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Vector meson photoproduction with an effective Lagrangian in the quark model
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A quark model approach to the photoproduction of vector mesons off nucleons is proposed. Its starting point
is an effective Lagrangian of the interaction between the vector meson and the quarks inside the baryon, which
generates the nondiffractive s- and u-channel resonance contributions. Additional t-channelp0 and s ex-
changes are included for thev andr0 production, respectively, to account for the large diffractive behavior in
the smallt region as suggested by Friman and Soyeur. The numerical results are presented for thev and r
productions in four isospin channels with the same set of parameters, and they are in good agreement with the
available data not only inv and r0 productions, but also in the chargedr productions where the additional
t-channels exchange does not contribute so that it provides an important test to this approach. The investi-
gation is also extended to thef photoproduction, and the initial results show that the nondiffractive behavior
of the f productions in the larget region can be described by the s- and u-channel contributions with
significantly smaller coupling constants, which is consistent with the findings in the similar studies in the QHD
framework. The numerical investigation has also shown that polarization observables are essential for identi-
fying so-called ‘‘missing resonances.’’@S0556-2813~98!07510-4#

PACS number~s!: 13.75.Gx, 13.40.Hq, 13.60.Le
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I. INTRODUCTION

The newly established electron and photon facilities h
made it possible to investigate the mechanism of vector
son photoproductions on nucleons with much improved
perimental accuracy. This has been motivated in part by
puzzle that the NRQM@1,2# predicts a much richer reso
nance spectrum than has been observed inpN→pN scatter-
ing experiments. Quark model studies have suggested
those resonances missing in thepN channel may couple
strongly to, for example, thevN andrN channels. Experi-
ments have been performed at ELSA@3# and will be done at
TJNAF in the near future@4#. Therefore, a theory on th
reaction mechanism that highlights the dynamical role o
channel resonances is crucial in order to establish the ‘‘m
ing resonances’’ in the forthcoming experimental data for
vector meson, in particularv andr, photoproductions.

The experimental and theoretical studies on vector me
photoproductions have a long history since the first exp
ment carried out on the Cambridge Electron Accelerato
1964. There have been some experimental data of the ve
meson photoproductions in their threshold regions where
s-channel resonances are expected to play an important
for instance, the data from Ref.@3,5–7# for the v and r
photoproduction (Eg

thres.1.11 GeV), and the data from Re
@8# for the f photoproduction (Eg

thres.1.57 GeV). Histori-
cally, these studies have concentrated on the diffactive
havior in the smallt region for the neutral meson~v, r0, and
f! productions, in which it has been shown that the vec
meson dominance model~VMD ! @9# gives a good descrip
tion in the low energy region, while the Pomeron exchan
becomes more important as the energy increases@10#. The
focus of this paper is not on the large diffractive behavior
the small t region, but rather on the nondiffractive s- an
PRC 580556-2813/98/58~4!/2393~21!/$15.00
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u-channel contributions in the larget region in which the
t-channel Pomeron exchange becomes less significant.
thermore, we will attempt to provide a unified framework f
both neutral and charged vector meson productions. S
the t-channel exchanges responsible for the large diffrac
behavior in the smallt region, such as the Pomeron e
change, do not contribute to the charged meson producti
the nondiffractive s- and u-channel resonances become m
dominant, thus, they provide a crucial test to any model t
concentrates on the role of the s- and u-channel resonanc
the vector meson photoproductions. The quark model
proach provides an ideal framework to investigate the
namical role of the s- and u-channel resonances in the ve
meson photoproductions. The studies in the pseudosc
photoproductions have shown@11# that every s- and u-
channel resonance, particularly, those high partial wave re
nances such asF15 andF37, can be taken into account, an
this has been proven to be very difficult for the tradition
approach at the hadronic level. Moreover, it introduces
quark degrees of freedom directly into the reaction mec
nism, thus gives a very good description to the pseudosc
meson productions with much less parameters than the m
els at the hadronic level. It is therefore natural to extend t
approach to the vector meson photoproductions in the re
nance region.

A major difference for the vector meson production fro
the pseudoscalar meson case in the quark model is tha
interaction between the vector mesons and the quarks in
the baryon is largely unknown. Although phenomenologi
models have been developed to evaluate baryon reson
decaying into a nucleon and a vector meson, such as
quark pair creaction model@12# or the 3P0 model, these
approaches are unsuitable for the description of vector me
2393 © 1998 The American Physical Society
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photoproductions. This is due to the fact that they only yi
transition amplitudes for s-channel resonances, but con
no information on how to derive the nonresonant terms in
u- and t-channels. Therefore, we choose an effective
grangian here as our starting point that satisfies the fun
mental symmetries and determines the transition amplitu
not only in the s-channel, but also in the u- and t-channe

Even though the effective Lagrangians are different fr
each other for pseudoscalar and vector meson photopro
tions, the implementation follows the same guidelines. T
transition amplitudes for each resonance in the s-channe
low 2 GeV will be included explicitly, while the resonance
above 2 GeV for a given quantum numbern in the harmonic
oscillator basis of the quark model are treated as degene
so that their transition amplitudes can be written in a co
pact form. Similarly, the excited resonances in the u-chan
are assumed to be degenerate as well. Only the mass spl
between the spin 1/2 and spin 3/2 resonances withn50 in
the harmonic oscillator basis, such as the splitting betw
nucleon andD resonance, is found to be significant, thus, t
transition amplitudes for the spin 3/2 resonance withn50 in
the u-channel will be included separately.

The effective Lagrangian employed here generates
only the s- and u-channel exchanges, but also a t-cha
term containing the vector meson exchange. For char
vector mesons gauge invariance also mandates a se
term. Although in principle, all the contributions from res
nances have been included in the effective Lagrangian,
do not expect that such an approach can give an agree
with the data in the smallt region in the neutral vector me
son photoproductions since additional t-channel contribut
such as the Pomeron exchange, will be responsible for
strong diffractive behavior in the smallt region. As it has
been shown in Ref.@13# and also in Ref.@14# and Ref.@15#
about the diffraction duality, there can be a nonreson
imaginary background amplitude in neutral vector mes
such asv and r0 photoproductions, but not in the charge
vector mesonr6 photoproductions. Therefore, the large d
ference of the cross section between the neutral and cha
r meson photoproduction, observed in the direct chan
resonance region, is due to such a background amplit
and it should be from the large contribution of the Pome
singularity in the neutral photoproduction from high energ
down to the threshold. This has been one of our concern
the numerical investigations. Therefore, we add a t-chan
p0 exchange to the amplitude forv photoproduction and as
exchange term to the amplitude forr0 photoproduction sug-
gested by Friman and Soyeur@16# who showed these two
terms play dominant roles inv andr0 productions, respec
tively, over other meson exchange processes near the th
old.

With the above considerations, we apply our model to
five isospin channels,gp→vp, gp→r0p, gn→r2p, gp
→r1n andgp→fp. With the same set of parameters intr
duced in our model, we obtained an overall agreement w
the differential cross sections in the larget region for the first
four channels, while with relatively smaller parameters in
f photoproduction, we predict the behavior of the differe
tial cross section in the larget region. With the additional
t-channelp0 and s exchanges included in thev and r0

photoproduction, respectively, we obtain an overall agr
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ment with the available data from smallt to larget region.
The overall agreement between the theoretical predicti
and the data available not only for the neutral mesonv and
r0, but also for the charged mesonr6 productions in which
the s- and u-channel contributions become more dominan
remarkable. It is even more remarkable that bothv and r
productions can be described by the same set of parame
which is by no means trivial. It suggests that the quark mo
approach provides a very good framework to investigate
resonance structure in the vector meson photoproducti
Our results also show that polarization observables are
cial in determining the resonance structure, which has b
shown to be the case in the pseudoscalar meson photo
ductions.

In the reactiongp→fp. Since the threshold energy o
the f production is above the resonance region, the prim
focus here is thefNN coupling constant. Because the pr
duction ofss̄ from the nucleons should be suppressed un
the Okubo-Zweig-Iizuka~OZI! rule, thefNN coupling con-
stant is expected to be smaller than thevNN or rNN cou-
plings. The recent experiment on thepp̄→fX (X
5p,h,v,r,pp,g) @17# has shown a significant violation o
the OZI rule, and it can not be explained by the diffracti
process, such as Pomeron exchange. Thus, large cont
tions from the nondiffractive processes are expected to c
tribute to thef photoproduction near the threshold. This h
been the subject of many studies, such as the recently de
oped quantum hadrodynamical~QHD! model approach@18#.
In our framework, it could be achieved by fitting the s- a
u-channel contributions to the differential cross sections of
productions in the larget region@8#, where the contributions
from the Pomeron exchange become less significant.
initial results show that thefNN couplings in the quark
model are small, but significant which is consistent w
those in the QHD approach.

In Sec. II, we briefly discuss some of the observables u
in our approach, which have been developed extensivel
Ref. @19#. The framework for the vector meson photoprodu
tions with effective Lagrangian for the quark-meson intera
tion is presented in Sec. III. In Sec. IV, we show our nume
cal studies of thev, r, and f photoproductions in the five
isospin channels. Finally, conclusions will be presented
Sec. V.

II. OBSERVABLES AND HELICITY AMPLITUDES

Before presenting our quark model approach, we int
duce some general features of vector meson photoproduc
on the nucleon. The basic amplitudeF for g1N→V1N8 is
defined as

F5^qlVl2uTukll1&, ~1!

wherek andq are the momenta of the incoming photon a
outgoing vector meson. The helicity states are denoted
l561 for the incident photon,lV50,61 for the outgoing
vector meson, andl1561/2, l2561/2 for the initial and
final state nucleons, respectively. Following Ref.@19#, the
amplitudeF can be expressed as a 634 matrix in the helic-
ity space,
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F5S H21 H11 H321 2H421

H41 H31 2H121 H221

H20 H10 2H30 H40

H40 H30 H10 2H20

H221 H121 H31 2H41

H421 H321 2H11 H21

D . ~2!

Because of the parity conservation,

^qlVl2uTukll1&5~21!L f2L i^q2lV2l2uTuk2l2l1&,
~3!

whereL f5l2l1 andL i5lV2l2 in the Jacob-Wick~JW!
convention, theHalV

(u) in Eq. ~2! reduces to 12 indepen
dent complex helicity amplitudes:

H1lV
5^lV ,l2511/2uTul51,l1521/2&

H2lV
5^lV ,l2511/2uTul51,l1511/2&

H3lV
5^lV ,l2521/2uTul51,l1521/2&

H4lV
5^lV ,l2521/2uTul51,l1511/2&. ~4!

Each experimental observableV can be written in the
generalbilinear helicity product~BHP! form,

V̌ab5VabT ~u!

56
1

2
^HuGavbuH&

56
1

2 (
a,b,lV ,lV8

HalV
* Gab

a v
lVl

V8
b

Hbl
V8
. ~5!

For example, the differential cross section operator is gi
by

~6!

where the box frames denote the diagonal structure of
matrices. TheG andv matrices labeled by differenta andb
correspond to different spin observables. With the ph
space factor, the differential cross section has the expres

ds

dVc.m.
5~p.s. factor!T ~u!

5
aevm~Ef1MN!~Ei1MN!

8ps

3uqu
1

2 (
a51

4

(
lV50,61

uHalV
u2 ~7!
n

e

e
ion

in the center of mass frame, whereAs is the total energy of
the system,Ei andEf are the energies of the nucleons in t
initial and final states, respectively.MN represents the
masses of the nucleon andvm denotes the energy of th
outgoing meson.

These helicity amplitudes are usually related to the d
sity matrix elementsr ik @20#, which are measured by th
experiments@21#. They are defined as

r ik
0 5

1

A (
ll2l1

HlVi
l2 ,ll1

HlVk
l2 ,ll1

* ,

r ik
1 5

1

A (
ll2l1

HlVi
l2 ,2ll1

HlVk
l2 ,ll1

* ,

r ik
2 5

i

A (
ll2l1

lHlVi
l2 ,2ll1

HlVk
l2 ,ll1

* ,

r ik
3 5

i

A (
ll2l1

lHlVi
l2 ,ll1

HlVk
l2 ,ll1

* , ~8!

where

A5 (
lVi

ll2l1

HlVi
l2 ,ll1

HlVk
l2 ,ll1

* , ~9!

wherer ik stands forrlVi
lVk

, andlVi
, lVk

denote the helicity

of the produced vector mesons.
For example, the angular distribution forr0 decaying into

p1p2 produced by linearly polarized photons can be e
pressed in terms of nine independent measurable s
density matrix elements

W~cosu,f,F!5
3

4p F1

2
~12r00

0 !1
1

2
~3r00

0 21!cos2u

2& Re r10
0 sin 2u cosf

2r121
0 sin2u cos 2f2Pgcos 2F~r11

1 sin2u

1r00
1 cos2u2& Re r10

1 sin 2u cosf

2r121
1 sin2u cos 2f!

2Pgsin 2F~& Im r10
2 sin 2u sin f

1Im r121
2 sin2u sin 2f!G, ~10!

wherePg is the degree of the linear polarization of the ph
ton, F is the angle of the photon electric polarization vec
with respect to the production plane measured in the c
system, andu andf are the polar and azimuthal angles of t
p1 which is produced by ther0 decay in ther0 rest frame.

III. QUARK MODEL APPROACH FOR VECTOR MESON
PHOTOPRODUCTION

The starting point of the quark model approach is t
effective Lagrangian,
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Leff52c̄gmpmc1c̄gmeqAmc1c̄S agm1
ibsmnqn

2mq
Dfm

mc,

~11!

where the quark fieldc is expressed as

c5S c~u!

c~d!

c~s!
D , ~12!

and the meson fieldfm
m is a 3^ 3 matrix,

fm5S 1

&
r01

1

&
v r1 K* 1

r2
2

1

&
r01

1

&
v K* 0

K* 2 K̄* 0 f

D ~13!

in which the vector mesons are treated as pointlike partic
At tree level, the transition matrix element based on the
fective Lagrangian in Eq.~11! can be written as the sum o
contributions from the s-, u-, and t-channels,

M f i5M f i
s 1M f i

u 1M f i
t , ~14!

where the s- and u-channel contributions in Eq.~14! have the
following form:

M f i
s 1M f i

u 5(
j

^Nf uHmuNj&^Nj u
1

Ei1v2Ej
HeuNi&

1(
j

^Nf uHe

1

Ei2vm2Ej
uNj&^Nj uHmuNi&,

~15!

where the electromagnetic coupling vertex is

He52c̄gmeqAmc, ~16!

and the quark-meson coupling vertex is

Hm52c̄S agm1
ibsmnqn

2mq
Dfm

mc, ~17!

wheremq is the quark mass and the constantsa andb in Eqs.
~11! and ~17! are the vector and tensor coupling constan
which will be treated as free parameters in our approach.
initial and final states of the nucleon are denoted byuNi& and
uNf&, respectively, anduNj& is the intermediate resonanc
state, whileEi andEj are the energies of the inital nucleo
and the intermediate resonance.

An important test of the transition matrix elements

M f i5^l2uJmnemem
n ul1&, ~18!

would be gauge invariance:

^l2uJmnkmul1&5^l2uJmnqnul1&50, ~19!
s.
f-

,
e

whereem
m , en are the polarization vectors of the vector m

sons and photons. However, we find that the condit
^l2uJmnqnul1&50 is not satisfied for the t-channel vecto
meson exchange term,

M f i
t 52a^Nf u(

l

em

2q•k
$2q•eg•em2g•qe•em

1k•emg•e%ei ~k2q!•r luNi&, ~20!

based on the Feynman rules for the photon-vector me
coupling, and the relation

^Nf ug•~q2k!ei ~k2q!•r luNi&50. ~21!

To remedy this problem, we add a gauge fixing term, so t

M f i
t 52a^Nf u(

l

em

2q•k
2$q•eg•em2g•qe•em

1k•emg•e%ei ~k2q!•r luNi&. ~22!

The techniques of deriving the transition amplitudes ha
been developed for Compton scattering@22#. Following the
same procedure as given in Eq.~14! of Ref. @11#, we can
divide the photon interaction into two parts and the con
butions from the s- and u-channel can be rewritten as

M f i
s1u5 i ^Nf u@ge ,Hm#uNi&

1 iv(
j

^Nf uHmuNj&^Nj u
1

Ei1v2Ej
heuNi&

1 iv(
j

^Nf uhe

1

Ei2vm2Ej
uNj&^Nj uHmuNi&,

~23!

where

ge5(
l

elr l•eeik–r l, ~24!

he5(
l

elr l•e~12a• k̂!eik–r l ~25!

k̂5
k

v
. ~26!

The first term in Eq.~23! can be identified as a seagu
term; it is proportional to the charge of the outgoing vec
meson. The second and third term in Eq.~23! represents the
s- and u-channel contributions. Adopting the same strat
as in the pseudoscalar case, we include a complete se
helicity amplitudes for each of the s-channel resonances
low 2 GeV in theSU(6)^ O(3) symmetry limit. The reso-
nances above 2 GeV are treated as degenerate in ord
express each contribution from all resonances with quan
numbern in a compact form. The contributions from th
resonances with the largest spin for a given quantum num
n were found to be the most important as the energy
creases@11#. This corresponds to spinJ5n11/2 with I
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51/2 for the reactionsgN→K* L andgN→vN, andJ5n
13/2 with I 53/2 for the reactionsgN→K* S and gN
→rN.

Similar to the pseudoscalar case, the contributions fr
the u-channel resonances are divided into two parts as w
The first part contains the resonances with the quantum n
bern50, which includes the spin 1/2 states, such as theL, S
and the nucleons, and the spin 3/2 resonances, such a
S* in K* photoproduction andD~1232! resonance inr pho-
toproduction. Because the mass splitting between the
1/2 and spin 3/2 resonances forn50 is significant, they have
to be treated separately. The transition amplitudes for th
u-channel resonances will also be written in terms of
helicity amplitudes. The second part comes from the exc
resonances with quantum numbern>1. As the contributions
from the u-channel resonances are not sensitive to the pre
mass positions, they can be treated as degenerate as we
that the contributions from these resonances can agai
written in a compact form.

A. The Seagull term

The transition amplitude is divided into the transverse a
longitudinal amplitudes according to the polarization of t
outgoing vector mesons. The longitudinal polarization vec
for a vector meson with massm and momentumq is

eL
m5

1

m S uqu

vm

q

uqu
D , ~27!

where vm5Aq21m2 is the energy of the outgoing vecto
mesons. Thus, the longitudinal interaction at the qua
meson vertex can be written as

Hm
L 5eL

mJm5e0J02e3J3 ~28!

wheree3 corresponds to the direction of the momentumq.
The transition amplitudes of the s- and u-channel for
longitudinal quark-meson coupling become

M f i
s1u~L !5 i ^Nf u@ge ,Hm

L #uNi&2 iv^Nf uFhe ,
e3

q3
J0G uNi&

1 iv(
j

^Nf uS e02
vm

q3
e3D J0uNj&

3^Nj u
1

Ei1v2Ej
heuNi&

1 iv(
j

^Nf uhe

1

Ei2vm2Ej
uNj&^Nj u

3S e02
vm

q3
e3D J0uNi&, ~29!
m
ll.
-

the

in

se
e
d

ise
, so
be

d

r

-

e

where the first two terms are seagull terms which can
rewritten as,

M f i
Seagull~L !52

avmem

muqu ^Nf ua•eei ~k2q!•r luNi&

2
iamem

uqu ^Nf u(
l

r l•eei ~k2q!•r luNi&.

~30!

The first term will be cancelled by a corresponding te
from the t-channel to keep the gauge invariance, while
second term has more explicit expression as

M f i
Seagull~L !52

amem

uqua2 gv
t q•eei ~k2q!•r l, ~31!

where theg-factor gv
t is defined as the following:

gv
t 5^Nf u(

j
Î j uNi&. ~32!

The values ofgv
t for every channel is presented in Table

The corresponding expressions for the t-channel amplitu
are given in the Appendix. The last two terms in Eq.~29!
will be discussed in the following sections.

The nonrelativistic expansion of the transverse me
quark interaction vertex gives

Hm
T 5(

l
H i

b8

2mq
sl•~q3ev!1aA•ev1

a

2mq
pl8•evJ Î le

2 iq–r l

~33!

whereb8[b2a, pl8 is the internal motion of thel th quark in
the c.m. system, and

Î l55
al

†~s!al~u! for K* 1

al
†~s!al~d! for K* 0

al
†~d!al~u! for r1

2
1

&
„al

†~u!al~u!2al
†~d!al~d!… for r0

1 for v~f!.
~34!

The vectorA has the general form,

A5
Pf

Ef1M f
1

Pi

Ei1Mi
, ~35!

which comes from the center-mass motion of the quark s
tem. In the s- and u-channel,A has the following expression
for different channels,
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s-channel: A52
q

Ef1M f
, ~36!

u-channel: A52S 1

Ef1M f
1

1

Ei1Mi
D k2

1

Ef1M f
q.

~37!

The transverse transition amplitude for the s- and u-chan
is

M f i
s1u~T!5 i ^Nf u@ge ,Hm

T #uNi&

1 iv(
j

^Nf uHm
T uNj&^Nj u

1

Ei1v2Ej
heuNi&

1 iv(
j

^Nf uhe

1

Ei2vm2Ej
uNj&^Nj uHm

T uNi&.

~38!

The nonrelativistic expansion of the first term gives

M f i
Seagull~T!52 i ^Nf u@ge ,Hm

T #uNi&

52 iaemgv
t ^Nf u H P•ev

E1M
,R•eJ

3e2~k2q!2/6a2
uNi&

1aemgA^Nf uFs•~P3ev!

E1M
,R•eG

3e2 ~k2q!2/6a2
uNi&, ~39!

where$A,B%5AB1BA is the anticommutation operator.P
and R are the momentum and coordinate of the center
mass motion of the three quark system.

The seagull terms in the transitions are proportional to
charge of the outgoing mesons and, therefore, vanish in
neutral vector meson,v, r0, andf, photoproductions.

B. U-channel transition amplitudes

The last term in Eq.~29! is the longitudinal transition
amplitude in the u-channel. We find

M f i
u ~L !5 iv(

j
^Nf uhe

1

Ei2vm2Ej
uNj&^Nj u2

m

uqu
J0uNi&

5~M3
u1M2

u!e2~q21k2!/6a2
~40!
el

f

e
he

in the harmonic oscillator basis, where

M3
u5g3

u am

uqu F i

2mq
s•~e3k!F0S k•q

3a2 ,Pf•kD
2gv

v

3a2 q•eF1S k•q

3a2 ,Pf•kD G , ~41!

which corresponds to incoming photons and outgoing vec
mesons being absorbed and emitted by the same quark,

M2
u5g2

u am

uqu Fga8
i

2mq
s•~e3k!F0S 2

k•q

6a2 ,Pf•kD
1gv8

v

6a2 q•eF1S 2
k•q

6a2 ,Pf•kD G ~42!

in which the incoming photons and outgoing vector meso
are absorbed and emitted by different quarks.Pf in Eq. ~41!
and Eq.~42! denotes the four momentum of the final sta
nucleon. The functionF in Eq. ~41! and Eq.~42! is defined
as

Fl~x,y!5(
n> l

Mn

~n2 l !! ~y1ndM2!
xn2 l , ~43!

wherendM25(Mn
22M f

2)/2 represents the average mass d
ference between the ground state and excited states with
total excitation quantum numbern in the harmonic oscillator
basis. The parametera2 in the above equation is commonl
used in the quark model and is related to the harmonic
cillator strength.

Similarly, the transverse transition in the u-channel
given by

M f i
u ~T!5 iv(

j
^Nf uhe

1

Ei2vm2Ej
uNj&^Nj uHm

T uNi&

5~M3
u1M2

u!e2~q21k2!/6a2
, ~44!

where
M3
u/g3

u5
b8

4mq
2 $gv~e3k!•~q3ev!1 i s•~e3k!3~q3ev!%F0S k•q

3a2 ,Pf•kD2
ia

2mq
s•~e3k!A•evF0S k•q

3a2 ,Pf•kD
1S ia

12mq
2 s•~e3k!ev•k1

ib8v

6mqa2 s•~q3ev!e•q1gv

av

3a2 e•qA•ev2gv

av

6mq
e•evDF1S k–q

3a2 ,Pf•kD
2gv

av

18mqa2 ev•ke•qF2S k•q

3a2 ,Pf•kD ~45!
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and

M2
u/g2

u5
b8

4mq
2 $gv8~e3k!•~q3ev!2 iga8s•~e3k!3~q3ev!%F0S 2

k•q

6a2 ,Pf•kD2
ia

2mq
s•~e3k!A•evF0S 2

k•q

6a2 ,Pf•kD
1H 2

ia

24mq
2 s•~e3k!ev•k2

ib8v

12mqa2 s•~q3ev!e•q2gv8
av

6a2 e•qA•ev2gv8
av

12mq
e•evJ F1S 2

k•q

6a2 ,Pf•kD
2gv8

av

72mqa2 ev•ke•qF2S 2
k•q

6a2 ,Pf•kD . ~46!
n

m
t
a
o
n

rm
n
to
n

th
tio

an-
n

l

g

the
ate
The g-factors in Eqs.~41!–~46! are defined as

^Nf u(
j

Î jsj uNi&5gA^Nf usuNi&, ~47!

g3
u5^Nf u(

j
ej Î js j

zuNi&/gA , ~48!

g2
u5^Nf u(

iÞ j
ej Î is j

zuNi&/gA , ~49!

gv5^Nf u(
j

ej Î j uNi&/g3
ugA , ~50!

gv85
1

3g2
ugA

^Nf u(
iÞ j

Î iejsi•sj uNi&, ~51!

ga85
1

2g2
ugA

^Nf u(
iÞ j

Î iej~si3sj !zuNi&. ~52!

The numerical values of theseg-factors have been derived i
Ref. @11# in the SU(6)^ O(3) symmetry limit; they are
listed in Table I for completeness.

The first terms of Eq.~45! and Eq.~46! correspond to the
correlation between the magnetic transition and the c.m.
tion of the meson transition operator and they contribute
the leading Born term in the u-channel. The second terms
due to correlations between the internal and c.m. motion
the photon and meson transition operators, and they o
contribute to the transitions between the ground andn>1
excited states in the harmonic oscillator basis. The last te
in both equations represent the correlation of the inter
motion between the photon and meson transition opera
which only contribute to transitions between the ground a
n>2 excited states.

As pointed out before, the mass splitting between
ground state spin 1/2 and spin 3/2 is significant, the transi
amplitudes forD resonance inr production orS* resonance
o-
o
re
f
ly

s
al
rs,
d

e
n

in K* production have to be computed separately. The tr
sition amplitude withn50 corresponding to the correlatio
of magnitic transitions is

Mu~n50!52
1

2mq

M fe
2~q21k2!/6a2

Pf•k1dM2/2

b8

2mq

3@~g3
ugv1g2

ugv8!~k3e!•~q3ev!

1 i ~g3
u2g2

uga8!s•~k3e!3~q3ev!#. ~53!

The amplitude for spin 1/2 intermediate states in the totan
50 amplitudes is

^Nf uheuN~J51/2!&^N~J51/2!uHmuNi&

5
mNb8

2mq

M fe
2~q21k2!/6a2

Pf•k1dM2/2
@~k3e!•~q3ev!

1 i s•~k3e!3~q3ev!# , ~54!

wheremN is the magnetic moment, which has the followin
values for different processes:

mN55
mL1

gK* SN

gK* LN
mLS for gN→K* L

mS01
gK* LN

gK* SN
mLS for gN→K* S

mNf
for gN→rNf .

~55!

Thus, we obtain the spin 3/2 resonance contribution to
transition amplitude by subtracting the spin 1/2 intermedi
state contributions from the totaln50 amplitudes as fol-
lows:
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Mu52
b8

2mq

M fe
2~q21k2!/6a2

Pf•k1dM2/2
$@~g3

ugv1g2
ugv8!/2mq2mN#

3~k3e!•~q3ev!1 i @~g3
u2g2

uga8!/2mq2mN#

3s•@~k3e!3~q3ev!#%. ~56!

Substituting theg-factor coefficients into the above equatio
gives the following general expression for spin 3/2 resona
with n50:

Mu52
b8

2mq

M fgse
2~q21k2!/6a2

MN~Pf•k1dM2/2!
$2s•~q3ev!s•~k3e!

2 i s•@~q3ev!3~k3e!#%, ~57!

where the value ofgs is given in Table I.
Note that the transition amplitudes here are gener

written as operators that are similar to the CGLN amplitud
in pseudoscalar meson photoproduction. They have to
transformed into the helicity amplitudes defined in Eq.~4!. In
Tables II and III, we show the relations between the ope
tors presented here and the helicity amplitudes; they are
erally related by the Wignerd-function.

TABLE I. The g-factors in the u-channel amplitudes in Eq
~45! and ~46! for different production processes.

Reactions g3
u g2

u gv gv8 ga8 gA gS gv
t

gp→vp 1 0 1 0 0 1 0 3
gn→vn 2

2
3

2
3 0 21 0 1 0 3

gp→r1n 2
1
3

1
3

3
5

1
5

9
5

5
3 2

2mn

5
1

gn→r2p 2
3

1
3

3
5

1
5 2

9
5 2

5
3 2

4mp

15
1

gp→r0p 7
15

8
15

15
7 2 0

5

3&

8mp

15
2

1

&

gn→r0n 2
2

15
2

15 6 27 0 2
5

3&

4mn

5

1

&

gp→K* 1L 2
1
3

1
3 1 1 1 A 3

2 2
mL

3
A 3

2

gn→K* 0L 2
1
3

1
3 1 21 21 A 3

2

mL

3
A 3

2

gp→K* 1S0 2
1
3

1
3 23 27 9 2

1

3&
mS0

1

&

gn→K* 0S0 2
1
3

1
3 23 11 29

1

3&
mS0 2

1

&

gp→K* 0S1 2
1
3

4
3 23 2 0 1

3
2mS1

3
0

gn→K* 1S2 2
1
3 2

2
3 23 2 0 2

1
3 0 1

gp→fp 1 0 1 0 0 1 0 3
gn→fn 2

2
3

2
3 0 21 0 1 0 3
e

ly
s
be

-
n-

C. S-channel transition amplitudes

The third term in Eq.~29! and second term in Eq.~38! are
the s-channel longitudinal and transverse transition am
tudes. Following the derivation for Compton scattering
Ref. @22#, we obtain the general transition amplitude for e
cited states in the s-channel,

HalV

J 5
2MR

s2MR„MR2 iG~q!…
halV

J , ~58!

whereAs5Ei1v5Ef1vm is the total energy of the sys
tem, andHalV

J are the helicity amplitudes defined previousl

G~q! in Eq. ~58! denotes the total width of the resonanc
which is a function of the final state momentumq. For a
resonance decaying into a two-body final state with relat
angular momentuml , the decay widthG~q! is given by

G~q!5GR

As

MR
(

i
xi S uqi u

uqi
Ru D 2l 11 Dl~qi !

Dl~qi
R!

, ~59!

with

uqi
Ru5A~MR

22MN
2 1Mi

2!2

4MR
2 2Mi

2, ~60!

and

uqi u5A~s2MN
2 1Mi

2!2

4s
2Mi

2, ~61!

where xi is the branching ratio of the resonance decay
into a meson with massMi and a nucleon, andGR is the total
decay width of the resonance with the massMR . The func-
tion Dl(q) in Eq. ~59!, called fission barrier@23#, is wave-
function dependent and has the following form in the h
monic oscillator basis:

Dl~q!5expS 2
q2

3a2D , ~62!

TABLE II. The operators in the longitudinal excitations ex

pressed in terms of the helicity amplitudes.k̂ and q̂ are the unit
vectors ofk and q, respectively. Thed functions depend on the
rotation angleu betweenk andq. All other components ofHalV

are

zero.l256
1
2 denotes the helicity of the final state nucleon.

Operators H10(l25
1
2 ) H20(l25

1
2 )

H30(l252
1
2 ) H40(l252

1
2 )

q̂•e d10
1 d21/2l2

1/2 d10
1 d1/2l2

1/2

s•(e3 k̂) i&d1/2l2

1/2 0

s•(e3q̂) id10
1 d21/2l2

1/2 2 id10
1 d1/2l2

1/2

1 i&d00
1 d1/2l2

1/2

(e3 k̂)•q̂s•q̂ i&d10
1 d10

1 d1/2l2

1/2 i&d10
1 d210

1 d21/2l2

1/2

2 id10
1 d00

1 d21/2l2

1/2 1 id10
1 d00

1 d1/2l2

1/2

(e3 k̂)•q̂s• k̂ 2 id10
1 d21/2l2

1/2 id10
1 d1/2l2

1/2
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which is independent ofl . In principle, the branching ratioxi
should also be evaluated in the quark model.

For a given intermediate resonance state with spinJ, the
twelve independent helicity amplitudeshalV

J in Eq. ~58! are a

combination of the meson and photon helicity amplitud
together with the Wigner-d functions

halV

J 5(
L f

dL f ,L i

J ~u!AL f

V AL i

g , ~63!

whereL f5lV2l2 , L i5l2l1 andk•q5ukuuqucos(u).
TheA1/2

g andA3/2
g in Eq. ~63! represent the helicity ampli

tudes in the s-channel for the photon interactions; their
plicit expressions have been given in Ref.@24#.

More explicitly, the 12 independent helicity amplitude
are related to the photon helicity amplitudesA1/2

g , A3/2
g and

vector meson helicity amplitudesS1/2
V , A1/2

V , andA3/2
V through

the following relations:

TABLE III. The operators in the transverse excitations e

pressed in terms of the helicity amplitudes.k̂ and q̂ are the unit
vectors ofk and q, respectively. Thed functions depend on the
rotation angleu betweenk andq. lV561 denotes the helicity ofv
meson, andl256

1
2 denotes the helicity of the final nucleon.

Operators H1lV
(l25

1
2 ) H2lV

(l25
1
2 )

H3lV
(l252

1
2 ) H4lV

(l252
1
2 )

(e3 k̂)•(ev3q̂) 2lVd1lV

1 d21/2l2

1/2 2lVd1lV

1 d1/2l2

1/2

s•Ẑ 2 ilVd11
1 d21/2l2

1/2 ilVd11
1 d1/2l2

1/2

2 i&lVd0lV

1 d1/2l2

1/2

s•(e3 k̂) k̂•ev i&d0lV

1 d1/2l2

1/2 0

s•(ev3q̂)q̂•e i&lVd10
1 d1lV

1 d1/2l2

1/2 i&lVd10
1 d21lV

1 d21/2l2

1/2

2 ilVd10
1 d0lV

1 d21/2l2

1/2 1 ilVd10
1 d0lV

1 d1/2l2

1/2

ev•e d1lV

1 d21/2l2

1/2 d1lV

1 d1/2l2

1/2

q̂•ek̂•ev d0lV

1 d01
1 d21/2l2

1/2 d0lV

1 d01
1 d1/2l2

1/2

s•(e3q̂) k̂•ev i&d00
1 d0lV

1 d1/2l2

1/2

1 id10
1 d0lV

1 d1/2l2

1/2 2 id10
1 d0lV

1 d1/2l2

1/2

s•(ev3 k̂)q̂•e 2 i&d10
1 d21lV

1 d1/2l2

1/2 2 i&d10
1 d1lV

1 d21/2l2

1/2

s•(ev3e) 2 i&d0lV

1 d1/2l2

1/2

2 id1lV

1 d21/2l2

1/2 id1lV

1 d1/2l2

1/2

s•( k̂3q̂)e•ev i&d210
1 d1lV

1 d1/2l2

1/2 i&d10
1 d1lV

1 d21/2l2

1/2

(e3ev)•q̂s•q̂ i&lVd1lV

1 d10
1 d1/2l2

1/2 i&lVd1lV

1 d210
1 d21/2l2

1/2

2 ilVd1lV

1 d00
1 d21/2l2

1/2 1 ilVd1lV

1 d00
1 d1/2l2

1/2

(e3ev)•q̂s• k̂ 2 ilVd1lV

1 d21/2l2

1/2 ilVd1lV

1 d1/2l2

1/2

(e3ev)• k̂s•q̂ i&d1lV

1 d10
1 d1/2l2

1/2 i&d1lV

1 d210
1 d21/2l2

1/2

2 id1lV

1 d00
1 d21/2l2

1/2 1 id1lV

1 d00
1 d1/2l2

1/2

(e3ev)• k̂s• k̂ 2 id1lV

1 d21/2l2

1/2 id1lV

1 d1/2l2

1/2
s

- h11
J 5d1/2,3/2

J ~u!A1/2
V A3/2

g ,

h10
J 5d21/2,3/2

J ~u!S21/2
V A3/2

g ,

h121
J 5d23/2,3/2

J ~u!A23/2
V A3/2

g ~64!

TABLE IV. The angular momentum and flavor parts of th
helicity amplitudes forgp→vp(fp), or gn→vn(fn), in the
SU(6)^ O(3) symmetry limit. They are the coefficients of the sp
tial integralsA, B, andS in Eqs. ~71! and ~72!. The analytic ex-
pressions forA, B, andS in Tables IV–VI are given in Table VII.
The asterisk in Tables IV–VI denotes those states decouplin
spin and flavor space, thus, their amplitudes are zero.

States S1/2 A1/2 A3/2

S A B A B

N(2PM)1/22 0 0 2
2

3A6
0 0

N(2PM)3/22 0 0
2

3)
0 0

N(4PM)1/22 0 0 2
1

3A6 * *

N(4PM)3/22 0 0
1

3A30
0 2

1

A15

N(4PM)5/22 0 0
1

A30
0

1

A10

N(2DS)3/21 2A 2
5 A 3

5 2
1
3A 2

5 2
1

A5
*

N(2DS)5/21 A 3
5 A 2

5
1
3A 3

5

2

A5 *

N(2SS8)1/21 1 *
1
3 * *

N(2SM)1/21 0 *
2

3& * *

N(4SM)3/21 0 *
1

3& *
1

A6

N(2DM)3/21 0 0 2
2

3A5
0 *

N(2DM)5/21 0 0 A 2
15

0 *

N(4DM)1/21 0 0
1

3A10 * *

N(4DM)3/21 0 0 2
1

3A10
0

1

A30

N(4DM)5/21 0 0 2
1

A210
0 2A 3

35

N(4DM)7/21 0 0
1

A35
0

1

A21
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for a51, andlV51,0,21,

h21
J 5d1/2,1/2

J ~u!A1/2
V A1/2

g ,

h20
J 5d21/2,1/2

J ~u!S21/2
V A1/2

g ,

h221
J 5d2 3/2,1/2

J ~u!A23/2
V A1/2

g ~65!

for a52, andlV51,0,21,

h31
J 5d3/2,3/2

J ~u!A3/2
V A3/2

g ,

h30
J 5d1/2,3/2

J ~u!S1/2
V A3/2

g ,

h321
J 5d21/2,3/2

J ~u!A21/2
V A3/2

g ~66!

for a53, andlV51,0,21, and

h41
J 5d3/2,1/2

J ~u!A3/2
V A1/2

g ,

h40
J 5d1/2,1/2

J ~u!S1/2
V A1/2

g ,

h421
J 5d21/2,1/2

J ~u!A21/2
V A1/2

g ~67!

for a54, andlV51,0,21.
The amplitudes with negative helicities in the above eq

tions are not independent from those with positive ones; t
are related by an additional phase factor according to
Wigner-Eckart theorem,

A2l
V 5~21!Jf2Ji2JVAl

V , ~68!

whereJf and Ji are the final nucleon and initial resonan
spins, andJV is the angular momentum of the vector meso
The angular distributions of the helicity amplitudes in term
of the multipole transitions have been discussed in Ref.@25#,
and the expressions here are consistent with their analy

The evaluation of the vector meson helicity amplitud
are similar to that of the photon amplitudes. The transit
operator for a resonance decaying into a vector meson a
nucleon is

Hm
T 5(

l
H i

b8

2mq
sl•~q3ev!1

a

2mq
pl8•evJ Î le

2 iq–r l,

~69!

for transverse transitions and

Hm
L 5

am

uqu (
l

Î le
2 iq–r l ~70!

for longitudinal transitions. Thus,Hm
T andHm

L have the group
structure,

Hm
T 5 Î 3~AL~3!

2 1Bs~3!
2 !, ~71!

and

Hm
L 5 Î 3S, ~72!

where
-
y
e

.

.
s
n

a

A5
3a

2&mq

^c f up3
2e2 iq•r3ucR&, ~73!

B5
23b8

2mq
uqu^c f ue2 iq•r3ucR&, ~74!

S52
3ma

uqu ^c f ue2 iq•r3ucR&, ~75!

where p3
25px2 ipy . In Eq. ~71!, L (3)

2 and s (3)
2 denote or-

bital and spin flip operators. The helicity amplitudesA1/2
V ,

A3/2
V , and S1/2

V are the matrix elements of Eq.~71! and Eq.
~72!. We list the angular momentum and flavor parts ofA1/2

V ,
A3/2

V , andS1/2
V for v andr photoproduction in Tables IV–VI

in the SU(6)^ O(3) limit with A, B, andS in the second
row to denote the corresponding spatial integrals, which
given in Table VII.

The resonances withn>3 are treated as degenerate sin
there is little information available about them. Their long
tudinal transition in the s-channel is given by

halV50
J 5„M3

s~L !1M2
s~L !…e2~q21k2!/6a2

~76!

where

M3
s~L !5g3

s am

uqu H 2
i

2mq
s•~e3k!

1

n! S k•q

3a2D n

1gv

v

3a2 q•e
1

~n21!! S k•q

3a2D n21J , ~77!

and

M2
s~L !52g2

u am

uqu H ga8
i

2mq
s•~e3k!

1

n! S 2k•q

6a2 D n

1gv8
v

6a2 q•e
1

~n21!! S 2k•q

6a2 D n21J . ~78!

Theg-factors in Eqs.~77! and~78! have been defined previ
ously, and

g3
s5^Nf u(

j
Î jejs j

zuNi&/gA5em1g3
u , ~79!

whereem is the charge of the outgoing vector meson.
The transverse transition amplitudes at the quark level

halV561
J 5„M3

s~T!1M2
s~T!…e2 ~q21k2!/6a2

, ~80!

where
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TABLE V. The angular momentum and flavor parts of the helicity amplitudes forgp→r0p in theSU(6)^ O(3) symmetry limit, while
those forgn→r0n are given byA(gn→r0n)5(21)I 11/2A(gp→r0p), whereI is the isospin of the resonances.

States S1/2 A1/2 A3/2 States S1/2 A1/2 A3/2

S A B A B S A B A B
N(2PM)1/22
1

3)
2
&

3)

2

9) * *

N(2PM)3/22 2
1
3A 2

3 2
1

3)
2

2
9A 2

3 2
1
3 *

N(4PM)1/22 0 0 2
1

18) * *

N(4PM)3/22 0 0
1

18A15
0

1

6A5

N(4PM)5/22 0 0
1

6A15
0

1

A30

D(2PM)1/22 2
1

3)
1
3A 2

3

1

9) * *

D(2PM)3/22
1
3A 2

3

1

3)
2

1
9A 2

3
1
3 *

N(2DS)3/21
1

3A5
2

1

A30

A5

9

1

3A10 *

N(2DS)5/21 2
1

A30
2

1

3A5
2

5
9A 3

10 2
2

3A10 *

D(4DS)1/21 0 0
2

9A5 * *

D(4DS)3/21 0 0 2
2

9A5
0

2

3A15

D~4DS!5/21 0 0 2
2
9A 3

35
0 2

2
3A 6

35

D(4DS)7/21 0 0 2
3A 2

35
4342
N~2SM!1/21 2
1
3 * 2

2
9 * *

D(4SS8)
3/2 0 *

2
9 *

2

3A3

D(4SS)3/2 0 *
2
9 *

2

3A3

N(2SM)1/21 2
1
3 * 2

2
9 * *

N(4SM)3/21 0 *
1

18 *
1

6A3

D(2SM)1/2
1 1

3 * 2
1
9 * *

N(2DM)3/21
1
3A 2

5 2
1
3A 3

5
2
9A 2

5

1

3A5 *

N(2DM)5/21 2
1
3A 3

5 2
1
3A 2

5 2
2
9A 3

5 2
2

3A5 *

N(4SM)3/21 0 *
1
18 *

1

6)

N~4DM!1/21 0 0
1

18A5 * *

N(4DM)3/21 0 0 2
1

18A5
0

1

6A15

N(4DM)5/21 0 0 2
1

18A 3
35

0 2
1
6A 6

35

D(2DM)3/21 2
1
3A2/5 1

3A 3
5

1
9A 2

5 2
1

3A5 *

D(2DM) 5
2

1
1
3A 3

5
1
3A 2

5 2
1
9A 3

5

2

3A5 *
M3
s~T!/g3

s5
b8

4mq
2 $gv~q3ev!•~e3k!

1 i s•~q3ev!3~e3k!%
1

n! S k•q

3a2D n

1H 2
ia

12mq
2 s•~e3k!ev•k1

ib8v

6mqa2 s•~q

3ev!e•q1gv

av

6mq
ev•eJ 1

~n21!! S k•q

3a2D n21

1gv

av

18mqa2 ev•ke•q
1

~n22!! S k•q

3a2D n22

,

~81!

and
M2
s~T!/g2

u5
b8

4mq
2 $gv8~q3ev!•~e3k!

1 iga8s•~q3ev!3~e3k!%
1

n! S 2k•q

6a2 D n

1H ia

24mq
2 s•~e3k!ev•k

2
ib8v

12mqa2 s•~q3ev!e•q

2gv8
av

12mq
ev•eJ 1

~n21!! S 2k•q

6a2 D n21

1gv8
av

72mqa2 ev•ke•q
1

~n22!! S 2k•q

6a2 D n22

.

~82!
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TABLE VI. The angular momentum and flavor parts of the helicity amplitudes forgp→r1n in theSU(6)^ O(3) symmetry limit, while
those forgn→r2p are given byA(gn→r2p)5(21)I 11/2A(gp→r1n), whereI is the isospin of the resonances.

States S1/2 A1/2 A3/2 States S1/2 A1/2 A3/2

S A B A B S A B A B
N(2PM)1/22 2
2

3A6

2

3)
2

4

9A6 * *

N(2PM)3/22
2

3)

2

3A6

4

9)

2

3& *

N(4PM)1/22 0 0
1

9A6 * *

N(4PM)3/22 0 0 2
1

9A30
0 2

1

3A10

N(4PM)5/22 0 0 2
1

3A30
0 2

1

3A15

D(2PM)1/22 2
1

3A6

1

3)

1

9A6 * *

D(2PM)3/22
1

3)

1

3A6
2

1

9)

1

3& *

N(2DS)3/21 2
1
3A 2

5
1
3A 3

5 2
5
9A 2

5 2
1

3A5 *

N(2DS)5/21
1
3A 3

5
1
3A 2

5
5
9A 3

5

2

3A5 *

D(4DS)1/21 0 0
2

9A10 * *

D(4DS)3/21 0 0 2
2

9A10
0 1

3A 2
15

D(4DS)5/21 0 0 2
1
9A 6

35
0 2

2
3A 3

35

D(4DS)7/21 0 0
2

3A35
0

2

3A21

N(2SS8)1/21
1
3 *

5
9 * *
o

o

D(4SS8)3/21 0 *
2

9& *
1
3A 2

3

D(4SS)3/21 0 *
2

9& *
1
3A 2

3

N(2SM)1/21
2

3& *
4

9& * *

N(4SM)3/21 0 * 2
1

9& * 2
1

3A6

D(2SM)1/21
1

3& * 2
1

9& * *

N(2DM)3/21 2
2
3A 1

5 A 2
15 2

4

9A5
2

1
3A 2

5 *

N(2DM)5/21 A 2
15

2

3A5
4
9A 3

10
2
3A 2

5 *

N(4DM)1/21 0 0 2
1

9A10 * *

N(4DM)3/21 0 0
1

9A10
0 2

1

3A30

N(4DM)5/21 0 0 1
9A 3

70
0 1

3A 3
35

N(4DM)7/21 0 0 2
1

3A35
0 2

1

3A21

D(2DM)3/21 2
1

3A5

1

A30

1

9A5
2

1

3A10 *

D(2DM)5/21
1

A30

1

3A5
2

1
9A 3

10
1
3A 2

5 *
n

Qualitatively, we find that the resonances with larger pa
tial waves have larger decay widths into the vector mes
and nucleon though this is not as explicit as in the pseud
scalar case@11,26#. Thus, we could use the mass and deca
width of the high spin states, such asG17(2190) for n53
states andH19(2220) forn54 states in thev photoproduc-
tion. The relation between these operators and the helic
amplitudeshalV

has been given in Tables II and III.

IV. THE NUMERICAL RESULTS

Before discussing the details of thev, r, andf produc-
tions, it should be pointed out that the nonrelativistic wav
function in the quark model becomes more inadequate as
energy of the system increases. A procedure to partly reme
this problem is to introduce the Lorentz boost factor in th
spatial integrals that involve the spatial wave functions
r-
n
o-
y

ity

e
the
dy
e
f

nucleons and baryon resonances,

R~q,k!→gqgkR~qgq ,kgk!, ~83!

wheregq5M f /Ef andgk5Mi /Ei . A similar procedure had
been used in the numerical evaluation of pseudoscalar meso
photoproduction@26#. There are two overall parameters from
the quark model formalism; the quark massmq and the pa-
rametera related to the harmonic oscillator strength, and we
adopt the values commonly used in the quark model ap-
proach for these parameters,

mq5330 MeV,

a5410 MeV. ~84!

Now, we turn our attention to the details of thev, r0, r6

andf photoproductions.
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A. The v photoproduction

The t-channel exchange ofM f i
t in Eq. ~14! would corre-

spond tov exchange which is absent since the amplitude
proportional to the charge of the outgoingv meson. As dis-
cussed in Ref.@16#, thep0 exchange is dominant in the sma
t region over other meson exchanges and largely respon
for the large diffractive scattering behavior near the thre
old. The Lagrangian for thep0 exchange model has the fo
lowing form @16#:

LpNN52 igpNNc̄g5~t•p!c ~85!

for the pNN coupling vertex, and

Lvp0g5eN

gvpg

Mv
eabgd]aAb]gvdp0 ~86!

for thevpg coupling vertex, where thevd andp0 represent
thev andp0 fields, theAb denotes the electromagnetic fiel
andeabgd is the Levi-Civita tensor, andMv is the mass ofv
meson. ThegpNN andgvpg in Eqs.~85! and~86! denote the
coupling constants at the two vertices, respectively. The
fore, the transition amplitudes of t-channelp0 exchange
have the following expression:

MT
t ~p0!5

eNgpNNgvpg

2Mv~ t2mp
2 !

$ve•~q3ev!

1vmk•~e3ev!%s•Ae2~q2k!2/6ap
2

~87!

for the transverse transition, and

ML
t ~p0!52

eNgpNNgvpg

2Mv~ t2mp
2 !

Mv

uqu ~e3k!•qs•Ae2~q2k!2/6ap
2

~88!

for the longitudinal transition, wherev in the transition am-
plitudes denotes the energy of the photon with momentumk,
and A52@q/(Ef1MN)1k/(Ei1MN)#, and t5(q2k)2

5Mv
2 22k•q. The factore2(q2k)2/6ap

2
in Eqs.~87! and ~88!

is the form factor for bothpNN and vgp vertices, if we
assume that the wave functions for nucleon,v andp have a
Gaussian form. The constantap in this form factor is treated
as a parameter. The coupling constantsgpNN andgvpg have
the values as used in@16#. Therefore,

gpNN
2

4p
514,

gvpg
2 53.315. ~89!

Note that the values ofgpNN andgvpg were fixed by sepa-
rate experiments and, therefore, are not free paramete
Ref. @16#. Qualitatively, we would expect thatap be smaller
than the parametera5410 MeV, since it represents th
combined form factors for bothpNN and vpg vertices
while the parametera only corresponds to the form factor fo
the pNN or vNN vertex alone. Following the same proc
dure as in Sec. II, the explicit expressions for the operator
s

le
-

e-

in

in

terms of the helicity amplitudes can be obtained. They
listed in Tables II and III for the transverse and longitudin
amplitudes, respectively.

As shown in Table IV, the Moorhouse selection rule@27#
has eliminated the states belonging to@70,12#1 and@70,21#2
representations with symmetric spin structure from contr
uting to thev photoproduction on the proton target so th
the s-channel statesS11(1650),D13(1700),D15(1650) are not
present in our numerical evaluations. Of course, configu
tion mixing will lead to additional contributions from thes
resonances which, however, cannot be determined at pre
due to the poor quality of data. Only the resonanc
P13(1900) andF15(2000), at present classified as 2-st
resonances in the 1996 Particle Data Group~PDG! listings,

TABLE VII. The spatial integrals in the harmonic oscillato
basis.

Multiplet Expression

@70,12#1 A5
3a

2mq)
a expS2 q2

6a2D
B5

b8

mq

A 3
2

q2

a
expS2 q2

6a2D
S5
)ma

a
expS2 q2

6a2D
@56,21#2 A52

a

2&mq

uquexpS2 q2

6a2D
B52

b8

2)mq

uquS q

a D 2

expS2 q2

6a2D
S52

ma

A6uqu
S q

a D 2

expS2 q2

6a2D
@56,01#2 B5

b8

2)mq

uquS q

a D 2

expS2 q2

6a2D
S5

ma

A6uqu
S q

a D 2

expS2 q2

6a2D
@56,01#0 B5

3b8

&mq

uquexpS2 q2

6a2D
S5

3ma

uqu
expS2 q2

6a2D
@70,01#2 B52

b8

2A6mq

uquS q

a D 2

expS2 q2

6a2D
S52

ma

2)uqu
S q

a D 2

expS2 q2

6a2D
@70,21#2 A5

a

2&mq

uquexpS2 q2

6a2D
B5

b8

2)mq

uquS q

a D 2

expS2 q2

6a2D
S5

ma

A6uqu
S q

a D 2

expS2 q2

6a2D
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FIG. 1. The differential cross sections~solid curves! for gp→vp at Eg51.225, 1.45, 1.675, and 1.915 GeV. The data come from R
@3#. The p0 exchanges are shown by the dashed curves and the contributions from s- and u-channel exclusively are shown by
curves. In~c!, the dot-dashed curve represents the differential cross section without contributions from the resonanceF15(2000).
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so-
ults
the
have masses above thev decay threshold, and therefore ha
branching ratio into thevN channel. We have not performe
a rigorous numerical fit to the available data because of
poor quality of the data. However, the numerical results h
shown that the resonanceF15(2000) plays a very importan
role in v photoproduction.

Figure 1 shows our calculations for the differential cro
section at the average photon energies ofEg51.225, 1.45,
1.675, and 1.915 GeV, in comparison with the data@3#. The
results for the t-channelp0 exchange and contributions from
only the s- and u-channel processes are also shown s
rately. We find that the remaining paramters in our model

a521.7

b852.5

ap5300 MeV, ~90!

in order to give a good overall agreement with the da
particularly in the larget region. Our results with thep0

exchange are consistent with the findings of Ref.@16# though
the form factor in our calculation is different. Figure
clearly demonstrates that the t-channelp0 exchange is domi-
nant in the smallt region, while the s- and u-channel res
nance contributions become more important as the mom
tum transfert increases. To test the sensitivity of s-chann
resonances to the differential cross section, the differen
cross section without the contribution from the resona
F15(2000) at 1.675 GeV@near the threshold ofF15(2000)] is
e
d
the
ve

t

ss

epa-
are

ta,

1

o-
en-
el
tial
ce

presented in Fig. 1~c! as well. The results indicate that th
differential cross section data alone are not sufficient to
termine the presence of this resonance considering the t
retical and experimental uncertainties. Since our numer
calculation shows that the resonance couplings of
F15(2000) are larger than those of other resonances in
mass region, the sensitivity of the differential cross sectio
other resonances around 2 GeV is even smaller.

In contrast to the differential cross section, the polari
tion observables show a much more dramatic dependenc
the presence of the s-channel resonances. We present r
of four single polarizations at 1.7 GeV in Fig. 2. The absen
of the resonanceF15(2000) leads to a sign change in th
target polarization, and the variations in the recoil as wel
the meson polarization observable are very significant
well. The absence of the resonanceP13(1900), also shown in
Fig. 2, leads to very significant changes in the recoil po
ization. Although we do not expect our numerical results
give a quantitative prediction of polarization observables
the present stage, since the calculations are limited to
SU(6)^ O(3) symmetry limit that should be broken in
more realistic quark model wave function, our results clea
suggest that the polarization observables may be the
place to determine s-channel resonance properties.

Our results for the total cross section are shown in Fig
in which the contributions from the s- and u-channel re
nances alone are compared to the full calculation. Our res
indicate an increasing discrepancy between theory and
data @3,5,28# with increasing energyEg . This discrepancy
comes mainly from the small angle region where thep0
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FIG. 2. The four single-spin polarization observables ingp→vp are given by the solid curves atEg51.7 GeV. The dotted curves
correspond to the asymmetries without the resonanceF15(2000), while the dashed curves correspond to those without the reson
P13(1900).
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exchange alone is not sufficient to describe the diffract
behavior at higher energies. One might expect that Pome
exchange@10,29# plays a more important role in the highe
energy region. However, Fig. 1 shows that our results for
differential cross section at the large angle region are in g
agreement with the data, and it suggests that contribut
from the s- and u-channel resonances which are the m
focus of our study, give an appropriate description of
reaction mechanism.

It is interesting to note that the small bump around 1
GeV in the total cross section comes from the contributio
of the resonanceF15(2000). As discussed above, our calc
lations find that the resonanceF15(2000) has a strong cou
pling to thevN channel. Thus, this resonance is perhaps
best candidate whose existence as a ‘‘missing’’ resona
can be established throughv photoproduction.

FIG. 3. The total cross section ofgp→vp is fitted by the solid
curve with p0 exchange taken into account. The dotted curve
scribes the pure contributions from s- and u-channel. The data
from Ref. @3# ~triangle!, @5#, and other experiments@28# ~square!.
e
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e
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B. r0 photoproduction

r0 meson photoproduction has some similar features av
photoproduction. The most significant one is that it also h
strong-forward-peaking diffractive behavior in the differe
tial cross section. The t-channel vector meson exchang
proportional to the meson charge in Eq.~14!, therefore has
no contributions to the transition amplitudes. However, sin
the r meson is an isovector, its photoproduction has a
shown some different characters fromv photoproduction.
There are more s-channel resonances, such as theD reso-
nances, which will contribute to ther0 productions due to
the isospin couplings.

From the Lagrangian introduced in our quark model a
proach, the amplitudes from s- and u-channel are not su
cient to reproduce the diffractive behavior in the smalt
region. Following what we have discussed at the beginn
of this section, it is reasonable to include an additiona
channel meson exchange term in the transition amplit
@13#. As Friman and Soyeur@16# have discussed in thei
work, the s meson plays a dominant role over other
channel processes in ther0 photoproduction. As a phenom
enological approach,s exchange is included to give th
small t diffractive behavior which can be understood as t
still sizable contribution from the Pomeron exchange fro
high energies down to the threshold@14,15#. In terms of
Regge phenomenology, it corresponds to the nontrivial ba
ground integral of the Regge trajectory expansion@13# which
contributes to the diffractive behavior at smallt region.
However, we have to mention that, only if the resonan
contributions have been taken into account consisten
could the proper larget behavior be described. The follow
ing are the transverse and longitudinal transition amplitu
of s exchange:

-
re
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FIG. 4. The differential cross sections~solid curves! for gp→r0p at Eg51.225, 1.305, 1.400, 1.545, 1.730, and 1.925 GeV. The d
come from Ref.@3#. Thes exchanges are shown by the dashed curves and the contributions from s- and u-channel exclusively ar
by the dotted curves.
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MT
t ~s!5

ieNgsNNgr0sg

M r~M r
222q•k2Ms

2 !
$2vvme•ev1k•qe•ev

2q•ek•ev%e
2~q2k!2/6as

2
, ~91!

ML
t ~s!5

ieNgsNNgr0sg

M r
2~M r

222q•k2Ms
2 !

vuquq•ee2~q2k!2/6as
2
,

~92!

where e2(q2k)2/6as
2

is the form factor for t-channels ex-
change.as is treated as the parameter.gsNN andgr0sg are
the coupling constants of the vertexsNN andr0sg, respec-
tively, which are determined by the experimental analy
As a phenomenological freedom, the mass ofs mesonMs

has the same values as in@16#, Ms5500 GeV. gsNN and
gr0sg have the following values:
.

gsNN
2

4p
58,

gr0sg
2

57.341. ~93!

Numerical investigation indicates thatp0 exchange contribu-
tion in r0 photoproduction is so small that it can be n
glected in the first order approximation. With the same v
ues for parametera and b8, we fit the differential cross
sections, total cross section, and the single spin polarizat
in gp→r0p. For n<2, there are 27 resonances given by
quark model. However, the Moorhouse selection rule w
eliminate those belonging to the representation@70,12#1 ,
@70,01#2 , and @70,21#2 , in which there areS11(1650),
D13(1700), andD15(1675) belonging to@70,12#1 , but those
belonging to@70,01#2 and @70,21#2 have not been deter
mined very well in experiments.

The experimental data from@3# have been reproduced i
our model atEg51.225, 1.305, 1.4, 1.545, 1.730, 1.925 Ge
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FIG. 5. The four single-spin polarization observables ingp→vp are given by the solid curves atEg51.7 GeV. The dotted curves
correspond to the asymmetries without the resonanceF15(2000).
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for the differential cross sections. We find that the same
of parameters in thev could also be used to describe ther
productions as well. The additional parameteras is found to
be

as5250 MeV. ~94!

The fact that bothv andr0 production can be described b
the same set of the parameters is by no means trivia
shows the advantage of the introduction of the quark deg
of freedom so that thev andr can be described by a unifie
framework, moreover, the isospin mixing betweenv andr is
small and they have very similar masses. Although thes
exchange dominates in the smallt region, s- and u-channe
contributions play obviously important roles in the larget
region. In fact, it is the s- and u-channel contributions t
result in the backward peaking behavior which is similar
the Compton scattering phenomenon@30#. In Fig. 4, the in-
dividual results froms exchange and s- and u-channel a
presented as well. It shows that the cross sections are m
from the diffractive process. Moreover, since the number
contributing resonances is large, the contribution effe
from individual resonance are not significant. That is to s
it is quite impossible to derive the resonance informatio
from the differential cross sections.

The polarization results are provided in Fig. 5. Much
tention has been paid to the ‘‘missing resonanc
F15(2000). It shows that the polarization observables
quite sensitive to the presence of this state, especially in
recoil polarization and meson polarization. Double spin p
larization investigations are in progress in our framewo
and they should be more sensitive to the resonances.

In Fig. 6 all available data@3,5,28# for gp→r0p are
present. With the same set of parameters, the theoretica
sult gives a good description of the experimental data. In F
6 the dotted line denotes the contributions from s- and
channel which shows that the cross section of producingr0

through resonance channel is quite small in contrast with
et
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through diffractive process. This also explains why the
fects of an individual resonance is not significant in the d
ferential cross sections.

C. r6 photoproduction

In the charge meson productions,gn→r2p and gp
→r1n, the three channels s-, u-, and t- have contribution
the transition amplitudes. The charge exchange process
eliminated contributions from such diffractive behaviors
in thev andr0 photoproduction while the t-channel charge
vector meson exchange and the Seagull term will accoun
the small forward peaking shapes of the differential cro
sections, and this is also required by the duality hypothe
when we have taken the contributions from all the s- a
u-channel processes into account. Therefore, charged m
production provides an important test of this approach,
every term in these two reactions is generated by the ef
tive Lagrangian, and there are no additional free parame

In gp→r1n, for the Moorhouse selection rule at the ph
ton interaction vertex, those resonances belonging

FIG. 6. The total cross section ofgp→r0p is fitted by the solid
curve with s exchange taken into account. The dotted curve
scribes the pure contributions from s- and u-channel. The data
from Ref. @3# ~triangle!, @5#, and other experiments@28# ~square!.
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FIG. 7. The differential cross sections for~a! gn→r2p, and~b! gp→r1n at Eg51.85 GeV. The data in~a! come from Ref.@6#.
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nnel
@70,12#1 , @70,01#2 , and@70,21#2 are eliminated from con-
tributing to the amplitudes. But ingn→r2p, without the
constraint from Moorhouse selection rule, more resonan
have contributions to the amplitudes.

As we have shown in thev andr0 photoproduction, the
same set of parametersa andb8 gives an overall agreemen
with the available data; the challenge is whether we can
produce the data@6# in the r6 channels with the same pa
rameters, because they possess the same isospin symm
This should be one crucial test for the model. As expec
the data in the reactiongn→r2p are in very good agree
ment with the quark model predictions, indicating that t
quark model wave functions appear to provide the corr
relative strengths and phases among the terms in the s
and t-channels. In Fig. 7~a!, the experimental data forgn
→r2p from Ref. @6# are presented atEg51.85 GeV, which
is the average of the measurement realm. In Fig. 7~b!, we
present the prediction of the differential cross section ingp
→r1n, and it shows a similar behavior as ingn→r2p.

In Fig. 8, the total cross sections forr6 @6# are presented
In Fig. 8~a!, the cross section ofr2 photoproduction with
0,utu,1.1 GeV2 is well reproduced, along which the tota
cross section is also consistent with the experimental est
tion @7#. The prediction of the total cross section ofr1 pho-
es

e-

try.
d,

ct
u-

a-

toproduction is given in Fig. 8~b!.
While the shapes and magnitudes of the differential cr

sections are well reproduced within our approach we fi
little sensitivity to individual resonances. For example, in t
energy region ofEg;1.7 GeV, removing theF15(2000)
state—one of the ‘‘missing’’ candidates—changes the cr
section very little, indicating the differential cross sectio
may not be the ideal experimental observable to study
structure of the baryon resonances. In contrast to the c
sections, the polarization observables show a more dram
dependence on the presence of the s-channel resonance
illustrate their effects, as an example, the target polarizati
for r2 andr1 production with and without the contributio
from the F15(2000) resonance are shown in Fig. 9. We
not expect the quark model in theSU(6)^ O(3) limit to
provide a good description of these observables. Howeve
demonstrates the sensitivity of these observables to the p
ence of s-channel resonances. This shows that polariza
observables are essential in analyzing the role of s-cha
resonances.

D. The f photoproduction

Because the isospin of thef is the same as that of thev,
the formalism for the s- and u-channel contributions to thef
FIG. 8. The total cross section for~a! gn→r2p, and ~b! gp→r1n. The dotted line in~a! represents the cross section forutu
<1.1 GeV2. The data in~c! were taken with the restrictionutu<1.1 GeV2 given by Ref.@6#.
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FIG. 9. The target polarizations for~a! gn→r2p, and ~b! gp→r1n at Eg51.7 GeV. The dotted lines show the results without t
contribution from theF15(2000).
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productions should be the same as that of thev productions
except the different threshold energies. The major differe
between thev and thef productions is the mechanism o
generatingu (d) andū (d̄) quarks for thev productions and
the s and s̄ quarks for thef production that are suppresse
by the OZI rule. Such a difference will be reflected in t
difference of the coupling constants betweenv and f pro-
ductions, of which the coupling constant for thefNN vertex
is expected to be much smaller than that for thevNN vertex.
Thus, we shall concentrate on the nondiffractive effects g
erated from the effective Lagrangian in the s- and u-chan
reaction. Since we have not included the Pomeron excha
term to give the strong diffractive behavior in the smalt
region, our results thus could only be regarded as an est
tion.

The numerical results with the following two sets of p
rameters are shown in comparison with the data@8# in Fig.
10. They represent thefqq coupling constants in the non
diffractive processes of thef production,

a520.35,

b850.7, ~95!

and

a520.6,

b851.2. ~96!

It should be noted that the same value ofa as that in thev
production has been used in the evaluations at present s
Our results show that the differential cross sections are v
sensitive to the parametersa and b8 in the larget region,
where the Pomeron exchange is expected to be small. T
the data in the larget region could provide an importan
constraint to thefNN coupling constants. Moreover, th
coupling constants in Eqs.~95! and ~96! are indeed signifi-
cantly smaller than those for thev photoproductions in Eq
~90!. These results are also consistent with those obtaine
the QHD approach@18#.
e
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el
ge

a-
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us,
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V. DISCUSSION AND CONCLUSION

In this paper we have developed the framework and f
malism for the description of the vector meson photoprod
tions in the constituent quark model. Consequently, the
plication of this approach to thev and r meson
photoproduction has produced very encouraging results.
use of an effective Lagrangian allows the gauge invarianc
be satisfied straightforwardly.

The advantage of using the quark model approach is
the number of free parameters is greatly reduced in comp
son with hadronic models which introduce each resonanc
a new independent field with unknown coupling constants
our approach, only three parameters appear in theSU(6)
^ O(3) symmetry limit, the coupling constantsa andb ~or
b8) which determine the coupling strengths of the vec
meson to the quark, and the harmonic oscillator strengtha.

With p0 and s exchange taken into account, an over
description of thev, r0, r1, andr2 photoproduction with
the same set of parameters has been obtained in this fra
work. It shows that intermediate resonance contributio
have played important roles in thev andr meson photopro-
duction especially in larget regions. This shows that ou
effective Lagrangian approach in the quark model has p
vided an ideal framework to investigate the reaction mec
nism and the underlying quark structure of the baryon re
nances. The crucial role played by the polarizati
observables in determining the s-channel resonance pro
ties is demonstrated. Data on these observables, expe
from TJNAF in the near future, should therefore provide n
insights into the structure of the resonanceF15(2000) as well
as other ‘‘missing’’ resonances.

The introduction of t-channelp0 and s exchange in the
neutral productions can be quantitively understood in
picture of the Regge phenomenology@13# or the diffraction
duality picture of Freund@14# and Harari@15#. In such a
picture, the large difference of the cross section betweenr0

andr6 is due to such a background amplitude which ori
nates from a sizable contribution of the Pomeron singula
in r0 photoproduction from high energies down to th
threshold. Our numerical investigation has really shown
case, therefore, to some extent, suggests that the duality
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pothesis@31# constrains also the vector meson photoprod
tions.

In the reaction off photoproduction, the sizable non
diffractive contributions can be phenomenologically inte
preted as the s- and u-channel contributions generated
the effective Lagiangian. Further studies that include
Pomeron exchange in this approach will be pursued late

One significant approximation inherent in the presen
approach is the treatment of the vector mesons as point
ticles; thus, the effects due to the finite size of the vec

FIG. 10. The nondiffractive contributions from the effective L
grangian to the differential cross section of thef photoproduction
at Eg52.0 GeV. The data come from Ref.@8#. The solid and
dashed curve represent the results with parameters of Eqs.~95! and
~96!, respectively.
-

-
m
e

d
ar-
r

mesons that were important in the3P0 model are neglected
here. A possible way that may partly compensate this pr
lem is to adjust the parametera2, the harmonic oscillator
strength. In general, the question of how to include the fin
size of vector mesons while maintaining the gauge inva
ance is very complicated and has not yet been resolv
Moreover, as configuration mixing effects for the resonan
in the second and third resonance region are known to
very important, more precise quantitative agreement with
data cannot be derived from the current form. But such
fects could be investigated in our approach by insertin
mixing parameterCR in front of the transition amplitudes fo
the s-channel resonances, as has been investigated in
@26#.

The fact that thev andr productions can be described b
the same set of parameters shows the successes of the
model approach. Thus, the model presented here could
vide a systematic method to investigate the resonance be
ior in the vector meson photoproduction for the first tim
which will help us to identify the ‘‘missing resonances.’’
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APPENDIX

The matrix element for the nucleon pole term of transverse excitations in the s-channel is

MN
s ~T!52

MNe2~q21k2!/6a2

PN•k H gv
t vaeN

Ef1M f
ev•e2gAmN

b8

2mq
@~ev3q!•~e3k!1 i s•~ev3q!3~e3k!#J , ~97!

while the one for the u-channel is

MN
u ~T!52

M fe
2~q21k2!/6a2

Pf•k H gv
t vaef

EN1MN
e•ev1gAm f

b8

2mq
@~e3k!•~ev3q!1 i s•„~e3k!3~ev3q!…#J

1
efe

2~q21k2!/6a2

Pf•k H 2gv
t a

EN1MN
q•ek•ev1 igA

b8

2mq
s•~ev3q!q•eJ . ~98!

The matrix element for the nucleon pole term of the longitudinal excitations in the s-channel is

MN
s ~L !52gv

t ima

uqu
~w1MN!

2PN•k
mNs•~e3k!e2~q21k2!/6a2

, ~99!

while the one for the u-channel is

MN
u ~L !5gv

t ma

uqu
1

Pf•k H 2efq•e1 im f

~w1M f !

2w
s•~e3k!J e2~q21k2!/6a2

, ~100!

wherew5Ei1v5Ef1vm is the c.m. energy and theg-factor gv
t has been given in Eq.~32!.

The t-channel matrix element for the transverse transition is
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Mt~T!52
aem

q•k H 2gv
t Fvm1S q

Ef1M f
1

k

EN1MN
D •qGe•ev1gA

i

2mq
s•~k3q!e•ev

2gv
t S 1

Ef1M f
1

1

EN1MN
Dq•ek•ev1gA

i

2mq
s•„~k2q!3ev…q•e

1gA

i

2mq
s•„~k2q!3e…k•evJ e2~k2q!2/6a2

, ~101!

and for the longitudinal transition it is

Mt~L !52
m

uqu
aem

q•k H gv
t S 12

v

Ef1M f
Dq•e1gA

iv

2mq
s•„~k2q!3e…J e2~k2q!2/6a2

. ~102!
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