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Photoproduction of vector mesons at high energies and Compton scattering by nucleons
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We consider photoproduction of vector mesons and Compton scattering at high energies. Coupling of the
electromagnetic current to neutral vector mesons as given theoretically in quark models and experimentally
in storage-ring experiments is assumed. This gives a reasonable theory for p, e), Q, Q, and Q
photoproduction processes in a unified manner with appropriate energy dependence for (d r(ldt) ()for (t), Q,
and Q', as well as for the slope parameter while approaching the high-energy limit. The correct total .

Compton-scattering cross section by nucleons in the high-energy limit is obtained. It appears that one is able
to understand in a qualitative manner the' success of vector-dominance models in the context of the quark
model, without assuming vector dominance in a conventional form and without any field-current identity.

I. INTRODUCTION

It has been known for quite some time that a
photon very often behaves like a hadron while
interacting with hadrons. This behavior is
beautifully explained in field theory through the
vector-dominance model' originally proposed
by Sakurai. This hypothesis includes all inter-
actions of photons with hadrons. However, we
believe that hadrons are quark and antiquark com-
posites, and since quarks are cha0ged, photons
should interact with the quarks. In such a pic-
ture, one should have at least a qualitative under-
standing of vector dominance or a similar model
as a derived hypothesis rather than a primary
assumption for the interaction of photons with
hadrons. The success of vector dominance in-
dicates that there should be a coupling of vector
mesons with photons. Such a picture was imagined
by Gottfried and Yennie' while considering shadow-
ing phenomena for photon absorption by nuclei.
Here a photon-vector-meson coupling was as-
sumed, the nucleus was replaced by a complex
potential, and with a potential scattering in the
eikonal approximation for high energies, the
behavior of the photon while interacting with
nucleons of nuclei could be reasonably understood.
Effectively, except for the photon-vector-meson
coupling, vector dominance was not utilized.

Photon-vector-meson coupling can be easily
understood in the context of a quark model since
(vac~ J (0)[ V) WO, and is related to the wave func-
tion of the vector meson at the origin, as was
first noted by Van Royan and Weisskopf. ' Some
corrections to this relation were noted by one of
the authors in a specific four-component quark
model which takes into account quark motion
inside hadrons. 4 A specific theory of Lorentz
boosting was also given to describe hadrons in
motion' in a way similar to the representation of

a Lorentz group through the rotation group as
the little group. In this version of the relativistic
quark model, "it appears that we may have a
reasonable quantitative generation of strong inter-
actions consistent with the Okubo-Zweig-Iizuka
rule' from only static-quark-model parameters.
The results for radiative decays of vector me-
sons' obtained previously by us also seem to
further justify the specific theory of Lorentz
boosting proposed. ' It was also conjectured in
Ref. 5 that merely the nonvanishing of
(vac~ J'"(0)~ V) may be adequate to understand the
results of vector-meson dominance' (VMD) in the
field-theoretic language of photoproduction and
Compton scattering by nucleons. We examine
this hypothesis in this paper and find that in fact
the photon is likely to behave like a hadron with
an exchange of vector mesons at high energies in
the relativistic quark model as proposed by one
of the authors. '

v(t) = f ttt (t')d t'. (2.1)

II. GENERAL THEORY

It is generally believed that quarks are perma-
nently confined in hadrons. ' We shall make this
assumption here. In this context, it was conjec-
tured that the quark-field operators span an un-
physical vector space. ' The physical vector space,
which we should take in our perturbation theories,
is that of hadrons, obtained as eigenstates of
the Hamilionian as in Ref. 4. We do not have
quark propagators; but we can have hadronic
intermediate states in our perturbation theory,
which will simulate hadronic propagators. We
shall first develop such a perturbation theory in
the lowest orders. Although this result is trivial,
we shall state it here for the sake of completeness.
Let us have
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In the above equation, Kt (x) is an invariant local
field operator, including quark-field operators
which will generate hadronic interactions, and
does not contain hadronic-field operators. We
can possibly define effective hadronic-field opera-
tors, but we do not do so since this will take our
attention away from the hadrons being composite,
and we imagine all hadronic interactions to be
generated through quark interactions. Clearly, we
are to take P$(x) defined in Ref. 5 in t (x) to make
the theory independent of any Lorentz frame of
hadrons. ' The S matrix is given as'

S =I+ QS„,
n=].

where

dt„V (t, ) ~ ~ ~ V(t„) .

(2.2)

Taking space and time translational invariance,
and introducing Aaronic, leptonic, and photon
intermediate states in (2.2), we then obtain

(f i S i t) = 54(PI -P) )Mg), (2.3)

where the nth-order contribution M~q"- is given as

Mz;" ——(-t )(2v)'"" (f

iaaf

(0)[t,)(t, iÃz (0)[ig ~ ~ ~ (t„,[Xz (0)ii)
' '(E, -E»+is) (2.4)

In (2.4), E» is the energy of the state i». The ap-
propriate singularity in the energy denominators
has been taken. Also, for k=1, . .. , n —1, P~=Pq
=P&, i.e., total momentu~ is conserved in the
intermediate states, and summation over iI„
k =1, . . . , n —1, indicates summation for the re-
maining degrees of freedom. We shall employ
(2.4) for our calculations in the lowest order for
the purpose of photoproduction of vector mesons
and Compton scattering. In our field-theoretic
version of composite hadrons, the old-fashioned
perturbation-theory result (2.4) converted to
field-theoretic assumptions becomes very useful.

III. PHOTOPRODUCTION OF VECTOR MESONS

BY NUCLEONS

We shall now consider photoproduction of vec-
tor mesons, using (2.4). As usual, we shall
assume for this purpose that the amplitude of
VN- VN, where V is a vector meson and N is the
nucleon, is known. Specifically, we shall take
that in (2.1),

3' (x) =3:. (x)+V(x).

In the above,

se, (x)=eJ (x)A„(x),

(3.1)

(3.2)

where J"(x) is the electromagnetic current' ex-
pressed in terms of quark-field operators ($(x).
Further, 'U(x) is the invariant effective guark-
field-operator Hamiltonian which correctly de-
scribes V2V- V'1P. Thus matrix elements of %)(0)
will be assumed to be determined from
(do'/dt)(VN- V'¹).The universality of diffraction
scattering at high energies gives us reasonabIe
estimates for this expression. We note that re-

garding this expression we are not doing any
better than conventional theories.

We first note that 3:, (x) alone in the second
order will give rise to vector-meson productions
through the photon abso+tion process

yhf 8 V'N', (3.3)

where B is an intermediate baryon state. How-
ever, in the quark model, for the process (3.3)
there will be two sPectato~ quarks of the nucleon
and B states, with one quark absorbing the pho-
ton. With the quark-field operators describing
this process, the momentum of the spectator
quarks will remain unaltered, whereas the mo-
mentum of the quark which absorbs the photon
will become high. ' Thus the approximate form of
the harmonic-oscillator wave function of N and B
wiLL completely suppress this matrix element. "
Again, when we use the c.m. frame of reference,
the energy denominator P'+ ( k( -Pso in (2.4) will
further suppress this contribution. Hence we con-
clude that for hadrons, direct absorption of
high-energy photons by the hadron will be highly
suppressed. This is both due to the composite
structure of the hadrons described approximately
by harmonic-oscillator wave functions as well as
due to large denominators in the perturbation
theory at high energies. We may remark that the
above suppression will also work for any absorp-
tion vertex, e.g., meson absorption through the
pair-annihilation component of the Dirac Hamil-
tonian. 4'

We should also recognize that the above com-
ments are of a qualitative nature. Particularly,
all the available baryon states B in (3.3) will con-
tribute, giving rise to an infinite summation,
possibly with small denominators in this contribu-
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xg &-k'r'( k9.'I 'U(0)1 —kr; k»A)

x &k»A I J~(0)Aw(0)l ke) .
In the above equation

(3.4)

tion for high-mass baryons. In view of our ignor-
ance of such contributions, it is impossible to
assess their importance. However, we shall
"guess" that for the reasons mentioned in the
last paragraph, the contribution from (3.3) will be
negligible. As our subsequent calculations show,
this enables us to understand the origin of vector
dominance in a qualitative manner.

We shall thus modify the conventional vector-
dominance hypothesis as a combination of the bvo
interaction terms in (3.1) with an exchange of
vector meson. For this purpose we shall calculate
the effect of 'U(x, )X, (x,) in the second order in
(2.4), and note that when we take the universal
cross sections for diffraction scattering, there
is no suppression of this contribution. In fact,
for reasons stated earlier, it appears that this
contribution will dominate over direct absorption
as envisaged in (3.3).

We take (k, e) and (-k, y) to describe momenta
and polarizations of the initial photon and nucleon
and (k', X') and (-k', r') to describe the same for
the outgoing vector meson and nucleon. Thus we
get in the second order, by (2.4),

Mq4 = (-ie)(2v)'(k'- k„') '

k» = k and k' = (m '+k')~'

We now note that'

(3.5)

and~2

I „„(k»)= e"(k„,X) .

(3."t)

(3.8)

Clearly, L(k„) is the Lorentz-boosting matrix
taken earlier. '" Although notations in (3.6} have
the conventional form for field-current identity, "
no such identity has been assumed and in fact we
have no vector-meson field operator. Although
we can possibly define such an object, we do not
do so since it may not correctly describe the
interaction of vector mesons except in an ad hoc
manner. f» is experimentally known from the
coupling of vector mesons to the e'e channel.
We thus obtain from (3.4) and (3.6)

&k»X[ J"(0}[vac) = 0"
( &0&( U ~[L(k»}]J"(0)[ vac)

k~ j
(m» )~'

=( k; [ L„„(k»)&O~jJ"(0)[vac)
E&v i

m 2

f (2v)
(2k )v

e (k» ~) ~

(3.6)

In (3.6) we have used~'4

2

&OA. [ J"(0)(vac) = " (2v) '~' ~5„q,

Afar, (yN- V'¹)= (-ie)(2s)4(k»0 —k') '

x Q s(k», A.) ~ e, o o,~2 &k', &';-k', r'[Q(0)( k», A, ; -k, r) (3.9)

We shall determine the matrix element on the
right-hand side of (3.9) by speculating on VN- V'N'

diffraction scattering. At the outset we note that
the matrix element

(k', A, '; —k', r'( 'U(0) [ k», A.; —k, r)

conserves momentum, but does not conserve en-
ergy. We define s and t as the usual variables
associated with the process yN V'N', and further
take

so= (k»o +p')', t, = (k» -k')', (3.10)

where p'= (m'+k')~, and m is the mass of the
nucleon. We now write from general invariance
considerations and from the fact thai at high ener-
gies there is hardly any spin or unitary-spin flip

&k', ~'; -k', r'( V(0)(k„,~; -k, r&

m ' t'm»') ~' t' m 5 ' & m &(
'

k. ) l(p") ip i

xA(s, t; s„t,), . (3.11)

where P'0=(m'+k")~'. Equation (3.9) then sim-
plifies to

M&, (yN- V'¹)= (-ie)(2w)4(k»0 —ko) 'e„.

m 2m~
x () () () 0 A(s t s()~ t())

(3.12)

We now note that with %)(x) in the first order
and with (3.11),

Mp, (VN ("((')=(-()((w)'5„,5. . .-) A(s, t ), '
I IOpiO

(3.13)
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t' = -2x"(1 —cos6),

where

k e k' = K~'cos8.

As compared to the above,

(3.14)

(3.15)

t = (k» —k}' = (k» —ko)' —2KKt(1 —cos e) —(K —& )' ~

(3.16)

where -t' is the momentum transfer squared for
the above s for VfV- V'fV'. Explicitly in (3.13},
we take the momenta as (k„-ko)- (k', —k'), where
k, =(z'/z)k, so that (3.13) is physically admis-
sible with known V'lV'. We note that then

dt f» tP (ko -ko) 4k/

x — (VfV - V'A')
do'

K
x exp —3(t —t;, )). (3.23)

Now, comparing (3.22} and (3.25), we note that
even when b is constant, the slope parameter in
(3.25) will be smaller than b and will be energy
dependent. Further, with laboratory photon energy
E„, there will be an energy-dependent suppression
factor for (do'/dt}0(yJV -V'A") given by

We now note that" from (3.13)do, , 4m'3

x [a(s, t')('.
On the other hand, from (3.12) we get"

(3.17)

Vm 4

8 4kP(k,'-k')'
Clearly, we have

m 2i».

(m+ 2E„)'"

(3.26)

(3.27)

Co, , 4w' 4m@ mv4
dt K'(p'+k')' f ' 4k~(k -k')'

x m'm»"(2v)'(4(s, t; s„t,)( '.
(3.18)

We now assume that

and

where"

t), '=(s —m' —m» )2 —4m m„'.

(3.28)

(3.29)
A(s, t') =A(s, t; s„t,). (3.19)

A. p' and u production
We can then correlate (3.17) and (3.18), and thus
obtain

,2 4k'(ko' ko)2
(yfV -V'¹) A exp[A(t —t )j,

do'
(3.30)

Let us compare our results with experiments. "
We note that

x —(VfV - V'fP).
Co'

Ch' (3.20) where

do , , 4mo. do
dt f' dt
—(tv- v'~') = —(v~- v'fv'). (3.21)

However, at intermediate energies, there are
basic energy-dependent factors. First, let us
parametrize

We first note that for very-high. -energy photons
w' = w, and thus we obtain the standard vector-
dominance-model result that for K

a(E„)= — (tv- v'fv')
Co'

dip 0

, f(E„) — (VfV V'¹)4wn do
dt

KB=—b
K

(3.31)

(3.32)

do' do—(VfV -V%') = — exp(bt') .
cQ

We now note from (3.14) and (3.16) that

Kt'= —(t —t ),

where

t =(k»0- k')' - (g' —)(.)'.
We then obtain from (3.20)

(3.22)

(3.23)

(3,24)

(3.33)

and

(V@ V )
f»'A ' 2 16notm» A'

&f(E,) 31" f(E,)
(3.34)

with the defining equation (3.22) for b. We shall
assume as usual amplitudes are pure imaginary,
the photoproduction process is mainly diffrac-
tive, and that o'„, (VfV-VN) and b are independent
of energy. We then obtain

~,(tv- v'fv') =~/a
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TABLE I. p -photoproduction. The input constitutes 9.3&eV
photoproduction data (Ref. 17).

TABLE II. ftI photoproduction. Inputs are 0, (pN) = 10.8 mb
and b (QN) = 6.5 GeV ~

E (GeV) A (pb/GeV ) B (GeV ) 0, (yN-+ p N) (pb) E (GeV) A (p,b/GeV ) B (GeV ) a, (yN ~ PÃ) (pb)

2.8
4.7
9.3

61.1

78.3
95

109.5

6.4
7.0
7.3
7.6

9.5
11.2
13
14.4

where 1"„=I'(V- e'e ), and the width is calculated
without any corrections for the finite width of the
vector mesons. '~ Obviously (3.34) is assumed to
be constant in our calculations, which gives the
energy dependence of A. Using these assump-
tions, and with the 9.3-GeV data as input, "we
give the calculated results in Table I. We note
that the values of B are consistent with the ex-
perimental results, and this explains the change
in slope with the asymptotic value of 7.6 GeV '
as the slope for pA' scattering, in general agree-
ment with meson-baryon diffraction scattering at
high energies. However, the values of A in Ref.
16 have just the oPPosite energy dependence than
what we have taken. This may be due to the fact
that scattering may not be via the channel we
consider —e.g. the one-pion-exchange term"'"
is known to have about a 50/0 contribution at 2.8
GeV for ~ photoproduction. Also, assumption
(3.19) may not be valid at low energies, where
kinematic corrections can be relevant. However,
in this context we may note that Bapu et al."ob-
tain

(yp - p'p) = 50 ~ 15 pb/GeV'(
d(T

at 3 GeV for deuteron targets, with dissociation
of the deuteron, which is in agreement with pre-
dictions of Tabl. e I, along with the slope param-
eter, which, however, has too much or an error.

We may note from Table I, that upon using (3.34)
and including finite-width corrections, "and with"
I', =6.45 keV, we obtain

2
3
4
5

6
7
8
9

10

0.662
1.02
1.99
2.29
2.50
2.65
2.77
2.86
2.94
3.69

3.34
3.94
5.35
5.63
5,80
5.91
6.0
6.05
6.1

6.5

0.20
0.26
0.37
0.41
0.43
0.45
0.46
0.47
0.48
0.57

B. (ti production

For Q-meson photoproduction, the energy de-
pendence of A and 8 in (3.31) and (3.32) is more
pronounced theoretically (see Table II) and the
experimental data are also available. ' We
plot the data of Ref. 22 in Fig. 1, al.ong with the
predicted curve. As in (3.35), with" f'~ =1.31
keV and finite-width corrections, ' we find that
this curve corresponds to

c,(QN) =10.8 mb. (3.37)

The agreement with the quark-model prediction24
of o', (PN) =13 mb is reasonable. We thus note
that with the energy'dependence of f(E„), f~'/4w
as derived from storage-ring experiments and
from the photoproduction data becomes mutually

metry, "and the total cross sections in (3.35) and
(3.36) are as per the. predictions of the quark
model for meson baryon scattering.

o, (pN) =26.5 mb. (3.35)

For photoproduction of ~ we expect a similar
behavior as above if we only take the diffractive
'part, and the results are consistent with this
after the one-pion-exchange contribution is
separated at low energies. ~" When we take"
f' = 0.76 keV, and" A = 13.7 yb/GeV' at 9.3 GeV,
we again obtain, from (3.34), 0

0 I 4

dt(QN QN) = 10.8mb

I I

8 9 IO II

&,(AN) =26 mb, (s.s6)

which agrees with (3.35). We get the ratio f,'/f„',
the same as is expected from broken SU(6) sym-

Eq (Gev)

FIG & («/dt)0 for Q production versus E„along
with the predicted curve. Data taken from Ref. 22, Fig.
8.
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at E„=100 QeV.
We notice that obviously the agreement is rea-

sonable, except for very-low-energy data. In
Table III we have used" l"& =4.69 keV. If we
further take' I'&. =2.05 keV, me then obtain for
E„=21GeV

(do/dt)„(p) I, m„. f, (21 GeV)
(d&/dt), (P') I'~. m„ f„.(21 GeV)

(3.38)

Q
2.5

consistent, and the anomaly regarding this dis-
appears. "

We also plot the data for ~, the slope parame-
ter, against s in Fig. 2, with the predicted curve
where the input is b(yN- gA) =6.5 GeV '. We
notice fr'om Figs. 1 and 2 that the agreement is
quite good for E„24GeV, i.e., s R8 GeV . We
further note that even at E„=10GeV, the asymp-
totic form is not reached.

Since at these energies there is considerable
energy dependence, and with the present error
bars there is quantitative agreement, it may be
worthwhile to conduct experiments with a smaller
energy spread in E„.

C. f and f' production

As earlier, we calculate A. and 4 as a function
of E, and compare these with experimental re-
sults" in Table III. o,(gN) =1 mb has been taken
as the input, along mith the assumption that
b(gfV- (1V) =4 GeV ' as obtained for experiments

I I I I I

5 l0 I 5 20 25 50

a [GeV ]
FIG. 2. Slops parameter B for jti —0 4Ge.V, along

with the predicted curve. Data taken from Ref. 23, Fig.
2. 3.

In (3.38), we have assumed that o, (pN) = o,(g'h").
The experimental value" for (3.38) is 6.8+ 2.4,
mhich is quite satisfactory considering the margin
of error involved in the experiments and the pa-
rameters. We also note that for P the slope pa-
rameter as available" at 19 QeV is B =2.9+0.3
QeV compared to the predicted value 3.0 QeV
in Table III, which shows that diffraction slopes
for pA and gN scattering are not the same. We
thus again explain the change of slope at" 19 QeV
and at" 100 GeV.

We have plotted A. against s with the experimen-
tal points"'8 against the theoretical curve in
Fig. 3. The agreement is reasonable.

IV. COMPTON SCATTERING BY NUCLEONS

We shall take the same Hamiltonian as in (3.1).
The first term on the right-hand side of (3.1) will
yield Compton scattering with the absorption of
a high-energy photon by a hade'on, which will
correspond to a conventional diagram for Compton
scattering. However, as discussed in the last
section, this process will be highly suppressed
due to the composite nature of the hadrons as
mell as the large energy denominators. On the
other hand, we shall see that no such suppression
mill operate for the third-order calculations in
(2.4) with an exchange of vector mesons. As we
shall see this yields the results of the vector-
dominance model of fiel, d theory, with kinematic
corrections as in the last section.

TABLE III. Q photoproduction. Inputs are cr, (PN) = 1 mb and 8 = (v'fv) b (PN) = 4 GeV ~ from Ref.
27 at E = 100 GeV, and experimenta1 points are from Refs. 26 and 28.

E {GeV) A {nb/GeV~) B (GeV 2) 0 {yN~ PN) (nb) A (expt. ) (nbjGeV )

9
13
15
16
17
19
21

100

1.3
6.7
8.8
9.7

10.5
12.0
13.3
27.2
33.2

1.1
2.3
2.6
2.7
2.8
3.0
3.1

4.2

1.2
2.91
3.38
3.59
3.75
4.0
4.3
6.8
7.90

~ ~

3.8+ 0.8
6.8 + 2
8.2 + 1.1

10.8+ 1

13.5+ 3
14.6+ 1.2
40 + 13
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The contribution will thus come from two admis-
sible types of intermediate states for Compton
scattering of nucleons:

'
CV

50-)
C9

40-
C

O
II

30—

dt (QN ~ L) N) =lmb

Ply 1VV N'V' ¹y'

Ay NyVIyI iVIyVyi Niy

(4.2)

(4.3)
20 I-

(

The third-order contribution in (2.4) with (3.1}
will come from the product of the operator iri

ihe form

3e, (x,)Q(x, )R, (x,). (4.1)

0 D I I I I I

0 IO 20 30 40 50 60 70 80 90 IOO
Photon Energy E~ LG8y]

FIG. 3. (do/dt)0 for P productionversus E~ alongwith
the predicted curve. Data taken from Refs. 26 and 28.

I et us take (k, e) and (-k, r) and (k', e') and
(-k', r') as the momenta and polarizations of the
initial photon and nucleon and final photon and
nucl. eon, respectively. We shall not consider the
contribution from (4.3), since at high energies
this will vanish due to the large energy denom-
inators and, as can be seen, due to large mo-
rrientum transfers in the corresponding strong
process. This may be relevant for backward
Compton scattering. Omitting this we now con-
sider the third-order intermediate states as in
(4.2). Then (2.4) yields the corresponding am-
plitude

Mf ' = (-t)(2n)" g,ko ko)o &k', e '
I
J"(0)AII (0)l kvI ~')&kv, &', —k', r'

I 0 (0)l kv ~; k, r)—
v, &.)t' i v

x &kv, A, I 4 '(0)fi„(0)I k, e) . (4.4)

In (4.4), clearly kv =k and k)=k'. A, and A,
' are

polarization states for the intermediate vector
mesons. We now substitute (3.11) corresponding
to diffraction vector-meson scattering. Since
I kl =

I
k' I, clearly the question of energy noncon-

servation does not arise. Using so as the energy
in the vector-meson-nucleon channel, we write,
corresponding to (3.11), with po = (k'+m')'f'I

da, , 4m'—(VN- V'fII') =, (mm )'(2n)o

x lfl(s„ t) I'. (4.8)

Also, (4.7) yields, ignoring all other contributions,

do'—(rz- r%')

&kv, A. ', -k', r'I 'U(0)l kv, A; —k, r)

o o Aso t (4.5)

8~- ~
ko)o (2') P I kl

e' mv4 mvm~f ' 4kv'(kv -k')' k'p'
v

In the above,

so=[(m '+k')'f'+po]' (4.6)

Proceeding now in a manner identical to that for
the simplification of (3.4} and then (3.9), we thus
obtain, from (4.4),

(4.9)
Comparing (4.8) and (4.9), with the usual assump-
tions, we write, corresponding to (3.20),do, , 4wn mv4 po+kvo

f„' (k;-k ) 4k, P .k

do' X12- 2
x —(VP -VP)dt

Mf ——(-t)(2s)4(e' ~ e)5„„
e' mv' mvm

f 2 (ko ko)24kOR ko 0 ( OI ) '

However, now, corresponding to (3.1t) we get

The high-energy limit of (4.10) becomes

do' i 47T cR d0' )522
(rP-r'P') = —p . —(v&-v'&')

Idt fv dt jv

(4.10)

(4.11)
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o,(yX}=g, g„(Z„)o,(VX),
4wa

v

where

(4.12)

(4.13)

Equation (4.12) gives, in the limit of E„-~,

(r,(yX)(, .=99 p,b,
which may be compared with the experimental
value" 9 I.4+ 1.9 gb. Obviously in (4.14) we do
not have any parameters to adjust; these have
been determined in the l'ast section. If we take
the Compton scattering from the nucleons as
al.most wholly diffractive, "we then obtain from
(4.14) in the asymptotic limit

(4.14)

0'g&ylV&2 1
(4.15)

where we have taken 0=7.6 GeV ', as the p' con-
tribution is dominant. The energy dependence of
this process is as given by (4.13), and is not good
at low energies since the maximum contribution
comes from p' and ~, and for these processes
until. moderate energies, other processes which
are not diffractive continue to contribute, "as was
seen in Sec. IIIA. It is not possible to do any
better without a determination of the correct
energy dependence for vector mesons at low en-
ergies, a problem we have not tackled in this
paper. Without details regarding this, and with-
out considering the process (4.3), we have to
remain satisfied with the asymptotic result (4.14).

V. DISCUSSIONS

We note that it has been possible to understand
the vector-dominance model for electromagnetic
interactions as a reflection of the fact that the

which is the conventional result of the vector-
dominance model, corresponding to (3.21) for
vector-meson photoproduction. We notice that the
energy dependence in (3.20) and (4.10) is not the
same.

From (4.10) we easily obtain that at high ener-
gies,

contribution from the direct photon absorption by
a quark in a hadron is very small at high energies.
This is true for the process yP VP, where one
quark will absorb the photon and there will be two
spectator quarks, giving rise to a small overlap
integral from the wave functions of the hadrons. '
On the other hand, contribution through the ex-
change of a vector meson continues to be large,
resulting essentially in a vector-meson-dominance
model with kinematic corrections. The problem
here has not been resolved at moderate energies
(say up to E„=4GeV), since we have concentrated
our attention on only the process with a vector-
meson exchange. Even within the scope of this
model we also believe that corrections including
mixings may be useful if we want a more complete
fit of the data at the above energies. " The vector-
dominance model here arises from the quark
model through nonvanishing of the matrix element
(vac~ 4"(0}(VA). This model is different from
conventional vector-dominance models since the
photon interacts with hadrons at the quark level
directly, as illustrated in Ref. 5 at low energies,
whereas at high energies vector dominance comes
into play. In attempting this, we observe that the
modified model automatically generates an energy
dependence of (d&/dt}0 and slope parameters for
photoproduction of vector mesons which are in
good agreement with experiments.

We note that we have not considered the excited
levels of the vector mesons. In (4.9) we have ex-
plicitly calculated the effects of successive vector
mesons and find that the contributions become
extremely small quite fast. When one includes the
corrections due to mixing, "it may be worthwhile
to take this into account. However, at the present
level one has merely found a good reason for con-
sidering the vector-dominance model as a very
reasonable guess in the context of the quark
model' as stated above.
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