0

ityz~~) [Gev']
FIG. 79. Total cross section for the reaction yn p P, with
the restriction ~t

~

&1.1 GeV as a function of R& ". The full
curve shows the pion exchange prediction for yn —p p; the
dashed curve shows the qualitative energy behavior of 0(yp

p P) (from Benz et al. , 1974).

FIG. 80. Differential cross section for the reaction yn p P
in the E'& interval 1.2 &E& &2.5 GeV. The full curves show
the pion exchange prediction. The dashed line is an exponential
with a slope of 1.9 GeV 2 (from Benz et a/. , 1974).
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(yp pP) tx ~0 05
o(yp p p)Tatami

(3.41)

In summary, all the measurements are in agreement
with one another and indicate that the isospin-1 t-chan-
nel exchange contribution to p' photoproduction is small.
The data are not sufficiently precise, however, to rule
out an amplitude for isospin-1 exchange that is 25/o of
the isospin-0 exchange amplitude.

d. Complex nucfeI

'The first measurements of rho production from com-
plex nuclei were carried out at the Cambridge Electron
Accelerator by Lanzerotti et al. (1965, 1968) using the
previously described spectrometer and a photon beam.
They used data for H, C, Al, and Cu to demonstrate the
diffractive, coherent nature of rho production and to
show its simple relationship to pion-nucleon scattering.
The realization by Drell and Trefil (1966) that such data
could be used to determine the rho-nucleon total cross
section stimulated a whole series of measurements.
The early literature is somewhat confused by inadequate-
ly reported data and analyses, and we recommend Sec.
IV.C as a guide.

In 1967 Asbury et al. (1967a) used their double-arm
magnetic spectrometer system at DESY to measure rho
production from Be, C, Al, Cu, Ag, and Pb for rho
momenta of 2.8, 3.04, 3.5, and 4.5 GeV and peak inci-
dent bremsstrahlung energies 4.35 and 6.02 GeV. They
used the model of Drell and Trefil (1966) to fit the A de-
pendence with the nuclear radius parameter y, in the ex-
pression R =y, A' ' and the rho-nucleon total cross sec-
tion as free parameters. With this relatively crude
model, they obtained y 0

= (1.29 + 0.04)E and v = (31.3 + 2.3)
mb. They also demonstrated that the data showed the
same energy dependence as the total m P cross section.

The same year, Blechschmidt et al. (1967) reported
measurements made at DESY of rho production from H,
C, and Al at photon energies between 3.2 and 4.9 GeV.
They used other data to determine the total p-nucleus
cross sections and found an A dependence somewhere
between opacity and transparency.

Asbury et al. (1968) subsequently used their apparatus
to make more detailed measurements on C, Cu, and Pb
nuclei. They showed that their data agreed with the dif-
fraction production model and then used it to determine
f,'/4m from the expression

do'(yA —p'A) 1 k o. (3.42)

do/dt(yd- p'd)cal I T,+ &, I'
da/dt(yd —p'd)meas 1 To I

'

=1+ ' 2 cosh. C+ ', (3.40)IT I IT I'
I T, l IT, )'

was for the energy range 1.8 to 5.3 GeV consistent with
unity to 10/o. They then concluded that if &C'&0,

~
T,

~

/
~

To~ &0.3 within one standard deviation for the energy
range 1.8 & Ey + 5 3 GeV. With the assumption that p and
A, exchange in p production do not effectively cancel
they estimated from their p data for E„&3.5 GeV

f /4m=2. 28+0.40 (3.43c)

Using the optical-model analysis reported earlier, they
found f,2/4m = 1.76 + 0.40.

The next study of p photoproduction from complex
nuclei was reported by McClellan et al. (1969a). They
used the Cornell 10 GeV synchrotron and the pair spec-
trometer system described earlier to measure rho pro-
duction from C, Mg, Cu, Ag, Au, and Pb for a 6 GeV
photon energy. McClellen et al. used these data together
with their H and D data in conjunction with a generaliza-
tion of the Drell- Trefil model to determine o, and f', /4m.
They found for their best resultscr~„= (38+ 3) mb, f', /4w
=4.40 +0.60. These values disagreed with the results of
Asbury et al. and with the results expected from simple
theoretical models.

At roughly the same time Bulos et al. (1969) used at
SLAC their wire chamber spectrometer system to study
rho production from Be, C, Al, Cu, Ag, and Pb in the
energy range from 5 to 16 GeV. From an optical„-model
analysis of the data they found v, =31+4 mb and f2/4m
=4.82+0.04. This value for f2/4m seemed to support the
analyses of McClellan et al. ; the value of Op supported
Asbury et al.

This disagreement provoked a great deal of contro-
versy. It was pointed out by Swartz and Talman (1969)
that all the analyses had neglected the real part of the
rho-nucleon amplitude and were therefore suspect. The
importance of the real peart was noted also by Gottfried
and Julius (1970).

Behrend et al. (19VOa}, at the 10 GeV Cornell synchro-
tron, then used a 9.15 GeV bremsstrahlung beam and a
spectrometer system based on a large- aperture magnet
with a magnetostrictive readout wire spark chamber
array behind the magnet to measure rho production from
Be, C, Al, Cu, Sn, W, and Pb targets. They used an
optical-model analysis with the inclusion of a real part
for the rho-nucleon scattering amplitude to determine
from the 0 cross sections a', and+~/4m. They found o',
= (29.2+ 2.5) mb and f' /4m = 2.48+ 0.48. They attributed
the difference between their results and the earlier
measurements to the inclusion of a real part and a small
hydrogen cross section.

Stimulated by the disagreement, effort was made at
both DESY and Cornell to make more definitive mea-
surements and to carry out a more definitive analysis.
At DESY Alvensleben et al. (19VOa, 19VOb) used their
magnetic spectrometer to measure rho photoproduction
from Be, C, Al, Ti, Cu, Ag, Cd, In, Ta, W, Au, Pb,
and U. The measurements covered 20 intervals in di-
pion mass from 400 to 1000 MeV, six intervals in mo-
mentum from 4.8 to V.2 GeV, and 20 intervals in trans-
verse momentum from t, to -0.04 QeV'. They also
measured hydrogen (Alvensleben et a/. , 1969) at forward
production angles with incident photon energies between
2.6 and 6.8 GeV and in the dipion mass region from 500
to 1000MeV. From, an extensive optical-model analysis
taking a, , the ratio of the real to imaginary p'-nucleon
amplitude, equal to -0.2 they found

&~ = (26.7 + 2.0) mb (3.43a)

do'/dt ~, .0 (extrapolated to H) = (118a 6)pb/GeV

(3.43b}
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R = (1.12 + 0.02)A i3 .
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da/dt ~, .,=(106+11)p,b/GeV'

f'/4))'=2. 52 +0.08 .
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and lead. They concluded that there was no deyendence
on the target and

g = 0.013,
I'(~-2m)/I'(~-3m) =(2 8+0 6)'%%uo

n=(63+16)' .

(3..48a)

(3.48b)

(3.48c)

The DESY—MIT (Alvensleben et a/. , 19Vla) group also
used their spectrometer system to study the p-co inter-
ference in dipion photoproduction in the energy range
5-7 GeV from hydrogen, carbon, and lead. Figure
13 shows their mass distribution for H at 6.4 GeV. They
found

$ = 0.0106 + 0.0012,
I"(&u - 2m)/I'(m - 3n') = (1.36 + 0.33) /o

n =(96+15)' .

(3.49a)

(3.49b)

(3.49c)

In a low-statistics experiment carried out with a hy-
drogen bubble chamber, Moffeit et a/. (1971) verified
the p-(d mixing and obtained results that agreed with
those of Higgs et al. for carbon. Considering the dif-
ficulty of the experiments, the agreement is surprising-
ly good.

f. Leptonlc decay of the po

The initial suggestion that the p' meson dominates the
pion form factor stimulated many experiments to mea-
sure the leptonic branching ratio I (p-/'/ )/I" (p- a//) in
order to determine the y- p coupling constant. Table XIV
summarizes the reported measurements using hadron or
photon beams; it does not include the colliding-beam
measurements. The early experiments did not have suf-
ficient resolution to study the p-co interference and in the
analysis it was usually necessary to make some assump-
tion about the m contribution.

by observing the large-angle electron pairs from the re-
action y+ Be —Be+ e' + e - in the e+ e invariant mass re-
gion 610& M, +,- & 850 MeV/c'. The measurement de-
pends upon the interference between the real Bethe-
IIeitler amplitude and the Compton amplitude in which
the p decays to an electron-positron pair. Since this
interference vanishes in the symmetric case, one mea-
sures it by observing asymmetric electron-positron
pairs. The DESY-MIT group found that the phase of the
photoproduction amplitude of the p meson at 4.1—6.1 GeV
deviated from pure imaginary by (11.8+ 4.40) . This cor-
responds to a ratio of the real to imaginary p-nucleon
amplitude of n, =- 0.2 +0.1 . A similar measurement
using a carbon target with 4 GeV photons was carried
out by the Daresbury group (Biggs et a/. , 1971). They
found n, = —0.30 + 0.12. These measurements are dis-
cussed further in Sec; IV.E.

h. ~-p relative phase

The Daresbury group (Higgs et a/. , 19VOa) also mea-
sured the electron-positron mass spectrum in the pro-
cess y+ C —e'+ e +C in the invariant mass region be-
tween 675 and 850 MeV/c' as a means of determining the
relative phase of the p-co photoproduction amplitudes.
Figure 82 shows a plot of the observed spectrum. The
mean photon energy was 4.2 GeV. F rom a detailed anal-
ysis they found

(3.50b)

f', /4w =2.00 + 0.48 (3.50a)

f2 /4m = 14.0 + 4.8

y„,=(too", ) . (s.5c-)

In a similar experiment carried out with a Be target at
5.1 GeV, the DESY—MIT group (Alvensleben et a/. ,
1970c, 197lc) obtained the spectrum shown in Fig. 83.
From a detailed analysis they found

g. Rea/ part of product/on amplitude

A DESY-MIT (Alvensleben et a/. , 19VOd, 197ld) group
measured the phase of the p photoproduction amplitude

@„,= (41+ 20)'

f'/f'=9 4
(3.51)

TABLE XIV. A summary of the measurements of the leptonic branchiag ratio for the p made using hadron or photon beams as a
source of rho mesons.

Group Experiment
].0' x

I'(p —l+l )
r(p-all) Comments

Zdanis et aE. (1965)
(AGS)

de Pagter et aE. (1966)
(CEA)

Khachaturyon et aE. (1967)
(0ubna) I

Hyains et al. (1967)
(CEH,N)

Wehmann et aE. (1966,1969)
(AGS)

Asbury et al. (1967b)
(DESV)

Hothwell et aE. (1969)
(CEA)

Higgs et al. (1970)
(DNPL)

z +P e+e

y+ C p++p

vr +p e+e

7l +P P +JM

vr +(Fe or C} p++p

p+ C e'+e

p+ C e++ e

5.0",

3 3+1.6-0. 7

3.9+1.2

9 7+2. 0
2 ~ 3

5.6 + 1.1

6.5 +1.4

8.2 +1.6

4 9+1o 2
»1 5

Calculated correction

Assumed ~ negligible

Calculated ~ correction

~ excluded by mass selection

Calculated ~ correction

Assumed negligible

Assumed ~ negligible

Good resolution p-u separation
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FIG. 82. Differential cross section for the reaction yC —e'e &
determined in measurements by Higgs et al. (1970a). The
curves shown in the figure are best fits to the data assuming
(a) p —~ interference and (b) no ~ contribution (from Biggs et
al. , 1970a).

'The reason for the discrepancy between the two mea-
surements of Q„, is unknown. The measurements are
quite difficult and the final result depends on a relative-
ly few critical points (see Sec. IV.E).

i. Independent determination of 0
P

The Ritson group at SI,AC (Anderson et al. , 1971) used
a measurement of the differential cross section for the
reaction y+d- p'+d in the high-momentum transfer re-
gion to determine the total p'-nucleon cross section and
the p'-y coupling constant. Figure 84 shows a plot of the
measured cross section determined by measuring the
yield of recoil deuterons as a function of missing mass.
The change in slope around t = -0.4 Geg' is due to the
onset of rescattering. This rescattering term, or Glau-
ber correction, has a much weaker t dependence than p'
production from a single bound nucleon. In rescattering,
a large total momentum transfer may be shared between
the two nucleons in such a way that the internal mo-
mentum transfer which must be made up by the deuteron

10-& ',

l l l l l l l l l l l

0 0.1 02 0.3 0.4 0.5 0.6 O.T 0.8 0.9 1.0 1.1 1.2 l,3 1.4

-t (GeV')

FIG. 84. Differential cross sections for the reaction yd p d
determined in measurements by Anderson et al. (1971). The
solid lines are a fit using a double scattering model in which
the p produced on one nucleon is scattered from the second nu-
cleon (from Anderson et al. , 1971).

wave function is much smaller than if all momentum
transfer were absorbed by one of the nucleons. Thus, if
the deuteron is to hold together at increasingly large t,
rescattering becomes the dominant mechanism. A
p'-nucleon scattering cross section may be extracted from
such data. The results of Anderson et al. (1971) are
summarized in Table XV. This measurement provides
a satisfying confirmation of the &MD analysis of com-
plex nuclei.

.015—

E~ .O1O—

j. Angular distribution of p0 decay

The reader is referred to the formalism of Appendix
D. In the rho rest frame the decay is characterized by
8 and @, the polar and azimuthal angles of the w' meson
(Fig. 211). In this frame the rho has thre polarization
states and its production can be completely character-.
ized by the spin-density matrix p, ~ which may be ob-
tained f rom experiment.

TABLE XV. A summary of the p coupling parameters and the
total p-nucleon total cross section determined from the deuteri-
um experiment of H. L. Anderson et al. (1971).

I

700
(

750
I

800 850
~ (MeV')

l

900 Energy
(GeV)

Oy

(mb)

FIG. 83. The experimental mass spectrum for the reaction
pBe—Be e'e determined from measurements by Alvensleben
et al. (1970c). The curve is the best fit using a model which
incorporates p —~.interference (from Alvensleben et al. , 1970c).

6
12
18

2.44 + 0.24
2.80 + 0.16
2.80 + 0.12

28.6 + 1.4
28.5 + 0.8
27.6 ~ 0.6

Rev. Mod. Phys. , Vol. 50, No. 2, April 1978



Bauer, Spitai, Yennie, and Pipkin: Hadronic properties of the photon 325

((helicity
conservation))

l'ln

l'ou

((Spin direction
conservation))

p,W
IA

t channel
exchange

No spin transfer
in t channel

Q3

O
(3

I.Q

0.5

0

—0.5

't "
L

I

It is convenient to discuss the angular distribution of
the p' decay in three reference systems which differ in
the choice of the spin-quantization axis (z axis) of Fig.
211: the Gottf ried- Jackson system, where the z axis
ls the direction of the incident photon in the p rest sys-
tem; the helicity system, where the z axis is opposite
the direction of the recoil proton in the overall y p cen-
ter-of-mass system; and the Adair system, where the
z axis is along the direction of the incident photon in the
overall yp center-of-mass sy' stem.

Depending upon the pr'oduction mechanism, the spin
of the p may be aligned along the z axis in one of these
three systems (Gilman et a/. , 1970). The system which
gives the simplest description of the p' is then: (1) The
Gottfried- Jackson system for t-channel helicity con-
servation; (2) the helicity system for s-channel helicity
conservation (SCHC); (3) the Adair. system for "spin
independence" in the s-channel system. Figure 85 shows
a schematic representation of these three coordinate
systems.

~ It has been shown that to leading order in energy, the
overall production cross section (o') may be split into
noninterfering contributions 0 N and o U from natural-
and unnatural-parity exchanges in the t channel by linear
combinations of the density matrix parameters. The
parity asymmetry is def ined by

O~-OU
P =---

0 (xN

+CRAU

(3.52a)

At high energies

P 2P1 1 Ppp ~ (3.52b)

(See Appendix D for definitions of the p, „.) Since P, is
invariant under rotations about the normal to the produc-
tion plane, it is the same in the three coordinate sys-
tems defined earlier.

/In the counter experiments with polarized photons it
is conventional to measure

1 1
I I J. pll pl

p p '

II -L Pl 1 Pl 1

where o„and &~ are cross sections for the pions from
symmetric p decay to emerge in the plane of the photon
polarization (C = m/2) and perpendicular to it (4 =0).
When the helicity flip density matrix elements pp'„p»,
p«, , p,', are zero, Z is equal to P .

/If the p production mechanism conserves s-channel
helicity, i.e., if the p is transverse and linearly polar-
ized like the photon, then in the helicity system (D.l)

FIG. 85. A schematic diagram showing the preferred frames of
reference for rho production depending on whether there is s-
channel helicity conservation, conservation of spin direction, or
no spin transfer in the t channel (from Rosenfeld and Soding,
I.973).
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FIG. 86. Reaction &P—Pp at 9.3 GeV. Decay angular distribu-
tion of events in the p region in the helicity system. The
curves are calculated for an s-channel helicity-conserving
p —p transition and incident photon polarization of 77% (from
Ballam et al. , 1973).

implies

1 2 1
p1 1 = —Imp1 (3.54)

and all other p, » in (D.1) are 0. In these circumstances
Q (see Fig. 211) is the azimuthal angle in the helicity
system of the decay n' with respect to the p' polariza-
tion plane, and the decay angular distribution is pro-
portional to sin'8cos'P (D.4).

~ Figure 86 shows the distribution of cos8 vs $ in the
helicity system observed by the SLAC-Berkeley col-
laboration (Ballam et &/. , 19'/3) at 9.3 GeV. The dis-
tribution, which is of the form sin'Ocos'g, indicates
zero helicity flip contributions and dominant natural
spin-parity exchange. A more detailed study of the
density matrix elements shows that in both the Gottfried-
Jackson and Adair systems the helicity flip terms in-
crease rapidly off the forward direction. This rules out
dominance by an elementary 0+ exchange and spin in-
dependence.

Figure 87 shows the dipion spin-density matrix ele-
ments in the helicity system and the parity asymmetry
as a function of t in the p' region. At small momentum
transfers the helicity flip elements are zero, and s-
channel helicity is conserved at the yp vertex. This in-
dicates that in the center-of —mass system the rho be-
haves like. a photon with its spin along the direction of
flight. A more complete analysis shows that the ampli-
tudes for helicity flip contribute less than 10% of the
cross section for lt l& 0.4 GeV'. Figure 88 (Chadwick
et a/. , 19'l3) shows a comparison between helicity flip
elements for the p and those for pion-nucleon scattering.
'The similarity is striking.

The data in Fig. 87 for the parity asymmetry show
that rho production is completely dominated by natural-
parity exchange, as one would expect for a diffraction
mechanism. The fraction of unnatural-parity exchange
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FIG. 87. Reaction yp p7('7) at 9.3 GeV. Dipion spin-density
matrix elements in the helicity system and parity asymmetry
as a function of t in the p region (from Ballam et-al. , 1973).
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is consistent with the contribution expected from one-
pion exchange.

~ Counter experiments (Diambrini-Palazzi et a/. , 1970;
Criegee et a/. , 1968, 1970) have also been carried out
with linearly polarized photons to determine the asym-
metry parameter Z which measures the relative con-
tributions from natural- and unnatural-parity exchange
to the combination ( p~»+ p,',). Figure 89 shows the en-
ergy dependence of Z for small momentum transfers.

~ Measurements with deuterium targets (Eisenberg
et a/. , 1976) show a behavior for the density matrix ele-
ments for deuterium similar to that observed for hydro-
gen. The density matrix elements, in particular, re-
veal a helicity flip amplitude of the same sign and mag-
nitude as for hydrogen. This, together with the absence
of a large helicity flip amplitude in ~ photoproduction,
implies that the isospin of the helicity flip exchange am-
plitude is zero.

With the assumptions that rho production is pre-
dominantly natural-parity exchange, that the helicity
flip amplitudes are small, and that the nonf lip ampli-
tude is imaginary, Leith (1978) estimated the ratio of
single and double helicity flip amplitudes to the dominant
nonf lip amplitude. He found that the single flip ampli-
tude was -10—15% in magnitude and of the same sign as
the nonf lip amplitude and that the double flip amplitude
was roughly the same size but opposite in sign. Both
helicity flip amplitudes are predominantly natural-pari-
ty exchange.

FIG. 88. (a), (b) 2Rep&~ for the reactions pop and IS'o I/
~$'„) for ~N scattering. Open triangles are from de Lesquem
et al. (1972) and Cozzika et al. (1972). (c) )$', ) for vrK scatter-
ing at 6 GeV/c and average ImT

&&
for p photoproduction at 4.7

and 9.9 GeV, normalized by the choice fg4w= 2.4 (from Chad-
wick et al. , 1973).

OThese general characteristics, together with the
similarity to mN elastic scattering, indicate that small
helicity flip is a common characteristic of diffraction
p=ocesses.

1.0

0.5—

yP =Pp
ltl - 0.4 Gev

DESY

. zr. SBT

CORNELL

0 I I

Ey (GeV)

FIG. 89. The energy dependence for the polarization asymmetry
& as determined in counter, bubble chamber, and streamer
chamber experiments. Data are from DESY (Criegee et al. ,
1970}, SBT (Ballam et al. , 1970, 1972), and Cornell (Diam-
brini-Palazzi et al. , 1970) (figure after Wolf, 1972).
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D. Omega photoproduction

The omega meson is an unstable particle with a mass
of (782.7+0.6) MeV and a width of (10.0+0.4) MeV. its
quantum numbers 1~(Z~)C are 0 (1 ) and its dominant
decay modes are w'm m'((90. 0+0.6)%), m'y((8. 7+0.5)%),
and ~'w ((1.3+0.3)%). Since the ~ has a much larger
width for the r'y decay mode than the rho, one-pion ex-
change plays a larger role in (d photoproduction, and at
low energies dominates the photoproduction cross sec-
tion.

1. Production from hydrogen

Five experimental techniques have been used to study
omega photoproduction —hydrogen bubble chamber ex-
periments in which the Pm m are observed (Crouch et
a/. , 1966, 1967; Erbe et al. , 1968a, 1969; Ballam et al. ,
1970, 1973; Eisenberg et a/. , 1972a), deuterium bubble
chamber experiments in which the dr'r are observed
(Benz et a/. , 1974; Eisenberg et a/. , 1976; Alexander
et a/. , 1975), counter-spark chamber experiments in
which the m'm m' decay mode is observed (Behrend et
al. , 1970, 1971a; Abramson et al. , 1976; Morris et al. ,
1976), counter experiments in which the w'y decay mode
is observed (Braccini et a/. , 1970), and counter experi-
ments in which the recoil proton and some of the decay
particles are observed (Gladding et a/. , 1973).

The observation of the co-decay angular distribution
with a linearly polarized incident photon beam gives a
particularly important piece of information, since it
makes it possible to separate the portions of the cross
section due to natural [ (—l)~] and unnatural [-(-l)~]
parity exchange in the t channel, and thus to separate
the diffractive and one-pion exchange components of
the cross section. The same formalism that was used
to describe the p' angular distribution can be used to
describe the c (Schilling et a/. , 1970). The reader may
refer to the relevant discussion and definitions in Sec.
III.C and Appendix D. The only distinction to be made
here is that the matrix element which describes co de-
cay is proportional to e„~(k„xk, ), whereas for the
p' it is proportional to 6p k + Thus for the c0 the
direction normal to the decay plane (k,, x k, ) plays the
same role that the direction of k,, does for the p .

Early bubble chamber studies of co photoproduction
were carried out by the Cambridge bubble chamber
group (Crouch et a/. , 1966, 1967) and by the DESY
bubble chamber group (Erbe et a/. , 1968a, 1969). They
showed that the total cross section for ~ production de-
creases rapidly with energy, and, can be viewed as due
to diffractive production plus a large component due to
one-pion exchange.

The most extensive bubble chamber data for produc-
tion from hydrogen comes from the 2.8, 4.7, and 9.3
GeV runs by the SLAC —Berkeley group at SLAC (Ballam
et a/. , 1970,1971,1973) with the laser-produced polar-
ized photon beam and the 208 cm bubble chamber. Since
the presence of a neutral particle in the final state made
it difficult to obtain a clean sample for the reaction

yp = p7/ 7T TT

MM~ O. l Gev~

I.O

Ey = 2.8 GeV 1468 EVFNTS
2.4 & Ey & 3.3 GeV

OJ

a) O. 5
(3

I

t

~ g

~ ~ ''' l5 J

Q ] '.:«0:'." j

Ey=4.7 GeV I 354 EVENTS
4.1& Ey & 5.3 GeV

1.0

6J
~a o. 5

I

Q

Ey = 9.3 GeV 137 7 EVENTS

l.o

l.Q

M ~+~-~ ( GeV)

2.Q

event selection criteria. Corrections were made for co

events which (a) were excluded because they fit the
three-constraint hypothesis yp -pm+ m; (b) had a recon-
structed mass outside the ~ region (0.67—0.90 GeV); (c)
were lost because of short recoil protons; or (d) had a
decay mode other than r'r r'. In addition, for the 2.8
and 4.7 Ge& exposures, it was required that the cal-
culated photon energy lie within a specified range. With-
out including (d), the combined correction factors were,
respectively, 1.12, 1.22, and 1.29 at 2.8, 4.7, and 9.3
GeV. The correction factor for other decay modes was
1.11.

Figure 90 displays scatter plots for the reaction yP
-Pr+r r' at 2.8, 4.7, and 9.3 GeV. There is a strong
signal at the co mass and no evidence for other resonant

it was necessary to investigate the bias coming from the

FIG. 90. Scatter plots of the 7/+7t 7t mass versus momentum
transfer $ for the reaction pp —pvr+7t. 7t.o at 2.8, 4.7, and 9.3 GeV
(from Ballam et al. , 1973).

Rev. Mod. Phys. , Vol. 50, No. 2, April 1978



328 Bauer, Spital, Yennie, and Pipkin: Hadronic properties of the photon

yP — P~
I N/-- --- der /dt

yP = CUP

0.02 &Itl& 0.5 GeV~

20

IO

Ey=2.8 Gev Ey=4.7 GeV

I
I

Ey=9.5 GeV

277 evts
50 50—

4.7 GeV

259 evts

9.5 GeV

226 evts50—
(U 5)

CD

0.5

D
20

w lp)
LLI

0
—

I

I

0

20—

IO

0
—

I

I

0
COS 6IH

20—

lp-

0

0. I

0
I I

0.5
Itl (Gev~)

IO 0 0.5
Itl (Gev~)

I0 0 0.5
ItI (Gev~)

FIG. 91. Differential cross sections ( ) and natural-parity ex-
change contributions to the differential cross section (---) for
the reaction pP P~ at 2.8, 4.7, and 9.3 GeV (from Ballam et
al. , 1973).
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states. Figure 91 shows the ~ differential cross sec-
tion der/dt; Fig. 92 shows the total cross section for ~
production as determined by the SLAC-Berkeley experi-
ment and the other bubble chamber experiments. The
agreement between the different bubble chamber experi-
ments is satisfactory.

Figure 93 shows the decay angular distributions in the
helieity system and the parity asymmetry P, [Eg. (3.52)j
for events in'the cu mass region 0.74 & M. ..o &0.84 and
in the momentum-transfer interval 0.02 &

I
t

~
& 0.3 GeV'.

(We refer the reader to Fig. 211 for definitions of the
various angles. Additional theoretical discussion can be
found in Appendix D.) At the lower energies there is
little structure in (, but at 9.3 GeV the characteristic
cos'g signal observed in rho production appears. The
parity asymmetry is zero at 2.8 GeV and approaches 1
at 9.3 Gey.

gP P(d

b b
I +z z 0b b

II

b

—
I

I I I I

0 2 4 6 8 Ip

E~ (Gev)

FIG. 93. Reaction pP —P at 2.8, 4.7, and 9.3 GeU. Decay an-
gular distributions in the helicity system and parity asymmetry,
2 „for events in the mass region 0.74~ M,+,-,0 ~ 0.84 MeV
and in the momentum-transfer interval 0.02 & It I

& 0.3 GeV .
Curves are calculated from the fitted density matrix elements
(from Ballam et al. , 1973).

Figures 91 and 92 also show the decomposition of the
cross section into contributions arising from natural-
(o") and unnatural-(&z~) parity exchanges in the t channel

through the expression

~ Ballam et al.
~N ~ u

o '~= —(1+P )o' .1
0 (3.55)

+ ABBHHM

~ SLAC Annihilation Beam TABLE XVI. The reaction pP P~ at 2.8, 4.7, and 9.3 GeV.
Total cross sections and forward differential cross sections
drr/dtIt 0 and slopes B from a, fit of the form drr/dt=drr/dtI, oes'
(from Ballam et al. , 1973).

2.8
~, (Gev)

4.7 9.3

o.(I(Lb) 5.3 ~0.5 3.0 +0.3 1.9 + 0.3

0
0

I

2
I

4
Er (GeV}

6 8 lp

(pb/GeV~)
dt

B (GeV ~)

o (pb)

33.2 +3.6

6.8 +0.6
2.4 +0.4

22.0 +3.2

7.9 +0.9
1.7 ~0.3

13.7 + 1.6

7.5 ~ 0.8
1.8 + 0.3

FIG. 92. Total cross sections for the reaction yp p~ as a
function of incident photon energy. The points labeled ABBHHM
and SLAC Annihilation Beam are from Erbe et al. (1968a) and
Eisenberg et al. (1972), respectively. Also shown are the con-
tr ibutions of natural- and unnatural-parity exchange in the t
channel. The solid and dashed curves give the contributions of
a diffractive process and OPE, respectively, as obtained from
the fit described in the text (from Ballam et al. , 1973).

do-"
{g,b/GeV')

a~ (GeV-')
o (pb)

14.5 + 5.1"

7 3+2 4"
2.9 +0.4

Fit interval 0.02 &
I t I

& 0.5 GeV'.
"Fit interval 0.014 &

I t I
& 0.4 GeV .

14.6 +4.8"

8.5 +2.4"
1.3 +0.3

11.4 + 2.1"

6.6 ~1.1
0.1-+0.2
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(o) DENSITY MATRIX OF NATURAL PARITY CONTRIBUTION

IN HELICITY SYSTEM

(Wherever the superscript N appears in this section, it
denotes natural spin-parity exchange. ) Since the final
states are orthogonal, there is no interference between
the diffractive and one-pion exchange amplitudes. For
the OPE calculation they used the formulation of Wolf
(1969) (using Benecke-Diirr form factors) and the value
of I. „,=0.90 MeV for the radiative width. To allow
for an energy dependence of do~/dt I, .„they assumed

0.2
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(,dt, , i E„ (3.57)

From a X' fit to the differential cross sections and P, at
the three energies in the interval 0.02 &

I
t

I
&0.5 GeV',

they obtained

o& 0
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0.4
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0

-04
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(b) DENSITY MATRIX OF UNNATURAL PARITY EXCHANGE

CONTRIBUTION IN JACKSON SYSTEM

C = (9.3 + 1.7) p,b/GeV ',
D = (1.4 + 1.2) GeV,
BN =(6 7 &0.6) GeV

W= 0.97 + 0.09 .

(3 .58)
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Table XVI summarizes the fits of the differential cross
sections to the form do/dt =do/dt I, .,es'. oU decreases
rapidly with increasing energy; o" is approximately
constant with energy.

Figure 94 shows separately the density matrix ele-
ments for the natural- and unnatural-parity exchange
components. Since it is suspected that the unnatural
component is due to one-pion exchange, this component
of the density matrix elements has been expressed in the
Gottf ried- Jackson system. The natural spin-parity
component has been expressed in the helicity system.
These "systems" were discussed in Sec. QI.C; see Gil-
man et al. (1970) for additional information. The natural
spin-parity component is consistent with the behavior
expected for an s-channel helicity-conserving y- ~ tran-
sition. It is also consistent with the same fraction of
small helicity flip contributions that were observed for
the p'. The unnatural-parity exchange density matrix
elements do not completely support t-channel helicity
conservation ( po~o «p~~~), as would be expected from a
naive one-pion exchange (OPE) model.

The SLAC-Berkeley group fit the data at all energies
to a simple model in which (d photoproduction was de-
scribed as a sum of diffractive and OPE components.
Specifically they wrote

d~ do N ~~ do. o~m
es '+W

d (E„,t) .
t =0

(3.56)

FIG. 94. Reaction pP P~ at 2.8, 4.7, and 9.3 GeV. (a) Density
matrix elements of the natural-parity exchange contribution in
the helicity system. {b) Density matrix elements of the unnat-
ural-parity exchange contribution in the Gottfried-Jackson sys-
tem (from Ballam et al. , 1973).

The resultant decomposition is shown in Fig. 92.
A Rochester group carried out two separate studies of

(d photoproduction from hydrogen and deuterium at the
Wilson Synchrotron I.aboratory using a counter-spark
chamber system. Figure 95 shows a diagram of the
apparatus used in the initial experiment (Behrend et al. ,
1971a). Omega mesons produced by a 9.1 GeV brems-
strahlung beam incident on a hydrogen target were de-
tected through the m'm m' decay mode. 'The charged
pions from (d decay were momentum analyzed with a
wire spark chamber system. The momentum and mass
of the r' were determined by the measurement of the
energy and opening angle of the y rays ~ Since in the
initial experiment the direction, but not the energy, of

SP 1 SP2

TARGE'T ~ ~ ~
~ ~ ~

~Pp ///r // j//////////j/
',3OD40, 25cm Gap~/
//re//j~j' /~///~

~ ~ ~ ~

PLAN
8I B~

~ ~ ~

A D Sh

[f IIII IIIF/yy~/, '„",",",","„ ll I II I I II

ELE VATION
METERS

FIG. 95. Geometry of the apparatus used by the Rochester
group (Behrend et al. , 1970) for detecting photoproduced ~ me-
sons through their 7r'7r 7r decay. SP1 is a wire spark chamber
system used to determine the trajectories of the charged pions;
SP2 is a strip spark chamber array used to measure the posi-
tion of the gamma rays subsequent to the 12 radiation length
lead converter. ~&, I3&, and I32 are scintillation trigger coun-
ters; A is an anticounter. Sh is a segmented shower counter
(from Behrend et aE. , 1970b).
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co NN

TABLE XVII. A comparison between the measured natural
spin-parity cross section for u photoproduction and the cross
section calculated from the quark-VMD model with the assump-
tion that the f~/4x has the colliding values of 18.4.

T
g

2 t- i OPE

I—
I I I
I ( I

Source of data

Ballam et al. (1973)
Abramson et aE. (1976)
Quark-VMD model

(see Table XII)

Energy
(GeV)

9.3
8.9
8.5

do
dt g p

(pb/GeV )

11.4 + 2.1
8.8 +0.7

14.2

B
(Gev ')

6.6 +1.1
7.1 +0.5
7.99

+ Rochester
-l- SLAC 9.5 GeV

2 ~y
I

1 ~ xOPE

l

0 .1

5—

(i'((eev)'
FIG. 96. Differential cross sections for pd —~NN and pp ~p.
Solid curves are fit to a diffractive component plus OPE. The
dashed curves are the OPE contributions used in the fits. Data
points labeled SLAC are from Ballam et aE. (1973) and those
labeled Rochester are from Abramson et zl. (1976) (figure from
Abramson et al. , 1976).

A~ = (8.8 +0.7) gb/GeV',

B~ (7.1 + 0.5)GeV
(3.59)

These values are compatible with those obtained by the

the primary photon beam was known, they could deter-
mine all the kinematical variables of the photoproduced
(d but not the degree of excitation of the target. Thus
they obtained cross sections summed over elastic (yN
—&uN) and inelastic (yN- AN*) channels.

The Rochester group subsequently used a tagged pho-
ton beam with an improved version of their spectrometer
to measure the cross sections from hydrogen and deu-
terium ta, rgets at a mean energy of 8.9 GeV (Abramson
et al. , 1976). The tagged photon beam enabled them to
determine the target excitation and to study separately
the yN- coN and yN- ~& channels. Figure 96 shows the
measured differential cross sections; also shown in this
figure are the measurements of the SLAC-Berkeley
bubble chamber group. In addition to the errors shown,
there is an overall normalization uncertainty in each of
the experiments. The Rochester group cited +10%%uo as
the overall normalization uncertainty; the bubble cham-
ber group did not give a figure for this uncertainty but
increased their errors to take it into account. The
two groups agree on the shape of the cross section but
differ systematically by 22%%uq. This difference in nor-
malization may be compatible with the overall system-
atic uncertainties in the two experiments. A fit to the
form A~ exp(B~t')+ one-pion exchange, where, t' =—$ —f,„
is the square of the four-momentum transfer to the nu-
cleon minus its value for forward production, gave

SI,AC —Berkeley bubble chamber group. The Rochester
group also measured the density matrix elements for ~
production from hydrogen. They found values in agree-
ment with those of Ballam et al. and confirmed the devi-
ation from SCHC at large momentum transfer.

Gladding et al. (1973) used a tagged photon beam and
the spectrometer system described earlier to study w'

production at the Cambridge Electron Accelerator in
the energy range from 2.9 to 4.7 GeV. They observed
the recoil proton and the direction of the decay pions.
They used the decay pions to eliminate the rho channel
and thus enhance the ~ signal. They obtained differen-
tial cross sections which were roughly 40%%u& lower than
those obtained by Ballam et al. (1973). Gladding et al.
did not quote an overall systematic error, but the sta-
tistical errors are large and it appears that their mea-
surements and those of Ballam et al, . are marginally
compatible. Gladding et al. reported that for 3.7&E
& 4.7 GeV, the ratio of the differential cross sections
for ~ and p' production was consistent with a constant
as a function of t. They interpreted this as an indication
that the OPE contribution had already disappeared. In
this they differed from Ballam et al. who concluded that
the OPE component was roughly three-fourths of the
diffractive component in this energy interval.

In summary, work by Abramson ef, al. and by Gladding
et al. confirms certain aspects of the work of Ballam et
aL. , refutes none of it, but suggests that the absolute
normalization is high. Table XVII gives a comparison
between the measured spin-parity cross sections for
hydrogen and the cross section calculated from the
quark-VMD model summarized in Table XII.

2. Production from deuterium

It is particularly interesting to study co production
from deuterium. The observation of the coherent pro-
duction from deuterium gives a direct measure of the
isospin-zero part of the natural-parity exchange compo-
nent. 'This cross section can then be combined with the
natural-parity exchange component of the hydrogen cross
section to determine the component of the cross section
due to isospin-one exchange. The major natural-parity
candidate for isospin-one exchange is the A., meson.

Figure 97 shows some natural-parity exchange dia-
grams for Compton scattering and po and ~ photoproduc-
tion in the spirit of the VMD model. Only the isospin-
zero exchange diagrams contribute to coherent p and ~
photoproduction on the deuteron. VMD connects isospin
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where the factor 1.3 arises in part from the diagonal
contribution of u& and @ to the Compton scattering dia-
grams, and in part from the nonzero real part of the
isospin-zero amplitude. Non-&MD contributions to the
amplitudes of Eq. (3.62) were not taken into account.

The Rochester group measured the cross section for
the reaction

yd-~(d or np)

N ~D~5 N N ~D~4 N and then used the expression

P f

N ~D5~ N

Ap

N ~D~S N

FIG. 97. Vector-meson-dominance diagrams for natural-parity
exchange Compton scattering, p photoproduction, and co photo-
production (after Kogan, 1975}.

exchange in forward p' and ~ photoproduction with that
in forward brompton scattering. The latter can be ob-
tained via the optical theorem from the total y p and y d
cross sections and their energy dependence. Regge fits
to the total cross sections including P, f, and A2 ex-
change have indicated the presence of a small isovector
exchange amplitude. At E = 4.3 GeV,

—=(0.024 or 0.035) +0.011,

ImT, ~(yN- uN)
ImT, "(yN- (uN)

(3.6la)

where the "="in Eq. (3.61a) is based on the assumption
that T,N(yN- urN) is nearly purely imaginary. Under
these circumstances and assuming VMD applies to the
amplitudes in Eq. (3.60),

& =(f If )r =0.17+0.08,
A A

where f'„/f ', is taken equal to the colliding-beam ~aiue
f„/f', =7.14 +1.0. With a more complete analysis, the
Rochester group (Abramson et al. , 1976) finds

~ =I 3(f'ff,')&,

(3.61b)

(3.62)

(3.60)

where T, and T, are the isospin-0 and isospin-1 ampli-
tudes, and where the two values in parentheses stem
from two fits (Caldwell et al. , 1973; Dominguez et al. ,
1972). As discussed in Sec. IIIA such estimates in
volving 0„~-o„„must be regarded avith caution. . It was
first pointed out by Harari (19VO) that one might expect
A, exchange to be more important in the natural-parity
exchange component for ~ photoproduction than for p'
photoproduction. To a good approximation using the for-
ward scattering amplitudes we obtain

Re[ T,~(yN- cuN)T "*(yN- ~N)]
) To~(yN- ~N) I'

dc~«=2
I
T."I'[I++(4t) —Go(t)]

+
I T, I'[1——,'F(4t) —G, (t)] (3.63)

to analyze the data (see Appendix B). Here
I T,"I'

=A„exp(B~t) and
I T, I' are the spin-nonf lip I=O exchange

and spin-flip I=1 exchange contributions for a single
nu'cleon. The one-pion exchange calculation was used
for

I
T, I'. The Glauber corrections G, and G, were

taken to be 0.12. Figure 96 shows the data together with
the fit. The fit gave

A„=(7.4+0.5) pb/GeV',

B„=(6.9 +0.5)G eV ', .
When comparing the forward cross section with the re-
sults of other groups, it should be remembered that

— there is an additional uncertainty in the overall nor-
malization of +10%. The Rochester group also studied
the density matrix elements and found less deviation
from SCHC for deuterium than for hydrogen.

For the P-n cross-section difference for ~ produc-
tion, the Hochester group obtained 6 =0.20 +0.12. For
the slope difference, B~ —B~, they obtained(0. 15+0.74)
GeV ', a result which is consistent either with zero or with
that expected from A, exchange. If B~ and B„are con-
strained to be equal, then the fitted cross sections
change slightly, and the results yield ~ =0.18 +0.09.
Both of these values of ~ are compatible with the amount
of A, exchange suggested by the P —n total hadronic
cross-section difference.

Four bubble chamber experiments have studied co pro-
duction from deuterium (Benz et al. , 1974; Eisenberg
et al. , 1972, 1976; Alexander et al. , 1975). Benz et al.
used the 85 cm bubble chamber at DESY to study ~
photoproduction from a 5.5 Geg bremsstrahlung beam.
Since yd- &~d was only a kinematic 0C fit reaction, they
relied heavily on the narrow'ness of the mass distribution
to separate this reaction from the background. Their
data covered the kinematic range 1.4 & E„& 5.3 Ge7 and
0.05 & It I&0.20 GeV'. For the total &u cross section in
this region they found (0.64+0.17)pb. They then com-
bined this value with the similarly measured total cross
section for p' production (4.6+0.4) pb, to obtain

f'„a(yd- p'd) +2.7
o ( yd —&ud)

' -1.6
P

Equation (3.64) is based on the assumption of equal dif-
fractive scattering amplitudes for p' and co xnesons.

A Weitzmann institute group (Eisenberg et al ., 19V6) re-
ported yd measurements at 4.3 QeV using the SLAC
laser-backscattered linearly polarized photon beam and
the 208 cm deuterium-filled bubble chamber. Figure 98
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FIG. 98. 7r'7r 7r mass distribu-
tion of 3-prong events in the
reaction pd d7r+vr 7r0. The
dashed line represents the
estimated background under
the ~ peak I',from Eisenberg
et al. , 3.976).
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o 40
C)

20—
LU

yd~dm+s' w' 436ev

der/dt(yd —d&u)
I „o= (69 + 17) lLb/GeV2 .

This gives

(3.66a)

Here F is the form factor for the deuteron, and G, is the
Qlauber shadowing correction for t=0. 'The w slope pa-
rameter B„was taken as 7.2 Ge& ~, the value found in
similar measurements of p' production. The fitted curve
is shown in Fig. 99. The derived forward cross section
ls

(3.65)

l00

50 y

I Iyd~ dm

20-

shows the mass distribution of the Yr'Vr m' combinations
for ya-4m+m m'. A clear ~ signal with a full width at
half-maximum of 60 Me& is observed above a rising
background. The background under the ~ in each t bin
was estimated on the Chew-Low plot, and the total. back-
ground is plotted as dots in the figure.

The differential cross section for the coherent reaction
yd —des in the range 0.02 &

I
t

I
& 0.20 GeV was obtained from

the number of events in each t bin with 0.'72 & M, +, o

& 0.84 Geg. This required the measurement of recoil
deuteron tracks as short as 1.5 mm. After the back-
ground was subtracted, a correction was made for the
loss of 3-prong events into the 2-prong sample. The
correction (& 10/0) was estimated by imposing azimuthal
symmetry of the outgoing deuteron track around the beam
direction. An additional combined correction of 20/0 was
introduced for ~ events lost in the tails of the mass dis-
tribution, because of the missing mass cut and the in-
coming E cut. 'The cross section was then corrected
for the neutral. u&-decay modes (10%). The systematic
error was estimated as + 20/g and has been added to all
the total and forward cross sections.

Figure 99 shows the differential cross section. The in-
tegrated cross section is (1.2 +0.3) pb for 0.02 & It I

&0.20 GeV'. For the interval 0 05& It I&0 20 Gev', the
cross section for ~ production is (0.61 +0.18) pb. This
is consistent with the result (0.64+0.1 t) pb obtained by
Benz et al. (19 l4) for 1.4&E„&5.3 GeV.

The coherent reaction yd' -4~ was fit to the Glauber
theory expression

(yl -l ~) I~..= I&."+T."I'I~..=(» 6~2.4»b/GeV'

gives

6 = —0.3 +0.3 .

'This is marginally consistent with the quoted predic-
tions using the total yP and yn cross sections.

The coherent cross sections yd-d~ and yd-dpo can
also be used to obtain the ratio f', /f2 (3.64). Eisen-
berg et al. (19'l6) found

—(yd -dp') I, , =(466 +2V) p,b/GeV', (3.68a)

where we have adjusted the cross section so that the
width used is 155 Me&. Combining this value with
(3.66a) yields

f 2 dv/dt (yd -dp) +2.1
f" ' do'/dt (yd-dG)) -1.3

It should be emphasized that the same slope was used
to analyze both the p and &u data.

In an. earlier experiment with the quasimonochromatic
e+ annihilation photon beam at 4.3 GeV, Eisenberg et
al. (1972b) obtained

—(yd -dp') I, ,= (351 + 30) p b/GeV ', (3.69a)

IT~I'I, , =(18.5~4.5) t b/Gev' . (3.66b)

Because of the need to have It I
large enough to observe

recoil deuterons, the determination of the t=0 cross
sections required an extrapolation of roughly a factor of
3. The total resonance cross section for

I
tI&t „w. as

(1.8 +0.4) pb. This is close to the value (2.2 +1.2) pb
obtained by this group (Kisenberg et al. , 1972b) in an
earlier experiment using annihilation radiation.

Combining the above value of
I To I' I, , with a re-

analysis of the SI AC-Berkeley data at 4.7 GeV with an
imposed slope of 7.2 GeV ', which yields

. Cf0'—( yd —d~) I, ,= (52 + 26) pb/GeV', (3.69b)

Flo. 99. da/dt for the coher-
ent reaction yd —d~. The
curve gives the result of a
least squares fit to (3.65) for
0.02 & It I

& 0.20 GeV (from
Eisenberg et aE. , 1976).

5

2

1

m 0.5b

0.2-
I

O.l 0.2 0.5
I~[(eev*)

(3.69c)

(3."l0)

with the assumption that B = V.5 GeV', they obtained

A Tel Aviv group (Alexander et al. , 19't5) studied p
and u photoproduction using the SI AQ 208 cm bubble
chamber exposed to a 7.5 GeV linearly polarized
photon beam. From a fit of the data to the expression

do/dt =A„(exp(Bt)) IZ(t) I'
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A, = (300 a 11) p, b/GeV ',
A„=(42+9)»/GeV' .

(3.7la)

(3 .71b)

This measurement is discussed further in Sec. III.G.
Figure 143 shows a plot of the observed differential
cross section. This experiment gives for the co

I
T ~~

I

' I, , = (11.2 + 2 .5) p b/GeV '
and for the ratio of the coupling constants

(3.72)

f '„300~11 +2
42 +9 -1.2 '

P

(3.73)

= (54+20) p,b/GeV' .do

dt~~
(3.74a)

This gives, with the inclusion of the Glauber correc-
tion,

I
&."I'I ~ 0 =(14.5 +5.4)»/GeV' (3.74b)

Because of the lack of kinematic constraints and the
poor resolution, this experiment should not be given
great weight.

A Lancaster group (Morris ef al. , 1976) used a tagged
photon beam and an array of heavy-plate optical spark
chambers to measure at the Daresbury synchrotron the
cross section for ~ photoproduetion from deuterium at
an average photon energy of 3.9 GeV. The reaction
yd —m'm m'2C mas twice underdetermined since the re-
coil nucleons were not detected and the w' momenta
mere not measured. In addition, the gamma-ray ener-
gies from the decay of the mo mere only crudely rnea-
sured. An iterative procedure based heavily on a Monte

arlo calculation mas used to analyze the data. The
group found the cross section for the coherent process
yd-dco to be (1.4+0.4)», and that for the incoherent
process yd-nP~ to be (3.3+0.7)p,b. Then they estimated
the forward differential cross section for yd-den to be

Combining the total cross section for coherent co

photoproduction from deuterium and the cross section
for coherent po photoproduction from deuterium (9.9
+1.2») measured in another experiment (Hilpert et
a/. , 1970b), the Lancaster group obtained, using the
approximation (3.64),

f ' c(yd- p'd) +4.0
f"2 v(yd —&ud) -2.1

P

The forward cross sections per nucleon for the four
experiments just described are:

(3.75)

Rochester

Tel Aviv

Weizmann

Lancaster

'7.5

7.4+0.9 p, b/GeV'

11.2+2.5

18.5 +4.5
14.5 + 5.4

The claimed accuracy of the Rochester experiment is
twice that of the bubble chamber experiments, and
three times that of the Lancaster experiment. The only
significant disagreement is between the Rochester and
Weizmann results, which differ by 2.5 Weizmann stan-
dard deviations, and 12 Rochester standard deviations.
That the experiments are not at the same energies is not
expected to make much difference. Between 4.3 and 8.9
GeV, the p' production cross section falls by a factor of
1.25, the ~ natural-parity exchange cross section on
hydrogen by a factor of 1.15. The weighted mean of the
four experiments is (10.1+1.0) pb/GeV' at a mean ener-
gy of V.2 GeV. The SLAC yP - ~P natural-parity cross
section at this energy is 11.0»/GeV', employing
6 =+ 0.1, with errors of + 0.1 from the deuterium mea-
surement, and + 0.2 from the hydrogen measurement.

One can calculate values of 6 from each of the individ-
ual deuterium measurements, using SLAC hydrogen
bubble chamber results for the yP - ~P cross section
where necessary

Rochester

Tel Aviv

Weizm ann

Lancaster

Rochester

SLAC

Energy

8.9

3.9

+ 0.20 +0.12

-0.01 + 0.3
-0.3 +0.3

14+0.5
-0.3

"Theory" (3.60—3.64)

0.26 + .10

0.2&

0.38

As previously mentioned, the Rochester results are
two standard deviations from zero and consistent with
"theory. " All other results are consistent with zero.
The Tel Aviv and Lancaster results are sufficiently im-
precise to be also consistent with "theory"; the Weiz-
mann result disagrees with theory by 2-1/2 standard
deviations. [Again, the reader is cautioned against
assigning much significance to agreement with the
"theory" column. See the remarks following Eg. (3.60)].

The following summarizes the deuterium work:

The high-statistics Rochester experiment is in con-
flict with the low-statistics Weizmann experiment; the
Tel Aviv experiment favors the Rochester result, but
not strongly. The Lancaster experiment is technically
weak, and should be given low weight. The Rochester
deuterium result was obtained simultaneously with a
hydrogen result by the same experimental technique.
The agreement (at the 20% level) between Rochester and
SLAC yp- ~p results provides a check on the Rochester
deuterium result. The Weizmann deuterium results
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come from a difficult experiment, requiring measure-
ment of very short recoil deuteron tracks. Further ex-
periments are required to resolve the discrepancies.

+ c(t)(—„;) (3.76)

Here A,« is the effective number of nucleons contribut-
ing to incoherent photoproduction; its value was taken
from large-angle p' photoproduction (McClellan et al. ,
1969c) and m' photoproduction in complex nuclei (Boyar-
ski et al. , 1969). (do'/dt*)„~ and (do'/dt)„„are cross sec-
tions for the processes yN- &ub, (1236) and yN- cuN cal-
culated by Wolf (1969) using an OPE model. The cross
section for yN- ~& was taken at a different value t~ to
take into account that, in this experiment, the momen-
tum transfer was reconstructed assuming elastic pro-
duction. G(t) is a correction factor calculated by von
Bochmann, Margolis, and Tang (1969) to take into ac-
count the suppression of incoherent processes at small
t because of nuclear correlations. 'The solid lines in
Fig. 100 were obtained by fitting

IQ r i s s
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i c r t

1.0
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41
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J3
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OI

OPE AN (Be)~

opE (AN) Be

I I a

OQ5
t~I (Gev')

I s

0.1O

e

FIG. 100. Differential cross section for ~ production in beryl-
lium and copper. The two dashed lines give the contribution due
to pBe aN* and pBe ~N as calculated using the OPE model.
The solid lines are fits to the data using the method described
in the text {from Behrend et al. , 1970b).

3. Production from complex nuclei

Two groups have studied ~ production from complex
nuclei as a means for determining the (dN cross section
and f'„/47|. In an early experiment the Rochester group
(Behrend et al. , 1970b) used the apparatus described
previously in conjunction with a bremsstrahlung beam to
measure the photoproduction of co mesons from Be, C,
Al, Cu, and Pb at a mean energy of 6.8 Ge&. This ex-
periment had good resolution in r' mass, ~ mass, and t,
but no ability to detect target excitation. The t distribu-
tion showed a forward peak characteristic of a coherent
diffractive process and a considerable cross section at
large t characteristic of an incoherent production
mechanism. Figure 100 shows the t distributions ob-
served for Cu and Be. The contribution of the inelastic
and incoherent events was calculated using the expres-
sion

IS

10—

: -(e+e-) H
I0 I g l ~

0

BeC AI Cu Pb
fl I

~ ~ ~ ) I 1 I ~ ~ l I I ~

5 IO 15
~A

FIG. 101. The closed circles give the ratio g{A}= (do/dt)yQ p+/
{do/dt} "& „z observed using the fit described in the text. The
open circle gives f ~/f ~~ as determined from colliding-beam ex-
periments (after Behrend et al. , 1970b).

a'„= (33.5+5.5) mb,
(d&r/dt) „„=(11.4 + 1.9) p, b/Gey',
f'„/4m =38.0+3.4 .

(3.78a)

(3.78b)

(3.78c)

With the additional assumption that v„=v, =(27+2) mb,
they obtained

(dv/dt )„„=(9.6 + 1.2)pb/Ge~',

f~/4m =29.2 +4.0 .
(3.79a)

(3.79b)

A Pisa-DESY group (Braccini et al. , 1970) used a
somewhat different technique to study ~ photoproduction
from C, Al, Zn, Ag, Ta, and Pb at a mean photon en-
ergy of 5.'7 GeV. These experimenters used a system
of lead-glass counters to detect the ~'y decay mode of
the photoproduced co mesons. They did this by detecting
the photon as well as one high-energy photon from the
decay of the 7I'. This system did not have sufficient
angular resolution to measure the t dependence, and
they had to rely on a Monte Carlo calculation to deter-
mine the diffractive component. Figure 102 shows the
observed peaks.

This group used several models to subtract out the in-
coherent component. Figure 103 shows the t dependence
predicted by the four models. The normalization of the
incoherent cross section was determined by fitting the
large-angle data of each angular distribution separately.
After subtraction of the incoherent component according
to the four models, an overall fit to the corresponding
sets of coherent data was used to determine the unknown

(3.77)

to the data. Here (der/dt), ~ is the measured photoproduc-
tion cross section for p' mesons on the same nucleus,
and q(A) is a fitting parameter which gives the ratio
between diffractive p' and m photoproduction cross sec-
tions. Fig. 101 shows the value of g as a function of A.
V?ith the assumption that the nuclear parameters are
the same for both processes, this procedure gives an
accurate determination of the ratio f '„/fm. The ratio
obtained is considerably higher than f'„/f', found in the
colliding-beam experiments.

With the assumption that n„=e, = —0.2, the Rochester
group obtained the following best fit values:
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parameters f~/4m, o„, and o.„. For o,„=-0.3, all the
models gave values of o„consistent with the total p'-
nucleon cross section. In particular, with model 4 and
0.„=-0.3,

o„= 27 mb

f2 /4m = 22.0 + 5.4

dg diff
= (13.5 a 3.3)pb/GeV '

(3.80a)

(3.80b)

(3.80c)

FIG. 102. ~ yieMs in units of 10 35 (nucleons/cm~) i (eq.
quant. ) in the experiment of Braccini et al. (1970) as a function
of angle. Full points and open points correspond to two different
sets of measurements performed independently in order to
check the reproducibility of the apparatus. The full lines are
the best fit curves calculated according to model 4 which is il-
lustrated in Fig. 103; the incoherent production at small angles
is shown with dotted lines under the coherent peak (from Brac-
cini et al. , 1970).

These values differ somewhat from those quoted by
Braccini et al. in that they include a more recent value
for the co-~ y branching ratio and are corrected for
po- m oy using I"(p- m'y) =35+ 10 keV. Whichever of the
four models was used to evaluate the incoherent compo-
nent, the fit to the large-angle points gave a hydrogen
cross section da/dt „afactor of roughly 2 larger than
the measured cross section for the reaction yp- ~p.
This suggests that other processes were contributing
to the incoherent production. The results of this ex-
periment are compatible with those of the Rochester
experiment.

Since the Rochester value of f2/4m was in considerable
disagreement with the value then available from e+ e
colliding-beam work, the experiments were subjected
to considerable scrutiny. The following questions were
raised concerning the two experiments on complex nu-
clei: (a} was inelastic production correctly subtracted,
(b) was the assumption n„= ct, correct; (c}was it nec-
essary to correct for A2 exchange in nuclei having un-
equal numbers of neutrons and protons? This latter
correction was not made initially. Item (a) is particu-
larly important for the Bonn-Pisa experiment, because
of its poor t resolution.

The Rochester group carried on further work to ad-
dress these issues. By studying the A dependence of the
p'-~ phase difference in the 2n decay mode they deter-
mined that tan 'n„—tan 'o., = —17'+ 17', consistent with
the assumption iluestioned above in (b) (Behrend et al. ,
197lc). They then restudied ~ photoproduction from
hydrogen, deuterium, beryllium, and copper, detecting
m- m+m m, as in their 1970 experiments, but using a
tagged photon beam (Abramson et al. , 1976). The
group's yp- uP and yd- coKN results have already been
discussed. The value of 6 determined thereby was used
to apply the small correction referred to in tluestion (c)
above. The reactions yP —~n. (1236), yd —~Nb, (1236),
yp - cd, and. yd - co/X, 2.2 & mx2 & 10.0 GeV', were also
studied. The cross sections measured for these reac-
tions were used to obtain improved inelastic subtrac-
tions for the 1970 complex nuclei measurements, thus
answering item (a). Corrections ranged from 3.5% to
10%. Finally, the new measurements for elastic m

photoproduction on Be and Cu, obtained with a tagged
photon beam and therefore free of inelastic contamina-
tion, were compared with the corrected 1970 cross sec-
tions, and found to be in good agreement (10% lower,

3— TABLE XVIII. Summary of the deuterium data used to deter-
mine the ratio f~/f ~ from measurements of the forward cross
section.

.2 .5
(GeV)

Group
do do '

(Io) — (~)Energy dt g p dt, g, p f~/fp

FIG. 103. Momentum-transfer dependence of the incoherent
cross section, normalized at large t, according to the four
different models used in the analysis of Braccini et al. (1970).
Model 2 is the only one giving an &-dependent suppression fac-
tor. In this model the suppression factor is also slightly de-
pendent on the energy. At large It I the incoherent cross sec-
tions follow the assumed common behavior e . The arrow in-
dicates the minimum of ~It

~
in the experiment (from Braccini

et al. , 1970).

Abramson et al. (1976)
Alexander et al. (1975)

Kisenberg et aE. (1972b)

8.9
7.5
4.3

Eisenberg et al. (1976) 4.3
McC1ellan et aE. (197lb) 4.08
McClellan et aE. (1971b) 4.61

Unweighted Average

300 + 11
28 +2
42 +9 1+2 0

10 2

6 8+ee Z
~2e 3

466 +27
447+ 21
432 + 24

69+17 7 2)i

399 +65 47 + 17 8.4+

351+30 52 +26
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well within the statistical uncertainty of the measure-
ments). The forward cross sections for Be, C, Al, Cu,
and Pb, from the 1970 experiment (as corrected), and
those for D, Be, and Cu from the 19V6 experiment were
subjected jointly to an optical-model analysis, under
the assumption n„=—0.24. Results of the fit were 0'„
=(25.4+2.7) mb; f+/4m=30. 4+4.8. The statistical error
on 0„ is considerably reduced because of the extended
range in A that results from the inclusion of deuterium
data. The value of f2 /4m is little changed from the 19VO
value.

The Bonn-Pisa experiment could be reanalyzed using
the new data on ce inelastic photoproduction in the in-
coherent subtraction, and applying the small correction
for . To our knowledge, this has not been done.

Summarizing the complex nuclei work, both experi-
ments support o„=o„ the Rochester experiment to quite
good accuracy. The 1976 Rochester experiment
confirms their 1970 result, f2/4m=30. 4. The Bonn —Pisa
experiment prefers a somewhat lower value, but (a) is
not in serious disagreement (1.2 standard deviations),
and (b) requires reanalysis to put the incoherent sub-
traction on firm ground.

It is instructive to consider together the data for co-
herent p' and co photoproduction that can be used to
determine f'„/f,'. These data are summarized in Table
XVIII. The individual measurements for the p' and w

cross sections from deuterium are not in good agree-
ment, and it appears rather meaningless to take a,

weighted average. The average value for f'„/f', in the
table was obtained using the average cross sections.

Table XIX summarizes the cross sections and the
values for f '„/4m and o„determined by the various
groups. The agreement between the various measure-
ments is marginal and indicates that either some of the
data are bad or there are systematic errors due to the
mode of analysis.

Included in Table XIX are simultaneous measure-
ments of p' and co production from protons to obtain
f'„/f', by Gladding et al. (1973). They found for 3.7
& E,& 4.7 GeV

der/dt(yp —pp)
do./dt(yp —(up)

(3.81a)

and inferred using Eq. (3.64) a similar value for f'„/f ', .
If it is assumed. that the OPE contribution to the co cross
section is as found by Ballam et al. (40% at their en-
ergy), then

f'„/f, = 13.5 + 3.6 . (3.8 lb)

Allowing for isospin exchange could boost their value as
much as 50'%%uo. Because the value of 5 at these low ener-
gies is so uncertain, and because of the large OPE
cross section, which enlarges the error on the ratio,
the results of Gladding et al. do not provide a useful
result for (f„/f,)'.

Figure 104 summarizes the measured values of f'„/
f', . The agreement between the various photoproduction
experiments is good. They, however, give a value
somewhat lower than that found in the colliding-beam
experiments. The value obtained by the Rochester
group is high and disagrees by two standard deviations
with the colliding-beam value. The weight of the evi-

CU

O
CD

Q)o
O
CD

0)

O
O

C:

O

12—

o' l I

EXPERlMENT

FIG. 104. A plot of f~/f~~ versus E~ for the various experi. —
DleQts .

dence supports the colliding-beam result.
The present data for co photoproduction is quite unsat-

isfactory. There are several bubble chamber experi-
ments but none with enough events to provide definitive
results. There is only one high-statistics counter ex-
periment. What is needed is another high-statistics
track chamber or counter experiment with a sufficiently
large number of events to provide a definitive arbitra-
tion between the presently available data.

It is our conclusion that the natural-parity exchange
component of the omega photoproduction cross section
is soxnewhat less than that given by the quark-&MD
model and that otherwise the cross section has the ex-
pected character.

E. Phi photoproduction

The phi meson is an unstable particle with a mass of
(1019.7+0.3) MeV and a width of (4.1 +0.2) MeV. Its
quantum numbers Io(Z~)C are 0 (1 ) and its dominant
decay modes are K+K ((46.6+2.3)%%uo), K~K+((35.0
+ 2 0)'%%uo), & ' & &'((16 4 + 1.5)'%%uo), q y((2 0 + 0.4)%%uo), and
roy((0. 14 + 0.05) /o).

The rf& meson is quite interesting from a number of
standpoints. In addition to its being one of the three
major vector mesons, it was pointed out on the basis
of quite general arguments (Freund, 1967; Barger and '

Cline, 1970; Zoos, 196Vb; Kajantie and Trefil, 1967) that
&f&p elastic scattering should proceed only through
Pomeron exchange. This is a consequence of the most
simple form of the quark model in which the @ is made
up of only two strange quarks which are barred from
resonant reactions with nonstrange hadrons. Thus, on
the basis of diagonal VMD, one would expect Q photo-
production to be due dominantly to Pomeron exchange
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and hence to provide an excellent source of information
concerning the Pomeron (Leith, 1973; Moffeit, 19'l4;
Dass and Fraas, 1975). There is, however, some evi-
dence (such as @ -v+ m m') of a small admixture of non-
strange quarks in the Q that could modify this simple
view.

K
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FIG. 105. A comparison between the decay angular distributions
for @ photoproduction observed with a, polarized photon beam
and the predictions of the s -channel .helicity conservation model
with natural spin-parity exchange in the t channel (from Ballam
et a2. , 1973).

1. Production from hydrogen

Several experimental techniques have been used to
study @ photoproduction: hydrogen bubble chamber ex-
periments in which the K'K pair is observed, counter
experiments in which the K'K pair is observed, counter
experiments in which the recoil proton is observed, and
counter experiments in which the K'K pair and the re-
coil proton are observed. The first bubble chamber
measurement was carried out at the Cambridge Electron
Accelerator with a bremsstrahlung beam of 6 GeV by the
Cambridge bubble chamber group (Crouch et a/. , 1967).
They obtained only a few events and were unable to study
the details of the photoproduction reaction. Somewhat
more extensive data were obtained at DESY by the
ABBHHM collaboration using the DESY bubble chamber
in conjunction with a 7.5 GeV bremsstrahlung beam
(Erbe et a/. , 1966, 1968a). The most extensive bubble
chamber measurements were carried out at SI,AC by
the SLAC-Berkeley bubble chamber group (Ballam et
a/. , 1973).

Figure 105 shows a comparison between the data from
the SLAC —Berkeley bubble chamber group (Ballam e/
a/. , 1973), taken with a monochromatic photon beam, and
the predictions of the s-channel helicity conservation
model. The data are consistent with SCHC and pure nat-
ural-parity exchange. The bubble chamber data on the
Q are not extensive, and additional experiments, in

FIG. 106. Diagram of the apparatus used by the Bonn group to
study Q photoproduction (from Besch et aE. , 1974).

which the complete decay angular distribution is mea-
sured as a function of momentum transf er, are war-
ranted. In particular, the SLAC —Berkeley bubble cham-
ber experiments at 2.8, 4.7, and 9.3 GeV obtained only
114 events in the Q mass region.

Several counter groups have carried out measure-
ments of P photoproduction. The first counter ex-
periment was carried out by a Cornell group using a
pair spectrometer system at the 2 GeV electron synchro-
tron (Mostek et a/. , 1968). Another Cornell group,
working at the 10 GeV electron synchrotron, first used
a pair spectrometer system (McClellan et a/. , 197la) and
then supplemented the pair spectrometer system with a
set of counters for observing the recoil proton in coinci-
dence with the K+K pair (Berger et a/. , 1972). An
MIT-DESY group used a. pa.ir spectrometer system to
study &f& production through observation of the K'K
decay mode (Alvensleben et a/. , 1972). A SLAC-Wiscon-
sin group carried out measurements in which they ob-
served the recoil proton with a magnetic spectrometer
and used a simple spectrometer system to observe the
coincident K'K pair (Halpern et a/. , 1972). The group
also made measurements in which they observed only
the recoil proton (Jones et a/. , 1968;Anderson et a/. ,
1973a). A Bonn group (Besch et a/. , 1974) used a special
spectrometer system to observe Q production by detec-
tion of the %+K pair in coincidence with the recoil pro-
ton. Figure 106 shows a diagram of their apparatus.
More recently a DESY—Karlsruhe group (Behrend et a/. ,
1975) used a pair spectrometer system in conjunction
with a tagged photon beam to study &f& photoproduction in
the energy range 4.6 &E„&6.7 GeV. A Cerenkov counter
was used to reject pions. F.igure 107 shows a diagram of
their apparatus. Table XX summarizes the reported
measurements of &f& photoproduction.

For the analysis of the counter experiments in which
the two kaons are observed, it is necessary to assume a
decay angular distribution for the P. It is necessary to
know that the decay distribution is the sin'6 charac-
teristic of the SCHC model. Two of the counter groups
{DESY-MIT and Bonn) presented evidence for the valid-
ity of this model for decay angles near 90 in the P
center-of-mass system. The later measurements by the
Cornell group, in which they observed the two kaons and
the recoil proton, showed that their earlier mea, sure-
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TABI E XX. A summary of the measurements of Q photoproduction from hydrogen.

Group Accelerator
Energy
(GeV)

Range in t
(GeV )

Erbe et al. (1968a)
Anderson et al. (1970b)
Alvensleben et al. (1972)
Berger et al. (1972)
Ballam et al. (1973)
Anderson et al. (1973)

Besch et al. (1974)
Behrend et al. (1975)

DESY
SLAC
DESY
Cornell
SLAC
SLAC

Bonn
DESY

2.5-5.8
5.0—17.8
5.2
8.5
2.8, 4.7, 9.3

12
6—19
2.0
4.6-6.7

0.02 & t & 1.6
0.12& t &1.4
t ~& It I &o.o2
t &ft

f
&o.5

ft f
=o.s

o.23 &
I t I

& o.73
tmm& ft f&o 4

ments, in which they observed only the two kaons, gave
cross sections which were 12/q to 20/q too high. The
discrepancy is presumably due to inelastic production.

Figures 108 and 109 show the momentum-transfer be-
havior of the cross section determined by the counter
experiments at low and high momentum transfer, re-
spectively. Figure 110 shows a comparison between the
bubble chamber data and the counter data. The agree-
ment between the counter data and the less precise
bubble chamber data is satisfactory. Figure 111 shows
on one plot all the data for Tf& photoproduction. Figures
108 through 111 indicate that the data lie on a universal
curve, and that the parameter giving the exponential de-
pendence on momentum transfer decreases with in-
creasing ~ftf, .

The data are striking in that they show little evidence
for the shrinkage of the diffraction peak that one would
expect from Pomeron exchange (see previous refer-
ences). In order to make a more definitive test for
shrinkage, the SLAC-Wisconsin group (Anderson et Gtl. ,
1973a) measured precisely the energy dependence of the
cross section at t= —0.6 GeV' for s =5 to s =36 GeV'.
Figure 112 shows their result together with a lower en-
ergy point from measurements by the Bonn group
(Besch et a/. , 1974). There is clearly no evidence for
shrinkage. 8imilar data for K'p and pP scattering show
strong shrinkage.

A fit of the form

to the DESY-Karlsruhe data gives

B = (5.6+ 0.3)(GeV) '

—f, ,= (2.49+ 0.15) ttb/(GeV)' .

(3.83a)

(3.83b)

A similar fit to the Bonn data gives

dEJ/dt =(1.47+0.22) expf (4 01+0 23)t] (3.84)

This fit is shown as a solid line in Fig. 108. Figure 113
shows the results for do/dt ~, .e and B determined by
fitting the data for selected (&1C) experiments. The
shaded area gives the slope of the theoretically ex-
tracted, "pure" Pomeron contribution in the reactions

TT' p- 'TTpK' p-K' p, and yp-tT'p (Davier, 1972; H'ohler
and Jakob, 1974; Chadwick et a/. , 1973; I asinski et al. ,
1972). Eisenberg (1974) has studied the question of
the shrinkage of the forward da/dt slope in It& photopro-
duction by using K'p, K p, 7T p total cross sections and
quark model relations. He concluded that existing data
were not inconsistent with forward shrinkage, if dv/dt
was expressed in the form A exp(Bt+ Ct') in the

f
t

f
range

0-0.6 GeV'.
Kemp and Marshall (1975) have reexamined the energy

and t dependence of @ photoproduction using all the
available data. They found the fits

Go' dcT
e

dt
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FIG. 107. Experimental setup used by DESY-Karlsruhe group
to study Q photoproduction (from Behrend et al. , 1975).

FIG. 108. A plot of do/dt versus t determined in the reported
Q photoproduction experiments (from Silverman, 1975).
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yP =QP
I

Bonn 2 GeV

DESY-MIT 5.2GeV
Cornell 8.5 GeV

SLAC-Wi scon sin
12 GeV

1.0

I I I I I I I I I I
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FIG. 109. A plot versus t of the Q photoproduction data ob-
tained by the Bonn, DESY-MIT, Cornell, and SLAC-Wisconsin
counter experiments (from Silverman, 1975).

FIG. 111. A plot versus I; of all the available data for Q photo-
production showing the striking energy-independent behavior of
the cross section.

do/dt = (2.59 +0.18)exp[ (5.9 +0.3)t+ (1.4 + 0.3)P]

(3.85a,)

with y '/DF = 69/58 (C.L.= 15.3%) and

yP
I l I

do/dt = s'~ ' '~(1.34 + 0.10) exp[(4. 8+ 0.5)t+(1.7+ 0.5)t'] .
(3.85b)

~ SBT 2.814.7 GeV
& ABBHHM 2.5-5.8 GeV
D DESY-MIT 5.2 GeV

where

o.(t) = (1.14 + 0.05) + (0.2 7 + 0.08)& . (3.85c)

0.1 =

hl
0.01—

C9
I I

t

T

SB —9.3 GeV
Berger et al. 8.5 GeY
Anderson et al. 11.5GeY
Anderson et ol. 12 GeV 0.15

P„„B (Gev)

9 I2 15 18

with y'/DI = 54/56(C. L. =55.'7%). Here n(t) may be re-
garded as an effective Pomeron trajectory. Thus
this analysis slightly favors the possibility that the
t=O cross section rises with energy although, statisti-.
cally, the case is not strong. In summary, the evidence
appears to favor some shrinking of the forward diffraction
peak.

0.1 =

O.Ol 0
I I I I I I I

0,4 0.8 1.2

[t [ (Gev )
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yP =$P
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FIG. 110. A comparison of the @ photoproduction cross sec-
tions obtained by the counter and bubble chamber experiments
(from Ballam et al. , 1973).

FIG. 112. A plot versus energy of the data obtained for Q pho-
toproduction by the Bonn and SLAC-Wisconsin groups for
t=-0.60 GeV (from Anderson et al. , 1973a).
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do I

dt it=0
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FIG. 113. Results for do/dt~ I II
and B obtsined from fitting all

the data of the DESY-Karlsruhe group to the form do/dt
=do/dt~I Oe together with corresponding results from other
selected(~1C)experixnents. The symbols for the diferent ex.—
periments are: &, Ballam et a/. , 1973a; i, Besch et aE. , 1974;
~, Erbe et al. , 1968a. The shaded area represents the slope
of the (model-dependent) Pomeron contributions in elastic me-
son-nucleon scattering (from Behrend et al. , 1975).

"' ) =(2.8+0.4) 10-
I'(ItI - all )

From this and I'@ ——4.0 MeV, they calculated
2
~ =16.0 +2.8 .

47I

(3.88)

(3.89)

This is to be compared with the colliding-beam value
f '~/4II' = 13.2 + 0.6.

5. Leptonic decay

The MIT-DESY group (Becker et al. , 1968 Alven-
sleben, et a/. , 1971b) also measured the branching
ratio for the decay of the P into electron-positron pairs.
In experiments with a carbon target, they found

Z = 0.985 + 0.12 (3.86)

in excellent agreement with the prediction of pure
Pomeron exchange. This result discredited an earlier
Cornell measurement (McClellan et al. , 1971c) in which
a smaller asymmetry was observed. The Cornell ex-
periment observed only the decay kaons and presumably
the P production was contaminated with inelastic events.

3. Production from deuterium

The Cornell group (McClellan et al. , 197la) measured
the ratio of the cross sections for production from deu-
terium and hydrogen and found, by extrapolating to t =0,
&=3.6+0.6. The predicted ratio, assuming no isospin
exchange (no proton-neutron difference) is R(0) =3.89.
The data are thus consistent with this assumption,
lending some support to the hypothesis of pure Pomeron
exchange.

2. Asymmetry parameter

In an experiment in which they observed both the decay
kaons and the recoil proton, the SLAC-Wisconsin group
(Halpern et al. , 1972) measured the asymmetry param-
eter, Z(3.53), for productionby polarized photons at 8.14
GeV, with

~
t~ =0.2 GeV', and found

6. Production from complex nuclei

A Cornell group (McClellan et al. , 197la) measured @
photoproduction from a series of complex nuclei to de-
termine 0~. The experimenters used a pair spectrom-
eter system to measure the @ photoproduction from
hydrogen, deuterium, carbon, magnesium, copper,
silver, and lead targets. The system had a large
aperture, and they used the optical model in conjunc-
tion with the assumption of a sin'I9 angular distribution
in the @ rest frame to analyze the data (see Appendix
D, Fig. 211). They made no correction to the data for
an inelastic contribution to the cross section, and
placed an upper limit of 12% on the contamination of the
forward hydrogen cross section by extrapolating to zero
degrees measurements in which the recoil proton was
also observed. Figure 114 shows a plot of the 0' cross
section versus A. . The group used optical-model cal-
culations and various hypotheses concerning n~, 0~,
and f2~/47I to fit the data. Table XXI summarizes their
results. It is disturbing that f ~/4m comes out so much
larger than the colliding-beam value f~~/4m= 13.2 + 0.6
(Table XXVII).

The DESY—MIT group (Alvensleben et al. , 1972) made
careful measurements of @ photoproduetion from a hy-

4. Real part of production amplitude

The MIT —DESY group (Alvensleben et al. , 1971b) used
their pair spectrometer system to measure for a carbon
target the interference between the Q —e'e decay and
the Bethe-Heitler production of electron-positron pairs.
From these data they found for the ratio of the real to
the imaginary part of the @ production amplitude, with
6& E & '?.4 GeV,

8 ~ 83 GeV

6—
o

f

I
f

I I

f
I I I I I

f

I

f

FITS:———a =0
0"""a=-5

ReT~ + 0.33
Imr~ ' -045 ' (3.87)

This ratio is quite large and suggests that &f& production
may not be due simply to Pomeron exchange, for which
the amplitude is purely imaginary, or that there is a
large Thomson-like amplitude (see Sec. IV.F). This is
a difficult experiment and it should be repeated. We
know of no theoretical prediction for a

0—
Dp

f

. 2

C Mg Cu Ag Pb

l~, ft, , f

~ ft

10 20 40 100 200
A

FIG. 114. A dependence of the 0' cross sections for the data
of the Cornell group (McClellan et al. , 1971a). The curves are
the results of simultaneous fits to the data at 6.4 GeV and the
combined data at 8.3 and 9 GeV. The three indicated values of
o,'+& were used in the analysis (from McClellan et al. , 1971a).
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f~~/47' Description

TABLE XXI. Parameters from the A.-dependence experiment
of McClellan et al'. (1971a). In the last four fits 0@ is con-
strained to 12 mb, the quark-model value.

+ BALLAM et al (1973) 9.3 GeLI

ANDERSON et al (1970) ll.5 GeLI

& ANDERSON et al {1973) 12.0 Gg

~ BERGER et al {1972) 8.5GeV-0.5
-0.3
-0.0
-0.25
—0.35
-0.12
—0.22

9.2 +2.8
12.1 ~3.0
17.6 + 4.3
12
12
12
12

17.2 ~8.4
23.6 ~9.6
42.8 ~16.4
22.0
25.2
21.2
21.6

All data
All data
All data
8.3 GeV only
6.4 GeV only
D, excluded
D2 reduced by 10%

1.0

0.8—

drogen target and used the expression

2 O. 2 (3.90)

p co~~ t~

CL

bf-
0.2—

to determine o~ through the use of their previously de-
termined values of f' /64m and no. They found oo
= (9.8", ,')mb. The DESY—Karlsruhe group (Behrend
et a/. , 1975) repeated this analysis using their data. If
o~ is fixed at a quark-model value of (13.0 +1.5)mb,
then f'/4w is found to be 25.6+ 6.4 (28.0+7.2) for o. „
= 0(-0.3). Conversely, if f2~/4m is fixed at the storage
ring value, f 2~/4m =13.2 +0.6, then o ~ is found to be
10.2 + 0.6(9.7 + 0.6) for o &

-—0(-0.3).
A small amount of co-&f mixing could have a con-

siderable effect on the deviation of f'~/4m and o~ from
the colliding-beam and quark-model values, and affect
the value of o~ determined from the experiments on
complex nuclei. This is discussed further in Sec. IV.

It is instructive to compare the observed @ cross sec-
tion with that predicted by the quark-&MD model. We
have used the expressions

C9

C'.

1

gbJ~
0.1

(3.91)

0.01
I

0,2
I

0.4 0.6
-t in GeV

I

0,8 1.0

(3.92)

to calculate from measurements of the kaon-proton and
pion-proton cross sections the expected &f& cross sec-
tion. For this calculation f2O/4w was taken to be the
earlier colliding-beam value 13.2. Table XXII summa-
rizes the data used in these calculations and the results for
the P photoproduction cross section. In these calculations

FIG. 115. A comparison between the phi reference cross sec-
tion and representative portions of the available data. The data
used are summarized in Table XXII.

the measured total cross sections were used via the
optical theorem to determine the cross section at 0'.

Figure 115 shows a comparison between the measured
&f& cross sections and the quark —VMD model prediction.

TABLE XXII. A summary of the data used to calculate the Q photoproduction cross section
expected for the simple quark model plus vector-meson dominance. The cross section has
been expressed in the form A exp(Bt+ Ct ) where t is in the GeV, the strong interaction
cross sections are in mb/GeV, and the photoproduction cross sections are in pb/GeV .

Reaction
Momentum

GeV/c Sour ce of data

8.5
9.8
9.0
9.1
9.1

Hartung et gl. (1965)
Foley et aE. (1963)"
Foley et al. (1963)"

f~/4m = 13.2

-0.12
0 4

+ 0.25

38.1
19.3
32.8
14.9
8.24

8.54
6.01
9.73
6.72
6.72

1.84
0.57
3.25
1.66
1.66
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The model predicts the correct f dependence but is off
by a factor of roughly 2 in the cross section. This dis-
crepancy reveals a serious weakness in the understand-
ing of &f& photoproduction. Some possible contributing
factors are: the @ scattering amplitude may be smaller
than the quark model suggests; @—~ mixing may con-
tribute destructively to P photoproduction; and the VMD
extrapolation from k' =m~ to k' =0 may suppress the
production amplitude relative to the scattering ampli-
tude. None of these possibilities is very well understood
at a quantitative level.

F. Electron-positron annihilation experiments

As described in Sec. II.B, e'e annihilation experi-
ments provide direct information about the hadronic
states which contribute to the structure of the photon.
Figure 116 shows some general diagrams for the pro-
duction of hadrons through electron-positron collisions.
The processes of interest to us are represented by Fig.
11.6(a) in which there is a single timelike virtual photon;
according to Eq. (2.5), the resulting cross section pro-
vides a direct measure of the hadronic content of the
photon. There is little or no evidence for the other
types of processes illustrated in Fig. 116.

Since the intermediate state has only a virtual photon,
the final hadronic state has J= 1, C = —1, P = —1, I= 0
or 1, and S=O. If it has only pions, its G parity is
(—1)I'', i.e. , the number of pions is odd for Z=O and
even for I=1. Since the totaE angular momentum is 1,
the angular dependence of any feature, such as the

I'IG. 1jL6. Examples of hadron production in e'e collisions. {a)
Annihilation with a one-photon intermediate state. (b) A hypo-
thetical direct coupling of e+e to hadrons. (c) Annihilation with
a two-photon intermediate state. (d) Photon-photon interaction,
which should become relatively important at higher energies.

single-hadron distribution or jet axis distribution, is
limited to the form

do'ldQ = o' r+ o ~+ (or'—o~) (cos'8 + P' sin'0 cos2 @),
(3.93)

where or(o'~) corresponds to a virtual photon polarized
perpendicula. r (parallel) to the observed direction and P
is the equal and opposite transverse polarization of the
beams.

Some recent reviews of colliding-beam experiments
have been given by Bernardini (1972), Silvestrini (1973),
Strauch (1974), Richter (1974), Feldman and Perl
(1975, 1977), Schwitters (1975,1977), Feldman (1975),
Bemporad (1975), Schwitters and Strauch (1976), and
Wiik and Wolf (1977). For a summary of related theory,
see Gilman (1975). Here we do not attempt to present a
balanced view of this v'ery active research area.
Rather, we emphasize those topics which are of great-
est interest to the remainder of the paper, particularly
the determination of the parameters of the lower reso-
nances.

1. Colliding-beam facilities

In order to obtain sufficient energy in the electron-
positron center-of-mass system, it is necessary to use
a colliding-beam system. The first colliding-beam facil-
ity which yielded interesting results was the e e stor-
age rings which were originally proposed by O' Neill and
were built at Stanford through a Princeton-Stanford col-
laboration (O' Neill, 1956; Barber et al ., 1959). This
machine consisted of two separate intersecting rings and
it was used to test quantum electrodynamics (Barber et
al. , 1966). The development of electron —positron stor-
age rings started in Europe in 1960 with the construc-
tion of the first ring, ADA, for electron and positron
beams of 250 MeV each (Bernardini et al. , 1960, 1962).
In 1964 Bernardini ef, al. reported the definite proof of
electron-positron collisions in ADA through the detec-
tion of single bremsstrahlung of one beam on the other
(Bernardini et al. , 1964). The first e'e results of im-
portance were obtained by the 2 && 700 MeV Novosibirsk
storage ring, VEPP2, and the 2 && 550 MeV Orsay stor-
age ring, AGO. The experiments performed with these
rings included tests of quantum electrodynamics and in-
vestigations of the neutral vector mesons po, &o, P and
their link to the electromagnetic field. Subsequently the
2 && 1.5 GeV Frascati storage ring, ADONE, was com-
pleted (Amman et a/. , 1969) and it was used to make new
tests of quantum electrodynamics and to study the pro-
duction of hadronic events of a nonresonant character in
the total energy range from 1.4 to 2.4 GeV. It was found,
in particular, that the production of multihadron events
was surprisingly large. The conversion of the Cam-
bridge Electron Accelerator (CEA) into a storage ring
through the addition of a positron source and a bypass,
made it possible to test quantum electrodynamics at
higher energy and to study the total cross section for
production of hadrons at center-of-mass energies of 4
and 5 GeV. These measurements showed that the ratio
of the total hadronic cross section to the total p, -pair
cross section was large and rising with energy. More
recently new storage rings at SLAG and DESY have been
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TABLE XXIII. Parameters of storage ring facilities.

Location
Initial

operation Type Status

Maximum
total energy

(GeV)

Nominal
luminosity
(cm2 sec ~)

ADA
ACO
ADONE
DCI

CEA

VE PP-2
VE PP-3
VE PP-4
SPEAR 1
SPEAR 2
DORIS
PETRA
PEP
CESR

Frascatti
Orsay
Fras catti
Orsay

Cambridge

Novosibirs k
Novos ibirsk
Novos ibirs k
SLAC
SLAC
DESY
DESY
SLAC
Cornell

1960
1966
1970
1976

1966
1973
1976
1973
1974
1974
1979
1980
1979

Single ring
Single ring
Single ring
Two rings

four beams
Synchrotron
bypass

Single ring
Single ring
Single ring
Single ring
Single ring
Two ril1gs
Single ring
Single ring
Single ring

Closed down
Closed down
Operating
Operating

Closed down

Closed down
Tes ting
Under construction
Closed down
Operating
Operating
Under construction
Under construction
Under construction

0.5
1.1
3.1
3.6

5.0

1,3
4.0

10-14
5.0
9.0
9.0

38.0
38.0
16.0

1p29

10"
(1032)

X ]028

3 x 1028

1p32

1032

5 x 1030

1031

10"
(1p32)

(1032)

(] p32)

( ) projected luminosities.

put into operation. They have made possible measure=
ments up to a total center-of-mass energy of 7.8 GeV.
These measurements have verified the large hadronic
cross section and revealed a whole new family of reso-
nances.

0%hen speaking of storage rings it is conventional to
characterize-them by their luminosity. The luminosity
is defined as the number by which the cross section must
be multiplied to obtain the event rate. Table XXIII sum-
marizes characteristics of the e' e colliding-beam
machines which have either been used or are under con-
struction.

2. Purely electromagnetic processes

The study of electromagnetic processes is impor-
tant for two reasons. On the one hand, quantum elec-
trodynamics is the only field theory where cross sec-
tions can be calculated with arbitrarily good precision
(due to the smallness of a). Thus accurate measure-
ments provide a basic test of the assumptions of local
quantum field theory. On the other hand, observation of
these processes in kinematic regions where there is no
question of the validity of the theory provides a means of
determining the luminosity experimentally.

All of the machines have been used to study the reac-
tions

do, n'p
dQ 4s [ (1+cos'8) + (1 —P') sin'e] (3.95)

where s is the square of the total center-of-mass ener-
gy, and P =P /E . A simple integration gives for the
total cross section

21T&
P(3 —P') (3.96)

tions from higher-order diagrams can be taken into ac-
count through radiative corrections. No deviations from
QED have been reported in measurements up to a total
center-of-mass energy of 7.4 GeV (Augustin et a/. , 1975;
O' Neill et a/. , 1976). The assumption of a single form
factor for spacelike and timelike photons gives cutoffs
of A & 35 GeV and A & 47 GeV, where the A's are de-
fined through the form-factor parametrization

S', (q') =(1+q'/A, ')-' . (3.94)

No physical significance is to be attributed to this form;
it merely gives a convenient parametrization of a pos-
sible breakdown.

For the reaction

e'+e - p.++ p,

when it is assumed that the muons are spin-~ point
Dirac particles, the differential cross section is

e++e -e'+e
e' + e -y+y,
e++e —p,++ p.

which becomes, in the limit p —1,

4m~~ 21.71 nb
3s E' (3.97)

as a means of determining the validity of quantum elec-
trodynamics at small distances (Alles-Borelli et a/. ,
1972; Borgia et al. , 1972; Balakin et al. , 1971b; M.
Bernardini et a/. , 1973c; Newman et al. , 1974; Heron
et a/. , 1974; Augustin et a/. , 1975). The quantum-elec-
trodynamic cross sections are based on the assumption
that leptons are pointlike Dirac particles, that Max-
well's equations describe the photon, and that contribu-

a„~(s)
//, +,-(s) =

( )
. (3.98)

where E is the single beam energy in GeV. In discus-
sing hadronic final states, it is conventional to express
the total hadronic cross section e'+ e -hadrons in
terms of o„„through the expression
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hadrons

V

e/f-
V

FIG. 117. Coupling of a virtual
photon to hadrons through a
vector meson which produces
a resonance peak.

3' I'(V- e'e )I'(V f )
(V s —m„)'+ —,'F v2

An important special case is the p' resonance which
decays primarily into m'm-

(3.104)

e+ + e. —p' - m+ + m

Thus, if the branching ratio to hadrons is known, the area
gives I'(V- e'e ) and hence the coupling constant, fv/4m.
The narrow width form of Eg. (3.99) may be more
familiar to some readers:

The overall reaction can always be expressed in terms
of the electromagnetic form factor of the pion

3. Resonance production formalism

da„,+. n2 p 2 sin'8 ~E,(s) ~2

dQ Bs (3.105a)

122m' I'(V- e'e )I'(V- h)
s[(s —m')'+m' I"]

(3.99)

where mv is the mass of the resonance, I'v is its total
width, F(V-h) is its partial width for hadronic decay,
and I'(V- e'e ) is its pa,rtial width for the decay V- e++ e ." [The distinction between Fv and F(V- h) is
unimportant for the broader resonances, but it be-
comes important for the g and g' where I'(V-e'e ) is
an appreciable fraction of Fv.] The electron pair width
is given by

~2 f2 -1
I'(V- e+e ) = — r m

3 (3.100)

In Sec. II.B, we saw how a collection of states in reso-
nance could be combined to produce a photon constituent
which should behave in many respects as a physical vec-
tor meson (see Footnote 16 for a caveat). Before dis-
cussing the data on resonance production, we shall sum-
marize the formalism. Production of hadrons through
an intermediate vector meson is illustrated in Fig. 117.
Here it is assumed that the coupling of the photon to the
resonance, e/f„, is independent of s (any deviation from
constancy could be regarded as part of the rionresonant,
but interfering, background contribution). If we also ig-
nore modifications of the real part of the vector-meson
propagator (see Appendix C for further discussion of
this point), the part of the totalhadronic cross section
described by the resonance is

n n2P2 '5', (S)~2
V2r +a' 3s (3.105b)

4~2 X/2
P=p, (x, = (1— (3.105c)

When the reaction proceeds through the p' resonance,
which has a decay coupling constant f„,(measured at the
p' mass), one finds (C.7)

In the neighborhood of the resonance, the form factor
becomes

( )
m', (f„,/f, )

s —m', + im, I', (s) (3.107)

Using Egs. (3.100), (3.106), and (3.107), it is easy to see
that (3.105b) reduces to (3.99). As discussed in Appendix
C, the factor f„,/f, = [1—II,(0)/m,' ] agrees with the re-
sults of Gounaris and Sakurai (1968) and Vaughn and Wali
(1968). The various coupling constant conventions are
defined in Table I.

The r+w channel is actually made more complicated
by the interference of the u resonance (which decays
predominantly into m'7r m') with the p' contribution
changing the pion form factors (3.107) to

The decay into a given channel f is given by

F(V-f )
Vy f V

where 1 (V-f ) is the partial width for that channel. The
height of the resonance at the peak is

where

6 [1"(u& —w+ n )'I (&o- e+ e-)] ' l2

o.m„(P)2 ~2

(3.108a)

(3.108b)

122' I'(V- e' e )I'(V- h)
VE V V

(3.102)

th
„( )d = 12 — (3 103)

R2V V

39Note that here s is synonymous with the &2 of Sec. II.B.

A measure of the total strength of a resonance is its
area. In the narrow width approximation [1 v «m„,
and F(V-h)', I'„approximated by constants], this is

The parameters to be determined by measurements of
this channel are usually m„ I'„ f„,/f„g, and p; m„,
I'„, and F(~-e e ) are taken as input.

4. The low-lying resonances: po,~,g,p'( i 250),
and p "( i600)

At Orsay three sets of apparatus have been used to
study the electron-positron annihilation into p, co, and

The first apparatus consisted of a symmetrical ar-
rangement of spark chambers and scintillation counters.
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FIG. 118. Side view of the first Orsay detector: C&C&, thin-
plate spark chambers; C&C2C3C3C4C4, thick-plate spark cham-
bers; S&S2S~S&, coincidence counters; ACI, machine background
veto counter; and AC, cosmic raybackground veto counters (from
Augustin et a/. , 1969a).

In each a.rray a four-gap thin-plate chamber was used
to determine particle trajectories. Two thick-plate
chambers were used as shower and range chambers to
identify electron and pion tracks. Veto chambers were
used to reject cosmic rays. Figure 118 shows a side
view of the apparatus.

The second apparatus used by the Orsay group was a
cylindrical system with the beam along the cylindrical
axis. Figure 119 shows a drawing of the a,pparatus.
This setup includes 2 && 16 optical spark chambers and
2 && 15 sets of counters arranged in six sectors. The
direction of the charged particles is measured in the
five spark chambers. Electron and photon showers
are observed in a sandwich ot 11 lead sheets (0.5 radia-
tion iengths each) interspaced between the last ll spark
chambers. Transverse and longitudinal views are
photographed through an optical system by a single
camera. Counters are used to veto cosmic rays. For
the observation of the @ through the detection of the
two kaons, the Orsay group used a special setup con-
sisting of four double-gap spark chambers and four
scintillation counters arranged so as to minimize the
energy loss required for particle detection.

A group at Or say has subsequently used the magnetic
detector DM 1 to study the reaction

e'+ e - n'+ n

in the center-of-mass energy range from 480 to 1100
MeV. This detector has a. 0.95T solenoidal field with
four cylindrical proportional chambers with anode and

ikLLLLLLLLLLLLLXLLLLLLLLLLLLLL&

L

FIG. 119. Second Orsay detector. (a) General view. (b) Cross
section (from Benaksas et aE. , 1972a).

FIG. 120. Novosibirsk spark chamber system: 1, anticoinci-
dence scintillation counter; 2, lead layer 20 cm thick; 3, range
spark chamber; 4', shower spark chamber; 5, Duraluminum
layer 24-mm thick; 6, thin-plate spark chaxnbers; 7, window
of outer vacuum chamber; 8, region of collision; 9, inner
vacuum chamber; 10, scintillation counters; 11, storage ring
magnet (from Auslander et aE. , 1967).
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TABLE XXIV. po and co parameters from two of the fits to the
Orsay data.

tQ Fit 3

O.]—

Mp (MeV)
I'p {MeV)
g(e'e p) (pb)
jB(p e e ) (X10 )
I'( p e"e") (keV)
(B((u w+vr ))~~2

$ (degrees)
f, '/4~
f,„/4~-

775.4
149.6

1.00 +
4.1
6.1
0.19+

85.7
2.26 +
2.84 +

7.3
23.2
0.13
0.5
0.7
0.05

15.3
0.25
0.50

772.3 +
135.8

1.04+
4.2
5.8
0.17+

88.3
2.38 6
2.60+

5.9
15.1
0.12
0 4
0.5
0.05

15.8
0.18
0.32

s I s i t s I

s (GeV )

I I I I I I I I I I I I I

0

FIG. 121. A plot of the pion form factor versus energy as de-
termined from colliding beams, inverse electroproduction, and
electroproduction measurements. The solid curve is a fit as-
suming an inelastic 7t channel; the dashed curve is a fit as-
suming a contribution due to the p'(1200) (from Quenzer et aE. ,
1977).

have been carried out at Orsay (Augustin et a/. , 1968,
1969a, b; Benaksas et a/. , 1972a; Quenzer et a/. , 1975;
1977), Novosibirsk (Auslander e/ a/. , 1967, 1969; Bala.—

kin et a/. , 1971a., 19'72) and Frascati (Bernardini et a/. ,

)I NOVOSIB IRS K
~ BENAKSAS et al(1972)

0.5

I

570 600
I

700 800
MeV

I

870

FIG. 122. A detailed plot of the e'e 7I+7r cross section in the
region of the p mass. The data are from Orsay III (Benaksas
et al. , 1972a) and Novosibirsk (Auslander et ~E. , 1969). The
asymmetry is due to rho-omega mixing. The solid curve is the
fit number referred to in the text (from Benaksas et al. , 1972a).

cathode readout used to track the particles. Those
chambers are only 7 & 10 ' Xo thick in the radial direc-
tion and are used in conjunction with a beam vacuum
chamber consisting of a stainless steel foil 38'. thick.
This system is described more completely in articles by
Jeanjean et a/. (1974) and Cordier et a/. (1976).

The Novosibirsk gl"oup used a setup conslstlng of two
identical parts with the layout shown in Fig. 120. The
spark chambers next to the target were used to deter-
mine the particle direction and to locate the vertex. The
particles were identified by observing their interaction
in the shower and range chambers.

Measurements of the reaction

1973a., 1973b). The most detailed measurements in the
vicinity of the rho meson come primarily from Orsay;
the Novosibirsk measurements are less extensive; the
Frascati measurements are limited to the region above
1.0 GeV center-of-mass energy. Figure 121 summar-
izes the total cross section for the &'m production ex-
pressed in terms of the pion form factor. The dominant
feature is the large peak at the rho mass. Figure 122
shows the detail in the region around the rho mass. The
peak is not symmetrical and gives evidence for rho-
omega mixing.

The Orsay group carried out four experiments in which
they studied the &'~ production at the rho mass. The
cross sections obtained differed substantially forunknomn
reasons. %'e shall report here details from the analysis
of the last two experiments (Benaksas et g/. , 1972a.;
Quenzer et a/. , 1977). It is these data and the data from
measurements by the Novosibirsk group (Auslander et
a/. , 1969) that are plotted in Fig. 122. Among other
things, the Orsay group analyzed their data in terms of
Eq. (3.105) and a form for E, equivalent to Eq. (3.108).

Benaksas e/ a/. (19'/2a) made three different fits to the
data, . The values for I"„, m„, and I (~- e'e ) were taken
from the experiment studying e+e —r+~ r'." The first
fit used all the Orsay data from 2E = 705 MeV to 990
MeV. The second fit eliminated the 990 MeV point on
the assumption that it was influenced by the tail of a pos-
sible p' resonance and the opening of the co&' channel at
920 MeV. The third fit used both the Orsay data and the
Novosibirsk data. The rho-omega parameters derived
from fits two and three are summarized in Table XXIV.
The solid curve in Fig. 122 is fit number two. The inter-
ference parameter from this experiment is approximate-
ly twice as large as from the DESY and Daresbury r+m

photoproduction experiments (Sec. III.C, D). Since such
a large difference is not expected on the basis of theore-
tical models (a smaller difference is plausible), Dr.
G. Parrour has, at our request, redone the fits with
the interference parameter fixed at the photoproduction
value and m, and I" assigned different values compatible
with photoproduction. These fits are summarized in
Table XXV (the one shown excludes the 990 MeV data
point). The results agree with ones obtained at Cornell

40 "Old» values of 4'(~ e e ) = (0.89S+0.045) x10 and I'~
= (9.2 + 1) MeV were actually used in this fit.
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TABLE XXV. Determination of f~/47r from e e 7r'7r, for
various choices of rn~ and I'~; also, the po —~ interference pa-
rameter is fixed at the photoproduction values ($ = 0.01). The
number of degrees of freedom is 8, so all fits are acceptable.
Comparison of the last two columns gives an indication of the
validity of the assumption of point couplings as discussed in
Appendix C.

DMI

ORSAY M

$ NOVOSISIR

INVERSE
PRQOUCT

2
01l'ff

P P 4' [1—rr, (0)/~2]'

135 767 3.53 2.61 2.21 + 0.07 1,18+ 0.04
145 774 3.99 2.77 2.20+ 0.06 1.26+ 0.04
155 776 5.14 2.95 2.12 + 0.06 1.39 + 0.04

1.18
1.19
1.20

by Mr. D. Kaplan using a less sophisticated radiative
correction treatment. -

Quenzer et al. (1977) found that the simple model in
which only the p' and co were present did not give an ad-
equate fit to the Or say I, Or say II, and DM1 data over
the range 480—1100 MeV. They then employed three dif-
ferent methods to obtain a satisfactory fit. The first
method included the p'(1200) as a second resonance, the
second method assumed there was p, p' mixing, the third
method used the formalism of Costa de Beauregard et
al. (1977) to include the inelastic uw channel. In
each case they included the constraint F,(0) =1. As in-
put to the fit they used the data from DM1, the high-en-
ergy (~s&0.95 GeV) data of Orsay II, and the high-ener-
gy data (vs&0.95 GeV) of Novosibirsk. Table X~I
summarizes the fit parameters; Figure 123 shows the
fit in graphic form.

The Orsay group carried out two experiments (Augus-
tin et al. , 1969c; Benaksas et a/. , 1972b) in which they
studied the reaction

WITH ~ 7r INELASTIC CHANNEL

WITH p (1200)
threshold ~ 7r+7r

I I, I, I' 0 200 400 600 800 1000 1200
Js in MeV

FIG. 123. The plot of the pion form fa,ctor obtained using the
DMI data (Quenzer et al. , 1977), the high-mass data of Orsay
III, and the high-mass data of Novosibirsk. The solid curve is
the fit obtained assuming p, ~, and a contribution from an in-
elastic ~7r channel; the dashed curve assumes p, ~, and
p' (1200) (from Quenzer et aE. , 1977).

They then used Eq. (3.102) together with the known
branching. ratio

~QP~& WV

They used the large solid-angle detector which permit-
ted the detection of both charged and neutral particles.
Figure 124 shows the measured excitation curve. They
used the equivalent of Eq. (3.99) to fit the data and thus
determine I"„and the cross section at Ms= m„. They
obta, ined

B((s- z'v m') = 0.895+ 0.045

to obtain

B(~-e'e ) = (0.83+0.10) x 10 ',
I'(~- e'e ) = (0.76+0.08) keV.

Using Eq. (3.100) they obtained

(3.109b)

(3.110a)

(3.110b)

a(e'e —~ —3&)l~. = (1.80+0.20)pb.

r„=(9.1+0.8) Mev.
(3.109a) f '„/4& = 18.4 + l.8 . (3.111)

These results differed somewhat from earlier reported

TABLE XXVI. The p and ~ parameters determined by Quenzer et al. (1977) and Quen-
zer (1977) in their fit tothe DMl data, the high-energydata (v s & 0.95 GeV) of OrsayII, and
andthe high-energy data (Ms& 0.95 GeV) of Novosibirsk. Case I refers to the situation in
which the p' (1200) appears as a separate resonance; Case II refers tothe situation inwhich
there is p' p mixing; inelastic +7r refers to the analysis using the formalism of Costo
de Beauregard et al (1977).

Parameter
Inclusion of p'

Case I Case II Inelastic a7r

d
m (MeV)
I'p (MeV)
[B(u —7r+7r )]~~2

4p~(')
epp (')
X2/dI

0.51 + 0.023
780.3 + 3.5
143.3 + 4.2

0.178 +0.39
118.8 + 12.4
106 + 10.8
21.4/29

0.31 + 0.2
780.3 + 3.5
143.3 + 4.3

0.178 +0.39
101.8 + 12.4

95.8 6 11.1
21.4 /29

0.50
777.2
158.9

0.141
102.

26.5/31

0.02
3.7
4.7
0.033

+14
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FIG. 124. Excitation curve for the reaction e'e co 7r+vr 7To

{from Benaksas et a/. , 1972b).

FIG. 125. e'e —7i'7( ~ data showing the interference between
and Q intermediate states. The curves correspond to opposite
relative signs for the two amplitudes: solid for the opposite
sign for couplings a —37( and Q

—377, and dotted for the same
sign {from Parrour et a/. , 1976a).

measurements by the same group. The Orsay group re-
commends that one take the new results as correct.

In a later experiment the Orsay group (Parrour et
af. , 1976a) studied &'& n' production more carefully
around the P and in the region between the u and Q re-
sonances. In the same experiment they determined the
position and width of the p resonance from the K~K~
channel. They found that the magnitude and energy de-
pendence of the experimental cross section (in the whole
energy range 770 to 1076 MeV) was well described by
an "interfering propagator" model given by Renard
(1974}. This is shown in Fig. 125. The interference
effect clearly corresponds to an opposite sign between
the &u-3m and P -3& coupling constants.

Several studies of Q production have been made by the
Orsay group (Augustin et al. , 1969d; Bizot et al. , 1970;
Cosme et al. , 1974a, b; Parrour et al. , 1976a, b). In their
first experiment, the Or say experimenters used their first
spark chamber setup to study the K~K~ and 3& decay
modes. A form of Eq. (3.109) was used to extract values
of I"(Q-all), I (Q —e'e ), B(P-K~Kz), B(P-K'K ), and
B(@- n'w n' ). The results are summarized in Table
XXVII as Orsay 1. In their second experiment, they used
a specially constructed apparatus to study the K+K decay

I'~ = (3.81 +0.37) MeV,

o'(e'e -K+K~)
i „,„=(1.48 +0.08 +0.12) pb,

(3.112)

where the quoted errors in 0 are, respectively, statis-
tical and systematic. They also used the cylindrical de-
tector to study the &+7I &' decay mode. The combination
of these two cylindrical detector studies leads to the P
parameters listed in Table XXVII as Orsay 3. The
group's recent work on the &'& &' mode over a wide en-
ergy range (Parrour et al. , 1976a, b) plus new measure-
ments of the qy and m y decay modes (Cosme ef al. ,
1976b) are given in Table XXVII as Or say 4.

Also summarized in Table XXVII (as Novo 1) are the
results of the Novosibirsk group (Balakin et af. , 197la).
The group used its apparatus described earlier to study
simultaneously the three @ decay modes K'K, KJK~,
and &r m'. Figure 126 shows the observed excitation

mode. These results were then combined with those of
the earlier experiment to obtain I"(P —e'e ) and the other
P parameters (Orsay 2, Table XXVII}. Using their
large-angle cylindrical detector; the Orsay experiment-
ers studied the K~K~ decay mode in detail. From these
measurements they found

TABI.E XXVII. Phi parameters from Orsay and Novosibirsk.

Data/Group Orsay 2 Novo 1 Orsay 3 Orsay 4

B(@ KK )

Z{@-3~)
~(y —,+~) (x10 )
~(y-~ p) (x10 )
~g -e'e-) (x10 )
I'(P e'e ) {ke7)
I'~ {MeV)
f /4'
0.&&(2 &=M+) (pb)

3.96
1.64
4.2

11.0
5.5

+ 0.62
+ 0.26
+ 0.9
6 1.7
+ 1.0

0.486 + 0.024
0.308 ~ 0.016
0.206 + 0.040

3.45
1.41
4.09

12.9
4.89

+ 0.27
+ 0.12
+ 0.29
6 1.1
+ 0.39

0.493 + 0.044
0.301 + 0.041
0.206 + 0.036

2.81
1.31
4.67

13.8
3.96

0.25
0.12

+ 0.42
+ 1.29
+ 0.35

0.540 + 0.034
0.257 + 0.030
0.203 + 0.042

3.3
1.27
3.8

14.3
4.7

+ 0.3
6 0.11
+ 0.4
6 1.2
+ 0.4

0.500 + 0.053
0.322 + 0.031
0.150 + 0.019
2.5 + 0.7

0.136+ 0.007
1.5 + 0.4
1.4 + 0.5

1.30 1 0.06
4.2 + 0.2

13.2 + 0.6
4.4 + 0.44

~'Q7orld averages.
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FIG. 127. Excitation curve for e+e —P Ko&KI (from Schwit-
ters, 1975).
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v(e e p e 1T 7T 1T 7P) = 0.5cr(e e —p a 1T'7l z 7r )

and the p" -&+& mode is highly depressed, it was
found that

f,'„/4~ = 17 + 5 . (S.11Sa)

f,2.,/4v = 13 + 5 . (S.113b)

With the assumption that the co&' system is produced at
the same rate as the p'&' system in the 7t'~ ~'~' state, it
was found that

FIG. 126. Excitation curves for the Q resonance decaying into
the indicated channels (from Balakin et a/. , 197la).

curves for the three decay modes. Figure 127 shows the
excitation of the K~K~ decay mode in a recent Novosi-
birsk experiment. The overall agreement among the
various experiments contributing to Table XXVII is
quite satisfactory.

The Frascati p. & group (Grilli et at. , 1973; Conversi
et al. , 1974) has reported evidence for a higher-mass
vector meson decaying into hadrons through observation
of the reaction

cr (nbarn)

20—

10—

e+e ~p ~p e ~7t'+7t' 7r+7r

i AGO
ADONE

ak (17'-5) nb

mP =(155Q~ 6Q) MeV

r „=(Z60-1OO) MeVP"

p 7T 7t 7T 3 ~ 2.0
l

T

2E {GeV)

The group used a detector consisting of two identical
counter- spark chamber telescopes located horizontally
on opposite sides of one of the straight sections of
ADONE. Figure 128 shows a plot of the observed cross
section versus energy. If this "bump" is analyzed as a
resonance, a Breit —Wigner fit gives M,„=(1550+60)
MeV, I",„=(360+100)MeV, and o'„,„=(17+5) nb. From
an analysis of the data it was concluded that the p" de-
cayed through the channel

FIG. 128. Energy dependence of the cross section for the pro-
cess e+e — 71'7t 71+7| as obtained by combining "old" and "new"
data collected with the apparatus of the "p~ group" at ADONE.
These results are based on the recorded numbers of 4 C events
kinematically reconstructed and on the corresponding detection
efficiencies, computed by a Monte Carlo simulation of the ex-
periment. The upper limit at 2E'= 0.99 GeV (68% confidence
level) comes from ACO. The curve is a best fit of a Breit-
Wigner function to the experimental points (from Conversi et
al. , 1974).
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FIG. 129. Energy dependence of the cross section for the reac-
tion e+e 7/'~ 7/ ~ . The points from ADONE are computed as-
suming a pure phase space distribution after subtraction of the
p" (1600) p & 7/'7r 7r 7/ resonant contribution. (The correction
is negligible at 1.2 GeV and has a maximum value of -25% at
1.5 GeV.) The points from ACO, obtained with a nearly 471 de-
tector which allows unambiguous identification of the final
states, show a clear threshold effect at the u 7t mass. The
dotted curve represents the theoretical expectation of this ef-
fect assuming only the contribution from the p meson. Already
the point at 2&=1.076 GeV is seen to be nearly two standard
deviations above the expected value (froxn Conversi et al. ,

1974).

The Frascati BCF group (Bernardini et a/. , 1974b) has
reported a failure to observe the p" (1600). However,
data reported by the boson group (Bartoli et al. , 1972) sup-
ports the original findings of the p& group.

The pm group (Conversi et al. , 1974) has combined
measurements of the reaction

+ - 0e'e- —~'m-m'm

from ADONE and ACO to obtain evidence for a p'(1250)
with a width of 150 MeV. Figure 129 shows a plot of the
combined data. From an analysis the group obtains

(3.114)

Figure 121 shows later data which add further evidence
for an enhancement near 1200 MeV. The interpretation
of the data is unclear and more work is needed in this
mass region.

Three Frascati groups (Esposito et a/. , 1977; Bacci
et al. , 1977; Ambrosio et a/. , 1977) have presented evi-
dence at ADONE for a narrow-resonance structure in
hadron production for e'e annihilation near 1800 MeV.
For the mass and width the three groups obtained, re-
spectively, 1812",„I'= 34'»., 1821+16, 31+15; 1819
+ 5, 24 + 5. It has been suggested that this resonance is
the recurrence of the @. More work will be required to
verify its presence and to determine its quantum num-

berss.

In two summary reports given at the 1977 Internation-
al Conference on Lepton and Photon Interactions at High
Energies (Laplanche, 1977; Bemporad, 1977) prelimin-
ary evidence was reported for several new resonances in
the mass range 1.2 to 2.0 GeV. More data with greater
statistics will be required to clarify the situation.

IO I5

s (Gev~)

20 25

FIG. 130. Summary of measurements of R~+~- at the time of the
1973 Bonn Photon Conference (from Strauch, 1974).

5. General features of e+e ~ hadrons
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FIG. 131. Re+e- result;s (with g and $' removed) (from Schwit-
ters, 1975).

In the region below 1100 MeV the production of hadrons
is dominated by the p, m, and Q mesons and there ap-
pears to be little evidence for production through other
channels (Cosme et al. , 1972, 1976a). The most inter-
esting result to emerge from higher-energy measure-
ments at Frascati (Bartoli et a/. , 1972; Bacci et al. ,
1972, 1973; Grilli et al. , 1973; Ceradini et a/. , 1972,
1973; Bernardini et al. , 1974a)*and the Cambridge Elec-
tron Accelerator (Litke et al. , 1973; Tarnopolosky et
al. , 1974) is the increase in the ratio to p, pairs. Figure
130 shows a plot of A,+,- at the time of the Bonn Sym-
posium in 1973. Subsequent to the Symposium, measure-
ments were made at SLAC with SPEAR I and SPEAR II
up to a center-of-mass energy of 7.6 GeV (Schwitters,
1975; Augustin et al. , 1975). The most exciting dis-
coveries made in this energy range are generally well
known and will be described briefly later; here we re-
view the more conventional features. Figure 131 shows
a plot of R... results (with g and |/' removed) from the
SI AC-I awrence Berkeley Laboratory collaboration. Be-
low 3.5 GeV, R... is roughly constant, with a value
around 2.5. Above 5 GeV, R is again roughly constant,
with a value around 5.5. Between the two regions there
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FIG. 133. Average fraction of total center-of-mass energy ap-
pearing in charged particles vs. E, ~, for ~ three-prong
events, assuming pion masses. The data have been corrected
for acceptance and analysis losses (from Schwitters, 1975).

is a transition region with a complicated structure.
Figure 132 shows the transition region in greater de-
tail.

The values of A,+,- have great significance for the
quark model; also, as will be described in Sec. VI.B,
they place constraints on the GVD models. The quark
model with a triplet of fractionally charged colored
quarks predicts an asymptotic value of 2 for A, , This
is comparable to 2.5, which indicates the saturation of
the u, d, s quark contributions by 3 GeV. The increase
in A, , together with the appearance of the new reson-
ances, is attributed to the entrance of new degrees of
freedom such as charm. However, a colored charmed
quark would naively give an increase of only 4/3. The
somewhat larger increase could be due to the production
of heavy leptons (Perl et al. , 1975).

A review of the main features of the hadronic final
states was given by Schwitters (1975). Here we can pre-
sent only a very brief summary:

o,ol I

0.2
I

0 4
l

0.6
l

0.8 1.0
"= 2p/'Ec. m.

FIG. 134. sdo/dx vs. x for E, =3.0 GeV, 4.8 GeV, and 7.4
GeV. Here x:—2p/E, (from Schwitters, 1975).

p2 p2 ~ (3.115)

Figure 136 shows the sphericity distribution. At 7.4
GeV, the angular distribution of the jet axis, integrated
over az1muthal angles, is given by [1+ (0.78+ 0.12) cos 81.
It is noteworthy, but by no means conclusive, that. these
results are well described by a model where the e'e
annihilates into a quark —antiquark pair which then
evolves into the final physical state. Gilman (1975) has
given a critical appraisal of this interpretation.

While measuring the total hadron cross section, the
SLAC-LBL group discovered a narrow resonance at a
mass of 3095 MeV (Augustin et al. , 1974a) which they
called the g. This resonance was reported simultaneous-
ly by a Brookhaven-MIT group (Aubert et al. , 1974), and

(1) The mean charged multiplicity and the mean charged
energy rise with increasing s; however, as seen in Fig.
133, the fraction of the energy in charged particles falls.

(2) In Fig. 134 are shown plots of sdo/d7 vs x. where 7
= 2P/Wsis a scaling variable. The data exhibit Bjorken
scaling for large x; and as s increases, the scaling extends
to smaller values of x.

(3) At 7.4 GeV, the inclusive angular distribution of
hadrons was measured with the aid of polarized incident
beams (Schwitters et al. , 1975), and the results used
to determine or and o~ in (3.93). Particles with low x
are produced isotropically (o~ =or), while those with 7
&0.2 are produced with a predominantly transverse cross
section as shown in Fig. 135.

(4) There is strong evidence for jet structure in hadron
production by e'e annihilation (Hanson et al. , 1975).
For events with three or more prongs, an axis is found
which minimizes the sum of squares of perpendicular
momenta; and a quantity called sphericity (S) is defined
as a measure of jetlike behavior by
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Figure 137 shows the data from the Brookhaven-MIT
group; Fig. 138 shows somewhat later measurements on
the J/g by the SLAC —LBL group (Boyarski et a/. 1975b).
This resonance was immediately confirmed by measure-
ments at ADONE (Bacci et a/. , 1974) and DORIS (Braun-
schweig et a/. , 1974). Subsequent to the discovery of the
J/g the SLAC —LBL group made a systematic search and
found a second narrow resonance at 3684 MeV (Abrams
et a/. , 1974, 1975). Figure 139 shows excitation curves
for the t/Y(3684). The SLAC —LBL group made a systema-
tic study of these two resonances using methods similar
to those employed earlier with the vector mesons. For
each of the resonances the quantum numbers J are
1 . Each of these particles has decays which are con-
sistent with isospin 0 and odd G parity. The study of
these particles and their decays rapidly mushroomed.
Two early reviews are Abrams (1975) and Feldman
(1975). The accepted interpretation is that they are a
manifestation of "hidden charm"; they are bound states
of charmed quark pairs below the threshold to produce
charmed particles. Table XXVIII summarizes the gross
properties of the P and g'.

The SLAC-LBL group systematically searched for
narrow resonances up to v s = 7.6 GeV (Boyarski et a/. ,
1975a). They found no other narrow resonances. They
observed a resonancelike structure in the total cross

called the J. The Brookhaven-MIT group used a pre-
cision pair spectrometer system and studied the reaction

&+Be—e'+e +anything .
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0.86+ 0.02
0.17 + 0.04
11.5 + 1.4

$'(3684)
3.684 +0.05 GeV

1
2.1 +0.3 keV

224 +56 keV
228 + 56 keV

0.0093 + 0.0016
0.981 ~ 0.003
0.029 +0.004
31.2 +4.5

G. Photoproduction of heavy vector rnesons

ts to detect the photoproduction ofThe first attempts to e ec
b l king forhi her-mass vector mesonss were made y oo

high-mass pion pairs in ththe reaction

@pe 7r+z pf

1969d; Bulos etal. 1969; McClellan et al. , 19(Hicks et al. ,
al. 1971e; Ballam et al. ,a o~l 1971 Alvensleben et al. , e;
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bon target and a 7.5 GeV bremsstrahlung beam.
distinct high-mass structure characteristic of a reson-
ance was observed, but there was a broad enhancement
in the region 1.3&&M &1.8 GeV. This result is typical.

FIG. 141. The mass distribution for the reaction pp 7r'7r 7r'7r-p

for 6& E~& 16 GeV obtained by the SLAC streamer group (Davier
et al. , 1973). (a) all events; (b) events not including 4"; (c)
events not containing a &'+ and including a p (from Davier et
al. , 1973).

1. p "{1600)
The first evidence for the photoproduction of the

p" (1600) was obtained by the 'Sl AC streamer chamber
group (M. Davier et al. , 1973) in an experiment with an
18 GeV bremsstrahlung beam incident on a hydrogen
target. They observed a broad enhancement in the 4&
invariant mass near 1.6 GeV in the reaction

3 7T F 7T f7

(1.23 +0.43) p.b for 6&E„&12GeV

(1.07+0.34) p.b for 12&E„&18GeV.

(c) peripheral production with

do jdt~ e("""'
(d) predominant p"m'm decay mode

(3.116)

Figure 141 shows the observed enhancement and the ef-
fect upon it of various cuts.

Davier et at. (1973) used Monte Carlo generated events
to determine the shape of the background, and fitted the
4& mass spectrum to a nonrel. ativistic Breit —Wigner to
determine the parameters of the resonance. They found:

(a) apparent mass M = (1620+ 20) MeV; and width I
= (310+ 70) MeV

(b) a roughly energy-independent production cross section

(e) quantum numbers Io(J )C =1'(1 ) .
These findings, when taken in conjunction with the evi-
dence for a 4& resonance seen in the Frascati colliding
beams (Sec. III.F), gave strong evidence for a heavy
vector meson analogous to the p'.

The SLAC-Berkeley bubbl. e chamber collaboration
(Bingham et al. , 1972) studied the reaction yp-2m'2m p
using a 9.3 GeV poIarized beam and the SLAC 208 cm
bubble chamber. They obtained evidence for a peripher-
ally produced (-e")4& resonance with quantum numbers
Io(J )C = 1'(1 ) . The state decays primarily into pox'w

with the &'& in an s-wave isospin-zero state. They
presented evidence for s-channel helicity conservation
in the production and found from a maximum-likelihood
fit to the data a mass of (1.43 +0.05) GeV and a width of
(0.65+0.1) GeV. The photoproduction occurred via
natural-parity exchange with a cross section (ypo—pp"
-t po~ ~-)=(1.6~0.4) p,b.

Alexander et al. (1975) used the dueterium-filled
SLAC 208 cm bubble chamber exposed to a'linearly po-
larized photon beam at 7.5 GeV to study coherent p, co,
and p" (1600) production from deuterium. Figure 142
shows the mass distribution obtained for m'&, m+m m,
and &'&'& r production from deuterium. The fit to the
four-pion data of a Breit-signer shape, modified by a
mass skewing factor to describe the p" and by a peri-

Rev. Mod. Phys. , Vol. 50, No. 2, April )978
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(3.119)

If the p" photoproduction is described as depicted in
Fig. 144 by an elastic amplitude T,„and a diffractive
transition amplitude D„„, the ratio of the forward cross
section from deuterium for p and p" can be expressed
in the form

FIG. 142. Mass distributions obtained by Alexander et al.
(1975) for coherently produced p, ~, and p" on deuterium at
7.5 GeV. (a) M(~'rr ) for yd —d7r'~, satisfying

~
t

~

& 0.2 GeV2.
(b) M(7I.+7r 7I. ) fOr pd d~+7t 7( fOr eVentS haVing a ViSible deu-
teron recoil and ~t ~

& 0.2 GeV . (c) 1VI(v'm'm v ) for the reaction
"rd der'~'~ ~ with

~
t

~

& 0.2 GeV (from Alexander et at. , 1976).

Experimentally this ratio is 6.0+1.2. The e'e experi-
ments give, for the ratio (f,„/f, )', 6.6+2.0. This sug-
gests that Tp Tp and Dpp is small. ' Neglecting Dpp„
and using the .colliding-beam measurement, f', .,/4m =17
+ 5 (Grilli et a/. , 1973), for f2. /4rr gives

pheral phase space factor to describe the background,
gave M, = (1.57+0.06) GeV and I,„=(0.34+0.09) GeV.
Using the relation I'(p" —p'7r m') = 21"(p" —p's'w ) they ob-
tained

crr(p"d) = (47+6) mb.

This is to be compared with the values

crr(p"d) = (54+2) mb

a r(cccf) = (56+ 5) mb

(3.120)

(3.121)

cr(ycf —p"d) =. (0.84+ 0.18) p, b

Figure 143 shows the differential cross section for the
coherently produced vector mesons p, u, and p". A fit
to the data of the expression

dcr/dt =A„exp(Bt)[E(t)]', (3.117)

where E(t) is the deuteron form factor, and E was taken
to be 7.5 (GeV) ' (corresponding to the average measured
slope for vector mesons photoproduced from hydrogen),
gave

FIG. 144. Diagrams for coherent p" photoproduction. (a) Elas-
tic amplitude; (b) diffractive transition amplitude.
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Bauer, Spital, Yennie, and Pipkin: Hadronic properties of the photon

y+ Be~ e+m' + Be
y+Be~ m m m m + Be

l5—

dN—xl0 ~
dM

dN

dM 600—

'lO—

EVENTS
.05 GeV

200—

MASS (GeV)

2
MASS (GeV)

400—

EVENTS
05 GeV

200—

2
MASS (Gev)

1.0 ~
LLI

(3
4

8 4

O

UJ

Ch

.2
C)
UJ
C9

0

FIG. 145. The ~'~ mass plot obtained by the Columbia-Illinois
group at Fermilab. The p" (1600) is evident (from Silverman,
1975).

FIG. 146. The 7('7T 7l'7l mass plot obtained by the Columbia-
Illinois group with the same setup as used for the data shown
in Fig. 139 (from Silverman, 1975).

obtained for the p and w by a similar procedure.
Independent evidence for the p" comes from phase-

shift analysis of the reaction

7T P-z 7l n-

There is a p-wave resonance at -1600 MeV with a total
width of 180 MeV and an elasticity of 0.25+0.05 (Hyams
et al. , 1973). It is difficult to reconcile the large
branching ratio for p" (1600)-2w with the results of the
photoproduction experiments. This situation has been
further analyzed by Johnson et al. (1976).

Eisenberg et al. (1973) searched for p" production in
&'p interactions at 5 GeV in a high-statistics experiment
carried out with the SLAC 208 cm hydrogen bubble cham-
ber They d.id not detect the p" (1600), and they obtained
an upper limit of 0.006 for the ratio &'p- &"p"/&"p',
with p" —p'& m . Assuming one-pion exchange this leads
to f,', „/f'„, &0.02.

In an experiment carried out at Fermilab with an 80
GeV photon beam and a beryllium target, a Columbia—
Illinois group [private communication by W. Lee included
in Silverman (1975)]has reported the detection of the two-
pion decay mode for the p" (1600). Figure 145 shows the
observed mass plot for two pions; Figure 146 shows the
mass plot for w+~&'& . The assumption that the 4m mass
peak is entirely due to the p" (1600) gives the m+w branch-
ing ratio

I-(~ ~-)/I" (~.~.~-~-) = 0 05.
Langacker and Segre (1976) have reexamined the evi-

dence for the p" (1600) and concluded that they could not
account for the data without invoking a resonance. They
then reanalyzed the available data assuming vector-me-
son dominance and found the p"p total cross section to

be (23+4) mb. With the further assumption that the p"
always decays into p&&, they found

f',„/4n=21 + 10, '

which is to be compared with f,'/4&= 2.3 (see Table
XXXI).

(3.122)

2. p'('l250)

Some evidence for an enhancement in the u& channel
near 1.2 GeV has been presented by the SLAC-Berkeley
bubble chamber collaboration (Ballam et at. , 1974b).
Those authors find a total cross section for yp
-pp'(1250)- r'w n'z"p of (1 —3) pb with a width of 150
to 310 MeV. Langacker and Segre (1976) concluded that
they cannot account for this enhancement other than as a
resonance, but that the para. meters of the p'(1250) are
not sufficiently well determined to extract the p'(1250)
p total cross section in the VMD model. From their col-
liding-beam measurements Conversi et al. (1974) found
f,'. (1250)/4@=7+2. More work on this resonance is
merited.

3. J/Q and P(3700}
Subsequent to the discovery of the 2/g and the recog-

nition of the coupling to the e'e and p. 'p, channels, se-
veral. groups undertook experiments to study Z/g photo-
production. Unsuccessful searches were carried out at

Further details concerning the p" (1600) are given in the
the reviews by Wolf (1972), Moffeit (1974), and Silver-
man (1975).
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t distribution (3.123), corrected for acceptance and re-
solution. It was found that the formp

~P

H,V

AP
Ap.

I

I

B

dojdt(y+ Be —/+X) ~A'e~ '+Ae" (3.123)
Q

was consistent with the data. For the total cross sec-
tion, they obtained

PO PI P2

cr(y+ Be- p p (3.1)+2C) = (16+ 5) nb/nucleus. (3.124)
t

EC
P4 HC Inferring from the observed t distribution the existence

of a coherent peak, the differential cross section per nu-
cleon was determined from the coherent production of
the J/g at t= 0 to be

FIG. 147. Schematic diagram of the apparatus used by the
Columbia-Hawaii —Cornell —Illinois- Fermilab group (Knapp et
al. , 1975) to study J/tI) photoproduction from Be through the ob-
servation of ILt pairs. M& and M& are magnets; Po through I'4
are multiwire proportional chambers; C is an electron calo-
rimeter; H is a hadron calorimeter; p is a muon identifier
(from Knapp et al. , 1975).

do
(yN —gN) = (56+ 19) nb/GeV'

0
(3.125)

with a systematic uncertainty in normalization of about
15%.

Using VMD and the optical theorem, and assuming
that the y —Q coupling constant is independent of Q', one
obtains for the t/)-nucleon total cross section,

/

Cornell by a Rochester —Cornell group (Andrews et a/. ,

1975a., b) and at SLAC by a, SLAC-MIT group (Martin
et a/. , 1975). Successful experiments were reported by
a Columbia —Hawaii —Cornell —Illinois- Fermilab group
(Knapp et a/. , 1975), a. SLAC-Wisconsin group (Camer-
ini et a/. , 1975), a Cornell group (Gittelman et a/. ,
1975), a Fermilab —Lebedev —Santa Barbara —Toronto
group (Nash et a/. , 1976), and a SLAC —University of
Massachusetts group (Dakin et a/. , 1975).

The first Fermilab experiment (Knapp et a/. , 1975)
used a photon beam obtained from a zero-degree neutral
beam, which was produced by interactions of 300 GeV
protons in a 30.5 cm Be target, to study the reaction

(1++'„)'~'o~= (1.3 +0.25) mb, (3.126)

where +~ is the ratio of the real to the imaginary part of
the forward scattering amplitude. It was concluded from
this value of the cross section that the J/g is a diffrac-
tively produced hadron.

The Wisconsin —SLAC group (Camerini et a/. , 1975)
used the SLAC 8 GeV and 20 GeV spectrometers in coin-
cidence to detect the electron and muon pairs from Jjg
decay. They measured the s and t dependence of inco-
herent Jjg production from deuterium, and $(3700) and
J/g production from hydrogen. Among other things,
they found:

(a) Production from neutron and proton targets were
similar.

(b) Indications of a. significant inelastic contribution to
the cross section.

(a) A rise in do/dt (extrap'olated to t = 0) from -7.6 nb/
GeV' at k = 13 GeV to -20 nb/GeV' at 21 GeV.

(d) At 19 GeV a. t distribution with slope parameter
B =(2.9+0.3) GeV '.

(e) At t „for 0 = 21 GeV the ratio of J/|/I production to
$(3700) production given by

@+Be—p, '+ p, +X.
Figure 147 shows a schematic diagram of their appara-
tus. The muon identifier consisted of a steel shield which
was 120 cm thick, a 22-element horizontal scintillation-
counter hodoscope, a second steel shield which was
60 cm thick, and an eighteen-element vertical scintilla-
tion-counter hodoscope. Figure 148 shows the raw
mass spectrum for all events with momenta greater
than 80 GeV and the momentum-transfer distribution
for events in the mass interval 2.8&M„~ &3.4 GeV'.
There is a, clear peak at the J/P mass and the t
distribution shows evidence for coherent g pro-
duction. The curve shown in Fig. 148(b) is the assumed d (J/q)/dt

do (|t (3700))/dt (3.127)

80
(f) From a VMD argument an upper limit for o„,($1V)

of 0.8 mb.
'The Cornell group (Gittelman et a/. , 1975) used a, pair

of lead-glass Cerenkov hodoscopes to study the photo-
production of the J/g from a beryllium target with an
11.6 GeV bremsstrahlung beam. If the elastic cross
section for a single nucleon is expressed in the form
Ae ', their results at 11 GeV are

1000 r

5oo II
(0)

60-
200-' '

50-
dM

(
EvENTs) 40
0.1GeV

4N 100-
Dt

EVENTS

(GeV')
10-
5-

20-
A = (1.01 +0.20) nb/GeV',

~ = (1.25+ O. 2O) Gev-'.
(3.128)10-

I I I I I

0 .1 .2 .3 -4 .5
-t (Gev )

I

.6, 7
1.2 2.0 3.0 4.0

MASS (GeY)~~ This is a surprisingly small cross section.
At Fermilab the Fermilab-Lebedev-Santa Barbara—

Toronto group used a tagged photon beam in conjunction
with a lead-glass based spectrometer to measure the
photoproduction of J/g from deuterium at a mean photon

FIG. 148. (a) Diagram of invariant mass distribution observed
by Knapp et al. (1975) above 1.2 GeV for events with momenta
greater than 80 GeV. (b) Observed t distribution for events in
(a) with 2.8& M» & 3.4 GeV (from Knapp et al. , 1975).
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FIG. 150. Threshold behavior of t= t
&

for J/g photoproduction.
SLAC-S-A refers to the single-arm measurements of Anderson
et al. (1977); SLAC D-A refers to the double-arm measure-
ments reported by Anderson (1976) (figure from Anderson, 1976).

FIG. 149. Summary of results for do/dt at t=tm&~ for pP gP.
This figure includes only data obtained in coincidence experi-
ments (from H. Anderson, 1976).

energy of 55 GeV. They found for the differential cross
section per nucleon

= (68+ 19)exp[(1.8 + 0.4)t] nb/GeV', (3.129a)
t=0

and for the total cross section

In a second exper iment the SLAC- Wisconsin group
(H. Anderson, 1976) studied the J/g production by ob-
serving the yield of single muons at large transverse
momentum. Figure 150 shows the study of the threshold
production using the single-arm data together with the
SLAC and Cornell coincidence measurements. The
SLAC —Wisconsin group (R. Anderson et a/. , 1977) also
used the single-arm spectrometer technique to measure
the ratio of the total cross sections per nucleon for Be
and Ta targets. They found

[37.5 +8.2(statistical)+ 4(systematic)] nb. (3.129b)
cr(&e)/cr(Ta) = 1.25 + 0.05. (3.130a)

Figure 149 shows a plot versus energy of dcr/dt at 8 = 0
for the reaction yp —gp. Table XXIX summarizes the
data obtained from coincidence experiments in which
e'e or p.+p, were observed. 0 tt)pf' 3 o 5 mb ~ (3.130b)

They then used a simple optical model to determine
from this ratio

TABLE XXXX. J/P photoproduction versus e~ .rgy. In the three columns on the right, the
value of B is fixed and used with the total production cross section cr„z to infer der„r, /dt ~r p (in-
dicated ) or with dcrr&/dt~r 0 to infer cr„~ (indicated ).

Experiment
(@ )

(GeV) (GeV)
B

(GeV 2)

dor&/dtl ~ o

per nucleon
(nb/Gev')

~re
(nb)

Cornell
SLAC

11.0
13
19
19
19

11.8
13.5
20
19.5
19.5

1.25+ 0.2

2.9 + 0.3

1.01 +0.2
7.5 +1.7

19.4 ~1.3
15.5 +1.4
13.9 +1.4

B= 1.25 0.67 +0.21

B=2.9 —5.2 ~0.6

Fermi Lab
(tagged y)

Fermi Lab
(broadband p)

31-80

50-210 59 +19 B=2

1.8 10.4 68 +19 . B=1.8 37.5 +8.2
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However, due to the very crude optical model used and
the experiment's large t „, this value must be regarded
as very tentative.

H. Incoherent production from nuclei
50—
40—

Expt BGeV

eV y
—0-1.18A'/3 &~—~-0-1.12A &m

1/3

Additional information concerning the hadronic nature
of the photon is given by the energy and A. dependence
of incoherent rho and incoherent pion production (Gott-
fried and Yennie, 1969; Gottfried, 1972). The theory of
the hadronic photon predicts that there is a transition
from a low-energy region (~4 GeV), where the nucleus
acts as an object transparent to the photon, to a high-
energy region, where the photon appears to be strongly
absorbed and its ability to interact decreases as it pro-
ceeds through the nucleus. It is useful to compare the
cross section for a production process on a nucleus with
the cross section on a single nucleon. Depending on the
nature of the process, the ratio of the cross sections is
called A,«(for approximately equal production cross
sections from neutrons and protons), Z,«(for produc-
tion only from protons), or N, «(f or production only
from neutrons); generically we use A„,. According to
photon shadowing theory, A„,/A will decrease from 1
at low energy to a small value at high energy. Figure
203a, b, c in Sec. V.D shows various theoretical pre-
dictions for A„, for several nuclei. Qualitatively, the
important prediction of vector dominance is that A,«
should fall with energy in the transition region, with the
fall being more dramatic for heavy nuclei. This energy
dependence is attenuated by the fact that the p'-nucleon
cross section decreases as the energy increases. In this
section we will report the measurements; the theoretical
interpretation is discussed in Sec. V.D.

Five experiments have been carried out to study the
energy and A dependence for incoherent production. A
Cornell group (McClellan et al. , 1969c) used a pair
spectrometer system to measure the A dependence for
incoherent production of rho mesons with average ener-
gies of 4 and 8 GeV at a fixed value for the momentum
transfer, ~f

~

=0.1 GeV'. They made measurements with
deuterium, carbon, copper, and silver targets of ap-
proximate thickness O. l radiation length. At

~

l
~

=0.1
GeV' the "coherent" production has dropped to a neglig-
ible value for these nuclei. At the machine energies at
which they ran, the inelastic rate was 15/o of the total
rate. Figure 151 shows a plot of A.,«versus A. together
with the VMD calculation of von Bochmann, Margolis,
and Tang (1970). The data are not inconsistent qualita-
tively with photon shadowing. The observed energy de-
pendence appears to be somewhat smaller than the pre-
dicted energy dependence. The data give clear evidence
for shadowing in incoherent rho production. A residual
uncertainty in the analysis is a possible suppression of
the cross section due to the effects of nuclear correla-
tions (see Sec. V.D).

In an experiment in which the principal object was a
measurement of coherent rho production from complex
nuclei, a DESY—Columbia group (Asbury et al. , 1967a)
also measured the incoherent p' production from copper
and lead targets for an average photon energy of 2.7
GeV. They used a double-arm magnetic spectrometer
in conjunction with a 4.35 GeV bremsstrahlung beam.

20— 16 GeV

10—

I

10
I

20

Al Cr Ag Pb

I I I

50 100 200

FIG. 151. The experimental and theoretical values of .4eff for
incoherent p photoproduction for several energies as a function
of A. The effect of a change in nuclear radius from a=1.12A
F to a= 1.18K F is shown for A= 200 at E~= 5 GeV (from
von Bochmann et a/. , 1970).

eff
do (yA —n'A *)/dt
do (yp —v'n)/dt (3.131)

Figure 152 shows a plot of Z,«versus A for &+ produc-
tion. The data from complex nuclei, taken in the range
of momentum transfer from 0.01 to 0.45 GeV, show
very little dependence on t, in contrast to the t depen-
dence (e") observed for the hydrogen data. (The hydro-
gen cross section has in fact a sharp peak at small t;
however, the area under this peak is not important for
the experiments discussed here. ) Thus the values of

f f showed a dep endenc e on t which was not adequately
explained by the theory. The t-dependent Pauli suppres-

Those measurements are shown together with the Cor-
nell measurements in Fig. 151. The combination of the
DESY—Columbia and the Cornell measurements gives
evidence for the energy dependence predicted by VMD.

The third experiment was a study of single &' and K+

production from complex nuclei carried out by a SLAC
group (Boyarski et al. , 1969). Data were obtained with
targets of CH» Be, C, Al, Cu, Ag, and Pb at laboratory
photon energies of 8 and 16 GeV. Charged mesons were
detected and momentum analyzed with the SLAC 20-GeV
spectrometer system. By working close to the brem-
sstrahlung end-point energy, the single-meson produc-
tion events were separated from multi-meson production
through energy conservation. The experimental resolu-
tion was much too coarse to detect the excitation of in-
dividual nuclear levels, and all nuclear final states with
excitations of less than about 100 MeV were accepted.
Concentrating on the r+, the relevant parameter is Z, ff,
which is defined by the equation
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FIG. 152. The A dependence of Z', ff in F production
for four different momentum transfers. The normaliza-
tion of the calculated cross section for each value of
momentum transfer is fitted to the experimental data
(from von Bochmann et aE ., 1970).

sion of incoherent events would not be expected to play
an important role in the upper part of the t range. Since
the theory was inadequate and in particular did not in-
clude momentum-transfer-dependent correlation ef-
fects, the normalization of the calculated cross section
for each value of momentum transfer was fitted to the
experimental data. The normalization factors (experi-
ment!theory) were 1.55, 1.25, 0.92, and 0.'ll at t = 0.45, —
0.16, 0.04, and 0.01, respectively. On average the data
are consistent with some shadowing but do not show the
energy dependence predicted by VMD. Figure 152 shows
the results of an analysis by von Bochmann et a/. (1970).

By appropriately normalizing to the number of neutrons
in the target nucleus this group also found a close paral-
lel between m photoproduction and the results described
above for r' production. Data mere also taken for K'
photoproduction at small momentum transfers; they
showed an increase of Z,«relative to & photoproduction
with increasing A. In view of the smaller' —iV absorp-
tion cross section and the absence of exclusion principle
suppression for this process, this was not entirely un-

expectedd.

A second Cornell experiment (Meyer et a/. , 1972) stud-
ied the incoherent photoproduction of &' mesons from D„
Be, C, Al, Cu, Ag, and Pb targets with peak brems-
strahlung energies of 4.25, 5.6, 7.8, and 9.6 GeV. They
used two lead-glass hodoscopes to detect the gamma
rays from the decay of the &'. The detector gave a well
separated & peak with little background. The four-mo-
mentum transfers were in the range O. l &

~

tI &0.25 GeV'.
The resolution was not good enough to isolate the elas-
tically produced &"s. However, by using the data near
the upper end of the spectrum only, they excluded &"s
arising from the decay of other particles and included

D2

i
4 5 6 7 8 9 5 4 5 6 7 8 9

(a) (b)
E~o{Gev)

FIG. 153. A,~f versus E 0 for vr photoproduction. (a)
The data normalized to deuterium. (b) Model calcula-
tions explained in Sec. V.D. The dashed line is for "no
photon shadowing, "and the solid line is for pure vector
dominance (from Meyer et aE. , 1972, slightly rear-
ranged).

only & 's produced directly, either elastically or with
nucleon isobars. Figure 153 shows the observed varia-
tion with energy of 4,«, together with the VMD and no
photon shadowing predictions (Sec. V.D). The data in-
dicate shadowing but show very little energy dependence.

A Yerevan group (Abrahamian et a/. , 1972) has ex-
tended the studies of single-. pion photoproduction from
complex nucl, ei down to 2 and 3 GeV. They employed
a magnetic spectrometer system and used a technique
similar to that employed by the SLAC group to make
measurements at It~ =0.3 and 0.58 (GeV)'. Allowing for
the difference in momentum transfer, the values of Z,«
are in rough agreement with those obtained by the SLAC
group, possibly indicating that Z,« is independent of en-
ergy from 2 to 16 GeV.

In summary, al. l of the measurements of incoherent
rho and incoherent pion production show the presence of
shadowing, in qualitative agreement with our ideas
about the photon's hadronic structure. The observed
energy dependence of A,« is in all cases smaller than
that predicted by VMD.

I. Inelastic electron and muon scattering

Inelastic lepton scattering gives a method for studying
the behavior of spacelike photons and in particular allows
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e
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gle ee
which one can test this assumption. If one makes a ser-
ies of measurements with the same W and Q', but dif-
ferent electron scattering angles and hence different
polarization parameters e, the data should fall on a
straight line of the form

N

mass M S= W

= 2M& +M —0

anything
mass IJ

FIG. 154. The one-photon exchange diagram which is assumed
to dominate inelastic electron scattering.

one to vary v and Q' independently. Figure 154 shows the
one-photon exchange diagram that is assumed to domin-
ate this process, and partially defines the notation that
we shall use. With the assumption of one-photon ex-
change, the differential cross section in the laboratory
frame can be written in the form (Hand, 1963)

n W —34' 1 E'5 2
4m' 2M Q' EJ 1 —e

(3.132b)

0- e 1.1+ 2(1+ v /Q ) tan'( —'8) ' (3.132c)

Here M is the mass of the proton, E is the energy of
the incident electron, F-' is the energy of the scattered
electron, 8 is the angle through which the electron is
scattered, & is the polarization parameter. v=E —E' is
the energy transfer, Q' =4EE' sin'(8/2) is the mass of
the virtual photon, and 8 =M'+2vM —Q' is the square
of the total center-of-mass energy of the final hadronic
state. The ratio B of the longitudinal cross section to
the transverse cross section is defined by

(3.133)

A. + B tan'(8/2) . (3.135)

I I I I I ' I

A deviation from such a line indicates the presence of
two-photon exchange components. (This is the standard
technique for separately determining 8', and 8', and
hence for determining A. ) The available measurements
are not, however, sufficient to use this method to make
a definitive test of the one-photon exchange hypothesis.

A second method for seeking evidence for the two-
photon terms is to measure precisely the ratio of posi-
tron to electron scattering from a hydrogen target: This
cross section ratio is given approximately by 1+4 Re(T, /
T,), where T, and T, are, respectively, the one- and
two-photon exchange amplitudes. Several groups have
made careful measurements of the e'/e ratio in an ef-
fort to set a limit on the two-photon exchange compon-
ent. A Rochester- Columbia group (Jostlein et a/. , 1974)
used a muon beam and a wire spark chamber spectrom-
eter at Brookhaven National Laboratory to make mea-
surements in the Q' range from 0.5 to 2.0 GeV'. A SLAC
group (Rochester et a/. , 1976) used the SLAC 20-GeV
spectrometer to measure the ratio of positron to elec-
tron inelastic scattering from hydrogen and deuterium
for Q' between 2.4 and 14.9 GeV'. A Santa Barbara
group (Fancher et a/. , 1976) used a large-acceptance
(a5 GeV and 2.1 millisteradian) spectrometer set at a
mean scattering angle of 8 to compare the electron
and positron inelastic scattering over the range 1.2
&Q'& 3.3 GeV', 2& v&9.5 GeV. Figure 155 summarizes
the measured ratios of antilepton to lepton inelastic

The differential cross section can also be written in
the form

[W, (Q', W') cos'(8/2)dOd&'

+ 2W~(Q, W ) sin (8/2)]

or in the equivalent form

(3.134a)
I.04—

2

, =o'~[W, (Q', W')+ 2W, (Q', W') ta.n'( /2)],dna'
I
w 100——

T() "
is

() () *

(3.134b)

where o~ is the Mott cross section for elastic scattering
from a point spinless particle. The two structure func-
tions, W, and %'„are related to 0~ and o.~ by comparing
Eqs. (3.132) and (3.134). The result is Eq. (2.13).

Rochester—
Columbia

UCSB

o SLAG

1. Critique of the one-photon exchange approximation

Since the use of the one-photon exchange approxi-
mation is c'rucial to the analysis of the data, several experi-
ments have been carried out to determine experimental-
ly the validity of this hypothesis. There are two ways in

I I I I I I ir ir s'rl I I I I I I I I

.5 10 2 5 IO

g~(GeV)~
20

FIG. 155. Ratio of antilepton to lepton inelastic scattering from
hydrogen as a function of square of four-momentum transfer
(Q~) (from Fancher eg aE. , 1976).
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trometer (from Stein et al. ,
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scattering from hydrogen as a function of Q' for all
these reported experiments. By integrating their re-
sults over the entire Q', v range, the Santa Barbara
group found

e'/e =1.0027+0.0035. (3.136)

The SLAC group found the e'/e ratio was consistent
with 1 within errors of a few percent for both hydrogen
and deuterium targets. In summary there are, at the
one or two percent level, no indications of two-photon
exchange contributions; and it is accordingly justified
to neglect them when analyzing the data.

2. General features of experiments

Early inelastic electron scattering experiments in
which the main object of interest was the excitation of
nucleon resonances such as the &(1236) were carried
out at Stanford, Cornell, CEA, and DESY. The first
systematic study of the inelastic continuum was carried
out at SLAC by the SLAC-MIT group. More recently.
measurements have been made using the high-energy
muon beam at the Fermi National Accelerator Laboratory.

The measurements at SLAC have been carried out with
the 20 GeV, 8 GeV, and 1.6-GeV spectrometer s.
Figures 156 and 157, respectively, show diagrams of the

0 l 2 5 me

SCALE

FlG. 157. A schematic diagram
of the SI.AC 8 GeV spectrome-
ter (courtesy of H. Taylor).
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20- and 8-GeV spectrometers; Fig. 66 shows a diagram
of the 1.6-GeV spectrometer. All three of these spec-
trometers are focusing spectrometers which are
equipped with counter systems for distinguishing elec-
trons from pions. More recently they have been partial-
ly equipped with proportional chambers for determining
the trajectories of the particles. The spectrometers
have been carefully ca1.ibrated and cross-calibrated
through the direct use of electrons as a probe and
through studies of elastic electron scattering. In order
to separately determine OL and 0» or equivalently W,
and 6'„ it is necessary to make measurements with
different c such that W and Q' are the same. This, in
general, requires measurements with a different elec-
tron scattering angle; and in order to obtain sufficient
counting rate, larger-aperture spectrometers are re-
quired at the larger angles. Thus separation of (7~ and
&~ usually requires combining data taken with two dif-
ferent spectrometers. It is, in general, only possible
to make this separation over a limited range in the W,
Q' plane with a given accelerator.

Figure 158 shows typical spectra observed at SLAC
(Miller et a/. , 1972) with a fixed energy for the incident
electron beam, a fixed angle for the spectrometer, and
a changing energy setting of the spectrometer. The large
peak due to elastic e1.ectron scattering has been sup-
pressed. The dominant features are the prominent re-
sonances and the large, broad, and featureless peak di-
rectly above them in 8'. The breadth, large integrated
area, and weak Q' dependence of this peak were the
original experimental motivation for the parton model
picture described in Sec. II.D.

Eo= I3 Gev
8=4

20

OJ

C9 l5

0 5 IO

I (d

I5 20 25
w' (Gev')

30

3. General features of the data and scaling

In their initial measurements at 6 and 10 degrees
using the 20 GeV spectrometer (Bloom et a/. , 1969a;
Breidenbach et a/. , 1969), the SLAG —MIT group found
that, with the assumption of a predominantly transverse
electromagnetic cross section (i.e. , the ratio R is
small), vW, depended only on the ratio of Q' and v over
a substantial range of the data. To be precise the data
were consistent with

FIG. 159. The kinematic plane in Q2 and TV2 is shown along with
the lines of constant =—2M&v/Q2. The heavy line bounds all
data points measured at 6, 10, 18, 26, and 34 degrees. The
region marked "Separation Region" includes all points where
data at three or more angles exist. Various values of are
indicated with u =~ coinciding with the @2= 0 abscissa and = 1
corresponding to elastic scattering (W = 0.88 GeV ). Region I
indicates the region where the data seem consistent with scaling
in u. Region II indicates the possible extension of the scaling
region if the data are plotted against (u' = 1+ S' /Q (from Miller
et al. , 1972).
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FIG. 158. Inelastic electron scattering cross sections versus
the total energy in the virtual photon target proton system for
incident electrons of 13 and 20 GeV scattered at O'. A slight
normalization discrepancy exists across the vertical bar which
separates two data samples. The disturbance at W= 3.9 GeV in
the second spectrum occurs where two scans were joined, and
is thought to be an instrumental effect.

and E,(&u) is universal function of co. Figure 15 shows
plots of vW, and 2M%„versus x. This behavior, which
is known as "scaling, " was predicted by Bjorken (1969)
to occur in the asymptotic kinematic region reached by
letting Q' and v go to infinity with ~ held constant. In
terms of the parton model such behavior is indicative of
pointlike constituents.

In a subsequent experiment (Miller et a/. , 19/2), the
SLAC-MIT group used the 8-GeV spectrometer to make
measurements at 18, 26, and 34 degrees, and used these
data in conjunction with the earlier measurements to de-
termine B over the region shown in Fig. 159. They
found the data consistent with A having the fixed value,
B =0.18. They then used this value of A to determine
W, and R', over the full range in which data were avail-
able. As a byproduct of studying the large-angle data at
small co, it was found that, for the whole range in co,
the scaling was extended from W = 2.6 GeV down to W
= 1.8 GeV, if a new variable &u' —= ~+ a/Q' was introduced.
They found in particular that one could obtain a good fit
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with a = M', so that

(3.138)w' = m + M&/Q' = 1 + W' /Q

Subsequently, an MIT-SLAC group used data taken
with the 8-GeV spectrometer at 18, 26, and 34 degrees,
in conjunction with data taken at 6 and 10 degrees with
the 20 GeV spectrometer, to expand the measurements
of R to a wider kinematic range (Riordan et a/. , 1974b). 0.8

I
I

I

—I0 Data
l8 —54 Data
4 Data
l5 —54 Data

, 60 Data~ 50
g e

4. Proton-neutron difference

In a separate set of experiments, the SLAC —MIT
group used measurements made at 18„26, and 34 de-
grees with the 8-GeV spectrometer and a deuterium
target to determine the structure functions for the neu-
tron (Bodek et a/. , 1973; Poucher et a/. , 1974; Taylor,
1975a). They found that the deuterium cross sections
scaled; and they used the procedure developed by Atwood
and West (1973) and West (1971,1972) to determine the
cross sections for the neutron. Figure 160 shows the
combined data for the ratio of the neutron cross section
to the proton cross section. This plot includes datataken
at 4 degrees with the 20-GeV spectrometer, and data
taken at 50 and 60 degrees with the 1.6-GeV spectrom-
eter. The decrease in the ratio with x is surprisingly
large and a challenge to all the models.

5. Systematic studies of scaling

The MIT —SLAC group used earlier data. (Bodek et a/. ,
1973; Poucher et a/. , 1974) that allowed a, complete
separation of W, and TV, to make a more definitive check
of scaling (Riordan et a/. , 1974a). There were clear
deviations from scaling in the region 1.5«a&3.0, 2&Q
&15 GeV'.

An interesting attempt was made to circumvent the
limitations of a low-energy" experiment. In the mea-
surements at 4 degrees, a. SLAC group (Stein et a/. ,
1975) studied the low-Q' behavior of the data with ur' &6.
They. theorized that the turn-on to scaling can be ap-
proximated by a single function of Q'. Figure 17 shows
a plot of vW, versus Q' for this region. They then used
a particular parametrization of this turn-on to extra-
polate the data for m &8 to the high-Q limit. This pro-
cedure extended the vW, curve to ~ = 100 through extra-
polation of the low-energy data. The results of such an
extrapolation should be regarded with some skepticism
since the functional dependence on Q' is likely to depend
to some extent on w.

0.4
0.25

0
0 0.2 0.4

X

0.6 0.8 1.0

FIG. 160. The ratio of the neutron cross section (as eMracted
from Dz data) to the proton cross section. The effects of Fermi
motion in deuterium increase the systematic errors (not in-
cluded) as x' 1 (from Taylor, 1975b).

The MIT-SLAC group (Riordan et a/. , 1975) and a
SLAC group (Atwood et a/. , 1976) subsequently under-
took to make more extensive measurements, and to make
a more comprehensive analysis of the available data.
Table XXX summarizes the details of the data sets that
were used. Seventy-five kinematic points in the range
3.5 & W' &23 GeV', 1 &Q' & 16 GeV' were chosen for de-
termination of the structure function by the MIT —SLAC
group.

Figure 161 shows the values of A~ and A„obtained for
all V5 kinematic points. For simple models with spin- ~
constituents, a,s Q'-~, R& should vanish as 1/Q', or 1/
logQ' for asymptotically free theories. The results of
the analyses are consistent with this limiting behavior,
but also with A~ = constant. The value of the constant is
0.14 with a statistical uncertainty of +0.011and a possible
systematic error of +0.056. For the deuterium data,
&~ = 0.175with a statistical uncertainty of +0.009 and a pos-
sible systematic error of+0.060. The values of& for deu-
terium and hydrogen are not significantly different.

The MIT-SLAC group further tested for differences
between //~ and I/~ by forming the ratio of o'„/o'& for each
& at each of the 75 values of (W, Q'), and searching for
Q' dependence of the ratio. Using all the data they found

TABLE XXX. A summary of the data sets used in the most recent studies of scaling by the
SLAC-MIT and SLAC groups (from Taylor, 1975a).

Scattering
angle 0

(deg)
Spectrometers

used Target

Incident
energy range

E, (CeV)

Polar ization
parameter
range (&)

Erctracted
quantities

SLAC
(Group A)

50, 60

MZT- 6, 10
SLAC(SFG) 18, 26, 34

15,19,26, 34

20-GeV

8-GeV

1.6-GeV

H2, D2

H2, D2

4.5—19.5

6.5—19.5

0.24-0.98

0.08-0.25
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respectively. There are some
systematic sources of error
in addition to the errors shown
in the figure (from Taylor,
1975a).
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FIG. 163. Q dependence of 2MR"&. Data for proton and neutron
at 50 and 60 degrees in the range 0.5&x'&0.7 for various Q~

values (from Taylor, 1975a).

R„—R& -—0.031 with a statistical error of +0.015 and a
possible systematic error of +0.036. There was thus no
evidence for a difference, and in their subsequent anal. y-
sis they assumed R„=R„=R~. It is interesting to point
out that the data, plotted in Fig. 18 for R~ and R„ in the
small-x domain, is significantly higher than the value
0.14. As discussed in Sec. II.C, such behavior is ex-
pected in hadronic photon models. Figure 162 shows the
structure function for the proton determined by the an-
alysis of the MIT-SLAC group. Similar results were
obtained for deuterium.

The SLAC group (Atwood et a/. , 1976) analyzed the
measurements taken at 50 and 60 degrees using the 1.6-
GeV spectrometer to determine TV, through the equation

do/dQdE'
crM„, 2tan 8/2 1+eR (3.139)

In the region where their new data overlapped the separ-
ation region of the MIT-SLAC experiment, they used the
MIT —SLAC measurements of R. Outside this region,
where the small values of & make the determination of
W, insensitive to the value of R, they assumed R = 0.18.
The data for a proton target showed a clear deviation
from scaling that was somewhat smaller when x' was
used as the sealing variable. Figure 163 shows plots
of 2MW, versus Q' for both proton and neutron targets.
There appears to be a difference in the scale-breaking
behavior for the neutron and proton.

In a report (Hand, 1977) given at the 1977 Internation-
al Symposium on Lepton and Photon Physics at High
Energies it was stated that new measurements carried
out at SLAC indicated a higher value of R near 0.30.
This change was attributed in part to a difference in the
radiative corrections. This discrepancy attests to the
difficulty of measuring R and reinforces the importance
of good measurements using well understood spectrom-
eter systems.

6. Inelastic muon scattering

Two experiments with muons have been carriedoutat
Fermil. ab. The first, a Cornell-Michigan State colla-
boration, was designed specifically to test scaling. The
second, a Chicago-Harvard-Illinois-Oxford collabora-
tion, which used hydrogen and deuterium targets togeth-
er with a spectrometer system based on the Chicago
Cyclotron, was designed primarily to study the final-
state hadrons produced in muon-nucleon collisions.

Figure 164 shows a schematic diagram of the appara-

FIG. 164. Apparatus for the scaling tests used at FNAL by the
Cornell-Michigan State collaboration. Shaded magnets are on,
others are degaussed. The spark chamber modules have four
planes each and are labeled SC;. Multiwire proportional cham-
bers of two planes each are shown as PC; upstream PC and
scintillation counters are not shown (from Fox et al. , 1974).

r=E (E = 150)/ E (E = 56)
dXdg dXdg

(3.140)

versus x and u. Here y = v/E, and in terms of x and y
the cross section ean be expressed in the form

d 0
dxdg

4m+' vW, (x, Q') y'
2ME x'y' 2(1+8)) ' (3.141)

There is a clear deviation from scaling which can be
parametrized in the form

r = (ru/u), )",
with

(3.142a)

n = 0.096 + 0.028,

+ 8.86
coo = 6.08

The scale-breaking parameter

b = &'[In(v W, )]/8[In(ar')] S[ln (Q')]

(3.142b)

(3.143)

is nearly equal to the exponent of the power law fit to r
versus ar(3. 142). If b is assumed to be ur independent,
then b =0.098+0.028. This implies that vW, can be pa-
rametrized in the form

tus used by the Cornell-Michigan State collaboration
(Fox et cl. , 1974; Watanabe et a/. , 1975; Chang et a/. ,
1975). The group made tests of scaling based on two
techniques. The first test was made by comparing dis-
tributions of kinematic quantities at two incident muon
energies, 56.3 and 150 Gev, with the large-aperture
spectrometer changed with energy so as to keep the ac-
ceptance and resolution constant. This method has the
advantage that it does not require a detailed Monte Carlo
calculation; and, - because it does not require the com-
parison of FNAL data with SLAC data, it avoids depen-
dence on the relative normalizations of different. experi-
ments. Figure 164 shows the realization of the two scal-
ing geometries. Longitudinal distances scale as (E,)'t',
Q' and E' scale as E,. The counting ratio scales a.s E,'
and is compensated by scaling the target material (233g/
cm' at 56.3 to 622 g/cm' at 50 GeV). The relative mo-
mentum resolution of 14%%d is held constant by using three
degaussed magnets as extra scattering material in the
150 GeV configuration. Fifty-six GeV events were se-
lected so as to produce agreement between. the beam
distributions. Figure 165 shows plots of the ratio
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of new channels such as charm, as a threshold effect.
We can summarize our knowledge of inelastic electron

scattering as follows:
(1) There is no evidence for two-photon exchange con-

tributions, and thus the analysis in terms of one-photon
exchange appear s legitimate.

(2) vW, and 2M' show some scale breaking in x and
x'; and, for x&0.25, they break scaling in the same
manner and decrease as Q' increases. For x&0.25,
vW~ increases with Q'. The behavior of 2MW~ is not
known for x &0.25.

(3) For x &0.25, the neutron structure function breaks
scaling in a different manner from the proton structure
function. The behavior of the neutron structure function
is not well known experimentally for x &0.25.

(4) For large x(&0.25), R~ is consistent with a constant
value of 0.14 +0.06 (and is also consistent with 1/Q' and
1jlogQ' behavior).

(5) R~ =R~ within experimental errors.
(6) Measurements of vW, for large Q' are consistent

with

for each Q' region. The constancy of this area integral
reflects the properties of the current commutator in Eq.
(A6) near the tip of the light cone. The behavior of vari-
ous "moment" integrals (powers of x' inserted) provides
information about "anomalous dimensions" or "asymp-
totic freedom. " It is also possible that the increase
with Q' of vW, at small x could be due to the introduction

1

E,(x, Q')dx = constant, independent of Q'.
0

(7) At small x(~.2), some general features of the had-
ronic photon model are confirmed. At small Q', B~ and
B~ are significantly above the value of 0.14. In the turn-
on region where vW, is increasing with Q', vR', is a
"universal" function of Q', dependent only weakly on
x (or (u).
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J. Shadowing of virtual photons This Experiment 0 Photoproduction

E(A) = cr„/[Na, —(iV —Z)cr (d)], (3.146)

where o~ = d'o~/dQdE' is the differential cross section
for e-A scattering, the nucleus of atomic number A con-
tains Z protons and X.neutrons, o.„ is the e-d scattering
cross section, and cr~(d)—= o~/S~„ is the effective e-p cross
section for scattering from a proton bound in a deuteron.
They calculated the correction factor S~„ for proton mo-
tion in the deuteron according to the theory of Atwood
and West (1973) as modified by Bodek (1973). (No cor-

Another expected manifestation of the hadronic nature
of the photon is the shadowing of virtual photons. For
virtual photons of sufficiently high energy, at low Q' the
shadowing should be essentially the same as that ob-
served for photoproduction; but with increasing Q', the
shadowing should decrease (see Sec. V.E.). For the ob-
servation of shadowing by virtual photons, it is thus im-
portant to have high-energy virtual photons with small
Q', and small x(—=Q'/2Mv~ 0.1). This makes the mea-
surement difficult with the available electron accelera-
tors since these kinematicsnecessitate alow-energy
scattered electron leading to a large radiative correc-
tion. The radiative correction is further increased by
the high Z of the nuclei which must be studied.

The experimental technique used to measure the total
cross section for virtual photons usually differs consid-
erably from that used for real photons. The usual pro-
cedure is to use a single-arm spectrometer to observe
the inelastically scattered lepton and then to correct the
data for radiation to obtain the virtual photoproduction
cross section. In order to reduce the uncertainty due to
the radiative corrections, a Cornell group (Eickmeyer
et a/. , 1976) has used, in addition to the single-arm
spectrometer for detecting the scattered electrons, a
counter system for detecting one or more of the electro-
produced hadrons.

The various groups have used various mathematical
forms to describe and analyze the expected shadowing
effects. In this section we report the analyses made by
the experimental groups themselves. A somewhat more
unified analysis will be found in Sec. V.E.

The first measurements of the A dependence of high-
energy inelastic electron —nucleus scattering were re-
ported by the MIT —SLAC collaboration (Kendall, 1972;
Ditzler et a/. , 1975). Those experimenters used the
SLAC 20-GeV spectrometer to measure at 6 degrees
the inelastic electron scattering for H, D, Be, Al, Cu,
and Au, for incident energies ranging from 4.5 to 19.5
GeV, and scattered electron energies ranging from that
corresponding to elastic e-p scattering down to about
2.5 GeV. The data spanned ranges in four-momentum
transfer of 3.7 &Q'&0.1 GeV', in electron energy loss
of 17.0& v&0.1 GeV, and in the mass of the unobserved
final hadronic state of 5.7& 8'&M& GeV. Uncertainties,
due Co both radiative corrections at l.ow E' and reson-
ance enhancements at small W, caused them to present
data only for the restricted kinematic range E'& 5 GeV
and W& 2 GeV, thus limiting v and Q' by: 13.6 & v & 2.0
GeV and 3.3 &Q'&0.4 GeV'.

They presented their results in terms of the shadowing
factor
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FIG. 17o. Shadowing factors E'(A) {3.148) obtained by Ditzler
et al. (1975) for Be, Al, Cu, and Au. Also shown are A-depen-
dence exponents, X, from fitting the four I"(A) at each v and Q
with the function ~(A) =A ~. In {a)-(e) these are shown versus
energy loss v, and in (f)-(j) versus Q2. Note that the zeros on
all vertical scales are suppressed. The cross sections used
incorporate radiative corrections and the errors include sta-
tistical and quasirandom components. The five curves shown
are calculated from the generalized-vector-dominance model
of Schildknecht (1973). On (a)-{d), the lowest curve is for Q
= 0, the next for @~=0.25, then 0.75, 1.5, and 4.0 GeV . On
(f)-(i), the lowest curve is for v= 14, the next for v=10, then
7, 4, and 2 GeV. No curves are shown on (e) or (j) because the
GVD predictions are not well represented by the parametriza-
tion E'(A) =A ~. The photoproduction results for 4 GeV are
from Brookes et al. (1973)„ the rest are from Caldwell et al.
(1973). The photoproduction results in (a) are for carbon and in
(d) are for lead (figure from Ditzler et al. , 1975).

rection was made for shadowing in deuterium, which
should be an effect comparable to that of S&~.) Figure 170
shows a plot of F(A) vs v and Q', together with the re-
sults from photoproduction experiments (Caldwell e/ a/. ,
1973; Brooks e/ a/. , 1973) and the predictions of the
generalized vector-dominance model of Schildknecht
(1973). It is clear that there is little evidence for shad-
owing; they concluded that for nuclear targets in the Q'
region 0.4 GeV'(Q'(3. 7 GeV', the electron scattering
cross section is equal to the sum of the cross sections
for scattering from the constituent nucleons. This ex-
periment is marginal as a test of shadowing because it
does not measure a low enough Q' for sufficiently large
v. Figure 170 is deceptive in that it does not clearly
delineate the correlation in v and Q'. The portion of
their data. with small Q' (~l) and small x (~0.1) will be
shown again in Sec. V.E, Fig. 206. In the x region of
greatest interest, the radiative corrections are large
and uncertain; these data were discarded.

In a second experiment, a SLAC group (Stein et a/. ,
1975) used the 20-GeV spectrometer at 4 degrees to
measure, with incident electron energies of 13 and 20
GeV, the inelastic electron scattering from hydrogen,
deuterium, beryllium, aluminum, copper, and gold tar-
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FIG. 171. The shadowing factor I"(A) (3.149) vs A. for each
kinematic point in the experiment of Stein et al. (1975). The
lines are fits to the form aoA' for each plot. Only statistical
errors are shown. ' For (a) the incident electron energy is 13
GeV; for (b), 20 GeV (from Stein et al. , 1975).
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where cr(D) and o(H) are the measured deuterium and hy-
drogen cross sections, W is the average number of neu-
trons, and Z the number of protons in the nucleus. No
corrections for proton smearing were made to o(H),
since it affects the value of F by -0.5 percent. Figure
171 shows a plot of F vs A for each of the kinematic
points. They also fitted the results for each Q' to the
expre ssion

F = goA.'. (3.150)

Figure 172 shows a plot of 6 vs Q' for this and other
measurements that will be reported shortly. .There ap-
pears to be some evidence for shadowing at low Q', but
it is considerably less than that found in the photopro-
duction experiments. A portion of this data will be
shown in Fig. 206 (Sec. V.E).

The Columbia —Rochester-Harvard- Fermilab colla-
boration (May et a/. , 1975) used at Brookhaven the 7.2-
GeV muon beam, and a wire spark chamber magnetic
spectrometer positioned at 16 degrees with a +8 degree
acceptance, to measure the inelastic muon scattering
from H„D„C, Al, Cu, Sn, and Pb targets in the mo-
mentum transfer range 0.6&Q'&6.0 GeV' (Entenberg
et a/. , 1974; Kim et a/. , 1974; May et a/. , 1975). They
used the expression

Agg cr„(x')
A (Z+ (A —Z)(o„/o,))o~(x') '

mith the assumption

(3.151a)

gets. They rejected data points where the radiative
elastic tail subtractions were greater than 25 percent
and made no inelastic radiative corrections for any of the
targets. They calculated a shadowing factor from the
expre ssion

-0.10

-0. I I
I

0.1

I l

0.2 0.3
x' = Q2/(Q2+W2)

I

0.4 0.5

FIG. 172. A summary of the coefficient & [in Eq. (3.150)] for
several leptoproduction and photoproduction experiments (from
Taylor, 1975).

(o„/ott) = 1 —x' (3.15lb)

to determine the shadowing factor. They then used a fit
of the form

A,~, =a (3.152)

to parametrize the data. Figure 173 shows a plot of
their data for various regions of x' in terms of A.,«vs A
and A,«/A vs A. . They found that the cross sections
could be mell represented as an incoherent sum of muon-
proton and muon-neutron scattering except in the region
x'&0.1. Their data is also shown in Fig. 172. They
find clear evidence for shadowing for small x', of an
amount considerably less than that observed in photo-
production. Their data are not in good agreement with
that obtained in the electron scattering experiments. A
portion of these data willbe compared with theory in Fig.
206.

A Cornell group (Eickmeyer et a/. , 1976) has carried
out two experiments studying nuclear shadowing at low
Q'. They employed an experimental setup in which an
electron spectrometer, consisting of a 182 cm long di-
pole magnet bending vertically through 11, between two
vertically focusing quadrupol. es, was used to observe
the scattered electrons. A counter system was used to
detect one or more of the electroproduced hadrons.
Figure 174a shows a schematic diagram of the electron
spectrometer; Fig. 174b shows a schematic diagram of
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See Eq. (3.151) for the definition of "Aef f (from May et
al. , 1975).

LUcite ~

FIG. 174. (a) Schematic view of the electron spectrometer used
by the Cornell group. (b) Perspective view of the hadron detec-
tor used by the Cornell group (Eickmeyer et al. , 1976b), with
the scattered-electron aperture shown schematically. The bow
around the target is formed of 6 mm of Pb, followed by scintil-
lation counters H; and Lucite counters L;. The forward count-
ers KF, KB consist of two large circular disks of scintillator
each viewed by 36 phototubes. A 12 mm thick lead radiator is
placed between KF and KB to convert photons (from Taylor,
1975).

d'o jdE'dQ= I' o'*, (3.153)

where &r is defined by Eq. (3.132). The decrease of o*

the hadron detector. In order to reduce the uncertain-
ties due to radiative corrections, they measured the
hadronic cross section directly by detecting at least one
hadron in coincidence with the scattered electron, thus
rejecting radiative elastic and quasielastic scattering
events.

Thi s group reported data for virtual photon energies
v = 3, 4, 5, and 8.5 GeV, for hydrogen (0.017 radiation
length) and deuterium (0.020 radiation length) targets,
at Q -0.10 GeV', and for v=2 GeV at Q =0.015, 0.047,
and 0.104 GeV'. The purpose of this investigation was
to study the transition from photoproduction to electro-
production for the ratio o'~/o&. Earlier SLAC (Stein et
al. , 1975) measurements had suggested a rapid Q' de-
pendence at low Q'.

The Cornell group analyzed their data in terms of
the expression

with Q' from photoproduction is similar for the hydro-
gen and deuterium targets. Figure 175 shows the deuter-
ium to hydrogen ratio, plotted as o'n/2o„*, vs v for the
Cornell experiment and two photoproduction experiments
(Armstrong et a/. , 1972a; Caldwell et a/. , 1973). Fig-
ure 176 shows a plot of the ratio o'~ jo& vs Q' for several
experiments (Eickmeyer et a/. , 1976a; Stein et al. ,
1975; Bleckwenn et a/. , 1975). The a„/cr~ ratio appears
to change smoothly from photoproduction to electropro-
ducts. on as Q' increases, and for electroproduction at
low Q' is consistent with the shadowing observed in
p hot oproduction.

In a second experiment the Cornell group took data at
virtual photon energies v=2. 0, 3.0, 4.0, 5.0, and 8.5
GeV, at a fixed scattering angle of 3.2 degrees, and at
a fixed value of Q'=0. 1 GeV' for H„D„C, Al, Cu, and
Ta targets. For C, Al, Cu, and Ta they found consistent
results with targets which were 0.02 and 0.08 radiation
lengths.

The Cornell group expressed shadowing in terms of
the expression-
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FIG. 175. The ratio ODh t' */2'* at fixed Q -0.10 as a function of
v, from data of the Cornell group (Eickmeyer et al. , 1976).
Also shown are photoproduction data (figure after Eickmeyer
et aE. , 1976a) .
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where aD» d a are their measured deuterium and hy-
drogen cross sections. This is equivalent to assuming
no shadowing in the deuteron. Figure 177 shows a plot
of A /A vs v, together with the results from the photo-
production experiment of Caldwell e a . (

efT
t al. (1973) and the

later results for real photons obtained with essentially
the same apparatus by the Cornell group (Michal. owski
et a$. , 1977). The shadowing observed at low Q'by the
Cornell group is the same as that found for real photons.
The shadowing found by the Cornell group is, however,
some&hat less than that found by the Santa Barbara-
SLAC group —especially for the heavier elements.
Fi ure 205 shows a plot versus Q' for copper using
data from Caldwell et at. (1973), Eichmeyer et al. (. (1978)
and Stein et al. (1975). Interpolation of the data of Mich-
alowski et a/. would give an additional point at Q'= 0 with
o /[Na —(X —Z)a„]=0.83+0.05. This figure shows that
the results of the several experiments are cons~sten
and indicates that the shadowing goes away rapidly as
Q' increases.

In summary, there is evidence for shadowing of vir-
tual photons which is somewhat less than that predicted
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FIG. 176. Values Of the ratio oD/o.
& at low Q for various ex-

periments. 0 & is erive rd ed from hydrogen measurements, folding
in the effects of nucleon motion, and is very close to 0& in this
kinematic region. The curve should be ignored (from Eick-
meyer et al. , 1976a).
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FIG. . e177 The Cornell group's results (Eickmeyer et al. ,
A 3.154 at '=011976b) for the energy dependence of Agff/A (3.154) a

for various nuclei. Data at Q =0 from Caldwell et aE. (1973)
are shown for comparison. The smooth curves are typical.
VMD predictions including an unshadowed contribution that is
20% of the total cross section, longitudinal vector mesons, and
energy-independent vector-Ineson cro ss sections. See Sec. V.E
for a more complete discussion of theoretical mode1s (from
Eickmeyer et aE. , 1976b).

by naive VMD and which decreases rapidly as Q' in-
creases. It will require more precise measurements at
high energy as a function of Q' to clarify further this
phenomenon.

K. Etectroproduction of vector mesons

Measurements of the electroproduction of vector me-
sons are particularly important since they determine
the dependence on Q' and give a measure of the relative
importance of the hadron-mediated and direct interac-
tions of the photon. These experiments are more dif-
ficult than the photoproduction experiments because one
has not only the new parameter Q', but production by
longitudinal photons.

Several experimental techniques have been used to
study vector- meson electroproduction. The first experi-
ments on p' electroproduction used a missing mass tech-
nique ln w lch' h the scattered electron and the recoil pro-
ton were detected in coincidence (Andrews et at. , 1971;
Bloom et a/. , 1972). These experiments suffered from
a large background, which made the extraction of the
vector-meson signal difficult. They had the further
disadvantage that the p' polarization could not be mea-

d. Thesured because the decay pions were not detecte .
first reported electroproduction experiment in which the
two pions were detected was carried out at yt DESY b
Driver et al. (1972). Their acceptance was such that
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they could only observe transversely polarized rho me-
sons. Experiments in which the decay pions were ob-
served over a wide range in angles were subsequently
carried out at DESY using a streamer chamber (Eck-
ardt et a/. , 1973; Joos et a/. , 1976, 1977), at SLAC using
a wide-aperture spectrometer system (Dakin et a/. ,
1973a, b), at SLAC using a muon beam in conjunction
with a hybrid bubble chamber (Ballam et a/. , 1974a), and
at SLAC using a, streamer chamber system (del Papa
et a/. , 1976, 1977). A Cornell-Ithaca College group has
used a refined spectrometer system to extend its measure-
ments in which the scattered electron and the recoil
proton were observed (Ahrens et a/. , 1973; 1974).

Most recently a Harvard-Cornell group (Dixon et a/. ,
1977) reported the use of a double-arm spectrometer
system to study @ electroproduction. In this review we
shall not describe the experiments in historical order
but will use a logical progression which emphasizes the
physics.
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1. Description of experiments

Figure 178 shows a schematic dj.agram of the appara-
tus used by the Cornell —Ithaca College group (Ahrens
et a/. , 1974) in its second study of vector-meson elec-
troproduction. A magnetic spectrometer based on a
20D80 bending magnet was employed to observe the
scattered electron. A wide-aperture spectrometer sys-
tem based on a 72D18 magnet was used to observe the
recoil proton. Energy loss and time of flight were used
to identify pions and protons in the recoil arm; a
Cerenkov counter and a lead-Lucite shower counter
mere used to identify electrons in the forward arm. Fig-
ure 179 shows typical missing mass spectra together
with the fits used to determine the cross section. No
attempt was made to separate the p and u. The shape
of the p-~ peak, on which the fitting was based, was a
relativistic Breit —Wigner form {with a p-wave width),
multiplied by a generalized Ross —Stodolsky factor, to
which was added a Breit —signer ~ peak mith an area
fixed at 15% of the p peak. The radiative correction
was calculated from a modified version of the formula
given by Bartl and Urban {1966)and applied to the
shape function', the result was a lomering of the peak
height and the addition of a tail extending to higher
masses. The shape function was then convolved with
the experimental resolution function to yield the peak

10—
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0 0.5 1.0

o

x(QeV )

FIG. 179. Sample missing mass squared spectra for p„+P P
+X obtained by Cornell-Ithaca College group (Ahrens et al. ,
1973, 1974) (figure from Ahrens et al. , 1974).
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shape used in the least squares fit to the missing mass-
squared spectrum.

Figure 180 shows a schematic diagram of the mide-
aperture spectrometer used at SLAC (Dakin et a/. ,
1973a, b) to study po and @ electroproduction by de-
tecting the scattered electron as well as the decay pro-
ducts of the vector mesons. The unscattered beam and
the forward electromagnetic backgrounds passed through
the magnet in a field-free region created by a cylindri-
cal superconducting tube. Tmo optical spark chambers
were used to observe the scattered electron and the
electroproduced pions. Shower counters mere used for
particle identification and for triggering. The appara-
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FIG. 178. Schematic diagram of the spectrometer used by the
Cornell-Ithaca College group (Ahrens et al. , 1973, 1974) (fig-
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FIG. 180. Schematic elevation view of the wide-aperture spec-
trometer used at SLAC to study vector-meson electroproduction
(Dakin et al. , 1973a,b) (figure from 13akin et al. , 1973b).
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FIG. 183. A lp ot of the mass skewing factor n versus Q for the
different experiments studying rho electroproduction (from
Wolf, 1972).
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FIG. 184. H, eaction p P pop: the rat fF . „. io o o~p 0~~{0) versus
Q . The solid curves show the finite energy VMD prediction
(3.156), labeled VDM, and the asymptotic VMD d'

VMD( ).
ic pre iction

(3.156b)

While thi. s expression has a certain surface plausibility )

xt also serves to illustrate the ambiguities in defining
VMD at nonasymptotic energies. Equation (3.156b),

the photon flux. The quantity c$'Q'/m& represents the
ratio of p production by longitudinal and transverse
photons, where ( is the ratio of forward amplitudes
and, in general, is a function of W (even of Q'&). The
exponential factor accounts for the fact that there is a
Q'-dependent longitudinal momentum transfer; it some-
how allows for the physics of the formation time (Sec.
II.C . However, it is pure conjecture that B is l t dis re a e
o e observable slope. Equation (3.156a) assumes the

t dependence of longitudinal and transverse production
are the same. If the t dependences are different, this
factor would have to be modified. Factors such as

~ depend on various normalization conventions3.156b~ d
and are to be regarded as suggestive rather than as
theoretically derived. For example, Cho and Gounaris
(1969) extrapolated off-shell in a slightly different way
and introduced an extra factor (1 —x') into (3.156a).
Consequently, all analyses at low energies, and all
experiments with so few events that the t dependence of
longitudinal and transverse production cannot be separ-
ately determined, must be regarded as exploratory and
preliminary.

To show the overall effect of the flux factor and t
correction of (3.156), Fig. 184 includes a curve labeled

"VMD
p

VMD ~". It is calculated for ('=0.5 as suggest d b

ig. 190, with a typical e of 0.8, and with S' —~ in the
flux and t~;„ factors. The curve label d "VDM"
calculated for the energy of the DESY-Glasgow-Hamburg
experiment (W -2.5 GeV). The flux and / cor
rectxons at this energy are seen to be appreciable. The
data from all the other experiments are at a larger en-
ergy: Cornell (Ahrens e/ a/. , 1974) W=2 —4 GeV;
UCSC —SLAC (Ballam et aL, 1974a), W= 2.8 GeV; and
SLAC-STC (del Papa et a/. , 1976, 1977), W=4 GeV. If
(3.156) is to provide a correct description of these data,
they should lie above the VDM curve and slightly below the
VMD(~) curve. The data do not show the expected varia-
tion with TV. If anything, they are more like a universal
function of Q'. These results cast doubt on the validit

q. ~ . 56~1 as a formulation of nonasymptotic kine-
vai iy

matics. Perhaps the drop of the data below VMD(~) is
due to a combination of threshold effects and Q'-depen-
dent effects such as those discussed in Sec. II.B (foot-
note 16).

Figures 185 and 186 show the angular distribution data
obtamed by the DESY-Glasgow-Hamburg group (Joos
e/ a/. , 1976) for the three energy regions that they ob-
served, together with the corresponding photoproduction
data from the ABBHHM and SI AC-Berkeley- Tufts bubble
chamber experiments. For g &,2 QeV th f' dey xn a center-of-
mass angular distribution with two components-a forward
peaked (peripheral) part which decreases with increasing
Q', and a practically isotropic part (e-wave like) whose
magnitude depends only weakly on Q'. Both components
rise steeply near threshold; the peripheral part becomes
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fitting the data of Erbe et al. (1968a) with rnp = 780 MeV, I
= 150 MeV, and n = 4.8 for 0.6 & cos gems& 1, n = 0 for cos~cms 0.6
{from Joos et al. , 1976).

dv/dt =A exp(Bt) . (3.157)

nearly constant above Q'= 2 GeV, while the nonperipheral
contribution falls off rapidly above TV= 2 GeV.

Above iV=2 GeV the peripheral component is dominant
and the differential cross section has the form

2 — X TRANSVERSE P
LONGITUDINAL p

O I I I I I I I I I I I I I I

O.O 0.5 1.0
Q2 (Gey2)

B=(6.5y 0. 5)Ge V'for 0.3&Q'&0.5 GeV',

B=(5.7+0 7)GeV .'for 0.5&Q'&l.4 GeV'. (3.158)

FIG. 187. The slope parameter B for p electroproduction ob-
tained by the DESY-Glasgow-Hamburg group (Joos et al. ,
1976). la) E for 2.2& W& 2.6 GeV and (t ~

&0.6 GeV as a func-
tion of Q~. (b) The same as (a) but for transverse and longitu-
dinal rhos separately (from Joos et al. , 1976).
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FIG. 186. der/dt for the reaction y„p p p for different m and
Q~ regions (a) 2.0& W& 2.2 GeV, {b) 2.2 & W& 2.8 GeV (high ener-
gy) (from Joos et al. , 1976).

The slope parameter was also determined from a
Dalitz plot fit in which the rho term was multiplied by
exp(Bt). The resulting B values are shown in Fig. 187.

In addition, the DESY-Glasgow —Hamburg group used
the difference in the decay angular distribution to deter-
mine separately the slope parameter B for longitudin-
ally and transversely polarized rho's. The weight fac-
tor cos'O„was used to project out longitudinal rho
events, and the weight factor sin~gs(1+ a cos2$H) was
used to project out transverse rho events. (The sub-
script "H" refers to the helicity frame; see Sec. III.C.)
The results of the fits to the t distribution are shown in
Fig. 187(b). No statistically significant difference be-
tween the slopes for longitudinal and transverse rhos
was observed. 'She errors, however, are large.

In an optical model, the slope parameter B measures
the radius of interaction which reflects some combined
size of the photon and proton. It has been argued that
with increasing Q' the radius of the photon will shrink
(Sec. VI.B), and we should observe a corresponding de-
crease of B. Some shrinkage may also occur if the for-
mation time Aq. for the rho (see Sec. II.C) is less than
the time it takes the photon to transverse a nucleon
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However, for such small formation times the whole qual-
itative VMD picture may be in doubt (Sec. II.C). Figure
188 shows the photoproduction and electroproduction
measurements of B as a function of (b, T) ' for total p'
production. The data showing strongest evidence for
shrinkage are those of Ahrens et al. (1974). It should be
noted that since this is a missing mass experiment, the
B parameter corresponds to a weighted average of those
for p and ~ production. All other experiments show
little evidence for shrinkage. Until higher energies be-
come available, it is not clear whether this possible
shrinkage is the expected Q'-dependent effect or a for-
mation time effect.

The most ambitious study of the rho-decay angular
distribution in electroproduction has been carried out by
the DESY—Glasgow —Hamburg group (Joos ei al. , 1976).
They studied the rho decay in the s-channel helieity sys-
tem and used the formalism summarized in Appendix D
to analyze the data (Schilling and Wolf, 1973). Figure
189 shows scatter plots of cos6„(angles are measured
in the "helicity" system —Sec. III.C) versus the polar-
ization angle g~= pz —4 for events in the mass region
of the rho with ItI &0.5 GeV'. At low energies (W&2
GeV), production of longitudinal rhos dominates; above
~=2 GeV more transverse than longitudinal rho's are
produced. The decay pions cluster near $„=0 and 180',
thus giving evidence for dominant natural-parity ex-
change in the SCHC portion of the cross section.

From a study of the full density matrix, the DESY-
Glasgow-Hamburg collaboration concluded that, for W
&2.2 GeV and ItI &0.5 GeV', rho production conserves
s-channel helicity to good accuracy. With the assump-
tion that the ratio of the helicity single-flip to helicity
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FIG. 189. Decay angular distribution for p p 7I'7I p in the re-
gion 0.6& M +,- & 0.85 GeV for

I t I
& 0.5 GeV, 0.3 & Q2 & 1.4 GeV~

in the energy intervals 1.7& W& 2.0 GeV and 2.0& W& 2.8 GeV.
The curves are from a maximum likelihood fit (from Joos et
al. , 1976).

+onTxx = ITool I Tax I
+ (3.160)

Figure 190 shows cosh versus energy for this experi-
ment, and the experiments of Ballam et al. (1974) and
Dakin et al. (1973a, b). At W values around 2 GeV the

nonf lip contributions is the same for longitudinal and
transverse photons, they concluded that the helicity flip
amplitudes are of the order of 15—20/& of the nonf lip
amplitudes for ItI &0.5 GeV'. For photoproduction at
W=2.48 GeV (Ballam et a/. , 1972) the corresponding
ratio is 0.04+0.02 for ItI &0.4 GeV'. The DESY-
Glasgow-Han&urg group also concluded that for elec-
troproduction the helicity double-flip amplitudes are
smaller than the helicity single-flip amplitudes.

With the assumption of SCHC and natural-parity
exchange, the DESY—Glasgow —Hamburg group deter-
mined the relative phase 5 between the longitudinal and
transverse helicity amplitudes which is defined by
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two amplitudes are roughly 90 out of phase; with. in-
creasing energy the phase difference becomes smaller;
above 8"=2.5 GeV the rho production amplitudes from
longitudinal and transverse photons a.re roughly in
phase.

Figure 191 shows R vs Q' for the different regions of
Q' as determined by the measurements of the DESY-
Glasgow —Hamburg group. At fixed W, & rises linearly
with Q'. The available data are well represented by the
parame trization

(3.1 61)

Here $' is shown as a function of W in Fig. 192; above
W=-2 GeV, g' is a, constant and roughly equal to 0.5.
in Eq. (3.161) is often interpreted as the ratio of the
longitudinal to the transverse p total cross section.
This is only true if longitudinal and transverse pro-
duction have identical t dependence, as assumed for
example in Eq. (3.156).

3. ~ electroproduction

A small amount of data on ~ electroproduction has
been reported by the DHSY —Glasgow —Hamburg group

FIG. 192. The parameter (2 (from Joos et al. , 1976).

(Zoos et a/. , 1977). Figure 193 shows the observed t
distribution for 2.0&8'& 2.8 GeV and 0.3 &Q'&1.4 GeV'
together with the corresponding photoproduction data.
One striking feature is that the Q' dependence at large
momentum transfer is much weaker than for small ~t~

values. The value of r~« for peripheral ~ production is
consistent with that found in photoproduction, indicating
that, in contrast to p electroproduction, there is lit-
tle increase in the production of longitudinal ~'s
when Q' changes from 0 to 0.7 GeV'.

Figure 194 shows, as a function of Q ', the (d produc-
tion cross section, denoted by v (Q'), together with
the VMD prediction (3.156). As in rho production, o

&

exceeds the VMD prediction for small energies but
agrees with Eq. (3.156) at higher energies. Within er-
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FIG. 193. Reactions„p mp: da/dt versus ~t ( at q~=p and
0.3 & Q'& 1.4 GeV' (from Joos et ~&. , 1976).
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(3.162)

with the angular distribution given by the assumption of
s-channel helicity conservation and natural-parity ex-
change [Appendix D, Eq. (D6)] and with A, B, cos6, and
$' as free parameters. Figure 196 shows the observed
t dependence together with that found in the photoproduc-
tion measurements. The electroproduction t depen-
dence is somewhat shallower than that observed in
photoproduction but there is no evidence for any depen-
dence on Q' over the range 0.25 &Q' &0.97 GeV'. The
data also indicate that the Q' dependence is correctly
given by the P propagator.

Figure 197 shows the P-decay distributions for the

threshold Cerenkov counter. Phi electroproduction was
studied atthe Q'values of 0.23, 0.45, and 0.97 GeV' with
~t~ ranging from 0.125 to 1.3 GeV' at each Q' point. The
total center-of-mass energy 5' lay in the interval 2.10
&~&3.55 GeV. The overall systematic error was due
primarily to the uncertainties in the corrections and was
estimated to be less than 10'P&.

An iterative procedure was used to fit the data to the
fol m

rors the ratio o. /o ~ is independent of Q' for 0& Q'&0. 8
GeV' and W& 2.8 GeV. At large i ti the ~ cross section
is approximately equal to the p cross section.

1.0

T
REFERENCE

1.0

4. P electroproduction

The most extensive set of data. on Q electroproduction
have been obtained by the Harvard —Cornell group with
a setup using two magnetic spectrometers at the Wilson
Synchrotron Laboratory. One spectrometer measured
the momentum and angle of the scattered electron, thus
giving the mass and energy of the virtual photon. The
other spectrometer measured the two charged kaons
from the decay of the P. Figure 195 shows the arrange-
ment used on the hadron arm to detect the K and K
from the decay of the P. Negative pions with momenta
greater than 1.3 GeV were rejected by the Freon 12
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FIG. 195. A schematic diagram of the hadron arm used in the
Harvard-Cornell electroproduction experiment to observe the
two kaons from the decay of the @. The negative particle is
bent up and enters the Cerenkov counter (from Dixon et al. ,
1977).

FIG. 196. The observed t dependence for P photoproduction and
Q electroproduction. The solid line in all four graphs is a fit to
the photoproduction data of Besch et al. (1974), of the form
A exp(Et). The errors in the photoproduction data of Besch et
al. include an estimate of the systematic error. The errors in
the electroproduction data are statistical only and do not include
the estimated systematic errors (-10%). In part (a) references
1,2, 3,4, 5 refer, respectively, to H. I . Anderson et al. (1973),
Besch et al. (1974), Behrend et al. (1975), Berger et al. (1972),
8,. I. Anderson e& al. (1970) (after Dixon et al. , 1977).
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son &, T vv. No VMD assumptions are involved in this
process.

Yet when confronted with high-statistics data on p
photoproduction from DESY—MIT (Asbury et a/. , 1967a,
1966) and Cornell (McClellan et a/. , 1969a), this sort of
analysis led to contradictory and confusing results. The
actual difficulties involved in analyzing high-statistics
experiments on p photoproduction are discussed in
Sec. IV.C, and with the bene. its of hindsight the histori-
cal confusion (Sec. III.C) on the subject is seen to have
arisen from the following sources:

.00
0

.0 I

-1.0 —.5 ,0,5
cos 8
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FIG. 197. The observed decay distributions for Q electropro-
duction at Q =0.23, 0.43, and 0.97 GeV . The solid curves are
the fits assuming s-channel helicity conservation (from Dixon
et al. , 1977).

2 2"~ ' = g' @,= (O.33 + O.06) @, .
do'r jd/ Bl @ tB y

(3.163)

IV. VECTOR-MESON PHOTOPRODUCTION FROM
NUCLEI

A. Introduction

As discussed in Sec. II, vector-meson photoproduc-
tion from nuclei provides a unique opportunity for mea-
suring forward vector-meson-nucleon scattering am-
plitudes. The performance and analysis of such ex-
periments, especially. in the case of the p, has, over
a period of several years, occupied the time of several
experimental groups and many theorists.

As originally conceived (Drell and Trefil, 1966; and
Ross and Stodolsky, 1966a) the plan of attack was fairly
simple. Even though the final nuclear state was not
observed, the observation of a forward peak with a
slope characteristic of the nuclear radius signifies a
coherent process where the nucleus remains in its
ground state. Under these conditions the optical model
could readily be applied to calculate nuclear cross sec-
tions from assumed two-body amplitudes. By plotting
the nuclear forward production cross sections against
A, the number of nucleons in the nucleus, and com-
paring this plot with optical-model calculations, one
would obtain:

(1) From the normalization of the plot, the single-
nucleon forward photoproduction cross sections, IT
and

(2) From the shape or A-dependence of the plot, the
forward V-nucleon scattering amplitude for vector me-

three Q' points as a function of cos8 and p. The solid
lines are the fits assuming the angular distribution is
that found for s-channel helicity conservation. The data
are adequately fitted with the s-channel helicity con-
servation model and display roughly the same ratio of
longitudinal to transverse components as is found in p
electroproduction. In particula, r a fit to all the data
gives

(1) The highly unstable nature of the p, which is ob-
served through its decay into a wide (=155 MeV) spec-
trum of pion pairs.

(2) The presence of an interfering background of co-
herently produced nonresonant pion pairs, and other
backgrounds.

(3) The sensitivity of optical-model calculations to re-
fractive effects in po-nucleon scattering.

When such effects were taken into account in a new
DESY-MIT experiment (Alvensleben et a/. , 1970a) and
a second Cornell analysis (McClellan et a/. , 1971b), the
results agreed qualitatively with the original expecta-
tions. The above complications, however, somewhat
reduce our confidence in the numerical results of analy-
sis.

In contrast, &u and P. photoproduction analyses have
been less controversial because (1) the u and P are
"narrow" resonances, and (2) there are fewer data. Re-
sults one's and P photoproduction are discussed in Sec. D.

Before delving into the details of analyzing photopro-
duction from complex nuclei in Secs. C and D, we
briefly discuss the special significance of deuterium as
a target in Sec. B. For a variety of reasons it functions
as an almost independent check on our often tacit as-
sumption of identical neutron and proton cross sections.
It also provides the simplest possible test of Glauber's
multiple scattering theory.

%e continue in Sec. E with a brief discussion of in-
dependent experiments, in which the phases of vector-
meson production amplitudes were measured through
observation of leptonic decays. The results are not
particularly surprising in the case of the @ or p, but
pose a definite puzzle in our understanding of the ~.

A working model for the vector-meson scattering am-
plitudes is given in Sec. F.

B. Deuterium as a target

As the simplest nucleus, deuterium is singled out for
special interest for several reasons:

(1) Optical-model calculations [for example, Glauber
(1959) and Franco and Glauber (1966)1 may proceed from
"exact" wave functions.

(2) Nucleons are separated by distances of order 4F
as opposed to distances under 2I" in large nuclei. This
makes the Glauber model hypothesis that each nucleon
is an independent scatterer better here than in larger
nuclei.

(3) The ratio of deuterium to hydrogen cross sections
analyzed with the help of (1) and (2) above can yield in-
formation equivalent to having a free neutron target. A
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critical review of this method has been given by Julius
(1972a). We discuss the analysis of high-energy deu-
teron cross sections in Appendix B. As has already
been brought out in Sec. III, there are overall theoreti-
cal uncertainties that make the assessment of "small'"
neutron —proton differences very difficult.

High-energy p photoproduction from deuterium tar-
gets is a dominantly coherent process at small mo-
mentum transfer. As was discussed in Sec. III.C, com-
parison of deuteron and proton data, taking into ac-
count both possible deuteron breakup and a small (-5/p)
Glauber correction, indicates neutron and proton am-
plitudes to be very similar. This verifies our conjec-
ture concerning the diffractive nature of these ampli-
tudes. As might be expected, at lower energies, say
below 5 GeV, there is evidence (McClellan et a/. ,
1969b; Hilpert et aL, 1970a) of nondiffractive ampli-
tudes contributing to a neutron —proton difference (iso-
spin exchange). A more refined theoretical analysis of
these data has been given by Julius (1971).

A similar analysis can be made for ~ photoproduction
as was described in Sec. III.D. The qualitative differ-
ence here is the persistence to relatively high energies
of a nondiffractive one-pion exchange contribution to the
production (at 5 GeV it comprises nearly 50/~ of the
cross section). Thus not only isospin exchange, but
also spin flip and deuteron breakup characte. rize the
cross sections at moderate energies.

On the other hand. , P photoproduction gives little in-
dication of any neutron-proton difference, at least down
to around 6 GeV (Sec. III.E). In the popular model where
the p is comprised predominantly of strange quarks
which induce no resonant reactions in nucleons, @ in-
teractions are thought to be the most purely diffractive
of all the vector- me son inte rac tions.

The simplicity of the Glauber model corrections in
deuterium have been cleverly exploited by R. L. Ander-
son et a/. (1971) in an experiment designed to directly
measure po-nucleon elastic scattering; this was des-
cribed in Sec. III.C. By making the VMD hypothesis
that p photoproduction and p elastic scattering have
the same angular distribution, they find a very reason-
able p'-nucleon total cross section of order 28 mb. As
we shall see later, this value is consistent with high-
statistics complex nuclei experiments. While the large
errors quoted by Anderson et a/. (~3 mb) preclude the
experiment from providing a statistically useful, inde-
pendent determination of (Tz, it is nevertheless signifi-
cant qualitative corroboration of the particular VMD and
Glauber hypotheses used in the analysis, and in this
sense is unique.

C. Rho-meson photoproduction from complex nuclei

High-statistics experiments on p photoproduction at
high energies from a wide range of nuclei have been
done by groups at Cornell (McClellan et a/. , 1969a,
1971b) and DESY—MIT (Alvensleben et a/, , 1970a, b).
Since these are the most complete experiments, our
discussion will concentrate on them rather than on the
lower-statistics SLAC (Bulos et a/ , 1969) and .Cor-
nell —Rochester (Behrend et a/. , 1970a) experiments, or
on the earlier DESY—MIT experiment (Asbury et a/. ,

1967a, 1968). Although the final results of the Cornell
and DESY-MIT experiments are similar, the original
analyses differed in detail (see Sec. III.C). Therefore,
in preparation for the present review, Spital and Yennie
(1974) reanalyzed the data using the same theoretical
models and assumptions for both experiments. The pre-
sent discussion is a summary and updating of their re-
sults.

Starting with Drell and Trefil (1966) and Ross and
Stodolsky (1966a), several authors have developed the
formalism for photoproduction of p mesons from nuclei
and/or have carried out programs of analysis of data
(Kolbig and Margolis, 1968; Gottfried and Yennie, 1969;
Jurisic, 1970; Gottfried and Julius, 1970; Yennie, 1971;
Moniz and Nixon, 1971; Bauer, 1971). Fortunately, the
similarities between these models and calculations are
more important than the differences. From the dis-
cussion of Sec. II.E and Appendix B, the reader must be
aware that various approximations and assumptions
must be made in order to carry through an analysis. As
far as we have been able to determine, these slight
qualitative differences lead to very small quantitative
differences between results. Of course, their presence
leads to systematic uncertainties which are hard to
estimate. The most serious uncertainties appear to be
the following (roughly in decreasing order of impor-
tance):

(1) Lack of independent knowledge of the ratio ~ of
the real to imaginary parts of the p scattering ampli-
tude.

(2) Inadequate treatment of the incoherent p contam-
ination under the coherent peak.

(3) Uncertainties due to the stability of the p'. Qf
particular importance is the uncertainty of the width
which affects the overall normalization. Also, the in-
terference with &- 2m decays seriously distorts the re-
sonance peak while not modifying the area appreciably.

(4) Inadequate understanding of nuclear correlations,
particularly in the surface. .

(5) Uncertainties in the distribution of nuclear matter
in the nucleus.
The importance of nz to the data analysis was first em-
phasized by Swartz and Talman (1969). With e set
equal to 0, the Cornell data had originally led to unrea-
sonably large values of f '/4w (=4) (see Table I for the
definitions of the coupling constants) and the total p-nu-
cleon cross section az„(=38 mb). The first DESY-
MIT experiment (Asbury et a/. , 1967a, 1968)had obtained
more reasonable values while using n =0, but that is
presumably due to some fortuitous compensation by
other features of their first optical model, which was
quite crude.

The theoretical model we use here is Qlauber's optical
model of high-energy collisions (Glauber, 1959, 1970),
suitably generalized to the case of particle production.
The basic ideas of this model and an indication of the
derivation of expressions for the cross sections are
given in Appendix B. For coherent photoproduction the
well-known optical model expression is
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7„"~(t)=T
~ f ...f d b sic px(iq b+iq»z)ia(b, z)

I g
OO

x exp 0 (1 —io.z) n(b, z')dz'

(4.1)

and T ~ is the forward, single-nucleon p photoproduc-
tion amplitude. Here n(b, z) is the nucleon number den-
sity appropriately modified to take into account the fi-
nite range of the two-body interactions; t, the four-mo-
mentum transfer squared, is given by —(q~+q'„), where
q~ is the transverse momentum transfer to the nucleus,
and q~~ is the longitudinal (minimum) momentum trans-
fer given by q„=k —(k2 —m')'l'(=m~/2k for k»m~).

The physical interpretation of 7. z is easily read from
Eq. (4.1). A photon converts to a p' meson at (b, z)
where b is the impact parameter and z is the distance
along the incident photon direction. The exponent cor-
responds to the absorption and refraction of the p wave
after production. It is assumed thai n is known for the
various nuclei, and that ~T z ~', 0'~, and o.z are the ex-
perimental parameters to be determined by studying the
A dependence and normalization.

For the incoherent p photoproduction background, the
optical-model result assuming incoherent interaction
with only one nucleon is (see Appendix B)

(4.2a)

A eff — d 5 dzn 1,z exp o'p Ã» bp

x ]. —
1

dz "n(b, z") ~ (1 —in~)e"ii*"exp ' (1 —in~) n(b, z"')dz'"

(4.2b)

Since we are here interested only in a rough estimate
of this small background, VMD was used to write Tz~(t)
=(e/f )T (t). We note that Eq. (4.2) is necessarily in-
correct at small I;, since it fails to take into account the
Pauli principle which suppresses the cross section
somewhat in that region. (See Appendix B for further
discussion. )

Note that Eqs. (4.1) and {4.2) do not take into account
the fact that the po is an unstable particle which decays
rapidly into two charged pions. Therefore, in order to
make use of these equations, it is necessary first to ex-
tract from the data a cross section for p~ photoproduc-
tion as if tke po zvere stable. The experimental data
consist of values of da/dtdm„averaged over some ex-
perimental aperture. There exists no complete theory
for this doubly differential cross section, although there
is good qualitative understanding of the main features
of the m„dependence (see Fig. 13). Some of the physics
underlying the p shape was described in Sec. II.B; some
fitting procedures are described in jII.C. Further com-
plications for photoproduction from nuclei will be des-
cribed below.

Spital and Yennie (1974a) discussed the problem of the
po shape and proposed

dO' 1TFo dQ (4.3)dt 2 dtdm„„
% 7f' P

as the standard definition of the "stable" p' cross sec-
tion. In the narrow-resonance limit (4.3) goes smoothly
over to the standard definition of, a stable particle cross
section. However, in our present "wide-resonance"
situation, Eq. (4.3) yields, as well, a cross sectfon
minimally sensitive to inadequately understood inter-

fering backgrounds; i.e., we believe the most important
interfering background vanishes when ~„„=~.

In principle, Eq. (4.3) is to be applied in the following
way, assuming that F and gyes are known from "outside":
First, one fits a smooth curve to the p' part of the
mass distribution and reads off the cross section at the
po mass. The formula then gives the desired cross sec-
tion. In practice, this procedure is very subtle since
there may be interfering and noninterfering back-
grounds. In addition, the mass and width of the p are
not well known, leading to normalization uncertainties.
It should be emphasized that these difficulties are the-
oretical and stem from the inadequate theory of the
mass distribution. The difficulties associated with in-
terfering backgrounds are described in the following
two paragraphs.

OWe have already seen in Sec. II.B that the m'w mass
distribution in photoproduction from hydrogen can be
qualitatively understood in terms of apicture in which the
physical photon state is a superposition of a spatially
localized p' component plus a loose nonresonant pion
pair component. This picture is described in more de-
tail by Yennie (1975). The nonresonant pion pair struc-
ture has an absorption cross section roughly twice that
of the p'. In field theoretical language, this corre-
sponds most closely to the Drell —Soding model (Soding,
1966). It should be noted that the nonresonant contribu-
tion is defined to vanish at precisely the p mass. This
is known as the double counting correction and is due
to Bauer (1970) and Pumplin (1,970). The explanation of
this correction is described briefly in Appendix C.3. A
similar model has been discussed for production from
nuclei by Bauer (1971). Here the nearly total absorption
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in central collisions leads to more nearly equal cross
sections for the p' and the nonresonant pion pairs. By
itself, this would tend to lead to a Ross —Stodolsky
(1966a) pion pair mass distribution. However, at finite
energies the minimum momentum transfer to the nu-
cleus varies across the mass distribution, tending to
suppress the peak more than the low-mass tail. Beyond
these considerations, we should, as in Sec. II.H, con-
sider the fact that scattering in the nucleus can induce
transitions between the p' and the nonresonant pairs,
and that these transitions can also take place between
scatterings (Gottfried and Julius, 1970; Chapline, 1970).
At asymptotic energies time dilation could suppress
such transitions, but all this suggests that a more corn-
plete theory would deal with the complete dipion system
propagating through the nucleus. Since this is likely to
be inordinately difficult, the expedient of using Eci. (4.3)
seems to be the most practical approach. Ambiguities
associated with the p —Tt'g system are described fur-
ther in Appendix C.

There is another interfering background which does
not vanish at the p' mass, and which in fact produces a
severe distortion of the resonance peak in just that
vicinity. This is the interference with the w"z decay of
diffractively photoproduced co mesons. An example of
the effect of such interference is shown in Fig. 13; the
precipitous drop in the data at the ~ mass is due to con-
structive interference below gyes and destructive inter-
ference above. As mentioned in Sec. III.C, high-resolu-
tion experiments have been done to measure this effect
(Alvensleben et a/. , 1971a; Behrend et a/. , 1971b;
Biggs et a/. , 1970b). However, nearly all mass spectra
measured for the purpose of determining 0&, cyz, and
)Y'

~
~' have much coarser resolution, say, 30 to 50 MeV

mass bins. It is clear that if the interference is not
taken into account, the particular arrangement of the
mass bins can make a huge difference ln the apparent
width, and some difference in the apparent height, of
the resonance peak. For example, if a bin is centered
at the mass, the interference will largely tend to can-
cel and one will see an approximation of the actual p'
shape. On the other hand, with one bin just below the cu

mass and the next just above, the resonance will appear
narrower and higher. Without a great deal of knowledge
of the details of the two experiments, it is impossible
to make an a Posterior correction for this effect, but
later on we make some gross estimates which should at
least indicate the level of uncertainty which may be in-
trodu ced.

A detailed study of the mass distribution in photopro-
duction, including the possibility of extracting m and
1"~, has been made by Spital and Yennie (1974a). Their
main results are as follows:

(1) There appears to be no reliable procedure for an-
alyzing individual mass distributions. Although very
precise and abundant high-resolution data from the
Cornell —Rochester (Behrend et a/. , 1971b), DESY-
MIT (Alvensleben et a/. , 1971a), and Daresbury (Biggs
et a/. , 1970b) groups were used" (with some mass dis-

4~The detailed mass distributions were supplied privately and
do not appear in the references cited here.

r, (MeV) mp {MeV)
Degrees

ot freedom

153.9 + 2.2
145.0+ 3.7
138.4 + 3.9

776.1 + 0.9
773.6+ 1.3
769.7 + 2.7

1083.0
1059.1
1015.9

1103
1071
1039

tributions having as many as 60 data points spaced 5
MeV apart!), correlations among the fitting para-
meters, compounded by the presence of p —w inter-
ference, made the results of fitting individual mass
spectra. hopelessly chaotic.

(2) Reasonable results can be obtained, however,
from overall fits to a large number of mass distribu-
tions. Nevertheless, the value of I z is still very sen-
sitive to the number of free parameters used in the fits.
It should be emphasized that the difficulties here are
theoretical in nature, and there is no experiment that
readily presents itself that can be expected to clear up
the problem. It is possible, however, that the diffi-
culties just described are due to the somewhat narrow
mass range used (-630-880 MeV), which permitted the
shape parameters too much flexibility. Perhaps with a
larger mass range, as available from the purely had-
ronic process m +N- N'+ 2m, these uncertainties would
be reduced, and more reliable values of I ~ and~ ob-
tained [I' = (150.3 + 2.7) and m = (770.23 +0.88) MeV;
Trippe e/ a/. (1976)]. For a review, see Pisut and Roos
(1968). In the absence of high-statistics wide-mass-
range data in photoproduction, the hadronic determina-.
tions may be the most reliable. However, there are
shape uncertainties in hadronic determinations also. It
is not clear to us whether they yield an apparently more
unique answer because of more restrictive assumptions
on the shape, or because of the broader mass range. '
The results for various parametrizations of the p
shape in photoproduction are shown in Table XXXI. As
may be seen from Table XXII in Sec. III.F, these para-
metrizations are compatible with storage ring results.

After the analyses had been completed for this paper,
we learned of a new, more accurate experiment which
has been done at Orsay (Quenzer et a/. , 1977) (see Sec.
III.F). With the improved accuracy, the data can no
longer be well fitted with a simple I'-wave resonance
function Irepresented by Fig. 209(a)], but it seems to
demand contributions such as those shown schematically
in Fig. 209(b), (c). A model for these additional contri-
butions, which fits the data quite well, ha, s been given
by Costa de Beauregard e/ a/. (1977). It includes the
effect of the intermediate m-& channel. One conse-
quence of these new results is that a larger value of I

2One of the authors (DRY) wishes to thank Dr. Matts Roos
for useful correspondence on this point. The paper by Spital
and Yennie (1974a) was concerned with the problem of obtain-
ing I'& and m,

&
from photoproduction experiments alone.

TABLE XXXI. Results of the overall fit (Spital and Yennie
1974a) to the DESY-MIT data (Alvensleben et al. , 1971a).
is the number of terms in a polynomial in (m —m~) multiplying
a Breit —signer factor. Note the strong dependence of the fit-
ting parameters on N. There seems to be no good criterion
for selecting between these fits.
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TABLE XXXII. Combinations of I'~ and m~ used in fitting the
data. The first row (standard reference) was used in fitting
the photoproduction data (Spital and lennie, 1974b), overlook-
ing the effect of p-co interference. The remaining combinations
we.re used in an attempt to correct for the p-co interference.
The normalization is the factor by which standard reference
photoproduction cross sections must be multiplied for the par-
ticular combination. INote that the present standard reference
cross sections are 1.087 times those presented in Spital and
lennie (1974b).] The remaining columns give the different
phenomenological coupling parameters which are defined in
Table I for each choice of the pair m~, I'~. (The necessary
fitting of the two-pion mass distributions was done using N= 5
as defined in Table MQCI. )

Ip %2p Normall zat 0 f ppp/4m. fp/ f p2/47'

155 -770 1.00 (standard}
135 767 0.86 + 0.04
145 774 0.92 + 0.09
155 776 0.96 + 0.10

2.65
2.61
2.77
2.95

2.09 + 0.04
2.43 + 0.10 2.21 + 0.017
2.27 6 0.23 2.20 + 0.06
2.18 + 0.22 2.11+ 0.06

is obtained (=158.9+4.7 MeV). Since this measures the

po in its pure st state, without nuc leon or nuc lear con-
taminations, and also because it agrees with (or does
not disagree with) other determinations, we believe a width
of about 155 MeV is now more plausible than the lower
values. It should be emphasized that the new result
combines more accurate data with a specific theoretical
model. It would be desirable to see how well one could
determine the width without incorporating any theoreti-
cal prejudice (aside from appropriate analytic proper-
ties). Another consequence of the new results is that
they introduce some uncertainty into the meaning and
value of f 2~. Since this uncertainty seems to be of less
importance than some other ones in photoproduction, it
seems safe to ignore it until a more complete theoreti-
cal understanding is obtained.

(3) In order to extract cross sections for comparison
with the optical model, the DESY—MIT mass spectra in
the po photoproduction experiment (Alvensleben et al. ,
1970a, b) were fitted, ignoring the p-m interference. As
stated previously, the mass resolution in this experi-
ment was much broader than in the p-w interference ex-
periment. However, many more nuclei were included.
Fortunately for the optical-model analysis, the cross
sections extracted by means of Eq. (4.3) are nearly ex-
actly proportional to the assumed p width. Thus p-~
interference and Fz uncertainties affect only the nor-
malization parameters, ~Tz~ ~' and f 2~/4m, but not the

p -meson parameters cr~ and cvp.
(4) The Cornell group (McClellan et a/. , 1971b) used

the standard procedure of Eq. (4.3), so it was not neces-
sary to refit the Cornell mass distributions.

Interestingly, the best values of Fz obtained from
both sets of low-resolution data turned out to be 124
MeV. We have subsequently tried to correct the DESY-
MIT data for p-~ interference and find that this brings
the width up to about 150 MeV f Clearly, this is not a
very good way to determine the width. Although the best
evidence indicates that F is about 155 MeV, we allow
for other possible values, but assume that it lies in the
range 135 to 155 MeV. We must now use our better

understanding of the role of p-~ interference to esti-
mate its possible effect on the cross sections of the pre-
vious analysis. We shall make this estimate for three
possible values of the width: 135, 145, and 155 MeV
and reasonable correlated values of mz which are
guessed from Table XXXI. These new combinations are
shown in Table XXXII together with other parameters.

The procedure we chose was the following. We first
correct all the previous cross sections to a new F~ of
155 MeV, still ignoring the p-ig interference. We call
these the "standard reference cross sections. "

Next, for each combination of I z and mz listed in
Table XXXII, we refit the mass peaks including the ef-
fect of p-w interference. Generally this altered the
value of the p component of the cross section at the p'
mass. The combined effect of changing this "peak
height" and the width are given by the normalization con-
stants in Table XXXII. One obtains the cross sections
for these F~, m combinations by multiplying the stan-
dard reference cross sections by these constants.
should be noted that there is no systematic dependence
of these constants on A, so they affect only the overall
normalization. While this procedure is necessarily
somewhat crude, we believe that the results give a rea-
sonable indication of the level of systematic uncertainty
in the treatment of the mass spectrum.

Turning now to the determination of o ~ and a&, we
summarize the optical-model analysis of Spital and
Yennie (1974b) for photoproduction of a stable po. For
each experimental measurement of do/dt(yA- poA)
optical-model calculations were made for several val-
ues of 0& and cy~. The overall normalization of the the-
ory (i.e. , ~T ~') to the experimental data was varied to
minimize X . The data from the two principal experi-
ments [DESY—MIT low mass resolution (Alvensleben
et al, 1970a, b) and Cornell (McClellan et aL, 1971b)j
were treated separately.

Figures 198 and 199 show g' maps from the A-depen-
dence fits for both DESY-MIT and Cornell. The out-
standing feature of the maps is that X is extremely flat
along a "valley" given very crudely by o ~(o.~) = (32+ n~/
0.05) mb. This indicates that acceptable fits to the data
can be achieved for any reasonable value of o by ap-
propriate choice of az. This sensitivity of the calcula-
tion to Q. ~ was unanticipated in early analyses and is
responsible for much of the historical controversy. The
precise positions of the g' minima in the valleys must
not be taken seriously. 'These are highly sensitive to
small uncertainties in the theoretical model or in the
o mass.

In addition, Fig. 198 shows the effect on the y' map of
some very crude attempts to take into account the effects
of incoherent p photoproduction. "Full- strength" in-
coherent refers to that calculated by means of Eq. (4.2)
(neglecting the f. dependence). Since it ignores the Pauli
principle, "full-strength" gives an overestimate of the
data correction needed. As one can see, the qualitative
picture is essentially unchanged by these corrections.
In general, the valley is displaced parallel to itself to-
ward the smaller values of ~&. X' drops appreciably
for "half-strength, " indicating the presence of some in-
coherent p . While more involved discussions of in-
coherent production have been given by other authors
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FIG. 198. X~ contour maps for the DESY-MIT 6.6 GeV data
using various assumptions for incoherent contamination ex-
plained in the text. The number of degrees of freedom, here-
after denoted by (X ), is 62 (from Spital and Yennie, 1974b}.

(Trefil, 1969; von Bochmann, Margolis, and Tang,
1969; Yennie, 1971), we do not believe in any calcula-
tion strongly enough to warrant a more thorough analy-
sis of incoherent effects (see Sec. V.D and Appendix B).

The major differences between the two principal ex-
periments are as follows:

(1) DESY-MIT gives data at five values of t; Cornell
gives only 6=0 data (they extrapolate their data to 8=0
via an optical model similar to our own). DESY—MIT
had far better statistics, and more nuclei.

(2) Cornell measured photoproduction from deuteri-
um; DESY-MIT did not.

As can be seen from Fig. 199, measurement of photo-
production from the deuteron enormously sharpens the
valley, and since the precise positions of y' map min-
ima cannot be taken literally, the two experiments yield
comparable information. In effect, what it lost in sta-
tistics, the Cornell group made up with the deuteron
measurements. (The deuteron data, are far more sensi-
tive to the normalization (T ~

~' than to o~ and o.~, which

0- 7
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FIG. 200. Ratio of forward cross sections for DESY-MIT
(Cornell) at 6.6, 6.2 (6.5, 6.1) GeV to theoretical forward cross
sections calculated with certain "standard" parameters (see
Spital and Yennie, 1974b).

FIG. 199. X maps for the Cornell 6.5 GeV data with the deu-
teron omitted/included. The number of degrees of freedom is
3 with the deuteron, 2 without (from Spital and Yennie, 1974b).
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enter only into the -5% Glauber correction. Measuring
deuteron photoproduction thus serves to tie down the
normalization. )

When the data are compared at the most primitive
level possible, the forward cross sections of the two
groups agree. See Fig. 200. Howe ve r, the re suits of
the analyses are slightly different because of the dif-
ferences noted above.

'The main conclusions of the analysis are as follows:
(1) Because the precise positions of the }(' map min-

ima cannot be taken literally, it is impossible to ex-
tract both o and n from these experiments. [If one
g~d confidence in the positions of these minima, a deu-
teron measurement combined with the massive DESY-
MIT data matrix would yield very well-determined val-
ues of o and o (see Spital and Yennie, 1974b)]. Ac-
ceptable fits can be obtained for any reasonable choice
of cr~ or ~z by suitable choice of the other. Results for
fixed cy are given in Table XXXIII. If one takes o.
= —0.2 as suggested by Compton scattering [which is
consistent with quark models and observations of elec-
tron pair decays of p"s photoproduced on light nuclei

(see Sec. IV.E)j, one obtains o~ = (27.1 +0.3) mb, aver-
aged over both experiments and all energies.

(2) The value of f ~/4rr depends on the normalization
of the data and the definition off~ through ( T (' = (e'/f ' )'
x( T~~(', where T~~

——(i/4v rr )a (1 —io ~).' With the stan-
dard reference cross sections and Q. fixed at —0.2, the
two experiments give f '/4rr = 2.09 + 0.04 averaged over
all energies. To adjust to one of the other (m, I z) sets
shown in Table XXXI, one must divide this value by the
normalization constant. In the VMD hypothesis, guided
by the discussion of Appendix C on "mass extrapolation
effects, "we would anticipate that the photoproduction
constant f '/4rr would be closer to f p/4 rrthan to f &„/
4rr (Bauer and Yennie, 1976a). To facilitate this com-
parison, Table XXXI includes our Table XXV values for
f ~/4ir, as well as f q

from Eq. (C.7), for each of our
chosen sets (m~, I' ). The consistency of these results
with the VMD hypothesis is apparent. The values for the
larger widths agree somewhat better than for I =135;
however, considering the model and theoretical uncer-
tainties, this should not be taken as serious evidence in
favor of the large widths.

TABLE XXXIII. Fixed-e~ A-dependence fits for the DESY—MIT (Alvensleben eg aE. , 1970a, b)
and Cornell (McClellan et al. , 1973.b) data. The errors are misleadingly small since they do
not take into account the uncertainty in n~. The values of (drr/dt)~a 0 and fp/4rr are for the
"standard" reference cross sections. (The two-pion mass distributions for the DESY-MIT
data were done using K= 5 as defined in Table XXXI.

A p= —0.2 (2 p
———0.3

A. k = 5.8 GeV -(DESY-MIT)

o.
p (mb)

X~ (DF=63)
(drr/dt)ia 0 (ph/Gev )

f2/4~

33.0 + 1.2
69.7

149 +6
2.72 + 0.11

27~3 + 1
69.6

138 ~4
2.10 + 0.08

24.8 +0.9
70.9

133 +4
1.87 + 0.07

B. k = 6.1 GeV (Cornell) y

op (mb)
X2 (DF=6)
(drr/dt)ia, ( )rb/GeV)
f'/4~

32.2 +1
21.1

151 +5
2.56 +0.10

28.2 +0.9
12.4

146 +4
2.10 +0.08

26.3 ~0.8
9.0

144 +4
1.93 + 0.08

C. k=6.2 GeV (DESY-MIT)

o~ (mb)
X2 (DF=63)
(drrjdt} ~e 0 ( ub/GeV)
j~/4~

33.3 +0.9
60.7

156 +5
2.62 + 0.08

27.9 +0.7
57.3

145 +3
2.07 ~ 0.07

25.4 +0.6
58.8

140 ~3
1.87 +0.06

D. k = 6.5 GeV (Cornell)

o.
p (mb)

X2 (DF=4)
(drrjdt)~8 0 (pb /Gev2)
j'/4~

32.9 +1.4
3.4

150
2.69 +0.16

29.6 + 1.3
4.6

146 + 6
2;29+ 0.14

27.8 + 1.2
5.9

145 +4
2.16 ~ 0.13

E. k = 6.6 GeV (DESY—MIT)

op (mb)
X2 (DF=63)
(drr/dt} ~a 0 (trb/Gev )
j'-/4~

31.3 ~0.9
57.7

143 +4
2.56 + 0.08

26.5 +0.7
56.0

]$4 +4
2.03 + 0.07

24.2 +0.6
58.6

129 . +4
1.84 +0.06

F. k =8.8 GeV (Cornell)

op (mb)
X~ (DF=7)
{da/dt)~a 0 {pb/Gev2}
f2/4~

28.3 + 0.7
22.1

128 ~ 3
2.32 ~0.07

25.9 ~0.6
17.5

126 +3
2.06 +0.06

24.7 +0.6
15.9

124 +2
2.00 +0.06
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TABLE XXXIV. Comparison of
~ T~~~

2 in pb/Gev~ from nuclei
using the standard cros s sections, and from hydrogen and
deuterium (Cornell data, McClellan et al. , 1969b, 197lb). The
hydrogen and deuterium values are obtained by fits to the
energy dependence; a Qlauber correction is used for deuterium.

Energy Complex nuclei Hydrogen Deuterium

5.8 ~

6.1'
6.2 ~

6.6 ~

8.8

133+4
144+4
140+ 3
145+ 4
129+ 3
126+ 2

161
152
150
143
141
125

135
133
131
129
129
119

DESY—MIT (Alvensleben et al. , 1970 a, b)
Cornell (McClellan et aE. , 197lb)

(3) When normalization differences are taken into ac-
count, the results of the Spital —Yennie analysis agree
well with the results of the older analyses made by the
groups themselves.

(4) In Table XXXIV the values of ~T ~
~' from comple~

nuclei using both Cornell and DESY-MIT data (standard
reference cross sections) are compared with those from
the forward hydrogen and deuterium cross sections
from the Cornell counter experiment (we did not have
sufficient information on the DESY—MIT mass distribu-
tions to reanalyze their hydrogen data). The agreement
with the deuterium values is good (of course, the Cornell
complex nuclei results incorporate their deuterium
data). The difference between the hydrogen and deuteri-
um values is due primarily to a T =1 isospin exchange
(McClellan et a/. , 1969a, b; Julius, 1971), which van-
ishes in elastic production from deuterium and is small
for most other complex nuclei. This indicates an inter-
nal consistency in the results from counter experiments,
and perhaps supports the larger hydrogen cross section
for t =0, as compared to the bubble chamber determina-
tions (see Sec. III.C).

D. Nuclear photoproduction of other vector mesoos

Following the p photoproduction example, experi-
ments have also been performed on P and iu photopro-
duction from nuclei. In principle the analysis would
proceed as in Sec. IV.C and would yield appropriate val-
ues of T&~(0), o v, and nv. Nevertheless analyses here
take on some different features. Because both @ and u
are narrow resonances, extraction of cross sections
lacks the ambiguities of the p case. However, ~ pro-
duction suffers from a rather hard to observe 3m domi-
nant decay mode; and a significant incoherent contribu-
tion arising from the one-pion exchange mechanism
makes it difficult to extract the diffractive part of the
cross section. 'The optical-model analyses are also
complicated by the possibility of g= ~ transitions with-
in the nucleus. This last effect, first discussed by Ross
and Stodolsky (1966b), has subsequently been largely
overlooked in the literature.

A Cornell experiment (McClellan st a/. , 1971a) on P
photoproduction from nuclei ranging from H, to Pb with
photon energies between 6.4 and 9 GeV was originally
analyzed ignoring P tu transitions. Extracted values of

ve and do &/d/~ e, are both very dependent on a& and not
very precise (errors of order 20%—30% for ft'xed me).
The analysis is consistent with the quark-model esti-
mate of cr@= 12 mb (I.ipkin, 1975), and there is general
agreement between complex nuclei and hydrogen for
dv ~/dt( s, (see Sec. III.E) when n~= —.3 [this is con-
sistent with a direct measurement of n@ obtained by a
DESY-MIT group from yC-e's C (Alvensleben et a/. ,
1971b) and simple quark-model estimates (Krammer,
1970; I ipkin, 1975)]. The y-&f& coupling parameter for
photoproduction is found to be f '&/4ii = 23.6 + 9.6, which
is to be compared with the colliding-beam value of
f'&/4' = 13.2 + 0.6 (Table XXVII).

High-statistics Rochester experiments (Behrend et
et a/. , 1970b; Abramson e/ a/. , 1976) on u photoproduc-
tion from nuclei ranging from D, to Pb at photon en-
ergies between 7 and 9 GeV were analyzed after sub-
tracting an estimate of the one-pion exchange contribu-
tion and, as before, ignoring P —m transitions. Again,
extracted values of o and do /dt~ s, are stronglydepen-
dent on an assumed c. . Choosing o = —0.24 (as sug-
gested by Compton scattering) and fixing o =27 mb, they
they find dv Jdt =(8.54+0.72) p, b/GeV' —in substantial
agreement with the hydrogen cross section measured in
this experiment, bu/ about 20% be/ohio the bubble cham-
ber measurement of Ballam et a/. (1973). This cross
section leads to f ' /4s = 30.4 + 4.8, in contrast to the
colliding-beam value of f 'J4ii = 18.4+ 1.8 (Benakas
et a/. , 1972b).

It is important to consider the effect of @ iu transi-
tions on both these analyses (Ross and Stodolsky, 1966b).
Since no isospin exchange is involved, it is possible
that this transition amplitude is diffractive. Some sim-
ple quark-model ideas (Gerasimov, 1968; Bauer and
Yennie, 1976b) suggest a, small negative mixing ampli-
tude which tends to improve the normalizations (rela-
tive to VMD) of both P and cu photoproduction from
hydrogen. Although exploratory attempts at such a
reanalysis of the nuclear data have been made, ' a clear
picture of the consequences of mixing has not yet
emerged. Therefore in the following paragraphs we
shall describe some of the theoretical features of P-ai
mixing in nuclei.

In photoproduction from nuclei, the cross sections are
modified not only by the change of the production ampli-
tude on a single nucleon, but also by @= id transitions
after production. At infinite photon energy a simple
mixing theory would predict normal modes formed from
linear combinations of p and cu which would propagate
independently through nuclear matter. At lower, more
realistic energies, the longitudinal momentum transfer

3The original idea was that the mixing was associated entire-
ly with the fact that the ~(Q) contains a small admixture of
strange (nonstrange) quark pairs, and it was assumed that dif-
fractive scattering did not cause a transition between strange
and nonstrange pairs. However, discussions with Carl Rosen-
zweig and Chris Schmid and correspondence with I ernand
Renard have brought out the possibility that there could be
such direct transitions. Hence we now feel that this amplitude
(T+ should be left as a free fitting parameter which is ex-
pected to be of order 10% of T@@or T~~.

In collaboration with N. B. Mistry and E. H. Thorndike.
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required by Q
—~ transitions complicates the analyses;

for the small values of T & used, we have found it
adequate to keep only terms through first order in 7'

At this stage we have so many parameters (o, o,

f„'/4n, o'@, n@,f '&/4n, T„„,not to mention incoherent
background, various nuclear effects, etc. , as dis-
cussed in the case of the po) that there is no hope of,
determining a unique fit to the data. In fact, the sepa-
rate P and u experiments already can be fit in a variety
of ways without adding the complication of a new para-
meter. Our interest in the new parameter lies of
course in its intrinsic physical importance as well as
the fact that it may make it possible to attain better
agreement with VMD.

To get some feeling for the possible effects of @-~
mixing, we have performed some sample optical-model
calculations to compare with both the Cornell P and the
Rochester w photoproduction data. The mixing can- af-
fect the A dependence as well as the overall normaliza-
tion of the optical-model results. With all other para-
meters fixed, the fractional effect of mixing is smaller
in heavier nuclei (this is essentially a shadowing of the
basic mixing amplitude, similar to other shadowing ef-
fects to be discussed in Sec. V). This modification in
A dependence can then be compensated by changing the
other parameters. For example, with negative mixing,
the A dependence can be restored approximately either
by increasing o~ or making ~~ more negative; finally
(for fixed o „), the normalization can be restored by
making f ~/4w smaller.

Because of the numerical values of the parameters
used (v@- 2a ), it turns out that the effect of T& on the
A dependence is stronger in the @ case than in the m

case. In ~ photoproduction, putting in negative mixing
tends to reduce f 'J4n and increase o ~ slightly (for o.
fixed). However, in the @ case the same mixing requires
a much larger increase in 0 @ that actually necessitates
an increase in f @/4w (for n~ fixed).

An interesting question is whether the introduction of
the new parameter will make possible better agreement
with VMD, i.e., bring f'& /4' closer to f '~ j4nOur'.
exploratory work indicates that this may be possible;
but because of the large number of parameters, as well
as model uncertainties, there is certainly no unique way
to do this.

We conclude that although VMD together with mixing
can probably give an adequate description of both P and
w photoproduction, the determination of the physical
parameters involved is a very delicate question. Prob-
ably both improved experiments (hopefully at higher en-
ergies to reduce the tmm effect —especially for the p)
and external theoretical considerations to restrict the
number of free parameters will be required to complete
this determination.

Another possibility should be mentioned. Aviv et al.
(1976) have given arguments that photoproduction of
higher vector mesons (j/P, for example) is suppressed
relative to VMD. This is due to a combination of the
lack of perfect overlap of different final states when
produced by a photon or a vector meson and by t . ef-
fects, which are different for different processes. The
expected effect is large for the Z/g (a factor of order
two reduction in the diffractive amplitude relative to

VMD). Presumably such effects are small in the case
of the p, which has a mass well above its decay thresh-
old. However, it is conceivable that it could begin to
play a role for the P, and possibly the w, and that some
of the difficulty in fitting photoproduction of these par-
ticles could be eliminated if we had an understanding of
these effects at the 10%—20% level.

E. Phases of vector-meson photoproduction amplitudes:
decay into lepton pairs

In this review we have used the leptonic decay of the
vector mesons to determine their coupling to the photon.
By studying high-energy photoproduction of lepton pairs,
with invariant mass in the p, ~, and @ regions, it is
possible to check on our notions of coherent photopro-
duction. The interference of the amplitude from vector-
meson decay with that from ordinary quantum electro-
dynamics (Bethe —Heitler amplitude) permits the deter-
mination of the phases of the vector-meson production
amplitudes. As alluded to in the previous section, e'e
pairs in the @ region (Alvensleben et al. , 1971b) con-
tain few surprises and are consistent with a dominantly dif-
fractive picture of production. However, because the nar-
row ~ resonance lies right in the middle of the wide p' mass
distribution, the p' and co cases are not so simple.

DESY—MIT (Alvensleben et al. , 1970d, 1971b) and
Daresbury (Biggs ei a$. , 1971) groups have studied with
high resolution e'e pairs from beryllium with 6 GeV
photons (DESY) and carbon with 4 GeV photons (Dares-
bury) and have analyzed the interference between the
p decay and Bethe —Heitler amplitudes. They report
values for ~ z of -0.21 + 0.08 and -0.30+ 0.12, respec-
tively, which are within the range of values which give
reasonable fits to photoproduction. These quoted errors
are statistical and a bit optimistic, as systematic er-
rors in quantities such as mz were not included. If, for
example, nz were really 775 MeV, the DESY and Dares-
bury results would both increase by about 0.08 and 0.05,
respectively. An anomalously large phase angle in lep-
tonic decay, suggested by a model taking the n'~ con-
tinuum into account in p photoproduction (Bauer, 1970,
1971), while not excluded by these present results, is
certainly not needed to understand them.

We now look at the features of p -u interference in
e'e decay and find a rather puzzling situation. While
the p production phase, at these energies, is typical
of diffractive hadronic processes, the &elative co, p'
production phase angle, i.e. , the additional phase angle
acquired by the coherently photoproduced , is dis-
turbingly large [41'+20: DESY—MIT, Alvensleben
et al. (1970c, 1971c); 100'+30'. Daresbury, Higgs et al.
(1970a)] . These large phase angles cannot be explained
by a simple VMD model where photon-vector-meson
couplings are real. The unusually large values were
actually suspected earlier, on the basis of low-resolu-
tion data indicating that an unexpectedly small number
of lepton pairs were photoproduced in the region of the
p' mass (Asbury et al. , 1967b; Rothwell et al. , 1969).

We must bear in mind that the analysis of w photo-
production from nuclei (Sec. IV.D) and the study of po-&u

interference in pion pair photoproduction (Sec. IV.C)
demand no such large relative p -~ production phase.
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Moreover, the total integrated number of photoproduced
lepton pairs in the p region is highly sensitive to p
parameters. 'The nature of the u contribution, which is
at most of order 30/z, could easily be obscured by un-
certainties in f

In short, these experiments are very difficult to ana-
lyze, and we hesitate to draw any firm conclusions from
their results at this time.

0.766
g =g = —(g ~ +g — ) =20.6 1+ '

mb (4.4a)

a~=12 mb. (4.4b)

Equation (4.4a) is from a fit to the data of Foley et &l.
(1967), and is compatible with the results of Sec. 1V.C
for 0&. These estimates for 0~ and 0~ are not contra-
dicted by the data, ', but with all the uncertainties des-
cribed in Sec. 1V.D, our knowledge of these parameters
is extremely uncertain. Equation (4.4b) is from I ipkin
(1975), who also gives a quark-model estimate of the
energy dependence of cr@ which we choose to ignore here.

The energy dependence in Eq. (4.4) suggests the fol-
lowing values of (y~.

= o. =0.766/(vP +0.766), (4.5a)

(4.5b)

However, the dispersion relations for the real part of
the forward scattering amplitude require at least one
subtraction, introducing a new constant. In the real
photon case, the corresponding term is simply the
Thompson amplitude. We may allow for this additional
constant by replacing (4.5) by

0.766 S~ ~ 0.766
(4.6a)

SgCVy=-
p

(4.6b)

If the 8 ~ are nonvanishing, there is no reason to expect
that they bear a simple relationship to each other, so
that the &f& and m could have different real parts, as sug-
gested by the data in Sec. IV.E.

~In the approximation where f~ =f'z =f&, the integrated p
contribution is equal to the p photoproduction cross section
times something of order f& 4.

F. Model of vector-meson amplitudes for further
applications

Theoretically, the real part of a hadron's scattering
amplitude may be computed from a forward dispersion
relation, thus relating cv to the energy dependence of the
total cross section. [We ignore complications arising
from the instability of the particles under consideration
(Bauer, 1970, 1971), which could give additional real
parts. j Since the energy dependence of the vector-meson
total cross sections has not been systematically mea-
sured, we adopt the following quark-model estimates
(for the region of 2 —30 GeV):

V. QUALITATIVE TESTS OF VMD —PHOTON
SHADOW IN G

jeff
A

ax~
Zg

p +Nor~„
(5.1)

should be equal to 1. However, because of its hadronic
structure, we expect the photon's ability to initiate in-
teractions to be strongly attenuated as it passes through
the nucleus. After the photon ha, s encountered one or
two nucleons, its hadronic constituents will be stripped
away, leaving only a bare photon that is incapable of
further interaction. This is known as Photon shad'Owing.
When this happens, the ratio (5.1) wiD be noticeably
smaller than unity. Photon shadowing should be an
energy-dependent effect, since the formation time of a
constituent, which rises linearly with v, must be larger
than the mean free path in order for shadowing to occur.
An additional consequence of shadowing is some reduc-
tion of Compton scattering because the dominant imagin-
ary part of the scattering amplitude is reduced. Qualit-
atively, these expected effects are present in the data,
as ma, y be seen in the figures of Secs. III.A and B.

In the case of individual nondiffractive channels, the
theoretical picture is more complicated, since the out-
going particles might participate in further reactions
before emerging from the nucleus. Because of an in-
adequate theoretical understanding of these processes,
we limit our discussion to single-particle photoproduc-
tion. We assume that the desired particle is produced
on a single nucleon either by a photon directly or by the
hadronic component of the photon. (It is still neces-
sary, of course, to take into account the possible loss
of the particle due to absorption on the way out of the
nucleus. ) The resulting cross sections are again pre-
dicted to depend on the photon energy. In the absence of
photon shadowing (low energies), the photon could pene-
trate most of the way through the nucleus before pro-
ducing a particle, which could then easily get out. If
the photon is shadowed (high energies), the production
takes place on the edges of the nucleus; and the cross
sections are accordingly reduced.

As will be seen later, under the assumption of pure
VMD, the expected magnitude and energy dependence
of these shadowing effects is quite dramatic. Experi-
mentally, the shadowing is not as large as predicted
and the energy dependence is not seen in particle produc-

A. Introduction

In Sec. II.E, we described how the hadronic structure
of the photon should manifest itself in the behavior of
the total photon cross section foranucleus and of in-
dividual nondiffractive photon reactions on nuclei. To
recast the argument in different language, since the
total hadronic photon-nucleon cross section is only
-100 p.b, the nuclear mean free path of photons is of the
order of 500 F, which is much greater than a nuclear
radius. Thus one's first thought might be that each nu-
cleon is equally able to participate in an interaction,
and the total cross section should be the sum of the sep-
arate one-nucleon cross sections. 'That is, the quan-
tity
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tion. However, the quantitative failure of this simple
model should not be viewed with too much disappoint-
ment as the tests are quite demanding. Because the
importance of photon constituents not shadowed relative
to those constituents that are shadowed increases
rapidly with A (more nucleons participate in unshadowed
reactions), the tests are very sensitive to VMD viola-
tions.

B. Total absorption of real photons

As mentioned in Sec. II.E, a complete an@lysis of this
process would involve a complicated coupled-channel
calculation in which all hadronic c-omponents of the pho-
ton could be involved at each stage. A discussion of
this sort has been given by Gribov (1969) and Brodsky
and Pumplin (1969) within the framework of generalized
vector dominance. Their arguments show that there
should be photon shadowing at asymptotically high en-
ergies. The amount of shadowing obtained would de-
pend on the details of the transition amplitudes between
different channels. In particular, Gribov argues that if
all hadronic channels are totally absorbed on the nucle. —

us, the total cross section should become

o~„=2wR'(I —Z, ), (5 2)

where & is the nuclear radius and 1 —Z, is the prob-
ability for the photon to be made of hadrons.

However, for real nuclei the "total absorption" limit
may be unattainable. For one thing, peripheral had-
ronic collisions with finite nuclei do not show complete
absorption. More fundamentally, however, the pre-
sence of destructive interference among various photon
constituents could severely reduce the hadronic inter-
action. probability, increasing the mean free path well
beyond reasonable nuclear sizes. Moreover, recall
that, because of their short formation time (Sec. II.C),
higher-mass photon constituents may not be shadowed
at finite energies, and they might therefore provide
contributions equivalent to direct photon inter-
a.ction s.

At the present time, we have very little real evidence
about the actual behavior of the higher-mass constit-
uents of the photon. other than that their net effect on the
total cross section is very small (s20%). We seem to
have good information about the p', and some strong
prejudices about the &u and P, as summarized in Sec.
IV.F. (Our confidence in this knowledge could be mis-
placed, since we have ignored the possible interfering
role of other constituents of the photon on these chan-
nels in photoproduction. ) In the present section, we
want to use the knowledge which seems reasonably firm,
and save speculations about the behavior of the higher-
mass constituents until Secs. V.E and VI.B.

Even though we restrict our main attention to the p,
cu, and @ contributions, there is still more generality
than we would like to deal with at the moment. For ex-
ample, in addition to amplitudes involving only one
vector meson, we should in principle also consider
amplitudes in which transitions between the vector-me-
son states occur (known as "off-diagonal terms").

Naive VMD neglects off-diagonal terms, thereby giving
the following relations between amplitudes:"

(5 3)

Here T« is the scattering amplitude for a vector me-
son P on a nucleon, T ~ is the amplitude for photopro-
duction of P, and T ~ is the contribution of V to the
Compton scattering amplitude. Gnly the right-hand

. equality in (5.3) is subject to experimental investiga-
tion. In principle, one determines the coupling f ~ from
e'e —V and compares it to f„(see Table I) extracted
from the photoproduction experiments (see Secs. IV.C,
D). Qualitatively, at least for the po —we consider cu

and &P contributions relatively unimportant in our pre-
sent discussion —VMD appears to play the dominant role
in the connection between these amplitudes, so that the
right equality is satisfied within the ambiguities de-
scribed in Appendix C. Subject to those uncertai. ties, ,
if one uses the left-hand equality to estimate the vector-
meson contribution to the total photon cross section
(2.11), the result is that they contribute about 80%.

At the current level of modeling and of experimental
data, deviations from Eq. (5.3) are probably indistin-
guishable from other possible physical effects. In
principle, we may take o~, T ~(t), and o, our ingredi-
ents in shadowing calculations, directly from the photo-
production analyses of Secs. IV.C, D and the total cross-
section measurements described in Sec. III.A. So,
while naive VMD is certainly the theoretical picture,
our quantitative analyses depend only weakly on Eq.
(5.3) (Mennessier and Nachtmann, 1971).

In the models to be discussed below, we include, in
addition to the contributions of the po, m, and @, pos
sible unshadowed photon interactions. Physically such
terms have the same properties as heavy-mass con-
stituents that have negligible shadowing at current en-
ergies. One might also include a nonresonant two-pion
contribution (Yennie, 1975), which is more effectively
shadowed than the p . However, ambiguities involved
in separating suc h a contribution from the p itself are
too large to make this refinement worthwhile. There-
fore we regard the complete dipion contribution, as ac-
counted for by an effective p' contribution.

There is one feature of the physics that must be men-
tioned at this point. Study of the space-time behavior
of forward Compton scattering shows that the energy-
independent diffractive part has the largest longitudinal
range, while contributions which drop with energy have
shorter ranges (suri and Yennie, 1972). This was de-
scribed briefly in Sec. II.C. Thus the nondiffractive
terms might be expected to be less shadowed. Our
naive calculations take no account of this effect and in-

At high energies p ~, Q transitions should be negligible
as they involve I-spin interchange. On the other hand, P
transitions, which involve no such E-spin interchange and could
be diffractive, should also be unimportant since the total qb and
~ contribution to the total photon cross section is small (-10%).
These conjectures are made relative to what we believe to be
other, more considerable uncertainties in the VMD model of
photon absorption.
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{o)

FIG. 201. High-energy photon elastically scattering from a
nucleus. The imaginary part of the forward amplitude yields
the total cross section. (a) The photon scatters from a single
nucleon. (b) Scattering through intermediate hadronic states

elude the entire (energy-dependent) V-nucleon cross
section in the Glauber formalism. It is possible that
at lower energies we overestimate the amount of
shadowing.

The optical-model formalism based on these assump-
tions has been given by several authors, and the deriva-
tion from Glauber multiple scattering theory is sketched
in Appendix B. Articles containing formalism relevant
to photon reactions are Glauber (1959, 1970), Boss and

Stodolsky (1966), Drell and Trefil (1966), von Bochmann,
Margolis, and Tang (1969), Moniz and Nixon (1971), and
Yennie (1971). See Sec.II.B for the early history of pho-
ton shadowing theory and experiment.

Using the optical theorem, the total cross section is
given by the imaginary part of the forward Compton scat-
tering amplitude. The Glauber multiple scattering ex-
pression for this amplitude is represented by Fig. 201.
Part (a) represents the scattering from individual nu-
cleons with amplitude T„, which is called the one-step
amplitude. Part (b) is the contribution from intermedi-
ate hadronic states (approximated by vector mesons)
which are produced on one nucleon, scatter through the
nucleus, and change back to a photon on another nucleon,
all processes being coherent. It is called the two-step
amplitude. When summed over all nucleons, part (a)
would clearly lead to an amplitude proportional to A or
the nuclear volume. Shadowing results from a destruc-
tive interference between the two amplitudes that cancels
all or most of this volume term, leaving a surface term,
varying roughly as A. '~~.

The optical-model approximation to the multiple scat-
tering expansion for A,« is

A,„= Im AT „—Q 2v AT' ~ d'bdz, dz, n(b, z, )n(b, z, )
4V~

eff
v

(5.4)

Here T„ is a suitably weighted average of neutron and
proton amplitudes, normalized so that do»/dt =

~
T, ~',

and v, —= 4WmImT». q„'v' is the difference between the
photon and vector-meson wave numbers. For real pho-
tons

may be carried out explicitly with the result

where

(5.6)

while for virtual photons

(5.5a) vvA=2Re d'b 1- exp — 2' 1- sev n b, g' dz'

m2 +@2
q

' v' = v'q'+ v' —V' v' —m' =
2v

(5.5b)

~ln addition, a VMD calculation of Eq. {5.4) for virtual pho-
tons requires the replacement of e/j~ by e/J~[m~/(m~~ +@ )],
because of the Q2 dependence of the vector-meson propagators.

This is just the reciprocal of the formation time of the
constituent discussed in Sec.II.C.~'

The identification of the two terms of (5.4) with the two
contributions of Fig. 201 is clear. The oscillating phase
factor in (5.4) is of crucial importance in determining
the energy dependence of shadowing. When 1/q„~v~ is
much smaller than the mean free path (small v or large
nz~+ Q'), the factor oscillates rapidly and the integral
in (5.4) will be small. V will then not contribute to
shadowing. At sufficiently high energies, the phase fac-
tor may be replaced by 1 and the z, and z, integrations

If the vector mesons saturate the total cross section, the
term proportional to A. vanishes, and we find that VMD
in two-body reactions implies VMD for the total photon
cross section on a nucleus. Since 0~~ is a hadronic
cross section, it is expected to show shadowing, the ex-
act amount depending on the two-body total cross section.
The result (5.6) is more general than our derivation; it
can be shown within the framework of the Glauber mul-
tiple scattering theory without further approximations
about nuclear wave functions, etc. -see Yennie (1971).

Let us now turn to a comparison of some simple theo-
retical models and experiments for real photons (Q'= 0).
The discussion for virtual photons is given later, in Sec.
V.E. The experiments by groups at Cornell, Daresbury,
DESY, and UCSB-SLAC to measure total photoabsorb-
tion cross sections from complex nuclei as well as from
hydrogen and deuterium are described in Sec.III.A.

Here is a brief summary of the scope of each experi-
ment:
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(1) The UCSH —SLAC experiment reported shadowing
results for three nuclei (C, Cu, Pb) covering an energy
range from 4 to 18 GeV; their data are consistent with
no energy dependence for A, f,/A. The Daresbury and
DESY experiments were restricted to lower energies
( 2-4 GeV and -1.5—6 GeV, respectively). The Dares-
bury group used a wide range of nuclei; the DESY ex-
periment had no heavy nuclei [titanium (A. = 48) was their
largest]. If one ignores the possible existence of dif-
ferent systematic errors between these three experi-
ments, the overall impression one obtains is that the
shadowing increases as energy increases. The Cornell
experiment explores the energy region from 2-9.5 GeV
with better accuracy than the previous experiments and
uses several nuclei spanning the periodic table. Their
results show a clear energy dependence for most nuclei.

(3) Next, let us summarize the results for a few key

nuclei. C: There seems to be no basic conflict between
the various experiments, but there is considerable scat-
tering of the experimental points from the different
groups. Cu: The Cornell points are marginally higher
than those of UCSB-SLAC; they are also higher than the
DESY results for Ti, which is a lighter nucleus. Pb(Au):
The Cornell points lie higher than the UCSB-SLAC points
by about two standard deviations {of UCSB—SLAC). This
should be interpreted as a disagreement, but in view of
the rather different systematic errors in the two experi-
ments, not an implausibly large one.

(3) In addition to these experiments, a Cornell group
(Eickmeyer et a/. , 1976) has carried out an inelastic
electron scattering experiment at small Q' (= 0.1 GeV');
this is discussed in Sec.III.J. When combined with the
real photon Cornell experiment, it shows a smooth Q'
dependence in this region.

TABLE XXXV. Information for model calculations of total photon cross sections (all cross sections are averaged for proton
and neutron) .

1. Effective coupling constant choice

( 4vr 4'�)
= 2.20 for p

= 23.6 for ~

=18.4 for Q

2. VMD models

Mode/ I (Reference model): amplitudes from (4.4) and (4.5).
0.766

op0 o~ = 20.8 1+ mb; o+ ——12 mb
vP

p0 A 0 766/{vP + 0.766), +q ——0

Yielding:

o,' = 69 0+ JL(b
&p0) 52.9

vP

o„&")= 6.4+ pb

o-,&~) =4.8 p,b.
This is supplemented by an energy-independent nonshadowed
(QS) contribution (adjusted to make o.~= 120 pb at 6 GeV):

o-~ = 16.2 p,b.
In this model

~&') = 96.4+ ' pb,
Wp

while the experimental fit from Table III is

51.8 ~3.6{99.1 +1.9) + — pb .
vP

Mode/ II
Like Model I except that the asymptotic values of op and o„
are reduced to 19.1 mb, yieMing

Model III
Like Model I except that only the constant parts of op0 and o

are used in the shadowing calculation and the energy-depen-
dent parts {including the +~) are included in the nonshadowed
piece which becomes

Mode/ IV
Like Model I except that the decay width of the p is taken
into approximate account by adding a small negative imagi-
nary part to nap. 4 Specifically, in Eq. (5.4a) 'mp2/2k becomes
(mp —impI p)/2k, where I'p is taken to be 145 MeV.

(Models V and VI are included for "historical" reference
only and probably are not good representations of the com-
plete physics. )

Model V
Like Model I except that o.„s is taken to be 0 so that

o:—o + o + &7„+ (Complete VMD) .

Mode/ VI
Like Model I except all two-body cross sections are taken
to be energy independent and constrained at their 6 GeV
values.

op0=o~=27 3 mb, o~ ——12 0 mb

&p0 = &~ = 0.24, cv~ ——0

Yielding:

o +o. +o. + =104 pby y y

~&NB) 16 pby

o.~=120 p,b.

&T&Ns) 24 5 p
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As described in Sec.III.A, various groups have made
different corrections to the deuteron cross section in
determining the free neutron cross section to be used in
experimental ratio (3.9). The size of these corrections
is shown in Fig. 28, and a critique of them is given in
Appendix B.4. Our opinion is that the total correction is
approximately the sum of the Glauber and %est contribu-
tions(7pb) but that the overall uncertainty is of the order
of the West correction (3p.b). The complete correction
increases the denominator of (3.9) by about 3.5% in heavy
nuclei. For uniformity, this correction has been applied
to all the data. .

ID order to separate the comparison of the data with
the theory from the discussion of the model dependence
of the theory, we shall use reference models which in-
corporate the available information on the vector-meson
cross sections and coupling constants. The parameters
and features of these VMB models are given in Table
XXXV as model I and II. Basically model I incorporates
Eqs. (4.5) and (4.6) for the vector-meson scattering am-
plitudes and the left-hand equality of Eq. (5.3). T, ~ is
taken from experiment (this accounts for the effective
fv relating T'v~ and T~~). To complete the total photon
cross section, this model assumes a nonshadowed ener-
gy-independent contribution. Model II has slightly dif-
ferent parameters. In the comparison with data, Pigs.
35—39, these two models are shown to allow for such
model uncertainties. As can be seen, they overlap the
data well for the Baresbury, BESY, and UCSB experi-
ments, but lie somewhat below the Cornell data for the
heavier nuclei.

In our subjective judgment, models I and II represent
a reasonably complete treatment of the physics of the
po, &u, and Q. However, they lump all remaining contri-
butions together as unshadowed and energy-independent.
This is certainly an oversimplification, but neglected
effects may well be within the "noise" of other uncer-
tainties. Models III and IV are crude attempts to take
into account some additional refinements in the physics;
model III allows only the diffractive part of the total
photon cross section to be shadowed, while model IV
includes a. simplified treatment of p' decay within the
nucleus.

In addition, for reference, Table XXXV describes two
models (V and VI) that approximate the physics used in
early preliminary analyses. Model V is a pure VMB
model with no unshadowed part; and model VI, while in-
cluding some unshadowed contribution, ignores any en-
ergy dependence in the two-body amplitudes.

A,«/& for Pb, Cu, and C has been computed over the
photon energy range of 2—15 GeV for all six Inodels and
plotted in Fig. 202. The nuclear computation included
realistic nuclear shapes plus two-body "smearing" and
correlations (see Appendix B).

In studying models I, II, IV, and V, we note that one
effect of incorporating energy-dependent vector-meson
cross sections is to make A. „~/A very nearly energy in-
dependent for photon energies above 4 GeV, as first
pointed out by von Bochmann, Margolis, and Tang (1970).

Our treatment of the p -decay effect is based on a suggestion
by H. M. Talman (1977).

I.O

MODE L I——MODEL I I

—--- MODEL
~ 0 GGMODEL IV———MODEL V

x x xxMODEL Yl

5 I I

0 0
x x x x x x x x x x

I

IO

0 0 0 0 0 0
x x x x x x x x x x x

I l

0 0 0 0 0 Q a 0
x x x x x x x x

I

IQ l2

FIG. 202. Predictions of varloUS models for +egg/A for Pb, CU,
and C with real photons of energies 2—15 GeV. The models are
as described in the text and Table XXXV.

Note also how the nonshadowed term in models I—IV acts
to raise A,«/A above that predicted by pure VMD (model
V), as first pointed out by Brodsky, Close, and Gunion
(1972b) and Caldwell et al. (1973). It is in the spirit of
this section to discuss only models which are based on
well-foUDded information BboUt the light vector mesons
(p', &u, and Q). Speculations about the higher-mass con-
tributions are described in Sec.VI.B, but no comprehen-
sive comparisons are presented in this paper. However,
another simple model has recently been presented (Tal-
man, 1977) which also emphasizes low-mass mesons
(p', &u, Q, and p') and gives somewhat better agreement
with the Cornell data than do models I and II.

Talman's results agree numerically quite well with
our model VI, but we emphasize that the physics is very
different. Practical differences between his and the
models described here arise, we believe, from the Use
of nuclear and p', m, or Q parameters different from
those recommended or "favored" in this paper.

In Talman's approach, the selection of optical-model
parameters leads in the end to a result which at high
energy agrees with our model II. This is probably a
consequence of the fact that he restricts his nuclear
radius parameter so as to fit the neutron total cross
section. In oUr model~ we use electroD scattering re-
sults to determine the nuclear shape, and confirm that
it correctly predicts the same cross sections. Thus,
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C. NUcleal' CoAlPton scattel'IA9

As reported in Sec.III.B, a group at DESY (Criegee et
at. , 1977a) measured small-angle Compton scattering
from nuclei at 3 and 5 GeV. An optical model was used
to extrapolate the cross sections to the forward direc-
tion, after which the quantity

da/dt (yA —yA:)

A2da/dt(yN- yN), e o
(5.7)

was calculated for comparison with theoretical predic-
tions. In the absence of photon shadowing, A would be 1.

The optical-model expression for the nuclear forward
brompton amplitude is simply the right-hand side of Eq.
(5.4) multiplied by &z/4u vr with the "Im" removed. In-
deed, the real part of the nuclear amplitude is of great
importance in the interpretation of this process. Spec-
ifically, the optical theorem relates the forward Comp-
ton cross section to o., through

I

although the models are superficially rather different,
there is suitable compensation between various rather
small effects to produce agreement in cross sections
where there is no longitudinal momentum transfer. Why
does his cross section rise above model II at low ener-
gies'P This appears to be a consequence of a different
choice of vector-meson parameters. His model puts
about 10% of the total photon cross section into the p',
reducing the po, ~, arid @ contributions accordingly.
Since the p' is.less shadowed at low energies, this can
account qualitatively for the difference between the two
curves. The Cornell data by themselves then suggest
that moderately high-mass contributions play a more
important role than our models suggest, or that the non-
diffractive contributions are less shadowed than would
follow from a simple VMD estimate. If so, it could be
because we overestimated the po, m, and P contributions
(anyhow it is difficult to get the small high-mass contri-
butions by subtraction), or because off-diagonal contri-
butions reduce their effect.

4We now turn to some conceptual differences between
the Talman model and the one used here. His model is
often referred to as a "self-absorption" model. This is
an unfortunately misleading term since it seems to imply
that absorption insi'de a single nucleon is not taken into
account by the Glauber model; it is (see Appendix B).
The real difference is that he treats the nucleus as a
continuum of nuclear matter with the same internal den-
sity as a single nucleon. That is, he ignores the "gran-
ular" structure of the nucleus. Mathematically, this
aspect of his model can be mocked by the Glauber' model
by choosing the correlation length to be about four times
the one used in our calculations, which increases the nu-
clear absorption. Although this sounds like a big effect,
it does not lead to a large change in the total cross sec-
tion because the nucleus is already quite opaque. In any
case, Talman adjusts the nuclear radius (uniform den-
sity) to obtain the correct neutron total cross sections.
As mentioned in the preceding paragraph, this leads
to compensations between various effects so that the
total cross section of, for example, the p' meson on a
nucleus would differ by at most a few percent between
the two models.

2
da

=18 (5.8)

6 X/2—(proton) +t
0 Z/2—(neutron)t

where K=—A. -Z. While this seems quite reasonable, it
must be noted that the cross sections they used mere
not the ones that they subsequently measured from hy-
drogen and deuterium, discussed in Sec.III.B (Criegee
et a/. , 1977b).

Two striking features of the group's two-body cross
sections are: (i) they are quite consistent with a neu-
tron-proton difference of zero and (ii) they are 5% to
10% lower than the results reported in Sec.III.B from
other experiments, although consistent with those ex-
periments within errors. These two features have op-
posite effects on the A values calculated [(i) tends to
lower them, (ii) to raise them]. In any event, there is
at least 5% normalization uncertainty in the figure which
can obviously have a considerable impact on the agree-
ment of theory with experiment. The experimental data
shown in Fig. 53 have been normalized toA'do /dt (proton)
with do/dt (proton) (5 GeV) = ( 0.82 + 0.04) pb/6 eV' and
doJ/dt (proton) (3 GeV) =0.98 pb/GeV'. The first value
is as reported in Criegee et at. (1977b). The second
value was calculated to keep the same ratio of 3
GeV and 5 GeV cross sections as used in Criegee et

In Eq. (5.8), which applies equally well to nuclei and nu-
cleons, n is the ratio of real to imaginary parts of the
forward Compton amplitude.

Figure 53 gives a comparison of the data with optical-
model calculations using the preceding section's models
I and II for the two-body amplitudes. Several comments
are in order:

(1) All the experimental points lie well below R = 1,
confirming the existence of shadowing.

(2) At 5 GeV, model I is systematically too low. That
is, model I predicts too much shadowing (see remark 5
below).

(3) At 5 GeV, model II, which includes a 20% unshad-
owed contribution and gives a reasonable fit to the total
cross sections (see Sec.V.B), does much better than
model I. It is high for some nuclei and low for others
and comes close to producing an acceptable fit. (How-
ever, see 5 below. )

(4) At 3 GeV, model I gives a reasonable fit to the
data while Model II is systematically high. In our opin-
ion, this is of less significance because of the uncer-
tainties inherent in applying the optical model at such
a low energy, especially in view of the importance of
the nuclear real part which is sensitive to the oscilla-
tions of the "two-step" integral (see also 5 below). It is
surely true, however, that there is more energy depen-
dence in the theory than in the data.

(5) Remarks 2 through 4 above are clouded by uncer-
tainty about the correct value of the single-nucleon
Compton cross section, da/dt(yN-yN), 'to use in the
denominator of (5.7). In their latest report (Criegee et
al. , 197Va) the DESY experimenters use a neutron-pro-
ton weighted average
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a/. (1977), since the group supplies no measurements at
3 GeV.

(6) An objection could be raised about the extrapola-
tions to t =0 done by the DESY group since they did not
allow for an unshadowed contribution in their optical
model. However, Dr. G. Grammer (private communi-
cation) has done the extrapolation to 6 =0 with a 20'7o

unshadowed contribution, and no significant changes
resulted. We are grateful to Dr. Grammer for this in-formationn.

Not shown in Fig. 53 are calculations made by the
present authors for Model III of Sec.V.B. In Model III,
only the energy-independent part of the photon-nucleon
cross section is shadowed and, as in Sec.V.B, the re-
sults of the model are far above the data —by more than
we could reasonably attribute to the normalization
uncertainties discussed above.

At this point, we wish to emphasize the importance of
the real part of the nuclear brompton amplitude in the
above discussion (Spital, 1975). The n, in Eq. (5.8) is
of order 0.6 at 5 Ge& in a heavy nucleust The reason
for this is that the two-step term not only decreases
the imaginary part of the amplitude (shadowing), but
also enhances the real part of the one-step term, there-
by producing very large values of O'. „. Without the nu-
clear real part the optical-model calculations of A would
be much lower.

We conclude this section by using Eq. (5.8) to compare
nuclear Compton scattering directly with total cross-
section measurements. Table XXXVI shows the mea-
sured values of A,«/A. The last column of the table is
the result of taking the measured value of A, the opti-
cal-model value of the nuclear real part (o'~) (model II),
and forming the quantity [A(1+n2(N))/(1 + n' (A ))] '/', which
should be directly comparable to A„f/A. The errors in
the last column are the propagation of the errors in the
measured value of A and do not take into account opti-

cal-model uncertainties or the normalization uncertain-
ties in B itself. They are therefore misleadingly small.
The obvious feature of the table is that the brompton
scattering results are in reasonable agreement with
either of the first two total cross- section measurements,
but not with those of Michalowski, et a/. (1977).

D. Incoherent photoproduction of mesons from complex
nuclei

Several experimental groups have measured incoherent
photoproduction of neutral pions, charged pions, and

. neutral p's from nuclei. Their results are shown in
Figs. 151-153. Pion photoproduction which involves
charge exchange or a nucleon spin flip excites the nu-
cleus intrinsically. On the other hand, we observe, in-
coherent po photoproduction only when the momentum
transfer is too large for coherent production. In all
cases, we want to work at sufficiently large momentum
transfer to avoid complications introduced by the Pauli
principle but not so large as to induce complicated in-
coherent events (see Appendix B).

The experiments have been described in Sec.III.H. The
charged-pion data (Boyarski et a/. , 1969) are very scan-
ty and exhibit large error bars. Neutral-pion data
(Meyer et a/. , 1972) have better statistics and cover a
fair range in energy, but the possibility of inelastic m

photoproduction is not ruled out (this fact might not af-
fect the qualitative features of photon shadowing but it
certainly is important in fitting data with specific
models). Incoherent po data (McClellan et a/. , 1969c)
have error bars slightly larger than those of the m' data
and were taken for only three nuclei and two energies.
Theoretical curves shown in Sec.III.H are VMD-optical-
model calculations similar to those described below and
(on some graphs) curves marked NPS (no photon shad-
owing). The latter curves neglect photon absorption and

TABLE XXXVI. Comparison of total and forward Compton cross sections at 5 GeV. A, ff/A
is the experimental value for the total cross section, while the last column is the prediction
from Compton scattering, including a model calculation correction for the real part of the
amplitude. e~(A) is the value of HeT»(A)/ImT»(A), and e~(N) is the value for a nucleon
target.

A ff/A

Model II
cal culated

n (A) [R(1+n~@f))/(1+ n g))]

0.885 + 0.029
0.82 + 0.04"
0.95 + 0.05

0.784 + 0.04 —0.36 0.87 + 0.02

197

0.779 +0.047
0.67 + 0.04"
0.84 + 0.03

0.669 + 0.065
0.72 ~0.11"
0.83 +0 04

0.605 +0.02

0.648 +0.06

-0.48

-0.59

0.73 + 0.01

0.72 + 0.03

From Caldwell et al. (1973). 'Zhe actual energy for A= 12 (C) and A, ='64 (Cu) was 5.2
GeV. The value shown for A=197 (Au) is actually an average for A=207 (Pb) at 4.1 and
6.6 GeV. Au and Pb are expected to exhibit almost identical shadowing characteristics.

"From Heynen et al. (1971).
~ From Michalowski et al. (1977).
"From Criegee et al. (1977a).
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take into account the absorption only of the final
meson.

Unlike the total photon cross section, where A„,/A
provides a qualitative test of photon shadowing, inter-
pretation of incoherent cross sections is always depen-
dent on optical-model calculations. Since the incoher-
ently produced particle can be absorbed on the way out
of the nucleus, one always expects the cross section to
be less than the single-particle cross section times the
number of nucleons in the target nucleus. Therefore
a study of these processes is not a "clean" test of pho-

ton shadowing. As we shall see later on, it is hard to
make any single optical model fit to the data. However,
the normalizations predicted by our optical models are
roughly correct there is substantial evidence for some
shadowing. However, our detailed VMD model typically
predicts too much shadowing and fails to describe the
data.

The optical-model expression for the incoherent pho-
toproduction of a meson m in VMD, including only the
simplest incoherent events of single-nucleon excitation
(see Appendix B), is

y&inq
(yA-n)A') =

dt
bden (b, e)exp(e n(b, e')de')

e Z
/I yx T„(t)—Q = T„„(t) dz "n(b, z")—"(1—in„)exp[iq, ", (z —z")]

v oo

-'~v Z 2
&& exp "(1-in„) dz'"n(b, z'")

2 Zzd
(5.9)

where T, (t) is the one-nucleon meson photoproduetion
amplitude, T„(t) is the amplitude for the reaction
mN- mK, and n (b, z) is the number density of the nu-
cleons that can participate in the process:

spatial distribution. ) Amplitudes are normalized so that
IT I'=««t'e g IT,.I'=«/dt(y-~).

The effective number of pa, rticipating nucleons, .A,«,
is defined by

n' " (b, z) =n(b, z), n" (b, z)

z
n(b, z), n (b, z) = n(b, z)A —Z

A

(We assume that neutrons and pratons have the same

, (yA-IA)/(IT, (t)l'). (5.10)

Equation (5.9) can now be rewritten as [using VMD to
write T„(t)=Re/f „T„„(t) see Eq. —(2.7)j

j
e

d „= d bden (b, e)exp e n(b, e')de')

I ex Q =I (t) 1 dz "n(b, z")—a„(1—ia.„)exp[i')('(z —z"))
v ~ oo

Z 2

x exp ——" 1-io.„nb, z"' dg"'
Ztl

(5.11)

Nate that if( ) is independent of the vector meson, A,« is
independent of t. This cannotbe correctbecause itignores
the Pauli principle which suppresses the cross section at
small t. Such suppression has in fact been observed, but the
effect should be negligible for large t .

Equation (5.11) has a, by now familiar, simple physi-
cal interpretation. The meson is produced ht the point
(b, z). The photon probability incident on that point is
represented by the absolute square, which takes into
account the absorption of the photon's hadronic constit-
uents. The exponential involving 0 represents the ab-
sorption of the meson on its way out of the nucleus. The
theoretical curves labeled NPS are those of Eq. (5.11)

where o„-0, or where the term inside the brackets,

Due to the absorption of the meson, A,«will always be
less than the total number of participating nucleons even
if photon shadowing were absent. At low energies (large
q„) the two-step contribution to the amplitude oscillates
away, as before, leaving us with no shadowing. At high
energies (q)(

—0), the absolute square in Eq. (5.11)ean be
s lmpllf le d~ glvlng

Z 2

Q = T„„exp ——"(1—in„) n(b, z")dz"
v ~oo

(5.12)
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the use of the total two-body cross section overestimates
the absorption of the projectile and produced particles.
Clearly, elastically scattered particles are not lost to
the process. They simply smear out the f, distribution.
The calculations labeled "80% absorption" attempt to
compensate for this by using only the inelastic cro'ss
section in calculating absorption. Another procedure,
better in principle, would be to calculate higher-order
incoherent processes which include elastic scatterings
(von Bochmann, Margolis, and Tang, 1970). However,
in view of all the basic uncertainties in the model, we
did not feel that the extensive effort was justified. We
remind the reader that we have also not included the
Pauli exclusion principle suppression of all incoherent
events at small t. Such a calculation would be compli-
cated by the fact that coherent absorption can provide a
momentum transfer that permits incoherent events at
small t. We see that various effects can increase or de-
crease the expected cross section in any basic model,
affecting the normalization and A. dependence of A.,«
significantly. It is hard even to estimate quantitatively
the level of reliability of our calculations.

In view of optical-model uncertainties, other ap-
proaches to the analysis of incoherent photoproduction
would be useful. One possibility is to recognize that
the optical-model computations of A,«are essentially
the same for po and m', incoherent photoproduction. [This
is aside from trivial factors of Z/A or (4 -Z)/A and is
true as long as o,~,o and n,~,o are all the same and

Ot 'o"0
neutrons and protons are distributed identically in the
nucleus. j Thus we plot, in Fig. 203, A,« for all these
processes on the three nuclei Ag, Cu, and C. In view
of the fact that VMD seems to provide an adequate de-
scription of coherent p' photoproduction (Sec. IV. C), for
a given 4, t, and A. we might regard the incoherent p data
as the appropriate VMD "prediction" for the pion data. "
The pion data are "close" to the p data, but one might
read from Fig. 203 a trend for A,«(pion) tobe greater
than A,«(p') that increases with A. This might be con-
strued as evidence for some VMD violation in pion
photoproduction.

This comes as no surprise, for we strongly suspect
that VMD or any other model in which a low-mass ha-
dronic constituent plays a dominant role is simply not
applicable to pion photoproduction (see Sec.I.B). [Even
"non-free-propagator" mass dependence in the mass
extrapolation from Q2=-rn2 to Q2= 0 using the field-
current identity (as extensively discussed by Schmidt,
1969, Manweiler and Schmidt, 19'70, and Schmidt and
Yennie, 1969) and leading to a modified VMD result
still seems to predict too much shadowing (Spital and
Yennie, unpublished, quoted in Gottfried, 1972).] The
situation is further complicated because of the depen-
dence on photon polarization: the two amplitudes with

5iThis ignores the intriguing possibility of a t-dependent
violation of VMD in p photoproduction. While VMD may de-
scribe forward production rather well, wide-angle production
is sensitive to scattering by the compact spatial structure
probably associated with higher-mass constituents. Any such
VMD violation cannot be too dramatic, however, as it would
affect the analysis of wide-angle, coherent p photoproduction

' from deuterium by Anderson et aE . +970a).

c„ in or out of the production plane violate VMD in dif-
ferent ways (see Fig. 6). This could lead to interesting
polarization effects in photoproduction from nuclei
(Schmidt and Yennie, 1969; and Bertocchi and Hogaasen,
1971); such effects have not yet been tested experimen-
tally. Such puzzles may also be associated with the fact
that n photoproduction is distinct from the diffractive
interactions we have discussed thus far. One must keep
in mind that nondiffractive contributions to the total
photon cross section fall off with increasing k, and may
correspond to shorter-range behavior than is character-
istic of diffractive processes (see Sec.II.C).

E. Deep-inelastic electron and muon scattering from
nuclei at small 02

As we have seen in Sec.V.B,C, D, real photons give
evidence of their hadronic structure by experiencing
shadowing in nuclei. Qualitatively, the total and Compton
scattering cross sections seem to be in accord with ref-
erence models in which the po, ro, and @ contributions
dominate the interaction and the remaining, higher-mass
contributions are less shadowed. Because of experi-
mental differences and theoretical uncertainties about
the relative size of the high-mass contributions, it is
not possible to make a more precise statement at
present. In view of the fact that the po, ur, and rf& rela-
tive contribution to 8', and 8', on single nucleons drops
rapidly with increasing Q' (Sec.II.C, D; Fig. 17; Table
XXXVII), it seems plausible that one can obtain more
detailed information concerning the interactions of the
higher-mass contributions by investigating the shadow-
ing effect in nuclei as a function of Q'. Of course, we
must study increasingly larger v values so that the co-
herence length 2 v/(SR'+ Q') remains at least of the order
of a hadronic mean free path 5' (3R' is to be regarded as
typical for the photon's high-mass structure). In effect,
this requirement restricts our attention to inelastic
electron or muon data with x (—= Q2/2M@) K 0.1.

I et us first compare the contributions of low and high
masses as a function of Q' for x small. As has been
stressed repeatedly, the determination of the VMD con-
tribution to the total photon cross section is subject to ~

both model and experimental uncertainties. For defi-
niteness, we use the models from Table XXXV, appro-
priately extended to Q'40. The high-mass part is de-
termined by taking the difference between the total mea-
sured cross section and the VMD prediction. With pre-
sent data. , this procedure seems to be most reliable for
the transverse part of the cross section. ' Typical re-

52In ease the mean free path becomes larger than a nuclear
radius, as happens in some models, the coherence length
should be larger than the nuclear radius. Such contributions
will be only slightly shadowed.

53As may be seen from the single-nucleon data in Sec. DI.I
and Fig. 18, 01/Oz is rather poorly known experimentally.
However, indications are that the shadowing of the longitudinal
part of the photon-nucleus cross section will be negligible.
For one thing as Q 0 OL/Oz 0 kinematically. At larger Q,
=2 GeV, where experiment indicates az/Oz might be as large
as 0.2 or 0.3, the data also point to a very small effective
longitudinal vector-meson cross section or, in other words,
a very long mean free path for the hadronic material involved.
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are reluctant to draw any conclusions concerning the
shadowing of the photon's higher-mass constituents.

Because the experimental situation is so unclear, no
purpose would be served by attempting to fit the data
Instead, we show in Fig. 204 some examples of the shad-
owing to be expected as a function of Q' for some of the
models of Sec.V.B. Because they completely neglect the
shadowing of the higher-mass, these calculations
probably do not represent the complete physics in-
volved. For comparison, Fig. 205 shows the predic-
tion of a generalized vector-dominance model which
makes very definite assumptions about the properties and
interactions of higher vector mesons. These assump-
tions are made on aesthetic rather than phenomenological
grounds, and should be regarded primarily as a sample
computation in which the higher-mass contribution to the
single-nucleon cross section has certain desired prop-
erties. A description of such GVD models is given in
Sec.VI.B. (It must be remarked that this particular GVD
model has not been used to fit photoproduction of p 's.
If the parameters were constrained by such a fit, the
amount of shadowing predicted here would be somewhat
larger. )

Vl. SUMMARY, SPECULATIONS, AND SUGGESTIONS

A. Status of our knowledge of the hadronie properties
of the photon

The purpose of this section is to crystallize the main
results presented in Secs.III, IV, and V. More complete
details may be found there or in the original papers.
Our attention will be confined exclusively to the low-
mass constituents of the photon. The higher-mass con-
stituents, which are still a matter of considerable spec-
ulation, are the topic of Sec.VI.B. '

In Sec.VI.C we sug-
gest areas in which further work is needed, as well as
new types of experiments which would enhance our under-
standing of the more subtle features of hadronic electro-
dynamics.

1. e+e colliding-beam experiments

As discussed in Sec.II.B, these experiments provide
basic information about the hadronic structure of the
photon. We should recall, however, that the short-dis-
tance structure may not bear an obvious resemblance to
what is observed asymptotically. The data (see Sec.III.F)
have the following main features:

The low-mass region is strongly dominated by the
relatively narrow p', w, and Q resonances. The cou-
plings (e/f~) of the photon to these resonances are well
determined (see Sec.III.F, IV.C). Interference between
these resonances is seen in the final states. While p -cu
mixing is of electromagnetic order, it creates difficulty
in the analysis of the p' shape (see Appendix C).
mixing effects suggest a small admixture of nonstrange
guarks in the P and a corresponding admixture of strange
quarks in the ~. For R variety of hypotheses, p cou-
plings and parameters are summarized in Tables XXIV
and XXV. Couplings and parameters for the co are summa-

rized in Eqs. (3.109-3.111). A compendium of p param-
eters is found in Table Xmt'II.

2. The data. between the P mass and the j/g mass are
sketchy and not very precise. Some broad resonance
structure is seen [p'(1250), p "(1600)], and the data tend
toward a scaling ratio R,+,-= 2.5 (see Sec.III.F). There
are suggestions- of additional resonances in this mass
region (with both narrow and wide widths) which inter-
fere in a confusing manner. A great deal more data will
be required to understand this mass region.

3. Recently discovered structure which is associated
with a new quantum number, "charm, " begins with the
J/g resonance at 3.095 GeV. At a total energy of about
4 GeV, additional channels open, producing threshoM
behavior in A, ,- which then increases and appears to
scale above 5 GeV at a value of =—5.

4. Jet structure appears in the final states at about 5
GeV total energy.

2. Diffractive photoproduction of po mesons

This process is the largest single channel in photopro-
duction and a wealth of data exists for hydrogen, deuteri-
um, and complex nuclear targets. The greatest obstacle
in the interpretation of the data is a rather inadequate
theoretical understanding of the very broad dipion mass
spectra. Because of this difficulty, the width of the p'
cannot be unambiguously determined from photoproduc-
tion experiments and must be taken from other sources.
We recommend the 'value 155 MeV indicated by e+e"-7t m

and strong interaction experiments. We strongly advo-
cate the use of the Spital —Yennie procedure to define the
cross section; it has the advantage that different experi-
mental results may be compared less ambiguously (Sec.
IV.C).

When hydrogen data are compared using the Spital-
Yennie procedure in Fig. 77, the various experiments
appear to be in rough agreement in the t region where
they overlap. The disagreement in the extrapolated for-
ward cross section is probably due in part to a change of
slope in the t distribution (see Sec.III.C) which is not
properly accounted for in the extrapolation.

Because of very imprecise knowledge of n„photopro-
duction from nuclei does not permit a complete deter-
mination of the p' nucleon scattering amplitude (Sec.IV.
C). Interference with Bethe —Heitler pairs has been used
to measure o., to within a factor of 2 (Sec.IV.E), but
those coarse results do not shed much light on the nu-
clear experiments. However, a good fit can be ob-
tained with op o and cMp A and we take this as our most
plausible model (Sec.IV.F). Using these parameters, the
forward cross section per nucleon obtained from complex
nuclei agrees quite well with that determined from deu-
terium, as well as with the hydrogen forward cross sec-
tion measured by the counter groups (Table XXXIV).
However, the disagreement between the bubble chamber
and counter groups leaves the real meaning of the hydro-
gen comparison in doubt. A comparison of coupling con-
stants f„f„and f„, is made in Table XXXII.

The strength of p-cg mixing in photoproduction appears
to be smaller than in the colliding-beam experiments.
This could be due to a suppression of the w photoproduc-
tion amplitudes as compared to VMD.
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3. Diffractive photoproduction of w mesons

Although the co is a narrow resonance so that one is
not plagued by the large width problems of the p', exper-
imental study of m photoproduction is complicated by a
nondiffractive one-pion exchange (OPE) contribution,
which is important at low energies, and by the need to
detect a m in the final state. The data are less detailed
than in the case of the p', and although the experiments
agree roughly, there is considerable spread in the mea-
sured cross sections.

Discrepancies of order 20% (see Table XIX, Sec.III.D)
exist in the extrapolated forward diffractive cross sec-
tions for u photoproduction. from hydrogen. In our opin-
ion, the difficulty lies in systematic normalization dif-
ferences among the experimental groups, rather than in
subtracting the QPE contribution or in measuring the t
dependence. The measured t dependence agrees roughly
with that of the p .

In addition, there is a very troublesome disagreement
among existing experiments upon the ratio of the cross
sections from hydrogen and deuterium. This makes it
extremely difficult not only to determine the neutron-
proton difference in m photoproduction, but also to form-
ulate a VMD prediction for the neutron-proton difference
in the total photon cross section and Compton scattering
(Table XIX and Sec.III.A, B). Even the sign of the effect
is not clear from these data'

co photoproduction data from complex nuclei are much
cruder than the corresponding p' data. The two experi-
mental groups involved agree in the A dependence, if not
in normalization. A reasonable fit to the 4 dependence
may be obtained by using 0 =a„a =a, as in the case of
pO

The predictions of diagonal VMP for forward photopro-
duction which incorporate cr„=a, „n„=n„and f'„/4n'

t
from colliding beams agree with most experiments but
disagree substantially with one (see Table XIX, the com-
parison off '„/47r and f '„/4m). However, we believe ~- P
mixing could play a role in this process and modify the
diagonal VMD prediction at the 10%—20% level (such mix-
ing would alter the O„extracted from the A. dependence
of experiments with complex nuclei by several milli-
barns —see Sec.IV.D).

4. Diffractive photoproduction of P masons

The experimental study of P photoproduction is made
difficult by the smallness of the total production cross
section and there is, as a result, only a limited amount
of data. The cross section is surprisingly constant with
energy and has a somewhat slower falloff with momen-
tum transfer than that for the p. The slower falloff
agrees with the quark-model analysis, which uses as in-
put m'P, r p, and A"'p cross sections; but the magnitude
of the cross section is about a. factor of two smaller. Al-
though there are some possible explanations for this
(see Sec.III.E), there is no real quantitative understand-
ing. There are no precise measurements of the real
part of the production amplitude, and the data on com-
plex nuclei are sufficiently marginal that one cannot ob-
tain good values for o~ or o.~.

5. Total photon-nucleon cross section

The general features of g, are described in Sec.II.A,
and the experiments are discussed in detail in Sec.III.A.
Many experiments have been carried out, and all are in
basic agreement. The most recent experiment indicates
that o, rises with energy in a manner similar to hadron-.
ic cross sections. The resulting fits to the data are
given in Tables II and III. There seems to be some evidence
that o„ is slightly larger than o,„(with the difference go-
ing to zero as k- ~). However, the magnitude of the dif-
ference is probably more uncertain than quoted due to
ambiguity in the theory of total deuteron cross sections.
Other experiments (forward Compton scattering, some
co photoproduction experiments) even hint that the differ-
ence has the other sign (see Sec.III.D).

The information about the vector-meson parameters
may be used to estimate the p', cu, and Q contributions
to the total cross section, assuming diagonal transitions
only. Examples of such estimates are given in Table
XXXV, Models I and II. Asymptotically, these contribu-
tions yield about 75 to 85% of the total cross section; the
p' alone provides 65% to 70%. The remainder, which is
to be accounted for by heavy-mass constituents (true
short-range effects do not persist to high energies; see
Sec.II.C and Appendix A), is accordingly somewhat un-
certain; but it is difficult to see how it could be much
larger than 25% (20% at 6 GeV. ) The properties of these
higher-mass contributions are as yet largely unknown.
Some speculations about them will be given in the follow-
ing section.

6. Shadowing of the total photon cross section in nuclei

Despite the troublesome disagreement between the sev-
eral experiments, a fairly consistent experimental pic-
ture of this process seems to be emerging. The amount
of shadowing appears to be somewhat less than that
expected from the p", co, and P constituents with the
heavier-mass constituents largely unshadowed (see Figs.
35—39 and Sec.V.B.). There is good evidence for the ex-
pected energy dependence of the shadowing but, there is
not precise quantitative agreement with the
models.

The recent experiments of the Cornell group in which
they used essentially the same apparatus to measure the
shadowing for both real and virtual photons have clari-
fied the earlier discrepancy due to the failure to find
shadowing for virtual photons (see Sec.III.J and V.E).
The Cornell groups find a shadowing for real photons
which goes away continuously when the photon becomes
virtual and Q' increases from 0. The observed shadow-
ing is, however, somewhat less than expected. This
makes the experiment difficult and partially accounts for
the failure of earlier experiments. Figures 204 and 205
in Sec.V.E. show data and theory in the region where
shadowing is expected.

%ith the exception of the Cornell experiment, all the
experiments required only the detection of the inelas-
tically scattered electron or muon. Because of the dan-
gerously large radiative corrections involved, they
avoided kinematic regions where Q and E'/E are both
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small. Unfortunately these regions are the ones where
shadowing effects should be most pronounced.

about the role of high masses will be described in Sec.
VI.B.

7. Compton scattering from nucleons and nuclei

These experiments confirm the primarily diffractive
nature of high- energy photon interactions. The forward
cross section on protons is compatible with what is ex-
pected from the optical theorem, taking into account the
real part predicted from dispersion relations (see Sec.
III.B), and confirmed experimentally (see Sec.II.B, IIL
B). This automatically makes them agree with a VMD
model with a 15%-25/o unshadowed contribution to the
amplitude, since that model already accounts for the
total photon cross section.

Interpretation of Compton scattering from the deuteron
is. more difficult since it involves the deuteron form fac-
tor as well as the Glauber and West corrections. The
experimental indications are that the neutron amplitude
is nearly equal to that of the proton.

Experiments on nuclei confirm photon shadowing close
to the amount expected from a VMD model with an un-
shadowed contribution (see Fig. 53). They roughly agree
with total photon cross sections using the optical theo-
rem and calculated values of n~t=ReT~&„"'/ImT~~' (see
Ta.ble XXXVI)].

8. Photon shadowing in incoherent reactions

The shadowing phenomenon has been observed in inco-
herent p' and pion photoproduction from complex nuclei.
However, the theoretical advances needed to understand
these processes are prodigious. While one cannot draw
any firm conclusions from the scanty p' data, there is
no doubt that the VMD optical model, largely successful
for coherent processes, fails to describe either the
energy dependence or the normalization of the m photo-
production data (see Sec.V.D). Some of the difficulty
may lie with the optical model itself (see below and Sec.
V.D, Appendix B); but the fact that A,f, for pion photo-
production is systematically higher than for incoherent
p photoproduction is strong evidence that the physics of
these diffractive and nondiffractive processes are fun-
damentally diff erent.

Experimentally, A,~~/A for charged-pion photoproduc-
tion has a strong f dependence. (This is due to a nuclear
f distribution that remains flat while hydrogen changes. )
To our knowledge, no plausible theoretical explanation
of this fact exists.

9. Inelastic electron scattering from nucleons
I

Since the general features were described in Sec.II.C
(and the experiments discussed in detail in Sec III.I), we

.,wish here only to reiterate that the small-x behavior of
the structure functions (see Fig. 17) shows that the diffrac-
tive regionis dominated by contributions from the ha-
dronic structure of the photon (photon cross sections are
essentially functions of Q' alone) —see also Fig. 167.
Another expected feature of the hadronic structure is
that R(—= o~/or) should be appreciable at small x; there
is evidence for this (Fig. 18). For larger x, the scaling
behavior could be attributed to hadronic structure of
high mass, but the other viewpoints may be more natur-
al in that region (e.g. , the parton picture). Speculations

10. Electroproduction of po mesons

Some scattered data is available on this process. Giv-
en the ambiguity of the model, the Q' dependence of the
cross section agrees approximately with that expected
from VMD. A separation has been made into transverse
and longitudinal parts; the ratio of longitudinal to trans-
verse production increases linearly with Q . Experi-
ments on the Q' dependence of the slope parameter are
so far inconclusive because the energies are not suffi-
ciently high to separate this from threshold effects. A
decrease of slope with Q' would indicate a shrinking pho-
ton effect (see Sec.VI.B). To be conclusive the slope
should be determined separately for transverse and lon-
gitudinal po's, since a difference in slope for the two
polarizations could falsely appear as a shrinking photon
effect. One experiment makes such a separation, but
at a rather low energy.

11. Optical-model calculations

The use of nuclei and the validity of the optical model
have been discussed at length in Sec.II.E and Appendix
B. Here we wish to remind the reader briefly about the
relative reliability of various applications. Generally
speaking, as the sensitivity of the analysis to the details
of the optical model increases, the credibility of the
analysis decreases.

We believe calculations of vector-meson photoproduc-
tion are quite reliable in so far as off-diagonal transi-
tions may be negLected. If such transitions are import-
ant the determination of many parameters will become
much more uncertain. (This remark is especially im-
portant for ~ and P photoproduction where there are the-
oretical arguments for ~ —P transitions; see Sec.IV.D).
As a rule, the effects of off-diagonal transitions are not
easily distinguished from those of other refinements of
optical models.

We believe that total photon cross section calculations
are reliable except at lower energies (~4 GeV), where
the detailed manner in which shadowing disappears is
hard to calculate. - Figure 202 gives some indication of
model uncertainties; each of these curves should have an
uncertainty band of perhaps 10% or 15% of the shadowing
(i.e. , 10/0 or 15/o of the difference between 1 and A„,/A)
to indicate the level of reliability of the calculations (not
numerical accuracy, but true theoretical uncertainties).
The Compton scattering calculations should have a simi-
lar reliability. One nagging concern is whether the non-
diffrhctive contributions may be less shadowed than is
suggested by straightforward calculation (see Secs.D.B,
C; V.B,D for further discussion).

Shadowing in incoherent processes is subject to great
theoretical ambiguities. However, the major effect of
these difficulties should be on the normalizations; it is
extremely hard to imagine how they could mask the
strong energy dependence predicted by the optical model
(for which there is no experimental evidence). It is
much more plausible that other aspects of the physics
are not well understood (see Sec.V.D).
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B. Speculations about higher-mass constituents. Other
viewpoints

In Sec.II.D, we gave a representation [see Eqs. (2.21)
-(2.24) ] of the total photon cross section from the had-
ron-mediated point of view. It was pointed out that such
a description was sufficiently general to be compatible
with any conceivable experimental results. The restric-
tions on the functionsI» which are necessary to produce
scaling and diffractive behavior were also described.
These restrictions are easily satisfied, and the repre-
sentation has very little predictive power. In order to
obtain predictive power, one must use the available
knowledge from e'e experiments together with assump-
tions about how the hadronic constituents interact. In
our discussions in Sec.V, we used the reasonably firm
knowledge about the p', ~, and Q mesons and simply
assumed that the remaining high-mass contributions
contribute only a small portion (-15%-25/o) of the total
cross section and at present energies are effectively un-
shadowed. However, when virtual photon interactions
are considered, the contributions from po, ~, and P be-
come relatively less important, and the predictions de-
pend more sensitively on the details of the high-mass
cont rlbut ion s .

1. Generalized vector dominance

Various authors have developed models for the higher-
mass contributions, starting from the original idea of
Gribov (1969) and Brodsky and Pumplin (1969). For
other early references, see Sec.I.B. In these models
it is usually assumed that the e'e colliding-beam cross
sections are dominated by vector-meson states which
broaden and overlap with increasing mass in such a way
that v(e+e -Ã(3R)) becomes a smooth function of SR for
SR ~ 2 GeV (aside from the structure associated with
charm which apparently smooths out at a higher ener-
gy). Since the higher-mass resonances are not separ-
ately observable, their masses (m„) and couplings
(-em'/fv) must be assumed, subject only to the con-
straint that the cross section has the correct overall
SR dependence (o„, ~ 1/3R') and normalization.

This rather complex situation is usually idealized as
a tower of vector states associated with each of the low-
mass resonances p', ~, @. The higher-mass states are
assumed to be uniformly spaced in SR'; for example, the
"Regge recurrences" of the po are given by m'„=m'(1+an)
with a about 2 (either fitted or assumed). The cou-
pling of the photon to each meson is taken to satisfy
f'„/f'~ = (1 +an), in order to insure thatcr, +,—cc I/3R' when
one averages over the various resonances [see, for exam-
ple, Bramdn, Etim, and Greco (1972) and Greco (1973)],
It should be emphasized that there is little experiment-
al support for this scheme. Alternatively, one can
choose a structureless continuum of high-mass states,
as in Sakurai and Schildknecht (1972) and Schildkneckt
(1973).

The chief virtue of these models is that they provide
nontrivial constructions of the photon's hadronic com-
ponent and can account for the interactions of high-en-
ergy photons —at least in the small-x region. It is es-
pecially important to note that the large magnitude of
vW, in the small-x region can be understood completely

in terms of the photon's hadronic structure, without re-
course to point charges inside the nucleon (the naive
parton model). In addition, these models account for
the observed "precocious scaling" in inelastic elec-
tron scattering rather naturally, since the scale is set
by the low-mass resonances (Gorczyca and Schildknecht
1973).

In order to obtain scaling as well as a reasonable val-
ue of the total real photon cross section (o'„), it is nec-
essary that the higher masses interact with a diffract-
ive cross section that is effectively proportional to I/%, '
(see Sec.II.C). This can be accomplished by letting
each high-mass constituent have this behavior (Bramon
et al. , 1972; Greco, 1973), by invoking off-diagonal
transitions to make this behavior a property of the su-
perposition (Cocho et a/. , 1974; Fraas et a/. , 1975a;
Dominguez, 1975; Devenish and Schildknecht, 1976), or
by choosing some combination of these mechanisms.
Some authors have extended these concepts to include
the g particles or "charm" (Dominguez and Greco, 1975;
Schildknecht and Steiner, 1975; and Gounaris et al. ,
1975). Clearly the possibilities are endless; and, given
the present state of our knowledge, one cannot take any
specific detail of these models for high-mass interac-.
tions seriously. Reviews of GVD have been given by
Schildknecht (1974) and Donnachie and Shaw (1978).

The builders of GVD models have attempted to narrow
the range of possibilities by using the deficit between
0 '"' and O„D to obtain important parameters in their
theories. This, however, is still not sufficient to dict-
ate the rather large number of arbitrary assumptions
that must be made about the high-mass states. More-
over, 0,™has rather large theoretical and experi-
mental uncertainties, so that the fraction of the cross
section attributed to higher masses could lie between
15% and 25%. The parameters chosen are very sensitive
to this amount.

One of the few a priori predictions made by the tower
models is the absence of jets in e'e -hadrons (Ferrara,
Greco, and Grillo, 1970; Greco, 1973). Jets are now
evident in the data (Sec.III.F). This does not rule out
the tower models; interf erence between the vector states
could account for the presence of jets, but the predictive
power of these models is greatly discounted.

Given the basic flexibility of the GVD model, it is not
surprising that it is able to give a reasonable account
of the real and virtual photon total cross section data.
Its greatest plausibility is in the small-x region, where
it predicts that vW2 should be mainly a function of Q2;
this appears to be borne out by the data, as seen in Figs.
17 and 167. The large size of vW, in this region is gen-
erally predicted by the po, ~, and @ contributions (per-
haps this is optimistic), and the role of the higher mass-
es is to cause vW, to level off as a function of Q' rather
than decrease again for Q~ »m'. An example of such a
fit is shown in Fig. 206. For larger x, further arbi-
trary a,ssumptions must be introduced to account for the
decrease of vW, as x- j. . As x increases, the coherence
length 2v/(XP+Q') decreases and becomes smaller than
a proton radius. Some cutoff (f „or form-factor effect)
must be introduced to account for this uncertain physics.
An intuitive discussion of such effects is given by Nieh
(1973).
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Turning now to photon shadowing in nuclei, we note
some general features of these models.

(1) GVD pictures may be used to calculate the shadow-
ing effect for the photon's high-mass constituents —see
Schildknecht (1973), Cocho et al. (1974b), Greco and
Srivastava (1974), Ditsas, Read, and Shaw (1975),
Ditsas and Shaw (1976). As a rule, they will predict
less shadowing than naive VMD, since the higher-mass
states they include have short formation times and long
mean free paths (see Sec.II.C). As an example, a com-
putation from Ditsas and Shaw (1976) is shown in Fig.
205. However, if all nuclear parameters are kept the
same, our reference models of Sec. V.E should provide
an upper limit to A„, for all A, v, and Q', since such
shadowing is neglected there.

(2) Exceptions to the preceding feature could arise in
an "off-diagonal" GVD model involving significant trans-
itions between p' and p', p", etc. (One such model cal-
culation is that shown in Fig. 205.) We note that the
strong interference with the p state that those authors
assume might not give an acceptable fit to the data on p
photoproduction from either nuclei or nucleons. ) No
evidence exists at present for such'transitions. It is
possible that off-diagonal transitions are more import-
ant for the higher-mass states since such states should
be very broad resonances which overlap significantly
with neighboring resonances.

(3) GVD models predict that shadowing will vanish
with increasing Q because increasingly higher-mass
constituents dominate the interaction with their increas-
ingly lower cross sections (in diagonal GVD this feature
is incorporated directly; in off-diagonal GVD it is a
property of the superposition). By contrast the aligned
jet model, to be described presently, predicts some
residual shadowing at small x, regardless of the value
of
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FIG. 206. An example of an off-diagonal GVD model compared
with the data (a) 10& ~'&20; (b) 20&~'&30; (c) 30& ~'&40;
(d) 40 & ~' & 50; (e) ~' & 50.

2. The parton (aligned jet) model

From the discussion of Sec.II.D, we expect that the
physics of the high-mass contributions may correspond,
for Q' large, to the parton model. However, since the
parton model was developed primarily to account for the
large Q', large v region of deep-inelastic scattering
from nucleons, it needs further elaboration in order to
make predictions of behavior in the small-Q' region
where shadowing is expected to be important.

Brodsky, Close, and Gunion (1972b), using the covar-
iant parton model of Landshoff, Polkinghorne, and Short
(1971), have given a discussion of shadowing of real and
virtual photons in terms of a combination of a vector-
dominated contribution yielding about 78% of o'„ together
with a parton (or pointlike) contribution as illustrated in
Fig. 19a. This is of course equivalent practically to the
naive model used in Sec.V. The point, however, is that
a specific model is now being proposed for the high-
mass contribution. The resulting lack of shadowing is
due to the presumed small cross section for partons to
interact with nucleons. This picture also predicts that
shadowing should decrease rather quickly with increas-
ing Q' since the vector-dominated part of o decreases
relative to the partonlike contribution. By Q' =0.5, they
expect that the partonlike contributions will begin to
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dominate and shadowing will be considerably reduced.
This picture is not necessarily in conflict with the

GVD picture; in practice many conclusions are rather
similar. However, since the jet structure described
below, usually associated with parton models, is ob-
served in e'e —badrons (Sec.III.F), there is some in-
tuitive preference of the parton picture.

In lectures at the 1973 SLAG Summer Institute on Par-
ticle Physics, Bjorken (1973) elaborated on the "aligned
jet model. " In this model the jet structure in e'e - ha-
drons (expected, but not seen at that time) would play
a role in electroproduction. Although the jets in 8'e
could be aligned in an almost random manner, he sup-
posed that in eleetroproduction only jets aligned in the
beam direction (limited p ) could be absorbed by the
target. He accounted then for the decreasing absorption
cross section of the high masses by assuming that a
fraction of the total hadronic content of order 1/SR'
would be absorbed by a more or less normal hadronic
interaction. The model also agrees with the. parton mod-
el in that spin-0 leads to o'~ »(Tr and spin-1/2 to o'r» cr~;
this is of course a consequence of helicity conservation.
(A more detailed analysis yields the result that only jets
with small laboratory energy have sufficient time to
dress themselves for a full interaction with the target. )
Although this gives the same overall cross-section be-
havior as GVD on a nucleon, the physical picture is dif-
ferent —namely, this part of the photon's structure
should experience some shadowing (but presumably less
than p'). Since the data in the present experimental re-
gime can be accounted for without incorporating such
shadowing, one (or more) of the following is true: shad-
owing of heavy masses is too small to be relevant; it has
not yet set in at available energies; shadowing of lower
masses should be reduced to accommodate that of the
higher masses. Suggestions along a similar line have
been made by Nicolaev and Zhakarov (1975), in some-
what different language.

3. Space-time picture

Although it is difficult to use space-time information
frorg. nucleons to make shadowing predictions from nu-
clei, the space-time picture is intuitively helpful in un-
derstanding these problems. The observable vS', is
given as an integral transform of a space-time function
f,(y', yo)' [see Eq. (2.24) and Fig. 14]. Because of the
complementary nature of coordinate and momentum
space, one cannot state a precise connection between a
particular region in Q' and v and an interaction region in
space-time. However, as described in Sec.II.C and
Appendix A, diffractive and other Regge behavior is
associated with long range, i.e. , f, -l/yo, the higher
values of a being associated with terms which decrease
more rapidly with increasing energy. Intuitively, we
expect that the longest-range terms (a=1, diffractive)
may be the most shadowed. An extreme model calcula-
tion, in which the nondiffractive terms are assumed to
be completely unshadowed. , is included in Fig. 202. We
feel that this is an extreme upper limit'to any reason-
able GVD model of A,f,/A and note that at sufficiently
high v(Q' =0) it should yield considerable shadowing.

The remainder of the discussion concerns only the

diffractive (v- ~, fixed-Q ) limit of photon interactions.
Although one sometimes refers to high-mass contribu-
tions as pointlike, at sufficiently high energies they be-
come long ranged with a characteristic distance
-2v/(II' +Q'). The rapidity of variation of or and(T~ with Q'
gives a measure of the masses which are relevant. For
example, in the diagonal approximation, the range as-
sociated with a single mass would be

I (mt) p
~

[do (0K)/dq& ]/g o(0
~

(6.1)

Unfortunately, it is very difficult to invert the informa-
tion from vs, and MW, to obtain the contributions from
different masses (in particular, the diagonal approxi-
mation is surely an oversimplification). The usual pro-
cedure is to invent models which fit the data on nucle-
ons, and then to investigate. their consequence for shad-

owing�

.
From the general space-time analysis, we know that

the fact that o'r is primarily a function of Q' in the small
x region means that the longitudinal range of those in-
teractions rises linearly with v. We emphasize that
this result is independent of the details of any particu-
lar model. If after we subtract the low-mass contribu-
tions the remainder also is primarily a function of Q',
we can be assured that it also comes from interactions
with a range proportional to v. The simplest intuitive
interpretation of this behavior is that it is associated
with hadronic constituents of the photon. This means
that at sufficiently high energies, the hadronic vacuum
fluctuations must propagate through the nucleus. They
can be unshadowed only if their mean free path is con-
siderably larger than a nuclear radius. In the GVD mod-
els described, this is accomplished by having the effec-
tive cross section associated with a given mass region
decrease as 1/3R2. Tbe Brodsky-Close-Gunion parton
model asserts that the cross section is small, but does
not specify a mass dependence. The aligned jet model
asserts that the mean free path is bounded, and hence
shadowing should eventually occur.

4. The shrinking photon

The transverse size of the vacuum fluctuations is of
some interest and may be related to their absorption
properties. A detailed study of the dipion constituent
of the photon (Yennie, 1975) shows that tbe largest ra-
dius part (associated with nonresonant pions) shrinks
with increasing Q, in accord with ideas expressed by
Cheng and Wu (1969), Bjorken, Kogut, and Soper (1971),
Kogut (1972), and Bauer (1973). The same discussion
suggests that the higher the mass of the structure, the
smaller its radius will be. The argument is unable to
account, however, for the detailed strong interactions
which give particles a finite size. For example, it is
not clear whether or not the whole dipion structure (in-
cluding the p'-resonance part) should shrink with in-
creasing Q . Nieh (1972) has argued that tbe po is a
mell-defined object which cannot shrink with increasing
Q'. That may be so, but interference effects with the
nonresonant background (called off-diagonal amplitudes)
may produce the same effect. An exploratory calcula-
tion of these interference effects within the framework
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of GVD has been carried out by Fraas, Read, and
Schildknecht (1975b). When the interference between
different initial vector mesons is destructive, the slope
of po electroproduction decreases with Q', as expected
from the shrinking photon idea. The quantitative beha-
vior is of course very sensitive to the specific details
of the GVD model, which are rather speculative. In any
case, as we have argued, the dipion constituent is an
intrinsic structure which has no unique separation into
resonant and nonresonant parts.

If the dipion structure of the photon shrinks, it should
become manifest in a broadening of the t dependence of
diffractive photoproduction of po's as a function of Q'
(Sec.III.K). The experimental situation is unclear and
complicated by the fact that energies are not high enough
to avoid possible threshold effects. Moreover, the
transversely and longitudinally polarized p 's have not
been separated as a function of t.

We can make a simple argument which suggests the
transverse size of the vacuum fluctuations. The charac-
teristic time of a vacuum fluctuation as seen in the lab
is 2v/(5R'+Q'). As seen in the rest frame of the had-
rons, this time becomes 2'/(5R'+Q') (valid for v»9R
which in any case is necessary if we are to treat this
fluctuation as a hadronic constituent of the photon). The
characteristic transverse size is therefore 23R/(SR'+Q').
There now appear to be two extreme but naive possibil-
ities: (a) The size of the hadronic target plays its nor-
mal role, but the photon shrinks to a point. The high-
mass and/or high-Q' total cross section is geometric of
order one-half of a typical hadronic cross section; t distri-
butions are correspondingly broadened. (b) The complete
transverse size of the interaction decreases and the to-
tal cross section becomes pointlike ~45R'/(ZP+Q'),
with extreme broadening of f distributions [for real
photons, this corresponds to v(3R') ~1/3R') j.

Neither of these naive pictures would be correct in
the aligned jet model. In that case, the ba, ckward-mov-
ing parton (quark) in the hadronic component rest frame
would move slowly in the laboratory frame, and would
have sufficient time in its oaken rest frame to become
dressed [the time involved in the lab is -2v/(SR'+Q') ].
The time registered by the parton's "moving clock" is
appropriately dilated. Thus the interaction associated
mith such a "wee" parton might be similar to a dressed
quark and lead to a "normal" hadronic cross section.
Interesting enough, the transverse. size of the fluctuation
involving the "wee" parton does not shrink and is of the
order of the inverse parton mass (Bauer, 1973).

Still an additional possibility exists, perhaps in con-
junction with the physics discussed above, that matter
is being produced in e'e X with different quantum
numbers and therefore intrinsically small interactions
with nucleons (e.g. , "charmonium" or heavy leptons).
While future clarification of this third possibility will
come chiefly from storage ring experiments, it is also
possible that experiments on nuclei could shed light on
these mechanisms.

5. Other viewpoints

In this paper, we have emphasized the contrasting, but
complementary, descriptions of photon interactions by

means of the photon's hadronic structure and by the
parton model. Here we shall mention briefly some other
approaches which may also give viable descriptions.
The oldest of these are the DGS (Deser, Gilbert, and
Sudarshan, 1959, 1960) or JLD (Jost and Lehman, 1957;
Dyson, 1958) representations of the forward (off-mass-
shell) Compton scattering amplitude. While these are
rigorous representations, their intuitive meaning is ob-
scure. As mentioned in Appendix A, they have been of
use in demonstrating the relationship between canoni-
cal singularities and scaling, but otherwise have not
contributed greatly to our intuitive understanding of the
process.

Several authors, motivated by a suggestion by Bloom
and Gilman (1970), have pursued the formulation of
deep-inelastic scattering in terms of resonance contri-
butions. Domokos et al. (1971) and Moreno and Pest-
ieau (1972) tried to describe the (somewhat poorly de-
fined) nondiffractive part in this manner. The resulting
scaling contribution to v%', vanishes as x-0. Elitzur
(1971) and Avni and Milgrom (1973) have included Regge
behavior in the discussion. 'The diffractive contribution
is then a background which contributes at x = 0.

Another representation of the forward virtual-photon
Compton amplitude has been given by Schwinger (1975).
Based on the source theory viewpoint (described as
"nonspeculative, phenomenological"), it is a double
spectral representation of the amplitude, using s- and
n- channel variables. By applying experimental con-
straints from the resonance and diffraction regions, it
can account for the observed characteristics of deep-
inelastic scattering.

C. Suggestions for future work

We list here the experiments which in our opinion
would add the most to our understanding of the photon's
hadronic structure. We take it for granted that most
existing types of experiments mill be extended to higher
energies and mention them explicitly only when we ex-
pect them to clear up some of the puzzles of previous
experiments. In view of these restrictions, we recog-
nize that many possible interesting experiments will be
omitted.

In addition, wherever possible, me try to indicate
areas in which theoretical or phenomenological investi-
gations would be helpful in interpreting both past and
future experimental results.

1. p photoproduction

It is essential to have accurate and incontrovertible
measurements of do/dt

~ e o in all energy ranges for this
process in which VMD has been most successful. Not
only will this information serve as a more stringent
check on VMD, but, combined with cross sections for
complex nuclei, it will provide a determination of Tpp
that is independent of the VMD connection between T»
and Tpp.

High-energy measurements of the & dependence of
photoproduction from complex nuclei should be made to
determine 0,. As t,„becomes negligible, the depen-
dence on ~, becomes very weak, and the ambiguity
caused by &, should largely disappear. We emphasize
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the importance of measuring deuterium cross sections
in any A-dependence experiment.

As a lower-priority study, more precise measure-
ments of &, would be interesting, both in their own right
and in easing the interpretation of A-dependence data.

Further studies should be made of the phenomenology
of the p mass shape. Pending a better procedure, we
advocate the Spital-Yennie method for defining the cross
section. It has the advantage of standardization which
permits more unambiguous comparison of different experi-
ments. Incidentally, we note that the p-~ interference
problem can be eased by centering a mass bin at the ~
mass.

2. m photoproduction

High-energy measurements of de/dt ~, 0 on hydrogen
and deuterium should not be troubled by one-pion ex-
change contributions and are important to resolve the
remaining discrepancies at present energies.

Because of @-cu mixing effects which cannot be ig-
nored, the analysis of high-energy &-dependence mea-
surements is more complicated than in the case of the
p . However, because the real parts of the scattering
amplitudes are no longer very important in the theory,
there is some hope that precise high-energy data may
permit disentanglement. The remaining puzzle concern-
ing the relative p -~ photoproduction phase in. leptonic
decay should be resolved by measurements at higher
energy.

While perhaps of lesser importance, better low-ener-
gy measurements of deuterium to hydrogen ratios are
needed to generate a VMD prediction for the neutron-
proton difference in total photon absorption.

3. P p hotop rodu etio n

While the data for da/dt ~~ 0 are in reasonable agree-
ment, the measurements should be extended to higher
energy and be made more precise.

The remarks on A. -dependence measurements made
for the ur regarding Q-u mixing apply more strongly to
the Q. However, the need for data is more urgent here
because no A. -dependence experiment currently exists
at small t „. At present 0~ is very uncertain, and its
magnitude is strongly correlated to an uncertain &~. At
high energies ambiguities associated with both t,-„and
a~ will be largely eliminated.

Efforts should be made to understand the discrepancy
between the experiments and the quark-VMD model.

4. incoherent photoproduction from nuclei

We believe that advances in understanding these diffi-
cult processes must start with theoretical studies to
determine exactly what can be reliably predicted. Given
reliable predictions, experimenters should concentrate
on the regions of v and Q2 where shadowing is expected.
It is important that experimentation be more systematic
and thorough than in the past.

As a check on the general validity of the new theoret-
ical work, an incoherent p photoproduction experiment
is recommended. It is likely that any VMD violations in

this process will be small compared to model uncertain-
ties.

5. Total photon cross section

Basic to any understanding of hadronic electrodynam-
ics is thephoton-nucleon total cross section, and mea-
surements of the cross section on hydrogen and deuteri-
um must be extended to higher energy. Since the neu-
tron-proton difference is expected to become negligible,
high-energy deuterium measurements will give us in-
sight into the corrections involved in extracting neutron
cross sections from such data. It is conceivable that
such insight will allow us to make illuminating reinter-
pretations of low-energy deuterium results.

Of equal importance to our understanding of the had-
ronic structure of the photon is the behavior of photon
shadowing at high energies. This important experiment
bears directly on many of the questions raised in Sec.
VI-B, especially whether or not the high-mass compo-
nents of the photon are shadowed at sufficiently high en-
ergy.

6. Compton scattering

Compton scattering is obviously a very basic process
for studying the hadronic structure of the photon. At
higher energies, the forward cross section should be
consistent (via the optical theorem) with the total cross-
section measurements. Models which can account for
the total cross section should be extended to account for
the t dependence of Compton scattering. Together with
diffractive photoproduction of heavy-mass vector states
(see below), this should provide further insight into the
nature of the high-mass constituents of the photon. We
see no urgent need for new experiments, but further
theoretical work may suggest such a need.

7. e+e ~ hadrons

Obviously we hope for an exciting era of discovery in
the high-mass region. In the lower-mass region, as a
first priority, the p'(1250) and p"(1600) regions should
be studied carefully, and searches made for other pos-
sible resonances. Much more detailed data in the mass
range between the P and the g are required.

8. Inelastic lepton scattering (total cross sections)

Much future effort is likely to be devoted to measure-
ments of the deviation from scaling at large and small
x. Of greatest relevance for the hadronic structure of
the photon will be experiments at low Q2 (from 0 to 1
GeV') and very small x (~0.05), where the hadronic
structure of the photon dominates and the transition
away from the VMD description may be studied. Sepa-
ration of o~ and 0~ is very important in this region. As
v- ~, each should tend to a nonzero function of Q2 only.
Careful measurements of the approach to this limit
would permit the separation of other Begge-type contri-
butions, which would be useful for comparison with the
space-time picture. Shadowing measurements in the
small-Q', large-v region are important to clarify the
present confused experimental situation; and more gen-
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eral measurements at small x, large Q2, will tell us
about the interactions of the high-mass photon constit-
uents. Measurements with a hadronic trigger, rather
than single-arm-type experiments, will be helpful in
keeping radiative corrections manageable.

9. Electroproduction of vector mesons trom nucleons

Because of its large cross section, p electroproduc-
tion will probably be the most completely studied of
these processes. Comparison of this process with VMD
predictions will be very interesting. Does the total
transverse cross section vary as (Q'+m,') ' or decrease
more rapidly with Q2'? It will be very important to sep-
arate the longitudinal and transverse parts in answering
this question. A more rapid decrease would be expected
if cr, decreases with increasing Q, a possibility sug-
gested by Yennie (1975). (However, an unambiguous
determination of o, as a function of Q' requires nuclear
targets; see below. ) The f dependence is very important
for the question of photon shrinkage (Sec.VI.B); and
again, it is important to study this for the transverse
and longitudinal parts separately. The total cross sec-
tions and slopes (of the t dependence) of transversely
and longitudinally polarized p 's need not be the same,
and experiments should obtain this important informa-
tion. Electroproduction of other vector mesons —w,
and those of higher mass —will be harder to study, but
those experiments will be equally interesting.

10. Electroproduction of p 's from nuclei

The A dependence of p electroproduction will provide
direct information about 0, as a function of Q', for both
transverse and longitudinal p's (0'r, v~) independently of
VMD assumptions. It is possible that the compact pho-
ton structure for Q'&0 leads to a photoproduction ampli-
tude that falls more rapidly than (Q2+m'~), but that,
nevertheless, the p interacts with a normal cross sec-
tion as it propagates through the nucleus. On the other
hand, the compact hadronic structure produced upstream
may not have time to grow to its normal transverse size,
leading to an effective decrease of 0, with Q'. Perhaps
this decrease of v, with Q' will be such that the VMD
hypothesis (2.9) remains valid. This important experi-
ment will answer these interesting questions.

Present measurements of ele ctroproduction from nu-
cleons already suggest a smaller 0, than o, . This may
point to a geometrical effect related to the dipion struc-
ture of the p . Longitudinal p 's would tend to have the
pion pairs aligned along the direction of flight, leading
to a Glauber-type shadowing effect with a reduced cross
section for their interaction. Transverse po's, on the
other hand, would present a larger area for interaction.
However, we cannot rule out the Q' dependence of the po

structure's simply being very different for op and Op.
Note that a large difference between 0, and o., in the
limit Q'- 0 would be incompatible with the additive
quark model.

Diffractive photoproduction and leptoproduction
of high-mass material

Our suggestions here are rather general. Any infor-
mation here will be useful in assessing speculativemod-

els such as those described in Sec.VI.B. Of special in-
terest might be forward photoproduction as a function of
invariant mass, OR, and Q2; t dependence as a function
of OR and Q2; and a search for internal structure (such
as jets) in the photoproduced material.

The recent discovery of new, nearly stable, photon
constituents has served to underline the central theme
of this paper: the photon has a rich structure that
makes it far more interesting in its own right than as a
mere probe of the charge distributions of other parti-
cles. We look forward to learning more about that
structure in the years to come.
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APPENDIX A: BRIEF SUIVIMARY OF THE SPACE-
TIME FORMALISIVI FOR THE TOTAL PHOTON
CROSS SECTION

The purpose of this appendix is to sketch the deriva-
tion of the expression for inelastic electron scattering
(3.134) and its connection with current commutators; it
also describes the arguments relating the properties of
current commutators near the light cone to scaling and
Regge behavior.

The first step is to show that the total probability for
a real or virtual photon to interact with a, target is des-
cribed by two independent functions of Q' and v (von
Gehlen, 1960; Gourdin, 1961; Hand, 1961, 1963; and
Drell and Walecka, 1964).

This probability may be expressed by

W „=(2m)' ~ S [(nl J„(0)(N)*(n ~Z„(0) ~N) ],
x (2z)'5(P+ k —P„)

Here ~N) is the spin-averaged initial nucleon state (four
momentum P); ~n) is the final state (four-momentum P„)
and k is the photon's four-momentum with Q'—= —k'. The
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+ —,
(
P —,k P,—,k, )

W, (k', v) . (A2)

In spite of the tensor factors, W„„ is not singular as
0'-0. This requires the following behavior of W, and

0 P, term: lim W, =o(k')
«p

v'W, ~
k,k, term: lim

~
W, +,'

~

=o(k'). (A3)

In the real photon limit, one finds

2v
hmW, 2 0'~

8z n

W2 2
llm 2=8 2 0
k -0

(A4)

More generally, the virtual photon cross sections may
be separated into transverse and longitudinal parts. In
.this paper, we use the Hand convention (2.13)."

The derivation of the space-time representation of
W „ follows conventional lines, and we simply remind
the reader briefly of the main steps. The four-dimen-
sional 6 function in (Al) is first expressed in terms of
its Fourier transform (the space-time variable y „ul-
timately represents the space-time separation between
the annihilation of the incoming photon and creation of
the outgoing photon, as illustrated in Fig. 14). Finally,
space-time translation invariance is used to obtain

cross section is then obtained by multiplying W„, by the
appropriate tensor for real or virtual photons. By rela-
tivistic covariance and current conservation, W „may
be expressed in the well-known form

y. = -'b '+y'),

y- =y
(A7)

where y' and y' are coordinates in the laboratory frame
with the 3 axis along k. Then

vanish outside the light cone. Actually, it can be shown
that these Fourier transforms can be chosen to vanish
outside the light cone without loss of generality. The
final result is then of the form (2.15) (taking into account
space-time symmetry properties).

OIn momentum space, it is easy to see that W, and W,
are restricted to the kinematic region

~

v
~

o Q' j2M (when
Q'= —k'~ 0). It is well known that functions with such
support properties in momentum and coordinate space
can be represented by the DGS (Deser, Gilbert, and
Sudarshan, 1959, 1960) or JLD (Jost and Lehmann, 1957;
Dyson, 1958) representations. While these representa-
tions are helpful in discussing some of the properties of
deep-inelastic scattering, they are not physically very
transparent; and we do not make use of them here. Dis-
cussions of scaling and/or Regge behavior ba, sed on
these representations have been given by Brown (1969)
and Brandt (1969).

The remainder of this appendix will be devoted to a
brief justification of some of the claims made in Sec.
II.C about the relationship between canonical space-time
behavior and scaling, the need for a long range to ac-
count for diffractive features of the data, and the gen-
eral behavior of contributions with a power law falloff in
the range. We follow the presentation of suri and Yen-
nie (1972); some earlier references to the space-time
approach scaling are Brown (1969), Jackiw, van Royen,
and West (1970), Brandt (1969), Leutwyler and Stern
(1970), and Mack (1971). Orzalesi (1973) has given a
discussion of the long-range space-time behavior for
nonforward scattering.

It is convenient to introduce light-cone variables

W„„=(2~)' —' d'y (Ã
~ J„(y)J„(0)~N)..e'»'. (A5) k y=vy -xy

In the kinematic region v(—= k, ) &0, one may replace the
product of the currents by their commutator without
changing W„„,

W„„=(2F)'~ d*y e'""y'~ [&„(y),J„(0)1~~),. ( )

This follows from the fact that the reverse order of the
currents leads to 6(P —k- P„), which can never have
zero argument for v) 0. The result (A6) may also be
obtained from the imaginary part of the forward Comp-
ton amplitude. Using the reduction formula, this am-
plitude may be expressed as the Fourier transform of
the retarded commutator (or T bracket) of the currents,
whose imaginary part is (A6). Causality implies that
the commutator vanishes outside the light cone (y'(0).
Thus W „can be expressed as the Fourier transform
of a function vanishing outside the light cone.

Because the tensor factors in (A2) become differen-
tial and integral operators in coordinate space, it is not
obvious that the Fourier transforms of W, and W, must

where v= —,'(v+0, )
-=v; k, = ~k ~; x = Q'/2v =Mx. Equation

(2.15) may then be rewritten

vW, = 2gQ'v f dy, dy sin(vy —xy, )

2pp
f.(~,y. +-'y )d~. (A8)

We are interested in the large energy region (v-~),
with either fixed x or fixed Q'. The aim is to see what
properties of f, correspond to scaling or Regge behavior.
Study of the asymptotic behavior of such integrals re-
quires considerable care; here we shall proceed in a
rather nonrigorous fashion.

The first point to note is that when v is large, the in-
tegrand oscillates rapidly in y . This causes the major
contribution to the integral to come from the vicinity of
the light cone (actually, to be dominated by the behav-
ior of f, near the light cone). Formally, repeated in-
tegrations by parts with respect to y lead to an (asym-
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We are now in a position to justify some of the points
made in Sec.II.C. It can be shown that canonical singu-
larities [referring to the behavior of the commutator in
(A6) as y' -0 ] mean that f, remains finite when its first
argument vanishes. If f, also goes to zero "quickly" as
its second argument increases, we may integrate by
parts once more and find

vW =
2 p dy~, sin(xy, )f,(0,y ) =E,(x). (A10)

This is the result of Jackiw, van Royen, and West
(1970). Under these assumptions (f~2-0 as y. -~), it
is clear that I 2 vanishes as x' when x -0. As remarked
in Sec.II.C, this behavior is incompatible with the data.
These restrictions would also yieM a, real photon cross
section decrea. sing as v ', in obvious contradiction to
the data.

For these rea, sons, it is necessary to consider the
possibility of long-range terms. A simple ansatz for
such tel'111s ls lz (2y y )/y, and lt will be seell 11111lle-
diately that a term with a = 1 in f, can yield a constant
total real photon cross section and a, constant limit for
5', as x 0. Other (larger) values of a can yield Regge
behavior. With this form, it is useful to reseale the
integration variables

1) =y./v,

so that

h»(x)dx

pg 1 2 (A11)

which is (2.18). It can also be shown that in the large-
Q' limit G, —C(Q')' ', so that a scaling result is obtained.
The case a= 1 obviously has the proper behavior for both
the real photon case and 5', (x = 0). It is clear that this
power-law behavior in v corresponds to Regge contri-
butions. In spa, ce-time, they are not restricted to the
light cone for fixed Q', since when y, is very large the
function f, may vary as quickly with y as does the
trigonometric function. Then there may be a stationary
phase resulting from f, beating against the cosine, and
the contributing region veers away from the light cone.

As we can see, the long- and short-range contributions

ptotic) expansion in inverse powers of v." As will be
discussed shortly, this procedure is not useful for large
values of y„but it is usually allowable to, ignore the y
in the second argument of f, (either y, »y, or the main
contributing region for y is close to the light cone). It
is now convenient to integrate once by parts to find

vW, =
~ dy, dy cos(vy —xy.)2y j,(2y,y y, ).

27t Q'v

0

(A9)

to N' „have very different characteristics in both coor-
dinate and momentum space.

APPENDIX B: GLAUBER MULTIPLE-SCATTERING
THEORY AND THE OPTICAL MODEL

1. Introduction

This appendix is devoted to describing the basic ideas
behind the optical model of scattering and production
processes. The aim is not to provide the reader with the
technical ammunition necessary to carry out elaborate
calculations, but rather to give him some physical in-
sight into the approximations and assumptions employed
and a brief indication of how practical formulas are ob-
tained. The basic reference on the formalism is Glauber
(1959). Two other references of a, pedagogical or review
nature are Glauber (1970) and Yennie (1971); see also
Bochmann (1972b). These, and many other papers,
elaborate the details of the- model. Multiple-scattering
theory views a nuclear reaction as a succession of col-
lisions with individual nucleons. When the nucleus is
sufficiently large, the resulting formulas ean be simpli-
fied with the aid of various approximations to yield a
result in the form of an optical model in which the in-
dividual interactions are replaced by an effective poten-
tial interaction with the nuclear rnatter.

The objective of Glauber theory is to express cross
sections for reactions on nuclear targets in terms of ba-
sic two-body interactions. To the extent that the latter
cross sections are known, one can predict the nuclear
cross sections. Conversely, by observation of nuclear
cross sections, one may be able to infer information
about the basic interactions. One views the nuclear in-
teraction as arising from a succession of collisions
within the nucleus. Each collision is regarded as taking
place inside a "black box" region and between collisions
the particles are assumed to move freely. No attempt
is made to describe the short-range details of the inter-
action or the internal structure of the elementary par-
ticles. In the high-energy eikonal limit, one need use
only a center-of-mass coordinate to describe the inci-
dent pa.rticle (or its products): b is the impact param-
eter and z the distance along the incident direction.
Similarly the target nucleons are described by eenter-
of-mass coordinates (and possibly also by spin and iso-
spin). No account is taken of the interaction of the pro-
jectile with the "glue" which holds the target together.

A little reflection shows that since each target nucleon
occupies a volume of order 6I"' inside the nucleus and
its own physical size is nearly that large, the room for
free motion between collisions is a,ctually very small.
Also, for some fraction of the collisions, the projectile
may interact simultaneously with more than one target
nucleon. We have no way of expressing such collisions
in terms of known two-body interactions; hopefully they
are unimportant since repulsive nuclear forces tend to
keep nucleons apart.

This is occasionally (and erroneously) referred to as a
stationary phase approximation. In fact, the sine function does
not have a stationary phase at y =0.

2. Total cross section and elastic scattering

As an introduction to the more complicated production
processes we consider first the elastic channel. In or-
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incident
wove

Jj

b

! Shadow &f I
I"~(b)!»= 5&. — f ] I [1 —I"(b —s;) ]

i =1

(85)

clear state !f), when the projectile traverses the nu-
cleus at impact parameter b, is

Absorbing sphere

of rodius o

FIG. 207. Absorption of a wave by a target to produce a shadow.

der to buiM up nuclear scattering from two-body scat-
tering, it is necessary to have a spatial description of
the latter at very small distances, but still outside the
"black box" interaction region. The accepted picture of
high-energy scattering is that it is primarily shadow'

scattering, as illustrated in Fig. 207. In the high-en-
ergy eikonal limit where the projectile's wave number
k is much larger than a ' (a characterizes the interaction
radius) the shadow structure persists to a very large
distance (-ka') beyond the target. Thus in the vicinity
of the target, the wave function may be w'ritten

y = [1 —I'(b) &(z) ]e'"' (81)

where ~ is a unit step function which idealizes the longi-
tudinal buildup of the shadow in the nucleon volume; I'
is known as the profile function for elastic scattering.
At larger distances, the -I"~ term spreads out to give
the scattered wave. Using Huygen's principle, one easily
finds the scattering amplitude to be

T(p ) = — d'bl'(b)e"'& .
2m

(82)

p~ is the transverse momentum transfer and T is nor-
malized so that l T l'= doldA. Nearly complete absorp-
tion corresponds to I' approximately real and close to
1, leading to a predominantly imaginary T. The total
cross section is given by

a„,= —ImT(0) = 2 d'I) ReI'(b) .4m

1 I'„(b)=
J $ [1 1(b s;)]. (84)

Clearly, only those nucleons actually in the vicinity of
impact parameter b influence the shadow there.

The expression (84) is really an operator on the initial
nuclear state ! 0); and the amplitude for 'excitation to nu-

Here I' may be inferred from experimental data by in-
verting (82) (assuming the phase of T is known from ex-
periment or from theoretical considerations).

To extend these results to nuclei, we must calculate
the combined shadow from all the nucleons. This is
done by assuming that the individual nucleons are "fro-
zen" in position throughout the collision and that each
one independently modifies the piece of the incident wave
passing through it by a factor

1 —I'(b —s),
where 8 is the transverse position of the nucleon. Thus
the overall modification of the wave is given by the fac-
tor

In the case of elastic scattering (!f)=!0)) this may be
converted to the form of an optical-potential result with
the aid of a few further approximations. The first is to
assume that the nuclear ground-state joint density dis-
tribution !go(x„. . .x„)! is well approximated by the in-
dependent particle model (IPM):

!4. !
' = gI[ p, (r;) .

i =1

The nucleon number density is defined by n(b, z)
=Ap, (b, z). Equation (85) may then be written for this
case

(85)

—A.

0&=1 1 — ' I (& —s)p, (s, z)d'sdz

=1 —exp — I (b —s)n(s, z)d'sdz,

4' 1—ImT(0)n(b, z)
+tot+

The real part of 7.' of course corresponds to refraction.
The various approximations used can be "undone, " or

corrections estimated. For example, one may take the
finite size of the shadow into account in (87) by replac-
ing n by an effective "smeared" density n. The approxi-
mation of going from the power form to the exponential
form in (87) is unnecessary but customary. To some
extent, the errors made tend to be compensated by cor-
rections to the independent particlemodel (Yennie, 1971).
Finally, as an improvement on the IPM, one may study
the role of nuclear correlations. The main direction of
the effect is easy to see. Without correlations, the mod-
el would permit two nucleons to be at the same place
some portion of the time, leaving "holes" through which
the projectile might pass without absorption. The cor-
relations keep the nucleons apart, tending to reduce
these holes. The effect is modeled by decreasing & in a
way which depends on the local rfensity. Generally X is
decreased by &10/o, leading to a change of less than 10%
in the calculated cross section. The point is that the
center of the nucleus is almost totally black anyway,
w'bile the modification is small for the periphery. In
this paper, we use corrections estimated from the cor-
relation function of Moniz and Nixon (1971).

Having obtained expressions for the profile function
for elastic scattering [!f)=!0) in (85)], one may finally

where we have used A. »1. The final approximation is
to note that since the shadows from individual nucleons
have a smaller transverse size than typical nuclear di-
mensions, the integral in (87) may be approximated us-
ing n(s, z) n(b, z). Thus the exponent in (87) becomes

T(0) J n(b, z)dz,

where T(0) is the two-body forward elastic scattering
amplitude. The imaginary part of T(0) gives the mean
free path of the projectile in nuclear matter:
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calculate the elastic scattering and total cross section
from (B2) and (B3). As reviewed by Gottfried (1972),
this model gives a generally good account of total. cross
sections (for example, of neutrons at 5.7 GeV), and of
small momentum-transfer elastic scattering. However,
at larger momentum transfer incoherent scattering be-
comes important. As will be described in the following
paragraphs, this incoherent scattering may be pictured
as a residual scattering from individual nucleons rather
than from the average matter density.

~In addition to strictly elastic scattering, there occur
experimentally indistinguishable processes in which the
projectile scatters with nuclear excitation. In this case,
it is possible to use the closure approximation, which
takes advantage of the high energy of the projectile to
neglect the energy of excitation. To obtain a cross sec-
tion, we must Fourier-transform &f I

I'„(b)
I 0) to trans-

verse momentum space, then square. The resulting in-
coherent cross section is then

lg&WIO)

= &0
I
I'„(b') I'„(b)

I o& —&o I
I"'„(b')

I
o&&o

I
I'~(b)

I o)

A
= &ol '[$ [1 —I'~(b' —s) —I"(b —s;)

+ I (b' —s)r(b —s,.)] lo&

A
x &o I

J' [ [1 —r (b —s,.) ] I o) . (B10)

The simplest approximation to this is to again assume
the independent particle model, which gives

q(b, b')=I). —
J

[r't(b' —s)+ r(b. —~)]p(s, *)d'sd*

+ I'~ b' —s I' b —s p» s, z d2sdz

I"t b' —s +I b —s p» s, z d'sdz

+ ~ b —s p» szdsdz

A

p» s z ds dz . B]$

The complicated brackets differ only in their last terms.
Imagine now expanding out this expression in powers of
this difference

d2E d2bleiy~ (b b]Q(bI b) (B9)dA, „, 4''
where

P(b', b) = 1 t(b' —s) I"(b —s) p, (s, z)d'sdz

I t(b' —s)pi(s, z)d's dz

x Z' b s' p» s', z' d's'dz' (B12)

times powers of

S(b', b) = 1 — [I'(b' —s)+ 1(b —s))p, (s, z)d's dz.

(B13)

~e want to give a physical interpretation to the result-
ing expansion. Suppose we have one power of P and con-
sider the resulting contribution to Eg. (B9). If we mo-
mentarily ignore the powers of S, the first term of P
yieMs precisely the elastic differential cross section
for projectile scattering from a free nucleon'. The pow-
ers of S correspond to shadowing of the projectile before
and after this single scattering. The second term of P
corrects free nucleon scattering for elastic nuclear
scattering and tends to suppress the single scattering
cross section for small p, . Ignoring S we cannot excite
the nucleus without some momentum transfer, so at p,
= 0 the two terms of P completely cancel. Physically,
the factors of S can absorb momentum transfer coherently,
permitting excitation of the nucleus even when the pro jectile
is undeflected. In any case, the suppression from the sec-
ond term applies to small values of momentum transfer
I p~ I &1/EE,„„.For larger transfers, single scattering
shouldbe observable. Clearly, the various powers ofP
correspond to real, incoherent scatterings from individual
nucleons, as opposed to a "smooth" interaction with nu-
clear matter or an equivalent optical potential.

The use of the IPM cannot account correctly for the
Pauli principle and other correlation effects. %hen this
is worked out in detail to single scattering order [see,
for example, Yennie (1971), p. 339], the second term
of P is replaced by an expression involving two-body
correlations. The conclusion is that the second term
still tends to cancel the first term at small p„roughly
under conditions where the momentum transfer is too
small to kick the nucleon outside the Fermi sphere.
Here, cancellation occurs for P, & 1/E„where E, is the
correlation length as opposed to P, ~ 1/EE,„,~ in the IPM
case. (Again, the shadowing factors S can modify this
approximate picture considerably. ) Another complicated
correction which we shall not attempt to explain here,
but which has a simple interpretation, is that correla-
tions give an enhancement of 'incoherent events by keep-
ing shadowing nucleons away from the scattering nu-
cleon. This may increase certain cross sections by as
much as 40Vo (von Bochmann, Margolis, and Tang, 1969;
Yennie, 1971). Finally, it must not be forgotten that in-
coherent processes take place predominantly at the
edges of the nucleus ( I bl large) where S is close to 1.
However, it is in just this region where nuclear wave
functions are most uncertain.

If the reader feels that the subject is getting very com-
plicated, and questions the reliability of the underlying
assumptions to describe such incoherent processes ac-

Rev. Mod. Phys. , Vol. 50, No. 2, April 1978



Bauer, Spital, Yennie, and Pipkin: Hadronic properties of the photon

curately, his intuition is, in our view, entirely justi-
fied) In spite of this concern, there are examples of
calculations of multiple incoherent scatterings which
agree very successfully with the data [Glauber (1970);
note that these calculations are of the most simple type
employing no nuclear correlations].

3. Generalization to production processes and Compton
scattering from nuclei

We only sketch the necessary modifications of Glauber
theory for these processes since many of the basic as-
'sumptions have already been described in connection
with elastic and quasielastic scattering. For the basic
two-body interactions, we assume that the outgoing par-
ticle(s) are amenable to some simple description in the
vicinity of the target, and represent the transition from
incident particle a to produced particle 6 by a profile
function I'„(b). That is, an incident wave e'~~' for par-
ticle a is changed to a, final wave —I „(b)e'"&' for particle
b. The production amplitude is defined by the analogue
of Eq. (B2). In general, k, 4k~, and there is a pha. se dif-
ference between the a and b waves behind the target.
Note that the 6 w'ave need not be physically the same as
the asymptotic state finally observed. For example, it
may be a p' which later decays to a two-pion system.
(On the other hand, the nonresonant part of the dipion
structure of the photon may lead to a genuine tw'o-pion
state behind the target. )

In the simplest cases, 1',
~ is "coherent" on the nu-

cleon, i.e. , spin and isospin independent. In this case
the treatment for nuclear targets will resemble elastic
scattering. However, in certain processes such as
photoproduction of charged pions it is incoherent, the
production w'ill excite the nucleus, and the treatment for
nuclei will be similar to the one given in the final para-
graphs of Sec. B.2.

As our first example of a production process on a nu-
cleus, we consider p' photoproduction. A p' wave of
profile I „(b—s, ) is induced on nucleon "i" and subse-
quently scattered by the remaining A-1 downstream nu-
cleons with an elastic p -nucleon profile 1 (b) (we ignore
any difference between neutrons and protons). We neg-
lect any longitudinal structure in the shadows cast by in-
dividual nucleons, but take into account that the wave
vector k, of the produced p' differs from that of the in-
cident pho ton, k, by +~~= Ikl —lk~ I

=I'i'2& fo»~~~p.
We then find for the nuclear production profile

x r„,(b —s,.)e'~~~'*' ()&.

(B14)

The & functions insure that the p' scatters only from the
nucleons downstream from the production point. To cal-
culate the amplitude for elastic photoproduction ( I f&

= la&) we proceed exactly as in Sec. B.2. In the IPM, Eq.
(B14) becomes

1 — 9(z' —z) I'(b —s') p, (s', z')d's'dz'
A-1

I',po(b —s)n(s, z) e'~~~'d's dz . (B15)

With the further approximations discussed in Sec. B.2,
this easily reduces to Eq. (4.1). The effects of correla-
tions, smearing, etc. , can be incorporated approximate-
ly, as before.

Incoherent p' photoproduction is discussed in the same
way as incoherent scattering, but is somewhat more
complicated in detail. In place of the first term of Eq.
(B12) there are now four terms corresponding to pro-
duction or scattering on a given nucleon:

I"~,o(b' —s) I'», (b —s), I' t(b' —s) I'„,,(b —s),
I"~,o(b' —s) I",(b —s), I"~(b' —s) I",(b —s) .

These are multiplied by factors giving the optical-model
absorption of the p' wave from its point of production.
The result may be summarized as follows: There is one
nucleon on which an incoherent scattering takes place.
The effective amplitude for this to happen is a sum of
two terms. The first, called a "one-step" contribution,
has the nucleon on which production occurs recoil inco-
herently. In the second, "two-step" contribution, the p'
is produced coherently, scatters coherently„and then
scatters incoherently from the same nucleon as in the
one-step contribution. These two contributions are j.].lus
trated in Fig. 208a, b. As in Sec. B.2, there are com-
pensating effects which tend to suppress incoherent

photoproduction with small momentum transfer. Multi-
ple incoherent scatterings are also possible (see next
paragraph).

Photoproduction of single pions is also an incoherent

(c)

FIG. 208. Examples of incoherent photoproduction. X repre-
sents an incoherent inter action and 0 a coherent trans forma-
tion. (a) one-step incoherent p photoproduction. (b) two-step
incoherent po photoproduction, which interferes with (a). (c)
one-step incoherent 71'photoproduction. (d) two-step incoher ent
7t.+ photoproduction mediated by po and u mesons. (c) and (d)
inter fere.
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+ P &0
I

1' „(b s, )g'~~a "g-'a

[1 8{&,. z, )6(z,. —z,.)I'„(b —s,.)]
jAi ~ k

x r„„(b s,) I 0&. (B16)

The first term'alone would give a total cross section
proportional to &. The second term provides the com-
pensation corresponding to shadowing. Following the
usual procedures, this may be reduced to Eq. (5.4).

In all our discussions, we have obviously neglected an
infinite number of possible chains of reactions that could
lead to the desired final states. If sufficiently complex
chains were important, the usefulness of the model
would be destroyed. Past successes of the model, as
well as theoretical arguments discussed in Sec. II. E,
indicate that amplitudes with a small number of hadronic
steps usually provide a good approximation.

Regrettably, none of the more refined effects of cor-
relations that are important for incoherent processes
have been reliably calculated. The simple models used
for incoherent processes either ignore these problems
completely or put in very crude corrections. Experi-
mentally, these simple models have not been a total fail-
ure, but the weight of evidence in their favor is not near-
ly as impressive as in the case of coherent processes.
Since our theoretical treatments are so clearly inade-
quate, flaws in the optical model for these processes
simply cannot be ruled out.

4. Particle production and Compton scattering from
deuterium

We have reviewed the motivation for using a deuterium
target in Sec. IV.B. Here w'e summarize briefly the no-

process (except for mo's at very small p,) which is de-
scribed by the similar "one-step" and "two-step" con-
tributions, illustrated in Fig. 208c, d. In the two-step
contribution, the photon converts coherently to a super-
position of vector mesons which scatters coherently be-
fore creating a pion incoherently. Higher-order inco-
herent multiple seatterings of the outgoing pion are like-
ly now to be of some relative importance. Roughly
speaking, they reduce the effective cross section for re-
moving pions by allowing elastically scattered pions to
be counted as produced particles. An estimate of such
corrections is included in calculations made by von
Bochmann, Margolis, and Tang (1970). A crude way to
include the effect is to reduce 0, by o,". The cautionary
remarks at the end of Sec. B.2 are even more relevant
here.

Returning now to coherent processes, we consider
Compton scattering, which includes total photon absorp-
tion through the optical theorem. Because of the small
two-body total cross section, photon scattering on a nu-
cleus is calculated to lowest order in e. As illustrated
in Fig. 201, there are two contributions: coherent pho-
ton scattering on a single nucleon (one-step) and coher-
ent photoproduction of hadrons on one nucleon followed
by the inverse process on another. Together these give

&0 I
1 "(b) IO&= g &011',(b- «) Io&

tations used in this paper. The reader is cautioned that
there is a variety of conventions and approximations em-
ployed in the literature.

Most analyses depend on the deuteron's ground-state
density function

I g(r) I'. We use the convention that r
is measured from the center-of-mass of the deuteron,
while some authors use r for the separation of the neu-
tron and proton. Thus some formulas in this paper will
have a different appearance from those in the references
quoted.

The best procedure to determine Ig(r) I' is by elastic
electron scattering. The actual quantity determined is
I
E„(q') I' (we ignore complications arising from the

magnetic and quadrupole moments) where FP'is the
Fourier transform of the charge distribution (normalized
so that E„(0)=1). Since the charge density is a convolu-
tion of Ig(r) I' and the internal charge density of the nu-
cleons, one should really divide I"„' by the electromag-
netic form factor of the proton before deriving

I Q(r) I'.
Typically, this seems not to be done. In addition, many
papers use a rather crude fit to the electromagnetic
form factor, namely,

E' (t) =e'~' (f in GeV'). (B17)

~a~ = ~a~+ ~an — ~a~ ~ (B19a)

where 0,&
and O,„are the contributions where the projec-

tile interacts with a single nucleon, and 5a,~ (called the
Glauber shadowing correction) is that where it interacts
with both. A crude approximation for &0,„, which is use-
ful for estimates, is given by

-1
ad |6 ap an 2r (B19b)

where &1/r'&~ is the mean inverse square of a nucleon
distance from the center of mass {in other papers the
factor in front is usually 1/4', and x is the neutron-pro-
ton separation). Equation (B19b) is valid only if, among
other restrictions, the elastic scattering amplitudes are
purely imaginary, and if the individual nucleon profiles
have a spatial extent much smaller than the deuteron

We have not tried to trace the origin of this expression.
It gives a rough agreement with electron scattering for
I

f,
I
&0.1, but then falls far below the actual data (Buchan-

an and Yearian, 1965). We have found that the following
for'm

+~ (f) = [1+6;69If,
I ] " (f in GeV') (B18)

gives reasonable agreement. with the data out to
I
f

I

—0.4
Ge&2, where I"~ is small enough to be neglected for
most applications. Franco and Varma (1974) also give
an improved expression for the deuteron form factor.
We have not attempted to reanalyze the various data with
the better fit (B18) or with the proton form-factor cor-
rection, but we expect that this could change some of
ihe results slightly.

The calculation of various high-energy interactions us-
ing a deuteron target follows along the same lines as out-
lined for nuclei except that the independent particle mod-
el is no longer relevant; the neutron and proton positions
are correlated through

I g(r) I'. Calculating the elastic
profile and using the optical theorem, one finds for the
total cross section of projectile a
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size. For pions, the correction amounts to around 5%.
A more complete and accurate discussion of the subject
is provided by Franco and Glauber (1966).

Analogously to (B19a), the expression for an elastic
scattering or production amplitude on deuterium will
take the form

T,(t) =F,(t) [T,(t)+ T„(t)] + 6T„(t) . (B20)

Here 5'»(t) is the nonrelativistic deuteron form factor de-
fined by

E,(t) =— "'Ig(~) I'd'& (B21)

As mentioned before, this should be S'»' (t) divided by the
proton's electromagnetic form factor. Here &T»(t) is the
multiple-scattering contribution. Since it arises from
the part of the wave function where the neutron and pro-
ton are oriented along the incident direction, 5T„(t) has
a broader t distribution than the first term. In fact, it
becomes the dominant term in the B. I . Anderson et al.
(1971) experiment on wide-angle p' elastic photoproduc-
tion from deuterium (see Sec. III.C).

More usually, one measures cross sections where the
final deuteron is not observed. In that case, one may
use closure to sum over the final states of the two nu-
cleons, giving

( =
I T.(f) I'+

I T.(t) I'+»(4t) &e(T.(t) T,*(t))
clos

+(mult. scatt. contr. ). (B22)

Complete expressions for (B19), (B20), and (B22) may
be found in Franco and Glauber (1966).

For the application of this formalism to vector-meson
photoproduction (Secs. III.C, D), see the complete dis-
cussion by Julius (1971, 1972a, b). The applications to
the total photon cross section (Sec. III.A) and Compton
scattering (Sec. III.B) are discussed by Brodsky and
Pumplin (1969). The formalism may a,iso be extended to
describe nondiffractive, inelastic photoproduction involv-
ing charge exchange and jor spin-dependent contributions
(e.g. , charged-pion photoproduction). Here the Pauli
principle may be important in the final states (see Fran-
co and Glauber, 1966, and Julius, 1972a, b).

Serious questions arise concerning the finer details of
the model. As deuterons provide our simplest neutron
target, the temptation exists to extract precise values
for neutron cross sections. However, great theoretical
uncertainty exists at the level of the multiple-scattering
corrections.

As pointed out by Franco and Glauber (1966), calcula-
tion of multiple-scattering corrections depends critically
on the poorly known, short-distance behavior of the deu-
teron wave function [N. B., the appearance of (I/r')» in
Eci. (B19b)]. Elaborating on such difficulties, West
(1971) has pointed out that it is also necessary to cor-
rect for the "Fermi" motion in the deuteron. The cor-
rection is complicated and ha.s several aspects. First,
there is the shift in the total center-of-mass energy due
to the motion of the constituent nucleons; second, there
is a change in the flux of the incident particles in the

rest frame of the struck nucleons; third, there is a re-
striction in the available phase space due to the fact that
the constituents are not free nucleons but bound nu-
cleons; fourth, there is general ignorance as to how to
treat scattering by off-mass-shell particles. These ef-
fects depend crucially upon the distribution of nucleon
momenta and in particular upon the tail of the momen-
tum distribution in the deuteron. With the assumption
that the deuteron is a simple bound state of two nucleons,
this problem has been analyzed by Atwood and West
(1973) a.nd by Dominguez, Gunion, and Suaya (1972).
These new corrections are found to be of the same order
of magnitude as those of high-energy multiple-scattering
theory. In our opinion, no one really knows how to cal-
culate the part of the cross section associated with the
situation where the target nucleons are overlapping
since this cannot be reduced to simple two-body inter-
actions. We feel that this leaves a residual uncertainty
of the same size as the West correction itself. Frank-
furt and Strickman (1976) also question the validity of the
West correction.

APPENDIX C: MASS EXTRAPOLATION
COR R ECTI ONS

Assuming the validity of the field-current identity
(FCI), any deviation from VMD in its simplest form
(2.7) may be called a "mass extrapolation correction"
since it results from a dependence of the amplitude on
the external masses. The importance of such correc-
tions was mentioned in Sec. I.B, in connection with the
analysis of photoproduction of pions. Other such ef-
fects are discussed qualitatively in Secs. II.B and IV.C
in connection with the strong coupling of the p' to the
w'7t. continuum. In this appendix, we shall discuss in
more detail how the strong coupling of a. vector meson
to other channels leads to renormalization and other
modifications of its propagator and scattering ampli-
tudes. It will become clear that these modifications
lead to some ambiguity in the interpretation of VMD;
but we shall be able to choose a "most plausible" inter-
pretation, and also give an estimate of the level of un-
certainty introduced by this type of correction.

he bulk of our discussion will concern the p' and
pion pair continuum since, as mentioned repeatedly
throughout the paper, it provides the dominant low-mass
contribution to the total photon cross section. The cor-
rections here are therefore of very great practical im-
portance. Also, for most purposes the coupling of the
p' to other channels can be ignored, and the dipion sys-
tem can be analyzed rather completely (see Yennie,
1975). Finally, we shall discuss briefly mass extra-
polations in the @ —&u system, a system made inter-
esting (but complicated) by possible mixing effects.

We should make very clear at the outset the very
tenuous nature of our discussion. The uncertainties
produced by mass extrapolations could be dominated
by other ones —for example, our uncertain knowledge
of the width of the p' (that important parameter which
influences both the determination of the coupling con-
stants and normalization of the photoproduction cross
section). In all cases, the couplings of the vector mesons
to continuum channels a.re taken to be structureless, and
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only the simplest channels are taken into account. The
presence of form factors and the effects of other chan-
nels could make considerable quantitative changes in the
results (Renard, 1974). In vector-meson photoproduc-
tion our "most plausible" VMD estimate, obtained by
using the y —V coupling as determined by the e+ —e
decay width I'~ .. . arises rather naturally from the
formalism, and we are thus able to bypass many uncer-
tainties.

't. The po propagator and the m+m continuum

I.et us discuss first an approximation in which the
finite width of the p' is taken into account, but other
possible breakdowns of VMD are ignored. The reaction
e'e -m'w is then pictured as in Fig. 209(a) where f„,
and g» are constants, but the p propagator contains all
vacuum polarization bubbles arising from states cou-
pling to the p'. The propagator then takes the form

tween the propagators in the two conventions is

(C5 a)

so that

,)
m~ii, (m')+ (m' —m,') iT, (0) (c5b)

ImII, (m') = m 1 ~(m2), (C6a)

The couplings in Convention I are related to those in
Convention II by associating (1 —[II,(0)/m,'])' ~' with the
coupling at each end of the p propagator. Thus

II,(0) '~ — 11,(0) '~
gyp= 1 2 8'yp i fpww= ~2 fprw

P P

(C5c)
In either convention the imaginary part of H, is related

to the width:

1
D (rn' = —tpl p + II p(7Ã ) ImII, (m') = m, I' 1—II (0)

m p

(C6b)

ReII (m,')= 0. (c2)
(This corresponds to mass renormalization for stable
particles. ) In addition, it is necessary to specify a
normalization convention for D, (or, equivalently, the
p 's wave function). Two such conventions are in com-
moYl usage:

¹e'mali@ation Conv ention I:
1
'+im I'm p p

(c3a}

corresponding to

The function D, (m2) has a pole on the second, unphysical
sheet when m'=m, ' —im, t', where m„l", are the param-
eters which give the mass and width of the resonance.
However, it is more convenient to specify the resonance
by the position where the real part of the denominator
vanishes. We define this to be m,' and require

Ignoring other decay channels in the vicinity of the p,
the width is given by

(gpss 2)
+ Pffft ~t + PFw ~w 1 0] g2 s 1 ~2 3 II (0)

3 4m co, 3 4n. m, m' (c7)

where m, = —,'m, q, = (~,' —m,')', and f„,(f„,) is the cou-
pling of the po to two pions using Convention I (II). Thus
the measured width may be regarded as giving an ex-
perimental determination of the coupling of po to two
pions at the p mass shell. The experimental uncer-
tainty in this width is one of the most important weak
links in our whole analysis.

Consistently with the field-current identity (FCI) (Sec.
II.B), if we regard Fig. 209(a) as describing the theory
exactly with constant couplings g» and f~, (or g„, and

f„,), the values of these couplings in Convention I are
related by the pion form factor at zero momentum trans-

Re II,(m') = 0 .
dm

Normalization Convention II: D,(0)=-
P

corresponding to

II (0)= 0.

(C3b)

(C4a)

(C4b)

7F

/
/
fpm~

From now on, couP/ing constants and propagator func-
tions using Convention I will be labeled with a bar ( )
and similar quantities in Convention II will be unlabeled.

In common with the usual treatment of stable particles,
we shall, in this paper, normalize at the po mass (Con-
vention I). Motivated by theoretical behavior of ampli-
tudes near m'= 0, Convention II is the one chosen by
Kroll, Lee, and Zumino (1967) and is most natural when
emphasizing the field-current identity (FCI). In study-
ing the literature, the reader must take care to note
which convention is employed, since sizeable differ-
ences between numerical values of coupling constants
can occur in different conventions. The connection be-

e+

FIG. 209. Various possible contributions to e'e 7I'7t . (a)
Through a p, with pointlike couplings. (b) Through a p, with
mass-dependent couplirgs. (c) Through states other than the p .
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fer by

' —m,'+ lip(0) (C8)

or

e e II (0)
g = —== — 1—f. fp..

and in Convention II

e
(C9b)

Note from (C5c), the various connections between cou-
pling constants

f: f;, 11,(0) . f;,. f;„, II,(0)-

f,'„f' f,*„ tl, (0)
)

*

4v 4m
' 4' 4m A+2

(C10)

In this paper, we prefer Convention I since those cou-
plings may be inferred directly from experiment, inde-
pendently of the complications to be discussed in the
following few paragraphs Fo.r instance f„,is deter-
mined from the p' width (C7), and f, is determined
from the leptonic width by

fp &' mp
4~ 3 I. .., (C11)

It is physically clear that Fig. 209(a) represents an
idealization of the process e+e -m+m and that, at some
level, the corrections suggested by Figs. 209(b), (c)
must'p'lay a role. Figure 209(c) represents contribu-
tions in which the y couples to the pion through states
other than the p' (e.g. , higher mesons) in violation of
the FCI. Figure 209(b) indicates an indirect coupling
of the photon to the p' through other states; phenomeno-
logically these latter contributions can make g„, a func-
tion of nz', this, too, would violate the FCI. Finally,
the upper blob of Fig. 209(b) also indicates an indirect
coupling of the p' to pions; such contributions do not
violate the FCI, and they are surely present (e.g. ,
y- p'-NN m'n ). Phenomenologically, these last con-
tributions can be incorporated into the previous analysis
by introducing a form factor for the pnm coupling

f~,—f„,E~,(m2), (C13)

Experimentally, this corresponds to measuring the
strength of the p' resonance in e+e —hadrons or the
branching ratio of po to e+e or p.'p. .

The factor 1 —[II,(0)/m,'j which appears repeatedly in
these expressions is known as the Gounaris-Sakurai
(1968) finite-width correction factor. This correction
was also derived by Vaughn and Wali (1968). Since Il,
is analytic in the cut m' plane (cut: 4m~~m'& ~), ReII,
can be determined from Im II by using dispersion re-
lations. In case Eq. (C7) is exactly true for all m,
II, may be expressed in terms of a simple analytic func-
tion. Some useful formulas are given by Gounaris and
Sakurai (1968) and by Yennie (1975). In this case, we
find for m, =0.77 QeV

where ~E„,(m~2) ~= 1 in order to preserve Eq. (C7). The
connection between f, and f„, is now more complicated
since E„,(0) may not equal 1; and further, II,(0}will
depend on E „(m2) and on other decay channels, which
can no longer be ignored.

Modifications represented by Fig. 209(c), which vio-
late the FCI, would be very hard to distinguish from the
effects of E„,. Renard (1974) and Bonneau and Martin
(1973), and more recently Costa de Beauregard et al.
(1977) have studied these questions extensively. Be-
cause of the final-state interaction theorem (phase of
the pion form factor must be the same as that of m'n.

scattering}, the complete amplitude from Fig. 209
should have the phase factor associated with the p'
propagator. " Thus phenomenologically Fig. 209(c) is
contained in Fig. 209(b). We shall not attempt to review
these studies here. Suffice it to say that these ambigui-
ties introduce some theoretical uncertainties in any de-
termination of couplings from the da.ta. They can for
example give a normalization effect which would corre-
spond to a, deviation from the simplest form of VMD,
and they could also skew the p' peak making the fitting
somewhat uncertain. 'The present situation is that the
theory of Costa de Beauregard et al. (1977); which
incorporates the ~ —m' inelastic channel, does give a.
good account of the most recent experimental results
(Quenzer et al. , 1977). Although we have been unable to
make precise the effect of these refinements on the cou-
plings (f,'and f«„), it seems to be within about a 5'
correction.

2. Practical analysis of e+e -+ z++

For the reasons just given, in fitting the e'e -m'm
data in the p' region, it is best to leave the overall nor-
malization (or g„,) as a free parameter, rather than
fix it by the Gounaris —Sakurai finite width factor (C9a) .
In effect, one determines the normalization of the p-
wave Breit-Wigner portion of the data and defines the
coupling in terms of the lepton pair width (Cll), as in
'Tables XXIV and XXV. As is well known, the fitting of
the peak is complicated by the presence of a small, but
significant, interference with ~- 2~,"and by radiative
corrections which distort its shape. When the older Or-
say data were fittedby the experimental group (Benaksas
et al. , 1972a), the values of I', and m, obtained were
(1 49 6@23.2) and (775.4+ 7.3) MeV, corresponding to

55In our present discussion, Fig. 209 represents e+e —sr+sr

in terms of field theory diagrams. The effect of final-state
interactions could be to modify the Fig. 209(c) contribution by
the factor cosine'~ (in contrast to that of Fig. 209(a), which has
the factor single'~), giving a kind of double-counting correction
at the resonant mass. The connection between such field theory
diagrams and a dispersion theory calculation is not so obvious,
although clearly one is trying to describe the same basic phys-
ics. One of us (D.R.Y.) wishes:to thank Dr. T. N. Truong for
interesting discussions of the reQnements which are mentioned
in this paragraph.

~ An early review of p-u mixing in various reactions was
given by Goldhaber (1970). Since this is not a central subject
for the present paper, we have not attempted to give a balanced
status report on it.
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f,'„/4w = 2.85 + 0.50. Other parameters are given in Sec.
III.F. The p —~ mixing (interference) parameter g ob-
tined in this fit is about twice as large as the one ob-
tained in the experiments on photoproduction of pion
pairs (Behrend et a/. , 197lb; Alvensleben et a/. , 1971a;
and Higgs et a/. , 1970b). A more recent, more accurate
experiment (Quenzer et a/. , 1977).has yielded a mixing
parameter only 30% (+207') larger than the photoproduc-
tion one (see Table XXVI). On the basis of our under-
standing of the photoproduction of vector mesons. it is
hard to understand a large difference between the two
methods. In photoproduction the uN scattering ampli-
tude turns out to be nearly the same as the pN scatter-
ing amplitude, and the p- ~ scattering amplitude T,„
is quite small in a nucleus. Otherwise, the coupling
constants entering the two processes are the same ex-
cept for possible mass dependence of the y —V coupling.
The photoproduction of ~'s is modified slightly by rf& —co

interference, but its effect on w photoproduction is not
enough to account for a factor of 2. The new Orsay ex-
periment eliminates this difficulty. A small reduction
of the mixing effect in photoproduction is easily under-
standable in terms of an amplitude T„„which is smaller
than the VMD prediction by about 25%. This is not con-
tradicted by experiment; perhaps it is even favored.
Since we learned of these new results recently, only
the old Orsay data have been refitted using a fixed value
of the parameter g which agrees with the photoproduc-
tion value (see Sec. III.F). Results are shown in Table
XXV. An acceptable X' was obtained. '

Clearly, the e'e -m'm measurement is the one which
is most free of theoretical ambiguities in determining
the width I",. Until the Quenzer et a/. (1977) experiment,
however, the data were not sufficiently accurate to give
a very precise value. Other experiments, suffering
from theoretical ambiguities, also did not produce a
"consensus" value. 'Therefore, throughout this paper,
we have used three possible choices for the p' width,
namely, 135, 145, and 155 MeV. 'This range probably
includes the "correct" value, and the reader may inter-
polate in our tables to find results for his favorite value
of I . The Quenzer et a/. results now lead us to strong-
ly prefer the largest value (-155 MeV —see Table XXVI).

3. Photoproduction of m+m and p -meson scattering

he instability of the p' can also affect photoproduc-
tion of pion pairs in various ways. Some of these have
already been described in Sec. IV.C. There a practical
definition (4.3) was given of the cross section which was
supposed to minimize the effects of the instability, ex-
cept for an overall normalization proportional to the
width of the p'. The aim was to determine what the
cross section would be for a stable p' if all other inter-
actions were to remain the same. Unfortunately, this
procedure cannot account for all the effects of the in-
stability. The dipion system contained in the photon is
rather extended and can only approximately be regarded
as two independent pieces —a p core, and a pair of
nonresonant pions. These two intimately related struc-
tures can continuously transform into each other while
passing through hadronic matter.

The uncertainties due to these coupled channels come

to a head in trying to decide which is the most appro-
priate VMD estimate for p' photoproduction. On the one
hand, one might argue that the photon coupling times the
p' propagator for k'= 0 is

e m,' e
7 m2-11, (O) f„,

so that f„,is the appropriate coupling to use in the naive
VMD formula. On the other hand, from the discussion
of Sec. II.B, the amount of p' resonance in the photon
structure is given by e/f „making f, the coupling to use.
(An erroneous application of Convention II would'suggest
an intermediate choice, namely, f, ! However, when the
normalization of the p' is taken into account, this would
give the same result as the first viewpoint. ) Because
the two basic choices give cross-section predictions
differing by 2(P/p (even more for the P), it is important
to determine which is most plausible. As will now be
described, we believe the ambiguity is to be resolved
in favor of the choice f,.

In addition to vacuum polarization effects in the prop-
agator, there exists an additional finite width correction
indigenous to the photoproduction amplitude when the
"material" in the vacuum polarization bubbles, say m

pairs, scatters from the target. To be specific, con-
sider the contributions of p' scattering shown in Fig.
210. By appropriate choice of m, and m» we can de-
scribe T,» T„„orT» as a sum of these two types of
contributions. 'The loop integral in the contribution
from Fig. 210(b) would be formally divergent. The di-
vergent part of the loop integral could be lumped with
the contribution from Fig. 210(a) as a kind of renormal-
ization effect. 'Together they would give a contribution
agreeing with VMD. The remaining finite piece from
Fig. 210(b) is expected to be sensitive to the external
masses. When the p' is observed by its decay into
m+m pairs, the imaginary part of the loop integral gives
an important contribution to T„, which exactly cancels
the Drell (1960)—Soding (1966) amplitude when the pion
pair is at the po mass shell (Bauer, 1970; Pumplin,
1970); this is known as the double-counting correction.
'The strength of this finite piece is easily seen to be of
relative order I', /m, .

If we assume the two pions scatter from the nucleon
target with an amplitude T' and a cross section constant
with energy, then in the t= 0 limit, as shown by Bauer
and Yennie (1976a), we may estimate the contribution of
the real part of the loop integral, Fig. 210(b), to be

(b)

FIG. 210. Two classes of contributions to off-mass-shell vec-
tor-meson scattering. (a) Direct scattering where the blob is
assumed to be independent of m& and m2 [including renormali-
zation-type contributions from (b)]. (b) A contribution from
scattering of a decay channel coupled to the vector meson.
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4. Corrections to P and ~ amplitudes
Tc Rell, (m', ) —ReII, (m,')

may 7752 m2 m2 PP
1 2 Discussions completely analogous to the preceding may

be made concerning altered normalizations of propaga, —

tors and scattering amplitudes, arising from the ap-
propriate coupling of the @(u) to the isoscalar 2K and
3' continua. As calculated by Renard (1970), the modi-
fication of ~ amplitudes is small [II„(0)/m„' =0.00]. It
is, however, rather substantial in the case of the Q

[II~(0)/m2~ = 0.15], principally due to intermediate K'K
and KK particles. This effect could lead to a large un-
certainty in the VMD prediction for @ photoproduction,
as the second term on the right-hand side of (C15) along
with the propagator/coupling constant corrections are
not easily ignored. However, the 15'/o estimate for
II~(0)/m2~ is very sensitive to model-dependent cutoffs
(Renard, 1974); so corrections to the first term on the
right-hand side of (C15) are hard to assess.

Moreover, the above estimates have ignored addition-
al corrections owing to @, co mixing. The possibility of
@,a mixing actually appearing in photoproduction has
already been mentioned in Secs. II.B and IV.D, but
here we wish to note the possibility that intermediate
~(Q) states might affect II~(II„). Another way of viewing
this effect is that at each rn' a different transformation
is needed to "diagonalize" the combined @,&u system.
(This is made plausible by the fact that the Q and ~ are
coupled by intermediate 2K and 3~ states, with m'-de-
pendent coupling strengths. )

Unfortunately, there exists no simple and unambiguous
model for unraveling the &f, u superposition at all values
of m'. An ambitious attempt to analyze @,~ colliding-
beam cross sections that takes into account many fairly
realistic alternatives was undertaken by Renard (1974).—
The resulting array of coupling constants found under
different mixing hypotheses (SU, or not SU„high-mass
cutoffs or not, etc.) probably reveals more about the
uncertainties of this finite-width analysis than definitive
information about mass extrapolation effects in the @,&u

system.

With the normalization conventions (C2), (C3b), T' (t)
= 0 when m', = m', = m', . So the loop integral's contribution
to p elastic scattering is already included in Fig. 210(a),
which then represents the entire p' elastic scattering
amplitude T„(t). Equation (C14) then gives corrections
for m' rn'4 m .

Applying these results to p' photoproduetion, m', = 0,
m22= m,', and (ignoring the imaginary part of the loop
integral) we find

(C 15)

APPENDIX 0: ANGULAR DISTRIBUTION OF DECAY
PRODUCTS IN VECTOR-MESON PRODUCTION FROM
SINGLE NUCLEONS

In this appendix, we summarize the results which are
important for the analysis of present experiments. Our
aim is to present the general ideas rather than a de-
tailed treatment. For that, the reader is referred to
original sources.

1. Vector-meson photoproduction

Here, as an illustrative example, we discuss the case
of p decay into g'~ and consider the angular distribu-
tion of the ~+-momentum vector in the p 's rest frame.
There is no loss of generality in this approach since,
in a more complicated decay scheme (e.g. , ~ decay
discussed in Sec.III.D), the role of the 7r'-momentum
vector will simply be played by another vector more
appropriate to the decay state being studied. A thor-
ough treatment of the angular distribution may be found
in Schilling et al. (1970); some useful results are also
to be found in Ballam et al. (1972).

Recall g„,=—e/f, . The first term on the rhs of Eq. (C15)
is the ordinary VMD expression for photoproduction,
employing e/f, instead of e/f„, . Thus, in a sense, the
finite uidth cm rection in the p1 oduction amplitude (C14)
cancels out the finite geidth co+rection in the pxopagatoy!'
The remaining correction on the rhs of (C15) probably
gives a measure of the theory's uncertainty. As T' is
rather imperfectly known, we arbitrarily estimate this
uncertainty by assuming

~
T;~ —T«

~

«0.5T». Numerical
estimates from this model (C15) are given in Bauer and
Yennie (1976a).

Applying (C14) to the p' meson's contribution to the
total photon cross section {imaginary part of forwa, rd
Compton scattering), we take m', = m', = —Q' and write
(for the transverse part)

e
Pf!'1F P P

Except for possibly different parameters, a,/cr„ the
correction from naive VMD given by f ' j is the same
for the analogous longitudinal cross section. For real
(Q' = 0) photons II,'(0) = 0.11, and in a. model calculation
(Yennie, 1975) it is found that o,/o, =1.7+0.5; as above,
the +0.5 allows for model uncertainty. Numerical esti-
mates of (C16) are given in Bauer and Yennie (1976a).

We don't really know how to incorporate Fig. 210(b)
into a nuclear calculation. In space, the amplitudes in-
volving low-mass m pairs probably have a, large longi-
tudinal range, so ea,ch pion probably passes through
several nucleons between the times the system is in its
p' state. Qn the other hand, amplitudes involving high-
mass r pairs probably have enough space to re-form a
p between coillslons (see discussions 111 Sec. II). Tlllls
the amplitudes T„,(0) and T„(0) extracted in the type of
analysis described in Sec. IV may require some rein-
terpretation. Interestingly enough, as the question of
longitudinal range is energy dependent, so may be, this
reinterpretation. Rough estimates indicate in the pres-
ent energy range (~15 GeV) that modifications to am-
plitudes of interest are still within the 10% level {Bauer,
1972).

In concluding this discussion of finite width correc-
tions to these scattering/production amplitudes, we re-
mark that the form (C14) is more general than the spe-
cific p'= 2n model employed. For appropriate T', o,
and II(m'), the preceding discussion should apply as
well to co and @ mesons and any appropriate states to
be included in the vacuum polarization bubbles.

Rev. Mod. Phys. , Vol. 50, No. 2, April .|978



Bauer, Spital, Yennie, and Pipkin: Hadronic properties of the photon 421

The relevant angles for the decay are shown in Fig.211
from Ballam et al. (1972). The x-z plane is the produc-
tion plane, with the orientation of the z axis relative to
the photon's momentum chosen arbitrarily. Specific

choices correspond to the Gottfried- Jackson, Adair,
or helicity systems described in Sec.III.C.

With a linearly polarized or unpolarized photon beam,
the normalized decay distribution is given by

W(cos8, P, 4') = —[2 (1 —q~ ) + 2(3poo- 1) cos'8 —~Rep~» sin28 cost[& —po, sin'8 cos2$

—P„cos24( p» sin'8+ p' cos'8 —~Rep', , sin28 cos@—p', , sin'8 cos2@)

—P, sin24'(v2 Imp'„sin28 sing+Imp', , sin'8 sin2@) ] (Dl)

W(8, +) ~ (sin'8+P sin'8 cos2+). (D2a)

This results from the relationships

(D2b)

with all other p, ~
= 0 in (Dl).

Here P„ is the degree of linear polarization of the in-
cident photon beam (along' ). The pf„are the spin-
density matrix elements of p decay. The i and k in-
dices refer to the helicity of the produced p meson and
the o, index (0, 1, 2) is related to the photon's polariza-
tion. The p, are defined as bilinear combinations of
helicity production amplitudes T», +& Parity conser-

p ¹~
vation leads to symmetries among the p,.~ so that there
are only nine independent terms in Eq. (DI).

U it is possible to choose the z axis so that s-channel
helicity is conserved, W takes a particularly simple
form as a function of + —= 4 —@, namely

2. Vector-meson leptoproduction

As before, without loss of generality, we discuss p
production and decay and consider the angular distribu-
tion of the g'-momentum vector. The analysis is more
complicated because the photon is virtual and has both
longitudinal and transverse polarization components. A
thorough discussion may be found in Schilling and Wolf
(19V3).

With an unpolarized incident lepton beam, Fig. 211 is
still adequate to describe the decay z' in the decaying
p 's rest frame. "y" stands for the momentum of the
virtual photon, and the production plane is understood
as that of virtual photoproduction. "&„"no longer has
direct meaning, but the angle 4 now denotes the angle
between the production plane and the p]ane of the inci-
dent and scattered leptons. As depicted, 4 is the azi-
muthal angle of the scattered lepton relative to the di-
rection of the virtual photon and the production plane.
As before, the particular orientation of the z axis with-
in the production plane relative to the virtual photon di-
rection is arbitrary and corresponds to a choice of a
particular frame.

The normalized distribution of 7t' decays with an unpolarized lepton beam is given by

W(cos8, Q, C) = —[~(1—r 0)+ ~(3r ~ —1) cos'8 —~Re r~» sin28cosp —r, , sin'8 cos2@

—e cos24/r', , sin'8+ r,'o cos'8 —&%Tee r', 0 sin28 cos@—r', , sin'8 cos2$]

—e sin2C {~mr', 0 sin28 sing + Imr,', sin'8 sin2@j.

+ 42&(1+ e+ b) cos41r,', sin'8+ra, cos'8 —W Re r5» sin28 cosQ —r,', sin28 cos2@].

+ y2&(l + e+ &) sine'fv2 Im r6» sin28 sin@+ Imr', , sin'8 sin2@) ]. (D3)

Here z is the virtual photon's polarization parameter
given by

and Q',„ is the value of Q' as 0-0. The parameter n.
is given by

2(Q'+ v'), O1+, tan'
2 (D4)

2M',. ' (1 —&), (D5)

where 6 is the lepton scattering angle, P = (1 —Q' „/Q')', where M, is the lepton mass. The parameters x",~, r,.~
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Phenomenological coupling
for diffractive photoprodu c-
tion of V.

Total and partial cross sections

FlG. 211. Angles used in the analysis of p decay in photopro-
duction. Choice of angle ~ specifies "system" used. These
angles are also useful for describing decay in p leptoproduc-
tion —see text (from Ballam et aE. , 1972).

W(8, 4')~eR cos'8+ 2 sin'8(1+ e cos2+)
—

t ~ &R(1+ &) j' ~' cos 6 sin28 cos+. (D6)

In this case, all the r,„ in (D3) vanish except x'00, r', „
Imr', » Rer», and Imr'„, and A is given by

r04

1 —roo

The parameters have the following significance: R is
the ratio of p production by longitudinal photons to that
by transverse photons, and t5 is the relative phase be-
tween these two production amplitudes.

are linear combinations of density matrix elements
p, „(o,=0, 1, . . . 6), which in turn are bilinear combina-
tions of helicity amplitudes. More of these are neces-
sary now because of the more complicated polarization
state of the photon.

As in the photoproduction case, W takes on a particu-
larly simple form if s-channel helicity is conserved. In
terms of 4=4 —Q, it becomes

Oi fferenital cross sections

+eBf;+&8

Projectile a on a nucleon
(average of proton and neu-
tron targets).
Target is specified as pro-
ton, neutron, deuteron, or
nucleus A. .
Projectile and target should
be clear from the context,
and I and T represent lon-
gitudinal and transverse
cross sections (Secs. II.C, D
and III.I). In Sec. III.F, v~ r
denote longitudinal and trans-
verse features of angular
distributions of hadrons in
e 'e collisions.
Superscript denotes part of
total cross section: el for
"elastic"; N or U for "na-
tural- or unnatural-parity
exchange part, " etc.

Where necessary, the re-
action is indicated in paren-
theses. If the reaction is
clear from the context, the
parentheses may be omitted
or some simpler notation
employed. Sometimes dt '
(=t —t,„) or dQ are used in
place of dt (see Kinematic
Variables, below).
An often used convenient
parametrization of do/dt
Frequently fits are made
with C =0; then B is called
the slope. If t' is used in
place of t, A is the forward
dif fer ential eros s section.

APPENDIX E: GLOSSARY OF NOTATION

Most of the specialized notation is defined where it is
needed in the text. 'This glossary collects for ready ref-
erence the notation which is used throughout the paper.

Coupling constants

Table I summarizes the definition of the most import-
ant constants. Couplings of the vector mesons to other
channels are introduced occasionally. Normalization
employed is such that n =e'/4m. In brief:

Deuteron form factor

iGnematlc varfables

See Appendix B for the def-
inition. Caution should be
observed in comparing dif-
ferent papers since, in a
different convention, the
argument of F'~ is replaced
by —,'t.

Coupling of the photon to the
vector meson V at the vec-
tor-meson mass, in Conven- jg

tion I (see Appendix C).
Four-momentum of a real
or virtual photon.

Units are GeV for energy, momentum, and mass. In
most equations, we use natural units (5=c =1).
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2=——k'

k, v, E„

(k( = gq=+ v=

1 2x-=-=Q'/2k. P

= Q'/2Mv

Negative invariant squares
of k.
Energy of a real or virtual
photon, usually in the lab-
oratory frame.
Magnitude of photon momen-
tum.
A particle four-momentum,
with energy E, momentum
p. Labels may be added for
further specification. With-
out a label, it refers to the
target.
Square of total center-of-
mass energy of a collision.
Same as s, applied to a real
or virtual photon collision
with a nucleon (W' =M'+ 2M v

q2)
Spatial momentum trans-
ferred to a, target by a pro-
jectile, parallel and perpen-
dicular to the incident di-
rection. For high- energy
forward virtual photoproduc-
tion of particle b,
q))

= (Q +M~)/2v.
t is the invariant formed
from the four-momentum
transfer to the nucleon,
At high energies: t =—
(q'„+q', ); t,„=t(q', =0), and
t' =f —t~„(approximation
is good provided ( t~

«4M ).

A scaling variable for in-
elastic electron scattering
(M = target mass).

x'= =Q'/(P'+ 2k—P)
1

CO

= Q'/(M' + 2M v)

Another scaling variable for
inelastic electron scatter-
ing.

Scatter/ ng amp/lI tudes

Amplitude for projectile a
to turn into particle b on a
nucleon (unspecified). In
various contexts the "ab"
label may be dropped and
other details may be speci-
fied by additional subscripts
or superscripts or paren-
theses. Normalization is
chosen so that
ir I'=do/df or der/dn,

whichever is more conven-
ient in context. Then

2T (f =0) = o (1 —ia ), first normalizationaa 4~ a a

ik=—o,(1 —in.,), second normalization

where o, (or o.,~, n,„, etc. )

is the ratio of the real to im-
aginary part of the forward
amplitude for a scattering
on a nucleon (more specific-
ically, proton, neutron,
etc. )
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