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g photoproduction of nucleons and the structure of the resonance
S11(1535) in the quark model
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In this paper, we present our study on g photoproduction based on the chiral quark model. We
find that the quark model provides a very good description of g production with far fewer parameters,
and the threshold region is not a reliable source to determine the gNN coupling constant due to its
strong dependence on the properties of the resonance Sii(1535). We suggest that the systematic
data in Ei b ——1.2 —1.4 GeV region may help us to determine the gNN coupling constant more
precisely. The structure of the resonance Sii(1535) is discussed; we find that the recent data from
Mainz group bring the helicity amplitude much closer to the quark model prediction. However, more
studies need to be done to understand the large re branching ratio of the resonance Sii (1535). Our
results show that the quark model is a very good approach to studying the underlying structure of
baryon resonances from the meson photoproduction data.

PACS number(s): 13.75.Gx, 12.39.Ba, 13.40.Hq, 13.60.Le

I. INTRODUCTION

In our previous publication [1], a framework based on
the chiral quark model to study meson photoproduction
was developed. It started f'rom the low energy QCD La-
grangian [2] so that the meson-quark interaction was chi-
ral invariant and the low energy theorem in the thresh-
old pion photoproduction [3] was automatically recovered
[4] with a proper treatment of the center of mass mo-
tion [5]. By treating the pseudoscalar mesons as Gold-
stone bosons that interact directly with quarks inside
baryons, the quark model provides a united formalism
for all 8- and u-channel resonances, and the number of
parameters used in the model is dramatically reduced.
In principle, only one parameter is needed for all reso-
nances that contribute to the meson productions. This
marks a signi6cant advance &om the traditional theory,
in which efFective couplings among the hadrons are used
so that each resonance requires one additional parame-
ter. It also makes it possible to provide a consistent cal-
culation of meson photoproduction beyond the threshold
region. Perhaps, more importantly, it provides a united
description for pseudoscalar meson photoproduction and
highlights the dynamic role of baryon resonances in each
process. In this paper, we extend our investigation to g
photopro duction.

There are many features of g mesons that make g pho-
toproduction unique in the quark model. The g meson
is an isospin zero state; thus, only the resonances with
isospin 1i2 contribute in the s and u channels. It is
also a charge neutral particle so that the contact (sea-
gull) term [1) that plays a dominant role in charge me-
son production does not contribute and, thus, enhances
the role of resonances. Moreover, because the mass of
the resonance Sii(1535) is just above the re% threshold
where the S wave is dominant, g photoproduction in the
threshold region provides a very important probe of the
structure of the resonance Sii(1535). Thus there has

been considerable theoretical and experimental interest
in studying g photoproduction. New experimental data
for g photoproduction in the threshold region &om Bates
[6], the Bonn accelerator ELSA [7], and Mainz [8] have
been published recently. In particular, data &om the
Mainz group provide a more systematic behavior of g
production in the threshold region, which has better en-
ergy and angular resolutions, thus enabling us to study
the properties of the resonance Sii(1535) more precisely.
Therefore, it is very interesting to note that the helic-
ity amplitude Az&2 extracted &om the new Mainz data

[8] is much closer to the prediction of the quark model
[9,10]. On the theoretical side, theoretical studies of rl

photoproduction have been mostly in the &amework of
Breit-Wigner parametrizations [11] or coupled channel
isobar models [12]. The recent investigation by the RPI
group [13] has made significant progress in this field, in
which the efFective Lagrangian approach is used so that
the properties of the resonance Sii(1535) extracted from
the data are more model independent and the number of
parameters is reduced considerably.

Traditionally, investigations of meson photoproduction
in the &amework of the quark model have concentrated
on the transition amplitudes, in particular the helicity
amplitudes for the electromagnetic transitions and the
partial wave amplitudes for the mesonic decays of baryon
resonances. These amplitudes were extracted &om me-
son photoproduction data by phenomenological models;
thus, they are less model independent. Instead of relying
on the transition amplitudes &om the phenomenological
models, the quark model approach enables us to study
the structure of baryon resonances directly &om the pho-
toproduction data. Thus a connection between meson
photoproduction and more fundamental theories based
on QCD can be established. Because the transition ain-
plitudes in the quark model have very difFerent energy
and momentum dependences &om those in traditional
models, it is by no means trivial if meson photoproduc-
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tion can be successfully described by the quark model.
This requires that the transition amplitudes in the model
have correct off-shell behavior, which are usually evalu-
ated on shell. Our early investigation [1] in kaon pho-
toproduction has shown that the quark model approach
presents a much better &amework to understand the re-
action mechanism of meson photoproduction than many
traditional hadronic models, and we shall show that the
results in g photoproduction are equally encouraging.

The paper is organized as follows. The general for-
malism in the quark model for g photoproduction is pre-
sented in Sec. II. We have carried out three different
calculations in Sec. III: The first assumes SU(6)O(3)
symmetry for the baryon wave functions so that only one
parameter is required to fit the experimental data; the
second includes possible configuration mixing effects for
the resonances Sii(1535) and Sii(1650) with three ad-
ditional parameters; and the third calculation is concen-
trated on fitting the recent Mainz data to extract prop-
erties of the resonance Sii(1535). Because the data from
Mainz group are significantly different from the rest, we
fit them separately. In Sec. IV, we discuss the structure
of the resonance Sii(1535) from the g photoproduction
data in the threshold region and highlight the problems
yet to be resolved. Finally, the conclusions are given in
Sec. V.

My, ——J (2)

where e is the polarization vector and the current J is
written as

in the center-of-mass &arne. The differential cross section
in terms of the CGLN amplitude is [14]

l~y'I' = « lfil'+ lf2I' —2cos(0) f2 fi
~ 2

+
2

[lfsl'+ lf 14'+»4f i+» fs.
*

+2 cos(8) f4fs] (4)

Therefore, the coupling constant has been removed
&om the matrix element JUly; so that it becomes dimen-
sionless. The coupling constant o,„ is treated as a &ee
parameter because of the theoretical issues, such as the
U(1) anomaly, and g-g' mixing.

One can write the matrix element My, in terms of the
Chew-Goldberger-Low-Nambo (CGLN) [3] amplitudes:

II. GENERAL FORMALISM

There are two major components in addition to the
calculation of the electromagnetic and strong transitions
of the baryon resonances in the quark model approach,
which has been shown to be crucial in deriving the model-
independent low energy theorem in threshold pion pho-
toproduction [4]. First, one has to combine the phe-
nomenological quark mod. el with chiral symmetry, this
is being achieved by the introduction of the chiral @CD
Lagrangian [2] so that the meson transition operators are
chiral invariant. Second. , since a baryon is being treated
as a three-quark system, the separation of the center of
mass motion from the internal motion is important to
recover the Iow energy theorem in threshold pion photo-
production; this has been discussed in detail for Compton
scattering pN ~ pN [5].

The differential cross section in the center-of-mass
&arne is

h, =) e r .el1-( p, kl

2
m~u~ j

1
cr~ (e x k)

2 YACC

(5)

and it has been shown [4] that the operator Ii, in Eq.
(5) is sufficient to reproduce the low energy theorem for
threshold pion photoproduction [3]. The corresponding
g transition operator is a pseudovector coupling:

H„"' = ) cr, A+ "p,. (6)

where 0 is the angle between the incoming photon mo-
mentum k and outgoing g momentum q in the center
of mass &arne. The various polarization observables can
also be expressed in terms of CGLN amplitudes, which
can be found in Ref. [14].

The electromagnetic coupling in the nonrelativistic
limit is [1]

(& M )(& +M ) I&i

168M~~ Iki

where o.„ is the gal% coupling constant, o. is the elec-
tromagnetic coupling, and ~s = &' + w~ = &~ + ~z
is the total energy in the c.m. &arne. Generally, the g
transitions between the resonances and the nucleon can
be expressed in terms of the o.„, and no additional pa-
rameter for each resonance is required.

where A corresponds to the center of mass motion and
depends on the momenta of the initial and final states,
and p~ is the internal momentum for a three-quark sys-
tem.

Because the g meson is a charge neutral particle, the
seagull term that plays an important role in charge meson
production does not contribute. Thus the leading Born
term would be the nucleon pole term in the 5 and U
channels:

~s=~,e
I +, I I

1 —,p~ I~. e(
.+„.)(s ~ f 1 1 l ( k2

+ N + N)

2 (E~ + Mg E'+ Mg) 2P'. k
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where P~ k = w~(E'+ u~), p~ is the magnetic moments of the nucleon, and a2 is the constant &om the harmonic
oscillator wave functions. The matrix element for the U-channel nucleon exchange term is

() 2+ alps 2 p~ ldgk f 1
MU = —e + 0'

2Pf' k 2 (Ef + M~ E'+ M~)

1
+i "~ + . ~+1 o. (exk)n+ N '+ N)

where P~ . k = e~(E~ + ~q~ cos 8).
The contributions &om the t-channel exchange are not included in this approach. This has been discussed in some

detail in the literature [15]; if a complete set of resonances is introduced in the s and u channels, the inclusion of the
t-channel exchange might lead to a double counting problem. This may turn out to be an advantage of the quark
model approach, since fewer free parameters are needed to fit the data.

The first excited resonance that contributes to rl production is the Roper resonance Pii(1440). In the SU(6) quark
model, its U-channel contribution is

—Mp (1440)k2e ~& +~ )~6 ~ Q q
(P . k + 8M~ (i440l/2)216mqcx o.

1
E'+ M~

1 . (d&

E~+ M~
J pq

2

+ 1 —&r (e x k)rrE~+ MN o2

where bMP 1440 MP 1440) M~, and its S-channel contribution will be given later.
P1.y (1440) Py1(1440

For the excited resonance with higher energy, such as P-wave baryons, we could treat them as degenerate, since
their contributions in the U channel are much less sensitive to the detailed structure of their masses than those in the
S channel. Therefore, we can write their U-channel contributions in a compact form:

M~ = (&~ + &~) (10)

The first term in Eq. (10) represents the process in which the incoming photon and outgoing g meson are absorbed
and emitted by the same quarks; it is

1 (k. q(iA (e x k) + cr . [A x (e x k)])F~,P~ . k
~

2m@ (3o; )
+— "

~
1+

~

cr. e+ o.Ae q F~,Pf. k+8'M1

3 m~ ( 2m~) n2 (3n2 ' )
~„u)~ l'k q+ " cr ke qF ~,P~ k+2bM

go.2m~ g 3n2 '
2

?

where

(A= —ur„] . + /k —
f
~„ f +1 fq.+ N + N) ( + N

(12)

The function F(x, y) in Eq. (11) corresponds to the prod-
uct of the spatial integral and the propagator for the ex-
cited states; it can be written as

M„
( ") = &-..(,+.SM )"

n

where nbM2 = (M2 —M2)/2 represents the mass difFer-
ence between the ground state and excited states with
the major quantum number n in the harmonic oscillator
basis, which will be chosen as the average mass difFer-
ence between the ground state and the negative parity
baryons so that bM 0.74 GeV . The first term in Eq.
(ll) corresponds to the correlation between the magnetic

transition and the c.m. motion of the g transition oper-
ator; it contributes to the leading Born terms in the U
channel. The second term in Eq. (11) is the correla-
tions among the internal and c.m. motions of the photon
and g transition operators; this term only contributes to
the transitions between the ground and n & 1 excited
states in the harmonic oscillator basis. The third term
in Eq. (11) corresponds to the correlation of the inter-
nal motions between the phonon and g transition oper-
ators, which only contributes to the transition between
the ground and n & 2 excited states. The second term
Af~& in Eq. (10) represents the process in which the in-
coming photon and outgoing g are absorbed and emitted
by difFerent quarks, and we found that



4964 ZHENPING LI 52

W~ =0. (14)

This is a direct consequence of isospin couplings. Equa-
tion (ll) can be summed up to any quantum number n;
however, the excited states with large quantum number n
become less significant for the U-channel resonance con-
tributions. Thus we only include the excited states with
n & 2, which is the minimum number required for the
contribution from every term in Eq. (11).

For the S-channel resonance processes, the operator A
in Eq. (6) should be

which is independent of /. A similar formula used in I = 1
m. vr and p-wave I = 1/2 Kvr scattering was found in excel-
lent agreement with data in the p and K' meson region
[17]. Generally, the resonance decays are dominated by
the pion channels, except the resonance Sqq(1535) whose
branching ratio of qN channels is around 50'F&&. There-
fore, we simply set x = xz ——0.5 for the resonance
Sqq(1535), while x = 1.0 for the rest of the resonances
as a first-order approximation.

The operator O~ in Eq. (16) can be generally written
as

A= —
/
cu„+1/q

q "E~+ M~

in the c.m. kame. The calculation of the S-channel res-
onance contributions is similar to that of the U-channel
resonance contributions. However, since the operator A
is only proportional to the final state momentum q, the
partial wave analysis can be easily carried out for the
S-channel resonances.

In general, one can write the S-channel resonance am-
plitudes as

2MR (~2+~2)/'6

R
(16)

MR ~ M~[MR —ir(q)] . (17)

I'(q) in Eq. (17) is the total width of the resonance and a
function of the final state momentum q. For a resonance
decay to a two-body final state with orbital angular mo-
mentum l, the decay width I'(q) can be written as

"M~ .
- '

~[qP[& D, (qP)
'

with

(MR~ —M~~ + M~2) 2

4MR

and

where ~s = E'+ u~ = E~ + u~ is the total energy of the
system and OR is determined by the structure of each
resonance. Equation (16) shows that there should be a

—k 6form factor e ( ++ )/ in the harmonic oscillator basis,
even in the real photon limit. If the mass of a resonance
is above the threshold, the mass M~ in Eq. (16) should
be changed to

OR = A[f~ rr e+if2 (o q)o . (k x e)
+fs o . ke . q + f4 o' . qe . q]

R R

for pseudoscalar meson photoproduction, where A is the
meson decay amplitude and f, (i = 1, ..., 4) is the pho-
ton transition amplitude. The meson decay amplitude A
is determined by the spatial wave function of resonances
and the relative angular momentum between the final de-
cay products. In Table I, we present the amplitude A in
the simple harmonic oscillator basis, in which the ampli-
tude A depends on the total excitation n and the orbital
angular momentum L. The relative angular momentum
of the final decay products is expressed in terms of partial
wave language in Table I, in which the S, P, D, and F
waves denote the relative angular momenta 0, 1, 2, and 3
between the anal decay products. The decay amplitude
A in Table I is the same as the expression in Table I in
Ref. [10] with g —sh = ~A~/~q~, and h = ur„/rn~ Note.
that A has a negative sign; this is consistent with the
fitted value for g —

s h and h in Ref. [10].
The photon transition amplitudes fP in Eq. (22) are

written in terms of the CGLN amplitudes, which are
shown in Table II. They are usually expressed in terms
of helicity amplitudes A~/2 and Az/2, and the connec-
tion between the two representations can be established.
A very important example is the vanishing helicity am-
plitudes for the transitions between the resonances be-
longing to the (70, N) representation and protons due
to the Moorhouse selection rule [18] if one uses the non-
relativistic transition operator in Eq. (5); consequently,
the CGLN amplitudes for these resonances are zero as
well. There are three important negative parity baryons
that belong to the (70,4 N) multiplet in the naive quark
model: Sqq(1650), Dqs(1700), and Dqs(1675). However,

TABLE I. Meson transition amplitudes A in the simple
harmonic oscillator basis.

(s —M~2+ M~2)2

48
(20)

(N, I ) Partial waves

(0,0) P

where x; is the branching ratio of the resonance decaying
into a meson with mass M, and a nucleon, and I'R is the
total decay width of the S-channel resonance with mass
MR. The function D~(q) in Eq. (18) is called the fission
barrier [16] and is wave function dependent; here, we use

( q')
D)(q) = exp ~—

E 3~) (21) (2 2)

P

A

Ef +M~
241g

2

m, ~f+M 3n

Zf +M~

'-: -("'--")-'

mq Qf +M~ 5a2

-("=")-'
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TABLE II. CGLN amplitudes for the S-channel baryons resonances for the proton target in the
SU(6)O(3) symmetry limit, where k = )k[, q = )q[, and z = (k q)/kq. The CGLN amplitudes
for the N( P~), N( S~), and N( DM) states are zero due to the Moorhouse selection rule; see
text.

States

N( PM)

N( P~)-
N(zSr )

]. +

N(2D )
3

N( D,)-
N( S~)-
N( DM)-

N( DM)-

]

90a 2m'

36a 2m'

+ 2

kqx
6m' a~

k~
216m' a~

k
216m' a~

k'
216m&a~

k
216m& a2

fs
0

k
90a~

k
36a~

k
90a~

Car ~
3a

k a
18qa2

k
qa2

it has been shown in a potential quark model calculation

[19] that the two states 70N( PM) z and 70N( PM) 2
are strongly mixed. Therefore, the contribution 6.om the
resonance St t (1650) to t7 photoproduction will be stud-
ied by fitting to the experimental data. Indeed, this wiH
provide us direct insight into con6guration mixing in the
potential quark model.

The CGLN amplitudes for the resonances with total
spin 1/2 can be easily related to the helicity amplitude
Aq/2 that has been &equently calculated in the quark
model. Only the CGLN amplitude fP is nonzero for the
resonance St t (1535), and this corresponds to a E+ multi-
pole transition [14]. Moreover, the amplitudes ft for the
S-wave resonances have the same structure as the corre-
sponding helicity amplitude A~y2 in Ref. [26], in which
the same nonrelativistic transition operator is used. For
the P wave resonan-ces, such as the resonances Pt t (1440)
and Pt t (1710), only the CGLN amplitude f2 is present,

I

which gives a M~ transition. Notice that the resonances
with isospin 3/2 do not contribute to t7 photoproduction
due to the isospin coupling between the g meson and the
nucleon. These results provide an important consistency
check for the CGLN amplitudes in Table II.

If one intends to calculate the reaction beyond 2 GeV
in the center-of-mass frame, the higher resonances with
quantum number n = 3 and n = 4 must be included. In-
stead, we adopt an approach that treats the resonances
for n & 3 as degenerate; the sum of the transition am-
plitudes Rom these resonances can be obtained through
the approach in Ref. [5]. The transition amplitude for
the nth harmonic oscillator shell is

(23)

where the amplitudes 0 and 0 have the same meaning
as the amplitudes M2& and Ats& in Eqs. (11) and (14),
and we have

1 (tA. (e x
2fAq

1 (d& ld&

1 (k.q)"
k) —~ . [~ x (e x k)])—~n! (3n2)

~o. e+ o.Ae q
2m@) n2 (n —1)! ( 3n2 )

1 (k. q)"
+ " o. ke. q9o.2m~ (n —2)t ( 3ct;z ~

and

0„=0 . (25)

this is consistent with the quark model predictions. Thus
we simply take the masses and decay widths of these high
partial wave reson. ances as input in Eq. (16).

Generally, the resonances with large quantum number n
become important as the energy increases. Furthermore,
the higher partial wave resonances with orbital angular
momentum L = n become dominant, which correspond
to the resonance Gt7(2190) for n = 3 and Hqs(2250) for
n = 4 for g photoproduction. Indeed, only these higher
partial wave resonances can be seen experimentally, and

III. NUMERICAL EVALUATION

We shaH take the same procedure as that in the cal-
culation of kaon photoproduction [1]. In order to take
into account of the relativistic eAects, the Lorentz boost
factor is introduced in the CGLN amplitudes,
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M~~ (M~ M~f k -+
N N ( N iv

(26)

where i = 1, ..., 4 and M~/E~ (M~/E~) is a I orentz
boost factor for the initial (final) state.

The parameters in this calculation have standard val-
ues in the quark model, where the quark mass mq is
0.34 GeV and a = 0.16 GeV . The masses and de-
cay widths for the S-channel resonances are taken from
the recent particle data group [20]. In principle, there
is only one parameter o.„ to be determined in the nu-
merical evaluation, in which the wave functions of the
resonances are assumed to have SU(6)O(3) symmetry.
However, one should not expect that quark model in the
SU(6)O(3) syinmetry limit could provide a quantita-
tive description of g production, since there should be
significant configuration mixing [19]. In particular, the
configuration mixing between the states N(2PM) 2 and

N( PM) 2 generates a nonzero contribution from the4 1 —1

I

S11 (1535) CS11(1535) N {'&~)—1— (27)

Spy (1650) CS11(1650) &('&M) 2
1 —1 ) (28)

where 0 1-1 is given in Table II. Furthermore, the
N('~~) —,

U-channel contributions given in Eq. (10) represent the
result in the SU(6) symmetry limit, which corresponds
to Cs„(1535) ——1 and Cs„(1650) —0. There should be an
additional U-channel contribution for the general coeK-
cients Cs„, and it is given by

resonance Sii(1650) and thus affects q photoproduction
in the threshold region significantly. Evaluations in the
potential quark model [19] show that this mixing is in-
deed very strong. Therefore, we introduce two parame-
ters Cs„(1535) and Cs„(1650) to take into account config-
uration mixing effects. The contributions from the reso-
nances Si i (1535) and Sii (1650) become

U
—MS„&~e '+"' "'

CS„(1535)+ CS„(1650)—1 q Mn

P~ . k+ dMs2 /2 30,' f + 1

cd& q k f+ +
~

1+ cr
mq 3n E~ + M~ E'+. M~ ( 2m') (29)

where Ms„{1535) Ms {1650) 1.6 GeV in the U
channel. In principle, the coefBcients Cs„could be ob-
tained from the potential quark models that reproduce
the baryon spectroscopy. On the other hand, the coef-
Gcients Cs11 obtained from the fitting procedure could
provide an important test to the wave functions in the
potential quark models. Moreover, whether the quark
model could reproduce the large branching ratio for the
resonance Sii (1535) decaying into the gN channel is still
an open question. Therefore, we adopt two approaches
in the numerical evaluation. First, the wave functions
of the resonances are assumed to be in the exact sym-
metry limit; thus, only one parameter o.„ is needed to
6t the data. Second, we treat the coefBcients Cs„(1535)
and Cs„(1650) and the total decay width of the resonance
Sii(1535), I's„~isss), as &ee parameters and fit them to
the differential cross section data.

The function minimization routine [24] is used to min-
imize the least squares function

~. [X, —Y;(a„..., a„)]'
(30)

where L, represents the experimental data, 0~, corre-
sponds to the error of the data, and Y,:(ai, ..., a ) is the
theoretical predictions with parameters ai, ..., a to be
fitted. There are about 150 points of diQerential cross
section data up to E~ b ——1.45 GeV from the old data
set [21] and recent data by Homma et al. [22] and by
Dytman et al. [6]. More recently, new experimental data
in the threshold region from the Mainz group have been
published [8]. This set of data difFers significantly from

o,„=0.465

by fitting it to combinations of old data [21,22] and recent
data from Bates [6]. We present the energy dependence
of the differential cross sections at 0, = 50 + 5 in
Fig. 1, at 0, = 90 + 8 in Fig. 2, and the energy
dependence of the total cross section is shown in Fig.
3. Considering that there is only one parameter in the
calculation, the overall agreement with the data is truly
remarkable. Our calculation in the symmetry limit also

TABLE III. Parameters obtained from diferent 6ts. The
decay width I'+11($535) is in units of GeV.

0!g
&S» (&535)

+Spy (1650)
I S11(1535)

Fit 1
0.465
1.0
0.0
0.150

Fit 2

0.139
1.510

—0.036
0.111

Fit 3
0.435
1.608
0.0
0.198

I

the old set of data [21] and recent Bates data [6] in the
threshold region. Therefore, we shall Gt the Mainz data
separately, and the parameters obtained in these fits are
summarized in Table III. Although there are also few
target polarization data [23], they will not be used in our
fitting because these data have large errors and do not
present any systemic behavior on the target polarization.

In fit 1, we assume that the resonances have exact
SU(6) I30(3) symmetry, and the masses and decay widths
of resonances come from the recent particle data group
[20]. Therefore, there is only one parameter n„ left to fit
the data, and we find
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1.2 1.3

FIG. 1. Energy dependence of the difFerential cross section
at 8,. = 50 + 5 . The solid line represents the result from
6t 1 and the dashed line from 6t 2. The data come from Refs.
[21,22,6].

1.5

4
CO

O. .7 .9
E].ab (GeV)

FIG. 2. Same as Fig. 1 at 8 = 90' + 8 .

shows that the resonance Sqq(1535) is less dominant than
the data suggest, and the calculated total cross section
is significantly larger than the data in the E~ b 0.9 —1
GeV region. This suggests that the resonance Sqq(1650)
also plays a significant role in addition to the dominant
presence of the resonance Sqq(1535). Therefore, we treat
the coupling constant a„, two coeKcients Cg„, and the
decay width I'~„~q535~ as a &ee parameter in fit 2, the re-
sulting parameters are shown in Table III. The resulting
fits are also shown in Figs. 1, 2, and 3, respectively. It
is worth mentioning that the smaller total decay width
r„,,$535, ——0.111 GeV is largely due to the recent Bates
data [6] at E~ b = 0.729 GeV. Since only the differen-
tial cross-section data are used in our fits, the recent
total cross-section data [7] &om ELSA are not used here.
Clearly, the threshold region is quite crucial in determin-
ing the mass and width of the resonance Sqq(1535). The
resonance Sqq(1535) becomes more dominant in this fit,
and we find a small but negative contribution &om the
resonance Sqq(1650). This is qualitatively in agreement

FIG. 3. Energy dependence of the total cross section. The
solid is the result from St 1 and dashed line from 6t 2.

with the recent calculation by the RPI group [13], in
which the efFective Lagrangian approach is used . On the
other hand, the coupling constant o.„ is significantly re-
duced &om 0.465 to about 0.14; this shows how strongly
dependent is the coupling constant a„on the behavior of
the resonances Sqq(1535) and the resonance Sqq(1650).
The physical reason behind the large reduction of the
coupling constant o.„is that the threshold region is dom-
inated by the resonance Sqq(1535), which accounts for
nearly 90% of the total cross section; thus, a small vari-
ation in Sqq(1535) will lead to a larger change in the
contribution &orn the Born &.erm. This shows that the
threshold region alone is not a reliable source to deter-
mine the gNN coupling constant n„.

In fit 3, we are concentrating on the recent published
data &om the Mainz group [8], in which more system-
atic difI'erential cross section data are presented &om
E~ b ——0.716 to 0.788 GeV. It should be pointed out
that these data are significantly larger than the previous
data in threshold region [21,6,22]; therefore, further ex-
perimental confirmation is needed. Because this set of
data is concentrated on the region &om the threshold to
the mass of the resonance Sqq(1535), one could not ob-
tain any reliable information on the contribution &om the
resonance Sqq(1650). Thus we exclude the contribution
&om the resonance Sqq(1650) by setting the parameter
C~„~&650~ ——0.0, which is the same as that in fit 1. Thus
three parameters nz, C~„~q535), and I'~„~&535) are fitted
to the data. The calculated total cross section and the
data are presented in Fig. 4, and the agreement with the
data is excellent. Moreover, the resulting decay width
r,„,$535) is found to be 0.198 GeV and in very good
agreement with the simple Breit-Wigner fit [8]. This
provides an important consistency check of the model.
One could also see the possible contribution &om the
resonance Sqq(1650) at E~ b

--0.8 GeV, where the data
suggest that the total cross section starts to decrease.
More systematic data in E) b ——0.8 —1.0 GeV region are
needed in order to learn more about the structure of both
Sgg(1535) and Sgg(1650).

To highlight the importance of the data in the thresh-
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FIG. 4. Result for the total cross section from fit 3, in
which the parameters are fitted to the data from Mainz [8].

old region in determining the properties of the resonance
Sii(1535) and coupling constant a„, we show the dif-
ferential cross section at E~ b ——0.729 GeV in Fig. 5
and E~ b

——0.752 in Fig. 6. Notice that there is a sig-
nificant difFerence between the data from Bates [6] and
Mainz [8] at Ei b = 0.729 GeV; it leads to the change
&om r,„„535,——0.111 GeV in fit 2 to 0.198 GeV in fit
3. Resolving this di8'erence in the future experiments
is crucial for understanding the structure of the reso-
nance Sii(1535). At the same time, the parameter n„ is
changed by a factor of 3. In fact, the calculation by the
RPI group [13] has shown that one could obtain a good
fit to the data in the threshold region for a wide range of
coupling constant o.z. More systematic data beyond the
threshold region are called for, particularly in the region
E) b ——1.15 —1.45 GeV, in which there is no resonance
dominant so that contribution &om the Born term be-
comes relatively important. It is interesting to note that
the calculated difFerential cross section in fit 2 is in good

FIG. 6. Same as Fig. 4 at E1 b ——0.752 GeV.

agreement with the Bate data [6] at Ei~b = 0.729 GeV,
but smaller at E~ b ——0.752 GeV, while the results in fit
3 give excellent fits to the Mainz data [8] in both cases.

We should also point out that the resonances Pii (1710)
and Pis(1720) also play quite important role in the region
E] b = 0.9 —1.1 GeV, and one should not expect that
the quark model in the symmetry limit would provide a
quantitative description of these resonances. One could
also study these resonances by inserting coeKcients in
&ont of their CGLN amplitudes and fitting them to the
data. Our calculation provides a kamework to study the
resonance contributions in meson photoproduction wit~
less parameters. This will be investigated in the future
with more accurate data in this region.

The calculation of the target polarizability has also
been done with the parameters in each fit. We found
consistent small polarizabilities at 8, = 90 from the
threshold to E& b = 1.0 GeV. If the polarization is indeed
large in this region as the data suggest [23], it might be
evidence that t-channel meson exchange is required.

1.5 IV. STRUCTURE OF THE RESONANCE
S„(1585)

4
N

AS

b 5--

O.
0 30 BO 120 150 180

There were probably two important motivations to
study g photoproduction in the threshold region: to de-
termine the qNN coupling constant o.z and to study the
structure of the resonance Sii(1535). Our calculation
shows that the threshold region might not be a reliable
source to determine the coupling constant a„because of
the dominance of the resonance Sii(1535). However, one
might be able to learn more about the structure of the
resonance Sii(1535) in the quark model. The study [13]
b the RPI group shows that one could determine the
quantity ( from q photoproduction, which is defined as

(32)
FIG. 5. Differential cross section at E1 b

——0.729 GeV. The
solid line represents the result from fit 2 and dashed line from
fit 3. The data come from Ref. [6] (triangle) and Ref. [8]
(circle).

where y' = M~k/qM~. One can obtain an analytic ex-
pression of the quantity ( &om the CGLN amplitude in
Table II, which is given by
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o„a,m( + Mpg) s„(x535) z 2~@
M~3 6I'z mq

( lkl l (,'+„')(s ~+1 l1+3m~ I Ef+M~ ) ( 2m' j (33)

Because gz « 1, the quantity $ for the resonance
Sxx(1535) is not sensitive to the paraxneter n related
to the internal structure of the baryon wave functions.
After including the Lorentz boost factors in Eq. (26), we
obtain

0.186 &om fit 1,
( = 0.208 from fit 2,

0.220 &om fit 3,
(34)

81 from fit 1,
A~]2 —— 78 &om fit 2,

111 from fit 3,
in units of 10 GeV ~, which is very consistent with
the results of Ref. [13] in fits 1 and 2 and of Ref. [8] in
fit 3.

The advantage of the quark model calculation is
that the helicity amplitude A~&2 and the decay width
r,„&$535) can be predicted separately. In the symmetry
limit, the helicity amplitude Ax&& is given by [26)

A~( ——+2n urus~
l
1+

l
e

1 (
3o.'( 2m' ) (36)

and the decay width in the Sxx(1535) -+ rlN channel is
expressed in terms of the coupling constant o.„:

n„(E+Mxv)lql ~x~

spy(1535) x) ) M2R N

2
Q 4)~

3o.2 E + M~

q t3a (37)

We have

A",&,
—148 x 10-' GeV-' '

and

in units of GeV . This is indeed in good agreement with
the result g = 0.22 + 0.02 GeV x in Ref. [13]. It is not
surprising that the quantity ( in fxt 1 is smaller, because
the resonance Sxx (1535) is less dominant in the symmetry
limit than the data suggested. Therefore, assuming that
the branching ration for the resonance Sxx(1535) + gN
is around 0.5, we have the helicity amplitude

I

ity axnplitude A"& has been known for soxne time [10,9],
and it was speculated that this might be an indication
of configuration mixing [25]. However, systematic calcu-
lations with the configuration mixings in the Isgur-Karl
model showed [26] that the configuration xnixing effects
are unable to reduce the helicity amplitude A~x&z. There-
fore, it is particularly interesting that the new data set
&om Mainz has brought the helicity amplitude A~&2 in fii
3 much closer to the quark model predictions; the simple
Breit-Wigner fit in Ref. [8] also gives

A~x(z ——(125 + 25) x 10 GeV (40)

which is even closer to the quark model result in Eq.
(38).

On the other hand, the large gN branching ratio for
the resonance Sxx(1535) has not been fully understood.
The calculation by Koniuk and Isgur [10] also shows that
the transition amplitude for Sxx(1535) -+ x)N is about
50% smaller than the data, whose calculation is similar
to this approach. This is consistent with the fitted co-
eFicient C~„~$535) 1.5 in both fits 2 and 3, and it is
unlikely that this can be explained by configuration mix-
ing effects. One of the effects that has not been taken
into account in this study is the finite size of g mesons,
which is the one of the major motivations of the quark
pair creation xnodel [27]. The calculation has been partly
done in Ref. [28], which gives a much larger decay ampli-
tude. The problem is that the gNN coupling that can
also be obtained in this approach was not given; thus,
there is no basis to judge if the parameter used in the
calculation is reasonable.

The understanding of the gN branching ratio of the
resonance Sxx(1535) may be the key to its underlying
structure. It has been discussed for some time in the
literature that the resonance A(1409) might be a kaon-
nucleon binding state, whose mass is just below the kaon-
nucleon threshold. Notice that the mass of the resonance
Sxx(1535) is just below the threshold of kaon production,
pN —+ KA and pN ~ KZ; it would be interesting to
study the possibility that the resonance Sxx(1535) is a
combination of q and KA or KZ binding states, which
suggests that the state A(1409) as a KN binding state
might not be an isolated case. The threshold behavior of
kaon photoproduction, pN m KA and pN -+ KZ, may
provide us further information in this regard, because it
is dominated by 8-wave resonances and the Born terms.

I s„(xsss)(x)N) = 23.4 MeV (39)
V. CONCLUSIONS

after including the Lorentz boost factors. Comparing
this prediction with the results in fit 1, the helicity am-
plitude A&&2 predicted by the quark is twice as large as
the data, while the decay width is about a factor of 3
smaller. The fact that there is a factor of 2 between the
old data and the quark model calculations for the helic-

The first quark model calculation is presented for g
photoproduction, which provides a very good descrip-
tion of g photoproduction with fewer parameters. We
show that the threshold region is not a reliable place to
determine the gNN coupling constant, which strongly
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depends on the properties of the resonance Siq(1535).
One should. extend that study to Ei b

——1.4 GeV re-
gion, in which no resonance is dominant, so that the
contribution &om the Born term could be determined
more reliably. If there is any indication &om the recent
Mainz data, it might be that the old set of data may be-
come irrelevant. Certainly, future experiments planned
at various facilities, in particular at the Continuous Elec-
tron Beam Accelerator Facility (CEBAF), will provide
us much more accurate information on g photoproduc-
tion that will reach beyond the threshold region. The
results here show that the quark model approach will cer-

tainly be a very effective tool for studying the underlying
structure of baryon resonances Rom the photoproduction
data.
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