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Diffractive vector-meson photoproduction is studied in a dual model due to Neveu and
Scherk that incorporates a gauge-invariant vector current. The structure of the amplitude
turns out to be much more complicated than the vector dominance plus "Drell-Soding"
structure often assumed for analyzing experimental data, although it is shown how even
that structure involves some degree of "double counting. " Experience with this model
shows the need for a model with a realistic Pomeranchukon in order to understand experi-
mental photoproduction data.

I. INTRODUCTION

In principle, the idea of vector dominance' pro-
vides a simple and beautiful description of the
diffraction production of vector mesons by photons.
In the real world where experiments are done,
however, some of the beauty and simplicity is lost
because there are ambiguities in the interpretation
of the experimental data. Mostly, the difficulties
are concerned with distinguishing between the vec-
tor meson and the accompanying "background. "
This would not be a problem if vector mesons
were stable objects. However, because they under-
go strong decays the vector mesons have appre-
ciable widths and their presence can only be in-
ferred by measuring the mass spectra and angular
distributions of decay products. Since the same
decay products can be produced through other
mechanisms, the problem arises of identifying the
vector-meson contribution to the measurements.
The problem is more difficult if the width of the
decaying particle is very large (some appreciable
fraction of the resonance mass, say) as in the
case of the p meson. In that case the shape of the
resonance "bump" is especially sensitive to dis-
tortion by the background thereby confusing its
identification.

The point of all this is that the definition of
"background, " crucial as it is, is model-depen-
dent. To the extent that one wants a reliable deter-
mination of the vector-meson production parame-
ters (cross section and density-matrix elements),
then to that extent one also needs a reliable model
for the background and the way in which it inter-
feres with the "off-mass-shell" production of the
resonance. Here "off-mass-shell" means far (in
some sense) from the S-matrix pole of the reso-
nance —which is always the case for broad reso-
nances.

There is also another aspect of vector-meson
production for which it would be nice to have a

predictive model. This has to do with the fact that
in photoproduction (or electroproduction) there is
a mass change involved in the diffractive process.
The effect of this mass change is not known, but
one might suspect that at least it would affect the
value of the vector-meson-photon coupling con-
stant as compared to values found when there is no
mass shift (as in e'e annihilation). In fact, re-
cent electroproduction experiments suggest that
the p-photon effective coupling decreases appre-
ciably with increasingly negative values of the
square of the photon mass. The interpretation of
the apparent decrease would be simpler if a good
model of the production process were available.

To date the most popular model for interpreting
diffractive p-meson photoproduction has been the
"Drell-Soding" interference picture. ' In this mod-
el the production amplitude is composed of two
terms, a "vector-dominance" term and a back-
ground term describing the diffraction photopro-
duction of two free pions (see Fig. 1). The inter-
ference between the two can be used to duplicate
the experimentally observed shift of the p-meson
mass peak and distortion of its shape from what
is observed in e' e annihilation.

The only attempt of which I am aware to justify
such a model is contained in the work of Kramer
and Quinn. ' These authors start with the back-
ground term just described as the "driving" mech-
anism. Then a model of the final-state interaction
between the two outgoing pions gives a Breit-sig-
ner "vector-dominance" term plus a Drell-Soding
term. The latter is multiplied by a factor that
vanishes at the peak of the p resonance in the two-
pion mass spectrum. This formulation provides a
realization of an earlier suggestion by Pumplin4
for avoiding "double counting" in adding the two
amplitudes. Gauge invariance was a problem for
Kramer and Quinn and had to be imposed "by hand. "

With the advent of dual models of electromag-
netic currents interacting with hadrons it becomes
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FIG. 1. (a) The vector-dominance picture. The photon
(wavy line) turns into a vector meson (double line) which
scatters from the target by Pomeranchukon exchange
(double dashed line) and decays into two "pions. "
(b) One Drell-Soding term. The photon produces a pion
pair and one pion scatters from a Pomeranchukon.

tempting to see how vector-meson photoproduction
looks in a more comprehensive theory. In this
paper I will utilize a narrow-resonance model'
that has the desirable features of gauge invari-
ance, duality, Regge behavior, factorization, and
a reasonable mass spectrum. Here "reasonable"
means that the hadronic mass spectrum is not al-
tered by the introduction of interaction with the
electromagnetic current. It would also be nice if
the model were unitary and contained a reasonable
Pomeranchukon, but that seems to be asking too
much at this stage of development. Thus, there
will be important questions having to do with final-
state interactions and triangle singularities that
the model will not answer. It should, however,
give more detailed insight into the na. ture of the
"background" amplitude and the extent to which it
can be modeled by a Drell-Soding term, the effects
of varying the photon mass, and the way in which
gauge invariance comes about.

In the next section I introduce and briefly discuss
a model of a vector current interacting with dual

hadrons that is due to Neveu and Scherk. ' The
model, for the case of n hadrons interacting with a
single current, has all the desirable features de-
scribed in the last paragraph. The extension to
multicurrent amplitudes was an unsolved problem
in the Neveu-Scherk work that is irrelevant to the
purposes of the present discussion. Notational con-
ventions and kinematical quantities are also de-
scribed in the next section, and the independent
invariant amplitudes are exhibited.

If the square of the four-momentum transfer
between the incident photon and the produced vec-
tor meson vanishes, then there is a single invari-
ant amplitude contributing to photoproduction. In

Sec. III this amplitude is expanded in a way that
exhibits its vector dominance content in the high-
energy diffraction limit. It is shown in the model
how the process is considerably more complicated
than the simple picture of the "p contents" of the
photon rescattering from the target. In fact if one
imagines that the p in the model has finite width,
then there are corrections to vector dominance
that persist even at the resonance peak, contrary
to the spirit of Pumplin's conjecture. The correc-
tions are seen to be related to the virtual produc-
tion of higher mass mesons in the "initial" and
"final" states. All of this structure is dependent
upon the nature of the "exchange" trajectory and
its couplings, so that it is Possible that in the
physical production process ("Pomeranchukon"
exchange) many of the apparent complications are
absent.

In Sec. IV the leading term of an alternative ex-
pansion of the amplitude, "dual" to the expansion
just described, is obtained and found to be the
Drell-Soding amplitude. Finally, in the concluding
Sec. V some experimental implications are touched
upon.

II. THE MODEL

In the formalism of Neveu and Scherk a "tree diagram" with one external electromagnetic current (of
four-momentum 0") and n scalar-meson legs (of momenta p";, i= 1, . . .n, p =m') is represented by the
expression

n/2

0 "o

~6g "~n-2 n n-l,
de ) de„,

~

[sill(e —e )j '~' ~ g p,"sin2eg
0 3=1 en=0

—"twist",

where the "twisted" expression contains the anticyclical permutation of all the momenta (i.e. , the sequence
1, 2, . . . ,n is replaced by the sequence n, n —1, . . . , 1), the integration variables remaining unchanged. In
this form the Regge intercepts are all taken to be unity, and the mass scale is chosen so that the Regge
slopes are unity. We shall be interested in the case n = 4. All the scalar-meson momenta are taken to be
outgoing and the photon momentum is

n
0" = Q p", . (2)

The configuration is shown in Fig. 2. We take M' the mass of the final "diffractive" two-meson state, and
set
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~'= (p, +p,)',
s = ( p, +p, +p, )' = (k —p, )',
t=(p, + p, )'= (k —p, —p, )',
s»~ = (p2+ p3+ p4)'= (k —p~)'

s„=(p,+p, )'

The trajectory functions are written

lg(x) = &0 + x
~

where x is any of the variables in Eq. (3).
Following Neveu and Scherk, ' in part, I make the substitutions

p = cos 6)~,

sm8,
sin(8, —8,) '

x ~

~sin 6)3

z sin(8, —8,)
'

and A4" takes on the Veneziano-like form,

t 1 pl
A" = -'g' ydy(l —y') ""'"' ' dz z ' '»4'(1 —z) ' "[1—2z(l —z)(l —y)]'&'

00 40

pl
x J' dxx-' "~"'~(1—x) '~~'» [z'+2xyz(l —z)+x'(1 —z)']'2'"

0

(4)

(5c)

), „z+xy(l -z) „z+y(1—z)
z'+ 2xyz (1 —z) + x'(1 —z)' ' 1 —2z (1 —z)(l —y)

= (k 2P, )~F, 2P,"F,—2P,"-F, . (6a)

It js straightforward to verify that A~ is gauge-invariant since k„A4~ turns out to bethe total differential «
the z integrand. From this it follows that the I', a,re not all independent but that

Fi =(» (p2 kF2+ p~.kF.)
2

At this point it is convenient to relax the condition of unit intercept on the Regge trajectories and let Qo

be arbitrary. Note that

n(s», ) =(k —p, )'-m'
and that the factor of z multiplying the P," and P," in Eq. (6a.) guarantees that there are no poles in F, and F,
at o234 0. But a pole at +~, =0 is just the one-pion pole that gives the "Drell-Soding" terms, so thj.s term
can only come from E,.

Equation (6a) may be rewritten in the form

A~ = (k —2P, —2P,)&F, + 2P", (F, F,) —2P,"F, —

so that the first term will not contribute in the case of real photons (choose the Coulomb gauge in the rest
frame of p, +p,). The photoproduction amplitude is just e~ "~ A4, where z~„" is the photon polarization 4-vec-
tor, and it is easily seen that c p, is proportional to (-t)'~'. For diffraction production the interesting
kinematical region is the limit s- ~, -t-0, and in this limit only the amplitude I,—I, contributes.

III. VECTOR DOMINANCE

It is a simple matter to expand I, —E, in the poles in the variable M' by expanding' the factor

[z '+
2xyz (1 —z) + x'(1 —z)']'~2' '(1 —z )[yz + x(1 —z ) ]

in powers of x. Then taking the n(s) - —~ limit in the usual way [by letting z = -u jn(s) and keeping only
lowest powers of o.(s) '], we obtain for the contribution of the first three poles
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=--,'g'(-s)" ' ''~ " F(o(M') —n(t) —3)H(k', t, M', p .k, p p„s), (7)

where H may be written

H = B,(t, M ', k') [n(M ') —n(t ) —1]([o'(M ') —o(t) —2]B(1—o' (M '), -o (s»)) —n(s)B(2 —o(M '), —n(s»)))

+B,(t, M, k2)(p2 k —1)f3o(s) B(3 —o(M ), —n(s»))-2n(s)B(2 —n(M ), —ot(s»))[o(M ) —n(t) —2]].

+ 2B4(t,M ', k')( p, .k —1)'B(3—n(M '), —n(s»)) + (8a)

and

B„(t,M ', k') = B(-,' [o.(t) —n( M ')]+n, —,
' [1 —n (k')]) . (8b)

Here B(x, y) is the usual beta function, and F(x)
the gamma function. It is easily verified that at
the pole where o(M ') = I, H is proportional to s' '
so that to leading order in s the amplitude Fy2- s '"F(-o.(f))

The physical content of Eqs. (7) and (8) is quite
explicit. The photon couples to the p trajectory
which then scatters and produces "diffractively"
all the particles that lie on that trajectory. The
result comes about, in this model, because the
exchange trajectory [with trajectory function o.(t)]
couples the incident p [characterized by the pole
at o.(k ) = 1] to all of the two-pion resonances in
the model.

Experimentally, it is found the p photoproduction
is dominated at high energy by Pomeranchukon
exchange. Since the Pomeranchukon does not
carry g parity, it does not couple the p (or photon)
to the even-spin resonances on the p trajectory.
Whether it couples the p to the higher odd-spin
resonances is still uncertain although coherent
photoproduction of the g meson (J= 3) at about
1650 MeV seems to be consistent with existing
experimental evidence. ' It may be concluded,
then, that if g-parity considerations are ignored,
the prediction that high-spin resonances may be
photoproduced is a physically reasonable feature
of this model.

The t-channel exchange in this model does not,
of course, model the t dependence of Pomeran-
chukon exchange. Thus, the factors in Eqs. (7)
and (8) that depend upon t probably do not represent
real physics even if the t-channel trajectory is

Pq

P»

FIG. 2. The "tree" diagram described by Eq. (1) of
the text.

given unit intercept and arbitra. ry slope (recall
that the interest here is in t=0). In order for E»
to represent real physics, the factors like F(-o.(t))
and [o.(M') —o(t) —m], m an integer, should prob-
ably be replaced by arbitrary form factors to be
determined from experiment. Nevertheless, the
message contained in Eqs. (7) and (8) seems clear.
Even in the vicinity of the vector-meson poles in
k' and I' the photoproduction amplitude contains
contributions in these variables (from all the
higher resonances) that do not occur in elastic
w-w scattering. Stated in the language of Veneziano
models: If elastic m-m scattering is represented
by a Veneziano amplitude without satellites, then
the m-w production amplitude in diffractive photo-
production must contain an infinite set of satellite
terms as in Eqs. (7) and (8). It is these satellite
terms that constitute the "background" in the p-
photoproduction amplitude while the
B(1—a(M'), -n(s»)) represents the elastic w-w

scattering contribution.
Now the meaning of vector dominance, as it is

usually applied, is that the photon interacts with
hadrons (in the context of the present model) as
though it were a p meson, at least in the case of
photons with k' zero or moderately negative. That
is to say, the k' dependence in Eq. (8) is given by
the contribution of the pole at n(k') =1. The con-
tribution of this pole to P„ in Eq. (8a) is just given
by

B„(t,M ', k') = „, + ~ ~ ~,2

1-(yk

where the dots represent the contribution of the
higher-mass poles in the electromagnetic current.
It follows, then, that near the p pole

aoH=, g W„(M2, t)B(n —~(M'), -~(s„))+~ ~ ~,1-ok') „,
(10)

where the first few A„may be read off from Eq.
(8a).

An interpretation of Eq. (10) can be made by
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noting that in the present model the pion form fac-
tor may be interpreted as being just

t 1

(I ~2)-[I+& (») 3/ 2

Although a one-pole form factor is much too simple
to be realistic, the qualitative inference that can
be made from the model is suggestive. That is,
the k' dependence in photoproduction processes
may be quite different from that given by simple
vector-dominance considerations. More specifi-
cally, the effective "p-photon coupling" in diffrac-
tive photoproduction need not be simply related to
the coupling constant determined from e'e —p.
The difference comes about because the higher-
mass resonances "in the photon" are behaving
differently in the two cases. In fact, Eq. (8) sug-
gests that the p-photon coupling might be repre-
sented by the vector-dominance part, exhibited in
Eq. (10) plus an additive complex slowly varying
(with k') part.

Finally, to conclude this section, I record the
"pure vector-dominance" content of Eqs. (7) and
(&) by evaluating the p-pole contribution at o(M')
=1. Under the assumption that o.(t)=1 at t=0,
but that I'(-o, (t)) is replaced by a finite constant
f in this limit, the result is

(12)

which, for photoproduction, is to be evaluated at
O' =O.

IV. THE DRELL-SIDING AMPLITUDE

An alternative representation of E», dual to that
given in Eqs. (7) and (8), may be obtained by ex-
panding in the poles of n(s~~). This is obtained by
expanding the integrand in Eq. (6) in powers of z.
The leading term turns out to be just

1 3

P —o(k')][(k —p, )' —m']

x B(n(s», ) —o'(t ), -a(s», )),
1
ag

[1—n (k') ][(k —p, )
' —m']

x(—s„) "'I'(-o(t)) for e(s23,)=0, (1'3)

where (s~)' ' is just the total energy of pion-2
scattering from the target (3) in the 23 barycentric
system. The term exhibited in Eq. (13) is, of
course, just the expression for the Drell-Soding
process. I have thereby exhibited the expected
result that in a dual, factorizable model the simple

addition of a vector-dominance amplitude plus a
Drell-Soding amplitude may involve double count-
ing since both Eq. (12) and (13) are approximate
representations of the same amplitude. ' That the
addition of the two amplitudes would involve double
counting was conjectured by Pumplin. Pumplin
suggested that the double counting be compensated
by multiplying the Drell-Soding term by cos5„ in
order to make it vanish at the resonance position
where 5„=—,m. This prescription is in accord with
the usual application of final-state-interaction
theory. '

In fact, the present model shows that the cos5„„
prescription is too simple. In the present model
elastic w-w scattering is described by (I give only
the contribution of the s and t channels)

A. = B( o(s„-), -n(t„,)),
with the p at a(s») = 1. The p-wave contributions
from the resonances at n(s») =n, , nc 1 presumably
describe the background even at the position of the

p (I say "presumably" out of deference to the un-
certainty involved in giving a physical interpreta-
tion to a nonunitary theory). Equation (8) shows
that the background is considerably modified in
the photoproduction amplitude and there is nothing
to suggest that the modification might vanish at
n(s») =1. The Drell-Soding term, Eq. (13), gives
a representation of the p pole plus modified back-
ground (exact at the one-pion-exchange pole) and
some part of it should presumably persist even at
the resonance position.

V. CONCLUSION

The underlying motivation of this work has been
to obtain a qualitative feeling for the structure of
a vector-meson photoproduction amplitude. I infer
from the model that, in the vicinity of the reso-
nance the amplitude at high energy can be divided
into three parts, assuming Pomeranchukon domi-
nance of the production process. Qne part may be
taken to be a Breit-Wigner resonance term with
a mass-dependent width taken, for example, from
hadronic production of the vector meson. ' A
second part would be a Drell-Soding amplitude
multiplied by a function of the w-vr invariant mass
(in the case of p production) to be determined from
experiment. The remaining part would hopefully
be a slowly varying amplitude (as a function of w-w

mass) that represents the remainder of the "back-
ground. ""

The importance of the Drell-Soding portion of
the amplitude is that the one-pion pole is very
close to the physical region of the 7t-7t angular dis-
tribution. If P is the velocity (in units of the speed
of light) of the decay pions in the rest frame of the
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two-pion system, then

P'=1 —4m„'/M, '

and the poles in the mm angular distribution are
predicted to be at

cos8,„=+1/P,

which is about + 1.06 for ~,„near the p mass.
Thus, a Chew-Low type of extrapolation in the w-g

angular distribution should be feasible in a high-
statistics experiment as a means of isolating the
Drell-Soding background contribution (not at t =0,
however, where the pole residue vanishes).

Another interesting facet of the model may be
seen in the different photon form factors that occur
in Eqs. (7} and (18}. The lesson that may be drawn
is that different parts of the amplitude may be ex-
pected to have different dependences upon the pho-
ton mass so that the spectrum of pion pairs in
electroproduction may look quite different from the
spectrum obtained with real photons. Indications
of such differences are already present in existing
data. It should also be apparent that the effective
p-photon coupling constant, as determined from
simple vector-dominance considerations, might
have an appreciable dependence upon the photon
mass so that the coupling constants obtained from
photoproduction and e' t. annihilation may differ
appreciably, again in accord with existing data. "

There are three major weaknesses of the model
that require comment. As has already been seen,
the fact that the model is not unitary tends to ob-
scure the meaning of "background, " especially "at"
the resonance position. " As a consequence of the
zero widths, resonances do not get shifted and
resonance shapes are barely discussable.

The second weakness lies in the absence of a
realistic Pomeranchukon to mediate the production

process. The structure of Eq. (8) in particular
arises because the t-channel trajectory is basically
the same one (even if its intercept is shifted) that
determines the spectrum of m-m masses. The
coupling of this trajectory to the higher-spin res-
onances in the 7t-m channel determines the back-
ground. A real Pomeranchukon might conceivably
give rise to a much simpler amplitude. '4

Finally, there does not appear to be any sensible
way to discuss "final-state interactions" in a tree-
diagram model such as the present model. The
notion of final-state interactions in hadronic pro-
cesses, and the triangle singularities associated
with them, seems to be inseparable from calcula-
tions involving closed loops. Such calculations
are beyond the scope of the present work.

In summary, it appears that the weaknesses
listed above, which seem to be inherent in current
dual models, make such models unsuitable as de-
tailed guides for use in analyzing vector-meson
photoproduction experiments. The model dealt
with in the present investigation does illustrate
some of the pitfalls that could waylay the "simple"
vector-dominance model. Attempts presently in
progress to analyse existing photoproduction data
may be encountering difficulties with some of these
pitfalls. " It seems to me that at the present stage
of theoretical development a detailed description
of vector-meson photoproduction must depend upon
the efforts of the experimentalist. What is needed
are high-statistics experiments and detailed "am-
plitude analysis. "
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We have made a study of helicity formalisms for two-body three-body reactions. We
present what we feel is an improvement in the formalism of Namyslowski, Razmi, and
Roberts, both in accuracy and in manageability. Also, we present the results of an applica-
tion of the formalism to the reaction E n Z vr n in an isobar model with sequential de-
cays through intermediate A and Z resonances. We find some appreciable effects due to
boson symmetri zation.

I. INTRODUCTION

Detailed energy -dependent phase-shift analyses
of 2-body-3-body hadron reactions are a pnon
difficult. Yet much experimental information is
accumulating on hadronic interactions in reso-
nance-formation energy regions which is of the 2-
body -3-body type. Early attempts at analysis
consisted of very crude isobar models in which all
resonances were assumed to decay isotropically
and/or interferences arising from dynamics or
symmetries were neglected. ' More recent formu-
lations have more properly included resonance
spins, parities, and centrifugal-barrier effects in-
to general, relativistic, and unitary schemes. "
However, these formulations are not very practi-
cal in actual use for one or more of the following
reasons: (a) They are difficult to understand at
first sight. (b) They require major programming
efforts. (c) They require large amounts of com-
puter memory and time. (d) They may yield mar-
ginal result~ (e) Para. meter errors are often dif-
ficult to ascertain.

As a result, most data are not analyzed using
the most sophisticated isobar models. This state
of affairs is unfortunate as much can be learned
in principle from the application of such models to
data, e.g. , resonance parameters and branching

ratios. In-this paper, we hope to facilitate the use
of isobar models in determining sequential decay
schemes through examining, correcting, and
simplifying the work of Namyslowski, Razmi, and
Roberts (NRR). ' In part we follow the develop-
ment of these authors. However, our examination
of their work leads to correcting an apparently
rather significant error in their formalism, and
results in simplified expressions which are neith-
er less general, nor as formally imposing, nor
anywhere nearly as difficult or time consuming to
apply. Further, we need not make any of the rath-
er severe truncations advocated in NRR to facili-
tate explicit calculations. Rather, we find these
trunc3tions to be essentially incorrect and totally
unnecessary. In its final form, our result is simi-
lar to that of Deler and Valadas (DV) for the spe-
cial case which they consider (nÃ- mmN)

Finally, we present explicit calculations on the
reaction

at center-of-mass energy W=1690 MeV. We ex-
amine mass distributions and angular distributions
for effects of masses, widths, spins, and parities
of .various isobars and decay schemes, and we
look for the effects of symmetrization. We find
that the angular distributions can be sensitive to


