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Unified approach to pseudoscalar meson photoproductions off nucleons in the quark model

Zhenping Li,1,* Hongxing Ye,1 and Minghui Lu2
1Physics Department, Peking University, Beijing 100871, People’s Republic of China
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A unified approach to the pseudoscalar meson (p, h, andK) photoproductions off nucleons are presented.
It begins with the low energy QCD Lagrangian, and the resonances in thes andu channels are treated in the
framework of the quark model. The duality hypothesis is imposed to limit the number of thet-channel
exchanges. The CGLN amplitudes for each reaction are evaluated, which include both proton and neutron
targets. The important role of theS-wave resonances in the second resonance region is discussed, and is
particularly important for theK, h, andh8 photoproductions.@S0556-2813~97!01908-0#
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I. INTRODUCTION

Recently, there has been considerable interest in stud
the meson photoproductions off nucleons. The data fr
ELSA in the kaon@1# andh @2# productions, from MAMI@3#
and BATES@4# in the h production have been publishe
Further experiments have also been planned at the Con
ous Electron Beam Accelerator Facility~CEBAF! @5# and
other electron accelerator facilities, which will provide
complete set of data inp, K, andh photoproductions with
much better energy and angular resolutions. This provide
with a golden opportunity to study the structure of bary
resonances and a challenge to understand the rea
mechanism in terms of quantum chromodynamics~QCD!.

The theoretical investigations of meson photoproducti
during the past 30 years have been concentrated in the
baric models@6–10#, in which the Feynman diagrammat
techniques are used so that the transition amplitudes are
entz invariant. The recent investigations by Davidet al. @8#
in the kaon photoproductions and by the RPI group@11# in
the threshold region of theh photoproduction have bee
quite successful in describing the available data. Because
meson baryon interactions are treated in the phenomeno
cal level, the isobaric models have no explicit connect
with QCD, and the number of parameters in these models
generally related to the number of resonances that are
cluded in calculations. Thus, it becomes increasingly imp
tant to investigate the reaction mechanism in terms of qu
and gluon degrees of freedom. Such a program has its
esis with the early work of Copley, Karl, and Obryk@12# and
Feynman, Kisslinger, and Ravndal@13# in the pion photopro-
duction, who provided the first clear evidence of underlyi
SU(6)^ O(3) structure to the baryon spectrum. The follo
ing calculations and discussions with the consistent treatm
of the relativistic effects@14# have not changed the conclu
sions of Refs.@12# and@13# significantly. These calculation
in the framework of the quark models have been limited
the transition amplitudes that are extracted from the pho
production data by the phenomenological models. The c
lenge is whether one could go one step further to confr
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the photoproduction data directly with the explicit quark a
gluon degrees of freedom. Such a step is by no means tri
since it requires that the transition amplitudes in the qu
model have correct off-shell behavior, which are usua
evaluated on shell. More importantly, it also requires that
model with explicit quark and gluon degrees of freedo
gives a good description of the contributions to the pho
productions from the nonresonant background, which
usually used to evaluate the contributions froms-channel
resonances. The low energy theorem in the threshold p
photoproduction is a crucial test in this regard, which t
nonresonant contributions dominate in the threshold reg
Our investigation@15# showed that the simple quark model
no longer sufficient to recover the low energy theorem, a
one has to rely on low energy QCD Lagrangian so that
meson baryon interaction is invariant under the chiral tra
formation. Moreover, we found substantial contributio
from theS-wave resonances in the second resonance re
to theE01 amplitudes of the neutral pion photoproduction
This shows the importance of the consistent treatmen
both resonant and nonresonant contributions even in
threshold pion photoproductions. We have extended it to
kaon @16# and h @17# photoproductions by combining th
low energy QCD Lagrangian and the quark model, and
initial results showed very good agreement between
theory and experimental data with far less parameters.
purpose of this paper is to present a comprehensive and
fied approach to the meson photoproductions based on
low energy QCD Lagrangian. The duality hypothesis is a
imposed to limit the number oft-channel exchanges, whic
was not done in our previous investigation@16#. This reduces
the number of free parameters even further, and, in princi
there is only one parameter for each isospin channel, suc
ahNN in the h production oraKNL andaKNS for kaon pro-
ductions.

The paper is organized as follows. In Sec. II, the theor
ical framework is established in meson photoproductio
starting from the low energy QCD Lagrangian. The form
ism in the chiral quark model is presented for thes- and
u-channel resonances in Sec. III. We shall show how
CGLN amplitudes for thes- and u-channel resonances ar
derived in the quark model. Although our approach sta
with the low energy QCD Lagrangian, it could also be e
1099 © 1997 The American Physical Society
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tended to the heavy pseudoscalar meson photoproduc
such as theh8 production, as the meson quark couplin
should also be either pseudoscalar or pseudovector for
h8. In Sec. IV, we discuss some important features of
quark model approach to meson photoproductions. In p
ticular, theS-wave resonances in the second resonance
gion play an important role in the threshold region ofK, h,
and h8 photoproductions. Finally, the conclusion will b
given in Sec. V.

II. THE MODEL

To understand many of the successes of the nonrelativ
quark model, Manohar and Georgi proposed@18# the concept
of chiral quarks, which is described by the effective Lagran
ian

L5 c̄ @gm~ i ]m1Vm1g5Am!2m#c1•••, ~1!

where the vector and axial currents are

Vm5
1

2
~j†]mj1j]mj†!,

Am5 i
1

2
~j†]mj2j]mj†!,

j5eip/ f . ~2!

f is a decay constant, the quark fieldc in the SU~3! symme-
try is

c5S c~u!

c~d!

c~s!
D , ~3!

and the fieldp is a 3^ 3 matrix:

p5U 1

A2
p01

1

A6
h p1 K1

p2
2

1

A2
p01

1

A6
h K0

K2 K̄0 2A2

3
h

U ,

~4!

in which the pseudoscalar mesons,p, K andh, are treated as
Goldstone bosons so that the Lagrangian in Eq.~1! is invari-
ant under the chiral transformation. Starting from this chi
Lagrangian, there are four components for the photoprod
tions of pseudoscalar mesons:

Mf i5^Nf uHm,euNi&1(
j

H ^Nf uHmuNj&^Nj uHeuNi&
Ei1v2Ej

1
^Nf uHeuNj&^Nj uHmuNi&

Ei2vm2Ej
J 1MT , ~5!
n,

he
e
r-
e-

tic

-

l
c-

whereNi (Nf) is the initial ~final! state of the nucleon, and
v (vm) represents the energy of incoming~outgoing! pho-
tons ~mesons!.

The first term in Eq.~5! is a seagull term, it is generate
by the gauge transformation of the axial vectorAm in the
QCD Lagrangian. The corresponding quark-photon-me
vertex is given by

Hm,e5(
j

em

f m
fmc̄ j~qf !gm

j g5
j c j~qi !A

m~k,r j !, ~6!

whereAm(k,r j ) andfm are the electromagnetic and mes
fields, respectively. Notice that the seagull term in Eq.~6! is
proportional to the chargeem of the outgoing mesons, it doe
not contribute to the productions of the charge neutral m
sons. As will be shown later, this also leads to the forwa
peaking in differential cross sections for the charge me
production.

The second and the third terms ares- andu-channel con-
tributions. There has been considerable information on
s- andu-channel resonances frompN scattering as well as
the pion photoproductions, and the transition properties
these resonances, such as the electromagnetic transitio
well as the meson decays, have been investigated extens
in the framework of the quark model. Our task in mes
photoproductions off nucleons is to combine the electrom
netic transitions and the meson decays of these resona
together, in particular those evaluated in Ref.@19#, and to
express these transition amplitudes in terms of the stan
CGLN amplitudes@20# so that the various experimental ob
servables could be easily calculated@21#. This has been done
for the proton target in the kaon and theh productions, we
will present the complete evaluation of the CGLN amp
tudes for the transitions from both proton and neutron targ
to the resonances below 2 GeV, which corresponds to m
quantum number in the harmonic oscillator wave functi
n<2 in the SU(6)̂ O(3) symmetry limit. The connection
between the CGLN amplitudes for baryon resonances
the helicity amplitudesA1/2 and A3/2 in the electromagnetic
transition could be easily established, this has been discu
extensively in Ref.@16#. For those resonances above 2 Ge
there is little information on their properties, thus they a
treated as degenerate so that the contributions from the r
nances with quantum numbern could be expressed in a com
pact form. Generally, the contributions from those res
nances with the largest spin for a given quantum numben
are the most important as the energy increases, this co
sponds to spinJ5n11/2 for the processesgN→KL and
gN→hN, and J5n13/2 for the reactionsgN→KS and
gN→pN.

The contributions from theu-channel resonances are d
vided into two parts. The first part is the contributions fro
the resonances with the quantum numbern50, which in-
clude the spin-1/2 resonances, such as theL, S, and the
nucleon, and the spin-3/2 resonances, such as theS* in kaon
productions andD(1232) resonance inp productions. Be-
cause the mass splitting between spin-1/2 and -3/2 re
nances withn50 is significant, they have to be treated sep
rately. The transition amplitudes for theseu-channel
resonances will also be written in terms of the CGLN amp
tudes, which will be given in the next section. The seco
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56 1101UNIFIED APPROACH TO PSEUDOSCALAR MESON . . .
part comes from the resonances with the quantum num
n>1. As the contributions from theu-channel resonance
are not sensitive to the precise mass positions, they
treated as degenerate as well, so that the contributions
these resonances could also be written in a compact fo
which is also in terms of the CGLN amplitudes.

The last term in Eq.~5! is the t-channel charged meso
exchange, it is proportional to the charge of outgoing mes
as well, thus it does not contribute to the proce
gN→hN. This term is required so that the total transitio
amplitude in Eq.~5! is invariant under the gauge transform
tion @22#. The othert-channel exchanges, such as theK* and
K1 exchanges in the kaon production, which played an
portant role in@7,8#, ther andv exchanges in theh produc-
tion are excluded due to the constraint of the duality hy
thesis. This was not imposed in our early investigation@16#
of the kaon photoproduction, in which the contribution fro
theK* exchange was included. The duality hypothesis sta
that the inclusion of thet-channel exchanges may lead to
double-counting problem if a complete set of resonance
introduced in thes andu channels. Dolen, Horn, and Schm
@23# found that thet-channelr Reggie trajectories, which
govern the asymptotic high energy behavior, can be
tracted froms-channelN* resonances of their low energ
model. This constraint has been applied to the kaon ph
production by Williams, Ji, and Cotanch@9# in their quantum
hadrondynamic approach. The problem in their approac
that the minimum set of thes- andu-channel resonances wa
used in the calculation so that the model space is seve
truncated from a complete set of resonances to a few r
nances, in particular, the resonances with higher spins
are important in higher energies are neglected. Thus,
theory becomes an effective theory, and the duality c
straint is less significant. On the other hand, the chiral qu
model provides an ideal framework to apply the duality co
straint since every resonance could be included in princ
and without additional parameters. The explicit express
for the t-channel charged meson exchange is shown in
Appendix.

III. FORMALISM

Before we present our chiral quark model approach, i
very useful to review some basic kinematic feature of me
photoproductions. The differential cross section for mes
photoproductions in the center-of-mass frame is

dsc.m.

dV
5

aeam~EN1MN!~Ef1M f !

4s~M f1MN!2

uqu
uku

uM8 f i u2, ~7!

where the factoregA / f m is removed from the transition ma
trix elementM8 f i so that it becomes dimensionless, a
As5EN1vg5Ef1vm is the total energy in the c.m. frame
The coupling constantam is related to the factorgA / f m by
the generalized Goldberg-Treiman relation@24#, however,
the quark mass effects lead to about 30% deviation from
measured value, while the Goldberg-Trieman relation is
curate within 5% for the pion couplings@25#. Therefore, the
coupling am will be treated as a free parameter forK and
h productions at present stage.
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The transition matrix elementM8 f i is expressed in terms
of the CGLN amplitude,

M8 f i5J•e, ~8!

wheree is the polarization vector of incoming photons, an
the currentJ is written as

J5 f 1s1 i f 2

~s•q!~k3s !

uquuku
1 f 3

s•k

uquuku
q1 f 4

s•q

q2
q ~9!

in the center-of-mass frame, wheres is the spin operator for
the initial and final states with spin 1/2. Therefore, the d
ferential cross section in terms of the CGLN amplitude
@21#

uMf i8 u25ReH u f 1u21u f 2u222cos~u! f 2f 1* 1
sin2~u!

2

3@ u f 3u21u f 4u212 f 4f 1* 12 f 3f 2* 12cos~u! f 4f 3* #J ,

~10!

whereu is the angle between the incoming photon mome
tum k and outgoing meson momentumq in the center-of-
mass frame. The various polarization observables can als
expressed in terms of CGLN amplitudes, which can be fou
in Ref. @21#.

Therefore, it is more convenient to express the transit
amplitudes in the quark model in terms of the CGLN amp
tudes, since the kinematics in this framework is well know
We start this procedure from the general quark-photon
quark-meson interactions in the QCD Lagrangian in Eq.~1!.
By expanding the nonlinear fieldj in Eq. ~2! in terms of the
Goldstone boson fieldsp,

j511 ip/ f 1••• , ~11!

we obtain the standard pseudovector coupling at the
level:

Hm5(
j

1

f m
c̄ jgm

j g5
j c j]

mfm . ~12!

The electromagnetic coupling is

He52(
j

ejgm
j Am~k,r !. ~13!

Because the baryon resonances ins and u channels are
treated as three quark systems, the separation of the ce
of-mass motion from the internal motions in the transiti
operators is crucial, in particular, to reproduce the mo
independent low energy theorems@15# in the threshold pion
photoproduction and in the Compton scattering,gN→gN
@26#. Thus, we take the same approach as that in R
@26,27,15# to evaluate the contributions from resonances
s andu channels. Replacing the spinorc̄ by c† so that the
g matrices are replaced by the matrixa, the matrix elements
for the electromagnetic interactionHe can be written as
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^Nj uHeuNi&5K NjU(
j

eja j•eeik•r jUNi L
5 i K NjUF Ĥ,(

j
ej r j•eeik•r j G

2(
j

ej r j•ea j•keik•r jUNi L
5 i ~Ej2Ei2v!^Nj ugeuNi&1 iv^Nj uheuNi&,

~14!

where

Ĥ5(
j

~a j•pj1b jmj !1(
i , j

V~r i2r j ! ~15!

is the Hamiltonian for the composite system,

ge5(
j

ej r j•eeik•r j , ~16!

he5(
j

ej r j•e~12a j• k̂!eik•r j , ~17!

and k̂5k/vg . Similarly, we have

^Nf uHeuNj&5 i ~Ef2Ej2vg!^Nf ugeuNj&1 ivg^Nf uheuNj&.

~18!

Therefore the second and the third terms in Eq.~5! can be
written as

M238 5 i ^Nf u@ge ,Hm#uNi&1 ivg(
j

H ^Nf uHmuNj&^Nj uheuNi&
Ei1vg2Ej

1
^Nf uheuNj&^Nj uHmuNi&

Ei2vm2Ej
J 5^Nf uMseagull8 uNi&

1^Nf uMsuNi&1^Nf uMuuNi&, ~19!

where the first term could also be regarded as the sea
term, and theMs (Mu) corresponds to thes(u)-channel
contributions. There are two very important consequence
this manipulation. First, the leading terms in the low ene
theorem of the threshold pion photoproduction are pres
only in the leading Born terms, which include the seag
term and the contributions from the nucleon in thes and u
channels, while the resonance contributions are only pre
at higher order@15#. Second, the nonrelativistic expansio
for he in Eq. ~17! becomes@26,15#

he5(
j

Fej r j•e2
ej

2mj
s j•~e3 k̂!Geik•r j , ~20!

wherehe is only expanded to order 1/mq , and it has been
shown@15# that the expansion to order 1/mq is sufficient to
reproduce the low energy theorem for the threshold p
photoproductions@20#. The procedure from Eq.~14! to Eq.
~20! is equivalent to the prescription in@14#, in which the
ull

in
y
nt
ll

nt

n

effects of the binding potential is included in the transiti
operator so that the first term in Eq.~20! differs from
(1/mq)pj•e used in@12,19#.

The corresponding meson coupling is

Hm
nr5(

j
H vm

Ef1M f
s j•Pf1

vm

Ei1Mi
s j•Pi

2s j•q1
vm

2mq
s j•pj J Î j

gA
e2 iq•r j , ~21!

wherevm is the energy of the emitting mesons andÎ j is an
isospin operator. The factor 1/mq in Eq. ~21! is a reduced
mass at the quark level, which equals 1/mq5(1/ms)
1(1/mq) for kaon productions and 1/mq52/mq for h and
p productions. The first three terms in Eq.~21! correspond to
the center-of-mass motion, and the last term represents
internal transition. The constantgA is related to the axial
vector coupling, and defined as

K NfU(
j

Î js jUNi L 5gA^Nf usuNi&, ~22!

where s is the total spin operator of the initial and fina
states with spin 1/2. The isospin operatorÎ j in Eq. ~21! is

TABLE I. The g factors in theu-channel amplitudes in Eqs
~31! and ~32! for different production processes.

Reaction g3
u g2

u gv gv8 ga8 gA gS

gp→K1L 2
1
3

1
3

1 1 1 A3
2

2
mL

3

gn→K0L 2
1
3

1
3

1 21 21 A3
2

mL

3

gp→K1S0
2

1
3

1
3

23 27 9 2
1

3A2
mS0

gn→K0S0
2

1
3

1
3

23 11 29 1

3A2
mS0

gp→K0S1
2

1
3

3
4

23 2 0 1
3

2mS1

3

gn→K1S2
2

1
3

2
2
3

23 2 0 2
1
3

0

gp→hp 1 0 1 0 0 1 0

gn→hn 2
2
3

2
3

0 21 0 1 0

gp→p1n 2
1
3

1
3

3
5

1
5

9
5

5
3

2
2mn

5

gn→p2p 2
3

1
3

3
5

1
5

2
9
5

2
5
3

2
4mp

15

gp→p0p 7
15

8
15

15
7

2 0 5

3A2

8mp

15

gn→p0n 2
2

15
2

15
6 27 0 2

5

3A2

4mn

5
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Î j55
aj

†~s!aj~u! for K1,

aj
†~s!aj~d! for K0,

aj
†~d!aj~u! for p1,

2
1

A2
„aj

†~u!aj~u!2aj
†~d!aj~d!… for p0,

1 for h,
~23!

whereaj
†(s) andaj (u) or aj (d) are the creation and annih

lation operators for the strange and up or down quarks,
I j is simply a unit operator for theh production so that the
factorgA is 1. The values ofgA are listed in Table I for each
reaction in the SU~6! symmetry limit.

A. The seagull term

The amplitudes for the seagull term are

Ms52F~k,q!emF11
vm

2 S 1

EN1MN
1

1

Ef1M f
D Gs•e,

~24!

where em is the charge of outgoing mesons, and the fo
factor is

F~k,q!5expS 2
~k2q!2

6a2 D ~25!

in the harmonic oscillator basis, wherea is the oscillator
strength.

The seagull term in the chiral quark model is generated
the gauge transformation of the QCD Lagrangian in Eq.~1!.
d

y

It produces the leading term@15# in the low energy theorem
the threshold pion photoproduction. Therefore, it plays
dominant role in the meson photoproductions of nucleons
the low energy region. The form factor in Eq.~25! also
makes this term peaked at the forward angle for finitek and
q. This leads to an interesting prediction for meson pho
productions in the chiral quark model; the differential cro
sections for the charged meson productions without con
butions from isospin-3/2 resonances should be forw
peaked above the threshold because of the dominanc
seagull term in the low energy region. The data in the p
cessesgp→K1L andgp→hp are consistent with this con
clusion, in which theK1 production is strongly forward
peaked, while theh production does not exhibit the forwar
peaking at all. This feature is quite unique in the chiral qua
model, it is a combination of the QCD Lagrangian and t
integration of the spatial wave functions in the initial an
final states, which does not exist in the traditional effect
Lagrangian approaches at the hadronic level.

B. The u-channel resonance contribution

We show the amplitudes for theu-channelL andS reso-
nances in kaon productions and for theu-channel nucleon in
h and p productions in the Appendix. The calculation o
Mu in Eq. ~19! for the excited states follows a procedu
similar to that used in the Compton scattering (gN→gN)
@26#. Replacing the outgoing photon operatorhe in the
Compton scattering byHm

nr in Eq. ~21!, then theMu is

Mu5~Mu
31Mu

2!e2~k21q2!/6a2
, ~26!

where
ritten
Mu
3gA

3
5 i

e3I 3

2mq
s3•~e3k!s3•AF0S k•q

3a2
,Pf•kD 2

e3I 3

6 Fvgvm

mq
S 11

vg

2mq
Ds3•e1

2vg

a2
s3•Ae•qG

3F1S k•q

3a2
,Pf•kD 2

vgvm

18mqa2
e3I 3s3•ke•qF2S k•q

3a2
,Pf•kD , ~27!

which corresponds to the outgoing meson and incoming photon absorbed and emitted by the same quark, and

Mu
2gA

6
5 i

e2I 3

2mq
s2•~e3k!s3•AF0S 2

k•q

6a2
,Pf•kD 1

e2I 3

12 Fvgvm

mq
S s3•e1

1

2mq
s2•~e3k!s3•kD1

2vg

a2
s3•Ae•qG

3F1S 2
k•q

6a2
,Pf•kD 2

vgvm

72mqa2
e2I 3s3•ke•qF2S 2

k•q

6a2
,Pf•kD , ~28!

which corresponds to the incoming photon and outgoing meson absorbed and emitted by different quarks. The vectorA in Eqs.
~27! and ~28! is defined as

A52vmS 1

EN1MN
1

1

Ef1M f
D k2S vm

1

Ef1M f
11Dq. ~29!

Notice that the initial nucleon and the intermediate states have the c.m. momenta2k and2k2q, respectively. The function
Fl(x,y) in Eqs.~31! and~32! is the product of the spatial integral and the propagator for the excited states, it can be w
as
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Fl~x,y!5(
n> l

Mn

~n2 l !! ~y1ndM2!
xn2 l , ~30!

wherendM25(Mn
22M f

2)/2 represents the mass difference between the ground state and excited states with the total e
quantum numbern in the harmonic oscillator basis.

TheMu
3 in Eq. ~27! andMu

2 in Eq. ~28! are theu-channel operators at the quark level. They are the master equation
all pseudoscalar meson photoproductions. To derive the amplitudes for a particular reaction, one has to transform Eqs~27! and
~28! into the more familiar CGLN amplitudes at the hadron level. We have

Mu
3

g3
u

5
1

2m
$ igvA•~e3k!1s•@A3~e3k!#%F0S k•q

3a2
,Pf•kD 2

1

6Fvmvg

mq
S 11

vg

2mq
Ds•e1

2vg

a2
s•Ae•qG

3F1S k•q

3a2
,Pf•kD 2

vmvg

18a2mq

s•ke•qF2S k•q

3a2
,Pf•kD , ~31!

and

Mu
2

g2
u

52
1

2mq
$2 igv8A•~e3k!1ga8s•@A3~e3k!#%F0S 2k•q

6a2
,Pf•kD 1

1

12Fvmvg

mq
S 11ga8

vg

2mq
Ds•e1

2vg

a2
s•Ae•qG

3F1S 2
k•q

6a2
,Pf•kD 2

vmvg

72a2mq

s•ke•qF2S 2
k•q

6a2
,Pf•kD . ~32!
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The variousg factors in Eqs.~31! and ~32! are defined as

g3
u5K NfU(

j
ej Î js j

zUNi L Y gA , ~33!

g2
u5K NfU(

i 5” j
ej Î is i

zUNi L Y gA , ~34!

and

gv5K NfU(
j

ej Î jUNi L Y g3
ugA , ~35!

wheregA is given in Eq.~22!. The factorsgv8 andga8 in Eq.
~32! come from

1

g2
ugA

K NfU(
i 5” j

ej Î is i•As j•BUNi L
5^Nf ugv8A•B1 iga8s•~A3B!uNi&, ~36!

whereA andB are vectors, ands is the total spin operato
for spin-1/2 baryons. Thus, we have

gv85
1

3g2
ugA

K NfU(
i 5” j

ej Î is i•s jUNi L ~37!

and

ga85
1

2g2
ugA

K NfU(
i 5” j

ej Î i~s i3s j !zUNi L . ~38!
The numerical values of theseg factors in Eqs.~31! and~32!
depend on the detailed structures of final state wave fu
tions, and they are presented in Table I in the SU~6! symme-
try limit.

The first term in Eqs.~31! and ~32! corresponds to the
correlation between the magnetic transition and the c.m.
tion of the kaon transition operator, it contributes to the lea
ing Born term in theu channel. The second term is the co
relation among the internal and c.m. motions of the pho
and meson transition operators, they only contribute to
transitions between the ground andn>1 excited states in the
harmonic oscillator basis. The last term in both equatio
represents the correlation of the internal motions between
photon and meson transition operators, which only cont
ute to the transition between the ground andn>2 excited
states. An interesting observation from these expression
that the transition matrix elementsMu

3 andMu
2 correspond

to the incoming photons and outgoing kaons being absor
and emitted by the same and different quarks, and they d
by a factor (21/2)n. Thus the transition matrix elemen
Mu

3 becomes dominant as the quantum numbern increases.
Equations~31! and ~32! can be summed up to any qua

tum numbern, however, the excited states with large qua
tum numbern become less significant for theu-channel
resonance contributions. Thus, we only include the exc
states withn<2, which is the minimum number required fo
the contributions from every term in Eqs.~31! and ~32!.
Physically, this corresponds to the average sum of the c
tributions from every resonance with the total excitati
numbern51 and 2. The orbital excitedn>1 resonances are
treated as degenerate, since their contributions in theu chan-
nel are much less sensitive to the detail structure of th
masses than those in thes channel. However, the contribu
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tions from S* (1385) andD(1232) to theK and p photo-
productions should be separated from theL, S, and nucleon
for n50, as their masses differ significantly. The amplitu
Mu for n50 is

Mu
n505

1

2mq

e2~q21k2!/6a2

Pf•k1dM2/2
$ i ~g3

ugv1g2
ugv8!A•~e3k!

1~g3
u2g2

uga8!s•@A3~e3k!#%. ~39!

Equation~39! represents the sum of the contributions fro
both spin-1/2 and -3/2 states in the56 multiplet, such as the
L, S, andS* states in kaon photoproduction. Thus, the co
tributions from spin-3/2 states such as theS* andD can be
obtained by subtracting the contributions of spin-1/2 int
mediate states from the totaln50 amplitudes. The amplitude
for the spin-1/2 intermediate state is

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

5^Nf ums•~e3k!s•AuNi&, ~40!

in which we only considered the contributions of the ma
netic term inhe . The magnetic momentm in Eq. ~40! is

m55
mL1

gKSN

gKLN
mLS for gN→KL,

mS01
gKLN

gKSN
mLS for gN→KS0,

mNf
for othergN→m021Nf .

~41!

We have

Mu
J53/25

1

2mq

e2~q21k2!/6a2

Pf•k1dM2/2
$ i ~g3

ugv1g2
ugv8!A•~e3k!

1~g3
u2g2

uga8!s•@A3~e3k!#

2 ims•~e3k!s•A%. ~42!

We find that the general form of the CGLN amplitudes f
the J53/2 states withn50 is

Mu
J53/25

M fgSe2~q21k2!/6a2

MN~Pf•k1dMJ53/2
2 /2!

3$ i2s•As•~e3k!1s•@A3~e3k!#%, ~43!

wheredMJ53/2
2 5MJ53/2

2 2M f
2 . The factorgS is also listed in

Table I for each reaction. The structure in Eq.~43! is differ-
ent from that of the CGLN amplitude for the spin-3/2 res
nance in thes channel; there are bothM1

2 andM1
1 compo-

nents in Eq.~43!, while the spin-3/2 resonance in thes
channel only hasM1

1 transition@21#.

C. The S-channel resonance contribution

The amplitude of the nucleon pole term is presented in
Appendix. The S-channel resonance contributions com
from the second term in Eq.~19!, the derivation of this term
-

-

-

-

e

follows the analytic procedure for the Compton scattering
Ref. @26#. Replacing the outgoing photon vertex in Compt
scattering in Ref.@26# by the meson transition operator i
Eq. ~21!, we find that the general expression for the excit
resonances in thes channel can be written as

MR5
2MR

s2MR@MR2 iG~q!#
e2~k21q2!/6a2OR , ~44!

whereAs5Ei1vg5Ef1vm is the total energy of the sys
tem, andOR is determined by the structure of each res
nance. Equation~44! shows that there should be a form fa
tor, e2(k21q2)/6a2

in the harmonic oscillator basis, even in th
real photon limit.G(q) in Eq. ~44! is the total width of the
resonance, and a function of the final state momentumq. For
a resonance decaying into a two-body final state with rela
angular momentuml , the decay widthG(q) is

G~q!5GR

As

MR
(

i
xiS uqi u

uqi
Ru D

2l 11
Dl~qi !

Dl~qi
R!

, ~45!

with

uqi
Ru5A~MR

22MN
2 1Mi

2!2

4MR
2

2Mi
2, ~46!

and

uqi u5A~s2MN
2 1Mi

2!2

4s
2Mi

2, ~47!

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 theS-channel resonance with the ma
MR . The functionDl(q) in Eq. ~45! is called a fission barrier
@28#, and wave function dependent. For the meson transi
operator in Eq.~21!, the Dl(q) in the harmonic oscillator
basis has the form@19#

Dl~q!5expS 2
q2

3a2D , ~48!

which is independent ofl . A similar formula used inI 51
pp andp-waveI 51/2 Kp scattering was found in excellen
agreement with data in ther andK* meson region@29#. In
principle, the branching ratioxi should be evaluated in th
quark model. However, there are very large uncertaintie
most quark model evaluations as the coupling constant, s
asahNN andaKLN , are not well determined. Our results
the h and kaon photproductions could provide a guide
the future investigations, which in turn will determine th
branching ratiosxi more precisely. Therefore, we simply s
xp5xh50.5 for the resonanceS11(1535), whilexp51.0 for
the rest of the resonances as a first-order approximation
the resonance decays are dominated by the pion chan
except the resonanceS11(1535) whose branching ratio in
hN channel is around 50%. The results inh and kaon pho-
toproductions suggest that they are not sensitive to the q
tity xi , as we know qualitatively thatxi is small in thehN
andKY channels except the case ofS11(1535).
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Our investigation in theh photoproduction@17# has
shown that the momentum dependence of the decay w
for the s-channel resonances is very important in extract
the properties of the resonanceS11(1535) from the data in
the thresholdh production, it is also an important procedu
to ensure the unitarity of the total transition amplitudes@11#
approximately. This has not been taken into account in m
calculations of the kaon andh production within the effec-
tive Lagrangian approach, which leads to a larger theoret
uncertainty that has not been fully investigated.
th
g

y

al

At the quark level, the operatorOR for a givenn in the
harmonic oscillator basis is

On5On
21On

3 , ~49!

where the amplitudesOn
2 andOn

3 have the same meaning a
the amplitudesMu

2 andMu
3 in Eqs.~27! and~28!. Following

the same procedure used in the Compton scattering@26#, we
have
On
3gA

3
52 i

I 3e3

2mq
s3•As3•~e3k!

1

n! S k•q

3a2D n

1
e3I 3

6 Fvgvm

mq
S 11

vg

2mq
Ds3•e1

2vg

a2
s3•Ae•qG 1

~n21!! S k•q

3a2D n21

1
vgvm

18mqa2
e3I 3s3•ke•q

1

~n22!! S k•q

3a2D n22

, ~50!

and

On
2gA

6
52 i

e2I 3

2mq
s2•~e3k!s3•A

1

n! S 2k•q

6a2 D n

2
e2I 3

12 Fvgvm

mq
S s3•e1

1

2mq
s2•~e3k!s3•kD

1
2vg

a2
s3•Ae•qG 1

~n21!! S 2k•q

6a2 D n21

1
vgvm

72mqa2
e2I 3s3•ke•q

1

~n22!! S 2k•q

6a2 D n22

, ~51!

where the vectorA for the s channel is

A52S vm

Ef1M f
11Dq. ~52!

One can transform Eqs.~50! and ~51! into more familiar CGLN amplitudes, and we find

On
3

g3
s

52
1

2mq
$ igvA•~e3k!2s•@A3~e3k!#%

1

n! S k•q

3a2D n

1
1

6Fvmvg

mq
S 11

vg

2mq
Ds•e1

2vg

a2
s•Ae•qG 1

~n21!! S k•q

3a2D n21

1
vmvg

18a2m
s•ke•q

1

~n22!! S k•q

3a2D n22

~53!

and

On
2

g2
u

5
1

2mq
$2 igv8A•~e3k!1ga8s•@A3~e3k!#%

1

n! S 2k•q

6a2 D n

2
1

12Fvmvg

mq
S 11ga8

vg

2mq
Ds•e

1
2vg

a2
s•Ae•qG 1

~n21!! S 2k•q

6a2 D n21

1
vmvg

72a2m
s•ke•q

1

~n22!! S 2k•q

6a2 D n22

, ~54!
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56 1107UNIFIED APPROACH TO PSEUDOSCALAR MESON . . .
where theg factors in Eqs.~53! and~54! are defined in Eqs
~33!–~38! and given in Table I, and

g3
s5K NfU(

j
ej Î js j

zUNi L Y gA5em1g3
u , ~55!

whereem is the charge of the outgoing mesons. Thus,
operatorOR in Eq. ~44! has a general structure,

OR5gRA@ f 1
Rs•e1 i f 2

R~s•q!s•~k3e !

1 f 3
Rs•ke•q1 f 4

Rs•qe•q#, ~56!

for the pseudoscalar meson photoproductions, wheregR is an
isospin factor, A the meson decay amplitude, andf i

R

( i 51•••4) is the photon transition amplitude. The fact
gR and the meson decay amplitudeA in Eq. ~56! are deter-
mined by the matrix elementŝNf uHmuNj& in Eq. ~5!; the
factor gR represents the transition in the spin-flavor spa
and the amplitudeA is the integral of the spatial wave func
tions.

We shall discuss briefly how the CGLN amplitudes f
each resonance withn51 could be extracted from Eqs.~53!
and ~54!, as the CGLN amplitudes forJ53/2 resonances
with n50 follow the same procedure as that in theu chan-
nel. Since the amplitudeOn51 represents the sum of all reso
nances withn51, we start with the reactiongp→K1L, in
which the isospin 3/2 does not contribute. Moreover,
contributions from the states with quantum numb
N(4PM) vanish as well due to Moorhouse selection rule@31#
for the electromagnetic transitionhe in Eq. ~20!. Thus, only
the resonances withN(2PM) contribute to the reaction
gp→K1L. Substituting theg factors for the reaction
gp→K1L into Eqs.~53! and ~54!, we have

On5152
1

12mq
$ iA•~e3k!2s•@A3~e3k!#%

k•q

a2

1
1

12Fvmvg

m S 11
vg

2mq
Ds•e1

2vg

a2
s•Ae•qG ,

~57!

in which onlyS andD partial waves are present. Rewrite th
quantityOn51 into S andD waves, we find

On51~S wave!5
vg

12S 11
vg

2mq
D S vm

mq
1

2

3

A•q

a2 D s•e,

~58!

and

On51~D wave!5
2 i

12mq
s•As•~e3k!2

vg

18

A•q

a2

3S 11
vg

2mq
Ds•e1

1

6

vg

a2
s•Ae•q. ~59!

Thus, theOn51(S wave) in Eq.~58! represents the CGLN
amplitude for the resonanceS11 with quantum number

N(2PM) 1
2

2, while On51(D wave) is the CGLN amplitude
e

,

e
r

for the resonanceD13 with quantum numberN(2PM) 3
2

2, as

only the S11 resonance withN(2PM) 1
2

2 and theD13 reso-

nance withN(2PM) 3
2

2 contribute togp→K1L. The quan-
tity @vm /mq1(2/3)(A•q/a2)# in Eq. ~58! corresponds to the
meson transition amplitudeA in Eq. ~56!, while the meson
transition amplitudeA for the D-wave resonance isuAu/uqu.
The amplitudesA for the S and D waves have the sam
expressions as those in Table I of Ref.@19# with

g2 1
3 h5uAu/uqu, andh5vm/2mq . Note thatA has a nega-

tive sign, this is consistent with the fitted values forg2 1
3 h

andh in Ref. @19#. The quantity (vg/12)(11vg/2mq) in Eq.
~58! represents the photon transition amplitudef i

R . It is pro-
portional to the helicity amplitudeA1/2

p for the state

N(2PM) 1
2

2 for the he in Eq. ~20! @30#, as the CGLN ampli-
tude for S-wave resonances is simply a product of phot
and meson transition amplitudes.

Similarly, we find that the CGLN amplitude for theS31
resonance in the reactiongp→K1S0 is

On51~S wave!5
vg

6 S 12
vg

6mq
D S vm

mq
1

2

3

A•q

a2 D s•e.

~60!

This shows that the amplitudeA is the same for both reac
tions,gp→K1L andgp→K1S0. In fact, it has been shown
in Ref. @19# that the meson transition amplitudeA is inde-
pendent of not only a particular reaction but also SU~6! sym-
metry so that the resonances belonging to56 and70 multip-
lets with the same angular momentumL52 are governed by
the same meson decay amplitudeA. In other words the am-
plitudeA in Eq. ~56! is universal for the pseudoscalar mes
decay processes. Thus, we present the amplitudeA in the
simple harmonic oscillator basis in Table II, in which th
amplitudeA depends on the total excitationn and the orbital
angular momentumL. The relative angular momentum o
the final decay products is expressed in terms of the pa

TABLE II. Meson transition amplitudesA in the simple har-
monic oscillator basis.

(N,L) Partial waves A

(0,0) P 2S vm

Ef1Mf
11D

(1,1) S
vm

mq
2S vm

Ef1Mf
11D 2q2

3a2

(1,1) D 2S vm

Ef1Mf
11D

(2,0) P
vm

mq
2S vm

Ef1Mf
11D q2

a2

(2,2) P
vm

mq
2S vm

Ef1Mf
11D 2q2

5a2

(2,2) F 2S vm

Ef1Mf
11D q2

a2
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TABLE III. The CGLN amplitudes for theS-channel baryon resonances for the proton target in
SU(6)^ O(3) symmetry limit, wherek5uku, q5uqu, and x5(k–q)/kq. The CGLN amplitudes for the
N(4PM), N(4SM), andN(4DM) states are zero due to the Moorhouse selection rule, see text.

States f 1 f 2 f 3 f 4

D~4Ss!
3
2

1 3
kqx

2mq
2

1

2mq
23

1

2mq
0

N~2PM!1
2

2
vg

12S 11
k

2mq
D 0 0 0

N~2PM ! 3
2

2 2
vg

18 S 11
k

2mq
D q2

a2
2

kqx

12mqa2
0

vg

6a2

D~2PM ! 1
2

2
vg

6 S 12
k

6mq
D 0 0 0

D~2PM ! 3
2

2 2
vg

9 S 12
k

6mq
D q2

a2

kqx

18mqa2
0

vg

3a2

N~2Ss8! 1
2

1 0 2
k2

216mqa2
0 0

D~4Ss8! 3
2

1
k3qx

36mqa2

k2

54mqa2
2

k2

36mqa2

N~2Ds!
3
2

1
k2qx

36a2 S 11
k

2mq
D k2

216mqa2

vg

36a2
0

N~2Ds!
5
2

1 2
k2qx

180a2 S 11
k

2mq
D 2

k2

144mqa2
~x22

1
5 ! 2

k

180a2

k2x

36qa2

D~4Ds!
1
2

1 0 2
k2

108mqa2
0 0

D~4Ds!
3
2

1 0 2
k2

108mqa2

k2

36mqa2
0

D~4Ds!
5
2

1
k3qx

126mqa2

k2

126mqa2
~x22

1
5 !

k2

210mqa2
0

D~4Ds!
7
2

1
k3q

12mqa2
~x22

3
7 !

k2

21mqa2
~x22

1
5 !

k2

12mqa2
~x22

1
7 ! 0

N~2SM ! 1
2

1 0 2
k2

432mqa2
0 0

D~2SM ! 1
2

1 0 2
k2

648mqa2
0 0

N~2DM ! 3
2

1
k2qx

72a2 S 11
k

2mq
D k2

432mqa2

k

72a2
0

N~2DM ! 5
2

1
2k2qx

360a2 S 11
k

2mq
D 2k2

288mqa2
~x22

1
5 !

2k

360a2

k2x

72qa2

D~2DM ! 3
2

1
k2qx

36a2 S 11
k

2mq
D 2k2

648mqa2

k

36a2
0

D~2DM!5
2

1
2k2qx

180a2 S 11
k

2mq
D k2

432mqa2
~x22

1
5 !

2k

180a2
k2x

36qa2
e

li

e

r
s of
-
has
wave language in Table II, which theS, P, D, andF waves
denote the relative angular momentum 0, 1, 2, and 3 betw
the final decay products.

Thus, the advantages of Eq.~56! are that only the factor
gR is determined by a particular reaction, while the amp
tudeA is universal, and the photon transition amplitudesf i

R

en

-

only depend on the initial proton and neutron targets. W
show the photon transition amplitudesf i

R for each resonance
with n<2 in Table III for the proton target and Table IV fo
the neutron target. They are usually expressed in term
helicity amplitudes,A1/2 and A3/2, and the connection be
tween the two representations can be established, which
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TABLE IV. The CGLN amplitudes for theS-channel baryon resonances for the neutron target in
SU(6)^ O(3) symmetry limit, wherek5uku, q5uqu, andx5(k–q)/kq.

States f 1 f 2 f 3 f 4

N~2PM!1
2

2
2vg

12 S 11
k

6mq
D 0 0 0

N~2PM ! 3
2

2
vg

18 S 11
k

6mq
D q2

a2

kqx

36mqa2
0

2vg

6a2

N~4PM ! 1
2

2
2vgk

36mq
0 0 0

N~4PM ! 3
2

2
2vgkq2

135mqa2

2kqx

90mqa2
0 0

N~4PM ! 5
2

2
2vgkq2

6mqa2
~x22

1
5 !

2kqx

10mqa2

kqx

6mqa2
0

N~2Ss8! 1
2

1 0
k2

324mqa2
0 0

N~2Ds!
3
2

1
2k3qx

108mqa2

2k2

324mqa2
0 0

N~2Ds!
5
2

1
k3qx

540mqa2

k2

216mqa2
~x22

1
5 ! 0 0

N~2SM ! 1
2

1 0
k2

1296mqa2
0 0

N~2DM ! 3
2

1
2k2qx

72a2 S 11
k

6mq
D 2k2

1296mqa2

2k

72a2
0

N~2DM ! 5
2

1
k2qx

360a2 S 11
k

6mq
D k2

864mqa2
~x22

1
5 !

k

360a2

2k2x

72qa2

N~4SM ! 3
2

1
2k3qx

216mqa2

2k2

324mqa2

k2

216mqa2
0

N~4DM ! 1
2

1 0
2k2

1944mqa2
0 0

N~4DM ! 3
2

1
k3qx

162mqa2

7k2

1944mqa2

2k2

216mqa2
0

N~4DM ! 5
2

1
2k3qx

756mqa2

2k2

756mqa2
~x22

1
5 !

k2

1260mqa2
0

N~4DM ! 7
2

1
2k3q

72mqa2
~x22

3
7 !

2k2

126mqa2
~x22

1
5 !

k2

72mqa2
~x22

1
7 ! 0
L
fo
n

to

lon
h

tio

r-
m-

LN
been discussed extensively in Refs.@16,17# for proton tar-
gets. Here we discuss some important features of the CG
amplitudes for neutron targets and their relation to those
proton targets. A very important example is the contributio
from the resonances belonging to (70,4N) representation for
neutron targets, of which the transition amplitudes for pro
targets are zero due to the Moorhouse selection rule@31# if
one uses the nonrelativistic transition operator in Eq.~21!.
There are three important negative parity baryons that be
to the (70,4N) multiplet in the naive quark model, whic
correspond toS11(1650),D13(1700), andD15(1675). In par-
ticular, the contributions from the resonanceD15(1675) are
quite large. In general, the constraints on the phototransi
N
r

s

n

g

n

in terms of the helicity amplitudes,A1/2 and A3/2 in the
SU(6)^ O(3) symmetry limit can also be applied to the co
responding CGLN amplitudes. For example, the helicity a
plitude A3/2 for the resonanceD13(1520) classified as

N(2PM) 3
2

2 in the quark model has a simple relation@14,19#:

A3/2
p @D13~1520!#52A3/2

n @D13~1520!#, ~61!

and we find the same relation for the corresponding CG
amplitudesf 4

f 4
p@D13~1520!#52 f 4

n@D13~1520!# ~62!
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TABLE V. The gR factors in thes-channel resonance amplitudes for different production processe

Reaction (56,2N) (56,4D) (70,2N) (70,4N) (70,2D)

gp→K1L 1 0 1 0 0
gn→K0L 1 0 1 0 0
gp→K1S0 1 8

3 -1 0 1
gn→K0S0 1 -8

3 -1 -2 -1
gp→K0S1 1 -4

3 -1 0 -1
2

gn→K1S2 1 4
3 -1 -2 1

2

gp→hp 1 0 2 0 0
gn→hn 1 0 2 1 0
gp→p1n 1 4

15
4
5 0 1

10

gn→p2p 1 - 4
15

4
5 - 1

5 - 1
10

gp→p0p 1 - 8
15

4
5 0 1

10

gn→p0n 1 8
15

4
5 - 1

5 - 1
10
w
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between protons and neutrons.
The CGLN amplitudes for threeS-wave resonances sho

a more explicit connection with the corresponding helic
amplitudes. Because onlyf 1

R is present for theS-wave reso-
nances, it is proportional to the helicity amplitudeA1/2.
Thus, we have

f 1
R~gp→S11!

f 1
R~gn→S11!

5
A1/2

p ~S11!

A1/2
n ~S11!

, ~63!

and the comparison between the CGLN amplitudes in Ta
IV and V and the corresponding helicity amplitudes in R
@14# show that this is indeed the case.

For the excited positive parity baryon resonances, the
licity amplitudeA3/2

n vanishes for the statesN(2Ds), and cor-
responding CGLN amplitudef 4

n is zero for these states a
well. The ratio of the helicity amplitudesA1/2 between the
proton and the neutron targets for the resonanceP11(1440) is
the same as the ratio of the CGLN amplitudef 2, which cor-
responds to theM1

2 transition according to the multipol
decomposition of the CGLN amplitude@21#. There are also
contributions from the statesN(4DM), which are in the same
SU~6! representation as the statesN(4PM) so that the Moor-
house selection rule is also true for these states. However
find that only the CGLN amplitudes for the stateF17(1990)
is relatively strong, and there is little evidence for other re
nances below 2 GeV. Therefore, only the contribution fro
F17(1990) will be taken into account in our calculation. Th
CGLN amplitudes for resonancesP33 belonging to the 56
representations satisfy the relation

f 1
R

q–k
52 f 3

R5
3

2
f 2

R. ~64!

According to the multipole decomposition of the CGLN am
plitudes @21#, Eq. ~62! corresponds to theM1

1 transition
which also leads to the relation@14,19#

A1/25
1

A3
A3/2 ~65!
s
.

e-

we

-

between the two helicity amplitudes. This is certainly tr
for the resonancesP33(1232) andP33(1600) in the symme-
try limit.

We present the quark model results of thegR factor for
the pseudoscalar meson photoproductions in Table V. It r
resents the relative strength and phases of the contribut
from different resonances comparing to the contributio
from the nucleon which belongs to the (56,N) multiplet in
SU~6! symmetry. Notice that for a given SU~3! representa-
tion, the factorgR is determined by theC-G coefficient in
the isospin coupling between the meson and the final bar
state,

gR}^I m ,I m
z ,I f ,I f

zuI R ,I m
z 1I f

z&/gA , ~66!

where I m
z and I m are the isospin for the outgoing meson

I f and I f
z are the isospin quantum numbers for final baryo

andI R is the isospin ofs-channel resonances. Thus, we ha
the relation

gR~gp→K0S1!

gR~gn→K1S2!

5
^1/2,21/2,1,1uI R ,1/2&gA~gn→K1S2!

^1/2,1/2,1,21uI R ,21/2&gA~gp→K0S1!

5~21! I R21/2, ~67!

in which the additional minus sign comes from the ratio
thegA . Results in Table II show that the relation in Eq.~67!
is indeed satisfied. Therefore, the reactiongp→K0S1 could
be regarded as a mirror of the reactiongn→K1S2 in the
isospin space. Similar relations are also true for the react
gp→K1L and gn→K0L, gp→K1S0 and gn→K0S1,
gp→p1n andgn→p2p, andgp→p0p andgn→p0n, in
which the relation in Eq.~67! is satisfied.1 Thus, the coeffi-
cient gR for the processes with the neutron target can
deduced from that of the proton target according to th
isospin couplings, and this result seems to be more gen

1Except the states (70,4N), of which the photon transition ampli
tudes vanish for the proton target.
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than the SU(6)̂ O(3) basis used here. This also gives us
important constraint in predicting the reaction of neutron t
gets from the proton target results.

If one intends to calculate the reaction beyond 2 GeV
the center-of-mass frame, the higher resonances with q
tum numberN53 and N54 must be included. There ar
only a few resonances around 2 GeV that can be, in p
ciple, classified asN53 resonances, in particular the res
nancesS31(1900) andD35(1930). However, we do not ex
pect these resonances to contribute significantly since
are lower partial wave resonances. Instead, we adopt an
proach that treats the resonances forN>2 as degenerate, th
sum of the transition amplitudes from these resonances
be obtained through the approach in Ref.@26# which in Eqs.
~53! and ~54! becomes thes channel. Generally, the reso
nances with larger quantum numberN become important as
the energy increases. Note that the amplitudeOn

2 generally

differs from the amplitudeOn
3 by a factor of (2 1

2 )n, this
shows that the process that the incoming photon and ou
ing meson are absorbed and emitted by the same quark
comes more and more dominant as the energy increases
thermore, the resonances with partial waveL5N become
dominant, of which the isospin is 1/2 forgN→KL and
gN→hN and 3/2 forgN→KS and gN→pN. Thus, we
could use the mass and decay width of the high spin state
Eq. ~48!; the resonanceG17(2190) for then53 states and
the resonanceH19(2220) for then54 states ingN→KL
and gN→hN, and the resonanceG37(2200) for then53
states and the resonanceH3,11(2420) for n54 states in
gp→KS. Indeed, only the couplings for the high spin sta
are strong enough to be seen experimentally, and this is
sistent with the conclusions of the quark model.

IV. DISCUSSIONS

Equation ~56! establishes the connection between
transition amplitudes of thes-channel resonances and the
underlying spin flavor structure. The relative strength a
phase for eachs-channel resonance are determined by
SU(6)^ O(3) symmetry so that no additional parameters
required. Therefore, there are some important features o
s-channel resonances in meson photoproductions that ca
discussed without numerical evaluation. Here we highli
some of them.

First, theS-wave resonances play very important roles
the threshold region, of which the transition amplitudes
determined byE0

1 transition. This is particularly true for the
kaon andh production, in which masses of theseS-wave
resonances are sandwiched between their threshold ene
Moreover, the effects of theS-wave resonances are enhanc
for the neutral meson production, since the seagull term
dominates in this region does not contribute. This has b
widely recognized in theh photoproduction@17,11#, and
their contributions to the threshold pion photoproductio
have been discussed recently@15#. The same is true for the
kaon photoproductions as well. Therefore, the kaon anh
productions in the threshold region provide a very import
probe to the structure of theses-wave resonances. In Re
@32#, we showed that the kaon production experiments m
provide us with information on the existence of a quasibou
n
-

n
n-

-

ey
p-

an

o-
be-
ur-

in

s
n-

e

d
e
e
he
be
t

e

ies.

at
n

s

t

y
d

KL or KS state, which has the same quantum number as
the resonanceS11. This will help us to understand the puzz
that the decay intohN is enhanced for the resonanc
S11(1535) and suppressed for the resonanceS11(1650).

Second, assuming theh8 quark coupling is either pseudo
scalar or pseudovector, one could extend this approach f
h to h8 photoproduction. An interesting prediction@33# from
the quark model emerges for theh8 photoproduction; the
threshold behavior of theh8 photoproduction is dominated
by the off-shell contributions from thes-wave resonances in
the second resonance region, which can be tested in the
ture CEBAF experiments@34#. This can be understood b
the relative strength of the CGLN amplitudes between
s-wave resonances in the second resonance region and
resonances around 2.0 GeV in the quark model. There
two S11 resonances with isospin 1/2 in the second resona
region. The CGLN amplitudes for these two resonances
proportional to that in Eq.~58!, in which the leading term
does not depend on the outgoing meson momentumq. On
the other hand, theS- or D-wave resonances around 2 Ge
belong ton53 in the harmonic oscillator basis. Acording t
Eqs. ~53! and ~54!, the amplitudes for theS- and D-wave
resonances withn53 are at least proportional toq2 com-
pared to the q dependence of the amplitude of th
S11(1535) in Eq.~58!, as the wave functions for theS- and
D-wave resonances withn53 are orthogonal to that ofS11
resonances in the second resonance region. This lead
smaller contributions from theS- and D-wave resonances
around 2 GeV to the threshold region of theh8 photopro-
ductions.

Finally, the higher partial wave resonances become m
important as the energy increases. Notice that the CG
amplitudes for theP-wave resonances withN52, such as
P11(1440) andP11(1710), are much smaller than those f
the resonancesF15(1680) andF37(1950). For the processe
gN→KS, the contributions from the isospin-3/2 states,
particular those resonances in the56 multiplet, are dominant.
Therefore, the processesgp→K1S0 and gp→K0S1 pro-
vide us with a very important probe to the resonances w
isospin 3/2, a particular example is the resonan
F37(1950),F35(1905),P33(1920), andP31(1910). It should
be pointed out that theF-wave resonances with isospin 3
were not included in most investigations. It raises the qu
tion whether these calculations are reliable beyond
threshold region.

V. CONCLUSION

A comprehensive and unified approach to the pseudo
lar meson photoproductions is presented in this paper.
quark model approach represents a significant advance in
theory of the meson photoproductions. It introduces
quark and gluon degrees of freedom explicitly, which is
important step towards establishing the connection betw
the QCD and the reaction mechanism. It highlights the
namic roles by thes-channel resonances, in particular th
roles of theS11 resonances in the threshold region of t
K, h, andh8 photoproductions.

Moreover, it should be pointed out that Eqs.~27! and~28!
in the u channel and Eqs.~50! and~51! in the s channel are
more general. They correspond to the pseudoscalar m
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photoproductions at the quark level, which are independ
of the final states. Thus, if we replace the final nucleon a
the S states byD(1232) andS* states, the formalism pre
sented here could be extended to the reacti
gN→pD(1232) andgN→K1S* , which have not been in
vestigated in the literature.

The initial results of our calculations in theh @17# and
K @34# photoproductions has shown very good agreem
between the theory and experimental data with far less
rameters. The challenge for this approach would be to go
step further so that the quantitative descriptions of me
nt
d

s

nt
a-
ne
n

photoproductions, in particular the polarization observab
that are sensitive to the detail structure of thes-channel reso-
nances, could be provided. The numerical evaluations of
p andK photoproductions in this approach are currently
progress, which will be reported elsewhere.
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APPENDIX

The matrix element for the nucleon pole term in thes channel is found to be

MN5vme2~q21k2!/6a2S 1

Ef1M f
1

1

EN1MN
D S eN2

k2

4PN•k
mNDs•e1 ie2~k21q2!/6a2Fvm

2 S 1

Ef1M f
1

1

EN1MN
D11G

3
mN

2PN•k
s•qs•~e3k!1e2~k21q2!/6a2S 1

Ef1M f
1

1

EN1MN
D eNvm

4PN•k
s•ke•q

1e2~k21q2!/6a2Fvm

2 S 1

Ef1M f
1

1

EN1MN
D11G eN

2PN•k
s•qe•q, ~A1!

wherePN•k5vg(EN1vg), mN is the magnetic moments of the nucleon,eN is the total charge of the nucleon.
The matrix elements for theU-channelL andS exchange terms in the kaon production is

MLS52e2~k21q2!/6a2 M f

2MN
S m f

Pf•k
1

gLSmLS

PS•k6dm2D H vmk2

2 S 1

Ef1M f
1

1

EN1MN
Ds•e

1 i Fvm

2 S 1

Ef1M f
1

1

EN1MN
D11Gs•~e3k!s•qJ 2e2~k21q2!/6a2S 1

Ef1M f
1

1

EN1MN
D efvm

4Pf•k
s•ke•q

2e2„k21q2)/6a2Fvm

2 S 1

Ef1M f
1

1

EN1MN
D11G ef

2Pf•k
s•qe•q, ~A2!

where

gLS55
gS

gL

for gN→KL,

gL

gS

for gN→KS0,

0 other processes

~A3!

is the ratio between the coupling constants forL and S final states,mLS51.61 is the magnetic moment for the transitio
between theL andS0 states, andPf•k5Efvg1k•q. Notice that the final baryon state has the total momentum2q in the
center-of-mass system.

The u-channel nucleon exchange for theh andp productions is

Mu52e~k21q2!/6a2 m f

2Pf•k
H vmk2

2 S 1

Ef1M f
1

1

EN1MN
Ds•e1 i Fvm

2 S 1

Ef1M f
1

1

EN1MN
D11Gs•~e3k!s•qJ

2e2~k21q2!/6a2S 1

Ef1M f
1

1

EN1MN
D efvm

4Pf•k
s•ke•q2e2~k21q2!/6a2Fvm

2 S 1

Ef1M f
1

1

EN1MN
D11G ef

2Pf•k
s•qe•q.

~A4!

The matrix element for thet channel is

Mt5e2~k2q!2/6a2 em~M f1MN!q•e

q•k S 1

Ef1M f
s•q2

1

EN1MN
s•kD . ~A5!
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