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Pion photoproduction on the nucleon in the quark model
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We present a detailed quark-model study of pion photoproduction within the effective Lagrangian approach.
Cross sections and single-polarization observables are investigated for the four charge channetsn,
yn—7p, yp—°p, and yn— 7°n. Leaving thewNA coupling strength to be a free parameter, we obtain
a reasonably consistent description of these four channels from threshold to the first resonance region. Within
this effective Lagrangian approach, strongly constrained by the quark model, we consider the issue of double
counting which may occur if additionaélchannel contributions are included.
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[. INTRODUCTION approaches, using effective Lagrangians for the Delta reso-
nance excitation anttchannel vector-meson exchange, can
Pion photoproduction has provided a wealth of informa-also be found in the literatufg—11]. The saiD fits [12,13,
tion about baryon resonances. During the past three or fourased on a parametrization of different partial wave contri-
decades, extensive investigations have been carried out butions, extend the analysis up to 2 GeV. With some com-
both experiment and theory. In particular, the recent availmon features but quite different model constraints, these
ability of high intensity electron and photon beams at JLabmultipole fits hope to converge to a common result and ob-
ELSA, MAMI, and ESRF has significantly improved the tain, as near as possible, model-independent information on
precision of pion photo- and electroproduction experimentsthe resonance excitations.
A large experimental database now exists, and a significant There is a clear need to treat all resonances consistently,
increase is expected once the current set of experiments haad to understand the relation between shand u-channel
been analyzed. resonances antichannel meson exchanges. A recently de-
Pion photoproduction has been an important sourceyeloped quark-model framewoifld4], augmented by an ef-
supplementary tarN scattering experiments, for establish- fective Lagrangian approach to reaction dynamics, provides
ing most of the well-known baryon resonances, while pro-a good starting point. The main feature of this model is the
viding information on their photodecay amplitudes. In theintroduction of an effective chiral Lagrangian for the quark-
search for “missing resonances,” other meson productiorpseudoscalar-meson coupling in a constituent quark model.
channels, to which these resonances might have strongémlike most previous quark models, which were generally
couplings, are now being extensively studisee, e.g., Ref. based on factorization of the strong interaction vertices, the
[1], and references thergin pion is treated as an elementary particle. As a result, one can
Apart from a few dominant states, a considerable modeéxplicitly calculate the tree level diagrams for pion produc-
dependence exists in resonance parameters extracted usti@n reactions. Here, the quark-model wave functions for the
phenomenological approaches to the data. This has compiiucleons and baryon resonances provide a form factor for
cated the comparison with resonance parameters derivezhch interaction vertex, and all ttee and u-channel reso-
from quark models. Historically, most approaches havenances can be consistently included.
adopted a factorization of the meson interaction vertices, This model has the advantage of being able to describe a
where the dynamical information is absorbed into the resolarge photoproduction database, employing only a very lim-
nance partial-decay widths and empirical form factors. Conited number of parameters within a microscopic framework.
sequently, parameters for the meson-nucleon-resonance codipplications of this model to they [15-1§ and K [19,2Q
plings and form factors have been introduced. meson photoproduction have been quite successful, and this
Such empirical schemes have been very important irhas motivated our study of the very extensive pion photopro-
analyses of data and the extraction of resonance signals tuction database.
pion photoproductiofi2]. A number of multipole fits, taking The quark model’'s well-known underestimation of the
into account different dynamical aspects, are now underwaylectromagneti¢EM) transition amplitude for the delta reso-
For instance, the unitary isobar modelaiD) [3], containing  nance makes this resonance region particularly interesting.
Born terms, five resonances, and vector-meson exchange&s suggested in Refl1], the “bare” yN— A vertex could
succeeds in the description of data up to 1 GeV. Approachese more directly related to the quantity given by the quark-
adopting constraints from fixededispersion relations are be- model derivation of the delta EM transition. A direct exami-
ing revisited and applied to the delta regipf—6]. Other  nation of the delta excitation iyN— A— 7N might shed
some light on this question.
This paper presents both quantitative and qualitative in-
*Email address: giang.zhao@surrey.ac.uk vestigations of pion photoproduction. The challenge to de-
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scribe theN* resonance excitation with explicit quark and (u)
gluon degrees of freedom is by no means trivial, since the _ d
correct off-shell behavior of those intermediate resonances is g=| v |, (4)
required. Also, a clear definition of the nucleon Born terms, ¥(s)
associated with the gauge invariance requirement, is essen-
tial for this effective theory. In this study, we concentrate onand the meson field,, is a 393 matrix:
the energy region corresponding 0,700 MeV, where
the role played by the Born terthand the low-lying reso- 1 o, 1 ot K+
nances, in particular theA(1232), S;4(1535), and 2 \/577
D15(1520), can be clarified. Qualitative tests have been made
in order to compare this model to a typical isobaric approach. b= - 1 1
Here we consider the role played by thehannel vector m J2 J6
meson exchanges in isobaric models, and the effect of ne-
glecting theu-channel resonance contributions. K~ KO _ \E
In Sec. Il, we outline the formalism aspects of our ap- 37
proach. In Sec. lll, results for cross sections and single- (5)
polarization asymmetries for the four charge channegfs,
—a*n, yp—np, yn—m p, and yn— 7°n will be pre- where the pseudoscalar mesoms 7, andK are treated as

sented. The role of thechannel vector-meson exchange will Goldstone bosons. Thus, the Lagrangian in @gis invari-

also be discussed. Conclusions are drawn in Sec. V. ant under the chiral transformation. Expanding the nonlinear
field £ in Eq. (3) in terms of the Goldstone boson fiedf,,,
Il. THE MODEL ie., é=1+i¢,/f,+---, we obtain the standard quark-

meson pseudovector coupling at tree level:
Before we begin a detailed analysis, a brief review of this
model is necessary. 1— .
Y Hin= 30 707, 75010" b, (®)
m
A. The effective Lagrangian

For pion photoproduction, the low-energy theorargT) ~ Wherey; (#;) represents thgth quark (antiquark field in
provides a crucial test near threshold. As shown in previoude nucleon.

investigation by Li[21], to recover the LET, one has to rely It is still not clear whether the Goldstone bosons couple to
on the low-energy QCD Lagrangian which keeps the mesonthe nucleon through a pseudoscalar or pseudovector cou-
or even both. To our present knowledge, at low ener-

baryon interaction invariant under the chiral transformation.p!mg’ . S ) .
Combining the low-energy QCD Lagrangian with the quark9/€S: the pseudovector coupling satisfies partial conservation

model, we introduce the quark-meson interaction through th@f @xial current and is consistent with the LET and chiral
effective Lagrangiafil4]: perturbation theory to leading order, while the high-energy

study prefers a pseudoscalar coupling. As pointed out in Ref.

£=$[7 (1 9%+ VH+ yeAH) —m]ih+ - - - (1) [22], the operators for the pseudoscalar and pseudovector
” ’ coupling have the same leading order expression at quark
where the vector and axial currents are tree level. Therefore, E@6) can be regarded as a reasonable

starting point for investigations of pion photoproduction in

1 . . the resonance region.
VM:§(§ 0, €+€0,E), The quark-photon electromagnetic coupling is

1 Ho=—, ey A*(k,r), 7
AM:|§(§T(9#§_§(9#§T), 2) e E]: iYu (k,r) (7)

where the photon has three momentkinand the constituent
quark carries a chargg .

g=glom/fm, 3) The photoproduction amplitudes can be expressed in
terms of the Mandelstam variables,

wheref , is the decay constant of the meson. The quark field
¢ in the SU3) symmetry is

and the chiral transformation is

M=MeH+ M3+ MY+ My, (8

whereM3? is the seagull term anM,, M}, andM}; rep-
We use “Born terms” here to denote the amplitudes from a Born"€S€Nt thes-, u-, andt-channel processes as illustrated in Fig.
approximation, in which the nucleon pole terms, pion pole, andl- AS shown in Ref[14], the seagull term is composed of
contact term are included. In the following sections, we usetWO Pparts,

“nucleon pole terms” to denote the and u-channel nucleon ex- sg .
change amplitudes. M :<Nf|Hm,e|Ni>+|<Nf|[geva]|Ni>1 9
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FIG. 1. Tree level diagrams calculated in this model.

where|N;) and|N;) are the initial and final state nucleons,
respectively,

€nm —
Hm,e=§ foom( @I ybhA ) (10

is the contact term from the pseudovector coupling, and

go=2, erj-€,e i (1)
]

comes from the transformation of the electromagnetic inter-

action in thes andu channeld23,14].
The s- and u-channel amplitudes have the following ex-
pression:

1
S MY =i ) I — )
M+ Mg Iw}l}j: <Nf|Hm|NJ><NJ| Ei+w'y_Ej he|N|>

+iw,>, (N¢|h ! NN [H N
Iwyj (N eEiTm—Ej' (NG HmING),

12

where

hezz ejrj-ey(l—aj-lz)eik'ri, (13
]

andl?zk/w7 is the unit vector in the direction of the photon
momentum.

The nonrelativistic expansions of Eq4d.3) and (6) be-
come[14]

| o ik
5—0;j-(€,XKk)|e™,

he:2 ejrj'Gy_
J

and
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Hin 2 E+m o P E Mo P
w i] —ig-r

where M; (My), E; (E;), andP; (P;) are mass, energy,
and three-vector momentum for the initidihal) nucleon;r;
andp; are the internal coordinate and momentum for jttie
quark in the nucleon rest system. Note tlgat, the axial
vector coupling, relates the hadronic operasoto the quark
operatoro; for the jth quark, and is defined by

<Nf|; 150Ny =ga(N¢|o|N;). (16)

The transition amplitudes of pseudoscalar-meson photo-
production can generally be expressed in terms of standard
Chew-Goldberger-Low-NambuCGLN) amplitudes [24],
ie.,

Mfi:J'fy, (17)

whereJ is the interaction current and can be related to the
CGLN amplitudesf; , 3 4

(18

Alternatively, one can express the transition amplitudes in
the helicity space in terms of tHE matrix:

Hi=(\=+ 12T |\, =+1N=—1/2),
Ho=(\=+12T |\, =+1N=+1/2),
Ha=(\=—12T |\, = +1N=—1/2),
Hy=(\=—12T |\, =+1N=+1/2),

(19

where\; and\; are helicities of the initial and final nucleons
and \, is the helicity of the photon. Amplitudes with
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A,=—1 are not independent of those with,=+1 due to
par

be related through a standard transformat@s.

B. Transition amplitudes in the harmonic oscillator basis

The seagull term in this model differs from the traditional

ity conservation. The CGLN and helicity amplitudes may

PHYSICAL REVIEW C 65 065204

= (MS+M3) e (K+d?)/6a”

n

(22

and

definition due to the appearance of a transformed electro-

magnetic interaction coupling to the meson at the same ve
tex. This term can be worked out explicitly in the SU(6)
®0(3) symmetry limit:

sg_ _ o (k— 2/6a?
Mfi_ e( q) aem

r_

M{= ; (MY+MY)e (K*+a)/6a® (23)

where theM; and M, represent transitions in which the
photon and meson couple to the same quark or different
quarks, respectively. The general framework was presented

wm 1 1 in Ref. [14]. Here, we present the transition amplitudes in
Nt Ewm TE W |0 (200 terms of the harmonic oscillator shellas follows:
I I
where the exponential factor is the corresponding quark- M3 1
model form factor in the harmonic oscillator basis. s ['g As: (€,XK)— 0 {AsX (€,xXK)}]
The t-channel charged pion exchange amplitude can be 3
derived by treating the exchanged pion as an elementary par- .
ticle: y My k-q
nl(P;-k—NMawyp) | 342
Mtf':ef(qu)z,sazem(Mf"'Mi)
| a-k -l—E @y Pm 1+& o +@0-A .
6 Mg qu €y o s€,°Q
u[T9 ok 21)
_ €
Ef+Mf Ei+Mi q Y Mn kq n-1
= DI(P, K—nMwy) | 342
whereq andk are four-vector momenta of the pion and pho-
ton, respectively.
As illustrated in Eqgs.(20) and (21), the leading order + @y®@m o-Ke, q
amplitudes from chiral perturbation theory are reproduced. 18,uqa2 7
The quark-model modifications to these two terms come
from three-body effects, which add an additional teftime M K.g\ "2
second term in Eq(20)] to the amplitudes. Note also the % n _q) (24)
appearance of a form factor, which is essential to sustain the (n=2)Y(P;-k—=nMwy,)
forward “spike” in =" production.
Generalized expressions for tlse and u-channel ampli-
tudes are and
M3(—2)" 1 , n k- k-q 1l w,0n , @,
gg =— qu[lgvAS-(Eka)—ga(T-{ASX(G Xk)}J (P, - NMap) 302 +6 g 1+ aZ_mq o€,
M k-q " w.,w M k-q n-2
e n - " o Ke,- X —
i a2’ Aseyd (n—1)!1(P;-k—nMwy,) 3a2) 18,u,qa20 key 9n=2)I(P;-k—nMay) 3a?
(25)
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are results for thes channel, while

M 1

3 .

EZW[IQUAU-(GVX k)+0’-{Au><(€y>< k)}]
3 q

o M, k-q "
nl(Ps-k+nMawp) | 342
1l w, @ w 2w
y—om Y Y
_6 g 2_mq 0"674— ?mAuey-q
y Mn kq n—-1
(n— 1)1 (Ps-k+nMawp) | 342
w.,w
- m(rkey-q
18,u¢qa2
-2
M, k-q "
“(h—2)1(P;-k+nMay) Q) (26)
and
M5(=2)" 1

o Z—mq[lgvAu'(fyX k)

Mn

n!(Pf-k+nMwh)

9.0 {A X (€,XK)}]

k-q|"
[ea)"
3a?
2w,
+7(I"Au€7'q

(n—1)!1(P;-k+nMwp)

k-q "l e
X(—z) T
3a 18uqa

M,

k-q
X (h—2)1(P,-k+ nMar)

3a?

n—-2
) (27)

are corresponding terms for thiechannel. Vectoré\g andA
are determined by the meson transitions ingladu chan-
nels:

A= —|—2m 49 28
S__ Ef+Mf q ( )
and
w w
A= — m m
E+M,  E+M,
W
—~ +1|q.
E M, L/d (29

PHYSICAL REVIEW 65 065204

In Egs.(24)—(27), P; andP; are four-vector momenta of the
initial and final state nucleons in the total c.m. systdn;is
the mass of the excited state in theth shell, while
wn (= azlmq) is the typical energy of the harmonic oscilla-
tor potential. The factord/,,/(P;-k—nMw;) and M, /(P
-k+nMuw;) have clear physical meanings in tlseand u
channels that can be related to the propagators.

The quark level operators have been related to the had-
ronic level ones through factors defined as below:

9§:<Nf|§j: ejTjUjZ|Ni>/ ga> (30)
95:<Nf|i§j ejiiUiZ|Ni>/ ga> (31
1 n
9= (N{| 2 ejINy), (32)
930A ]
9,== <Nf|2 ejTiUi'(Tj|Ni>, (33
392094 1#]
and
! 1 T
9a=———(Ni| > effi(a1xa)),IN)). (34)
29594 1#]

Numerical values for thesg factors can be explicitly calcu-
lated in the SU(6% O(3) symmetry limit[14].

So far, the resonance contributions have not been explic-
itly separated out. The intermediate states are still degenerate
in the quantum number of the harmonic oscillator shell. No-
tice that the factoM,/(P;-k—nMwy) can be written as
2M,/(s—M?), wheres=W?= (P;+k)? is the square of the
total c.m. energy. We thus substitute a Breit-Wigner distribu-
tion for the resonances,Mg/[s— M§+iM r['r(Q)], where
the resonance mass and width effects are taken into account.
Explicitly, all the contributing resonances with<2 in the
guark-model symmetry limit can be included. In pion pro-
duction, this is the place where the imaginary part of the
transition amplitude comes out. The role of the imaginary
part can be investigated more directly in the polarization
observables, e.g., polarized target asymmétrgnd recoil
polarization asymmetry?, where direct interferences be-
tween the real and imaginary parts are highlighted.

Consequently, we must separate out the resonance excita-
tion amplitudes for each. Forn=0, the contributing terms
are the delta resonance excitation and the nucleon pole
terms. One can see that only the first terms in E24)—(27)
can contribute. For the channel, we have
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Several points can be learned from E@4)—(27). First,

M3(n=0)=— H[i(g%gﬁggg[))As-(eyx k) the nucleon pole terms and delta resonance transition only
q involve the c.m. part of their spatial wave functions. There-
—(g§+g§g;)a~{ASX(ey>< K] fore, only the first terms in these equations contribute to the

amplitudes. For resonances with-0, the internal motion of
constituents will be involved. Specifically, terms relating to
(n—1) are due to correlations between c.m. motion and in-
ternal ones, whiler{—2) terms are due to correlations be-

where 6M?/2 denotes the mass square difference betweehW?encgnrfSIr naair;nOlittISQZsaftotrWOr(;/ceerg(s::.havin the photon and
the intermediate state and initial state nucleon. The ampli- y, amp P 9 P

Mo

% e—(k2+ q2)/6a2' (35)
P;-k—6M?/2

. : meson coupled to different quarks are relatively suppressed.
tude for the spin 1/2 nucleon pole term is This can be seen clearly through the factors2()". In Ref.
MS(nucleon = (N¢|HnN(J=1/2)}(N(J=1/2)|hg|N;) [26], this qualitative feature was discussed, but not shown

explicitly. Here, we show how the indirect diagram can be
exactly calculated, and show that the direct diagram will be-
come dominant with increasing energy and the excitation of
higher states.

(36 Notice that in the degeneracy limit, the sum ouén Eqs.
(24)—(27), gives

7% 2M
- _ iG“AS(T'(EyX k)_Nze—(k2+q2)/6a2’
2mq s—My

where we have usedM?/2=0 and Pi-k:(s—Mﬁ)/Z for
the nucleon poley; is the magnetic moment of the initial
. . n
nucleon in terms of the proton magnetic momef#my. In k-q) (K24 ?)l6a?
— e

S |
S u__
this way, the delta resonance excitation amplitude is derived, M+ My _nEO (Os+ Ou)m 342

S — NS — ERVE R R
M®(A)=M?3n=0)—M?>(nucleon =(OS+Ou)e‘("‘q)2’6“2, (40

1 H !

=~ 5 [1(939, 7979, — 1i)As- (€,K) A A _
q whereO4 and O, represent operators independentpand

—(03+0595— 1) o {AsX (&,XK)}] recovering the fa(_;toe‘("“*)z/‘s"‘2 is essential for the theory
to be gauge invariant. Although like many other phenomeno-
logical approaches this model does not have unitarity, such a
form factor prevents certain terms from violating unitarity.
One can see that at high energies the degeneracy limit can be
where Mo/(P;-k—dM%2)=M, /[[s—MZ—(M2-M2)]/2 recognized by the dominance of the direct diagram. How to
is used and the Breit-Wigner distribution is introduced after€Store the unitarity in a general framework should be a next

2M,

2 2 2
X e*(k +q°)/6a , (37)
s—M3+iM,T'y

the separation of the spin operators. step of this investigation. ,
Similarly, the delta resonance and nucleon pole terms in, From Eq.(37), the analytical expression for the delta mul-
the u channel withn=0 can be separated: tipole can be derived,
MY(nucleon = (N¢|hg/N(J= 1/2) }{(N(JI= 1/2)|H ;| N;)
312 1 “m
i M¥2— — Sl e
iy Ko A 1+ ngNngmq E+M,
% ZMA e—(k2+q2)/6a2’ (41)
v 2My e (K2 +q))/6a?. (38) s—MZ+iM Iy
u—M§g
and whereggr=039, + 959, — &;, andgnn has been taken into

account. The real and imaginary parts of the delta multipole
M3’ are calculated and shown in Fig. 2. We shall discuss the
quark-model form factor effects in the following section.

Therefore, it would be useful to present the calculation of

l H !
MU(A)= = 5 [i(950,+ 929, — 1) Au- (€,XK)
q

+(93— 0295~ 1o) o {A, X (€,XK)}] M3’2 without the exponent, which comes from the spatial
integral and serves as a form factor for the multipole. As

% 2My ef(k2+q2)/6a2 (39) illustrated by the dotted and dot-dashed curves in Fig. 2,
U—Mi ’ apparent deviations from the experimental data occur with

the increasing energies. In other words, the quark model
where u¢ is the magnetic moment of the final state nucleonturns out to be indispensible to account for the correct energy
in terms of the proton magnetic momesigm, . dependence.
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FIG. 2. Real and imaginary parts of the muItipcM@Q2 derived
from the delta amplitude in® channel. Model resultsvith and

PHYSICAL REVIEW 65 065204

—~ 30 = 30
% F E,=220 MeV % F E,=260 MeV
o C K] C
=20 220
*; r g F T I¥8R0
E 10 | ] E 10 }.I?- ,,,,,,,,,,,,,,,,,
Py S B N ) S B B
0 50 100 150 0 50 100 150
0 (deg) 0 (deg)
7 30F 50 < momer
ra) r re) u
Zo0f 122k o
g 10 | 'E 10 |-
0:‘\|\|||\||‘|||\|\\ 0:‘\|\\|\\\|‘|||\‘\|
0 50 100 150 0 50 100 150
0 (deg) 0 (deg)
'5,30: E,=400 MeV '530 F E,=500 MeV
§20: §-20:
g | g (2
10} 510 f R
Y I T R 0:\:.ﬁ]—‘|u‘.\...w—_ffi
0 50 100 150 0 50 100 150
6 (deg) 0 (deg)

FIG. 3. Differential cross sections fopp— 7*n. The solid
curves denote full calculations with, =1.7474; dotted curves, re-

without the quark-model form factor are compared. Data are fromsults in the SU(6% O(3) symmetry limit; dashed curves, results

sAID analysis(Ref.[27]).

Multipole Ef’f vanishes in this approach for teechannel
delta resonance. Experimentallﬁ’f is found to be much

smaller thanM 32 [13,4].

Ill. RESULTS AND ANALYSIS

In this section, we present our study of reactions,
—a'n, yp— 7%, yn—m p, andyn— 7°n with the same
set of coherent parameters. The Goldberger-Treiman relatio

~ 9aMy
gaNNT f ’

(42)

relates the axial vector couplirgy to the well-knowng .y
coupling, wheref _ is the pion decay constant. Note thgpt
in this model is an overall constant, and can be calculated i

the quark model. However, the quark model predicts rathe

large values|ga|=5/3 for charged pions and 52 for neu-
tral pions. Consequentlyy,.yn given by Eq.(42) is not a
good input for our purpose. On the other hagdyy is a
well-determined number, and we shall therefore “fix” the
“parameter” g_yn=13.48 in our calculations. This is a
strong constraint on the theory, as the Born tetimsluding

seagull term,t-channel pion exchange, and nucleon pole

termg are completely fixed. We shall follow the quark-model
predictions for relative signs and strengths in order to stud
the four charge channels coherently.

A. The charged pion production reaction

A distinguishing feature ofr™ photoproduction is the for-
ward “spike” and the dip near-t= me seen in its differen-

without n>1 u-channel resonance contributions; dot-dashed
curves, calculations with resonance, real parts eliminated. Data are
from Refs.[28-395.

tial cross sections. Multipole analyses based on a unitary
isobaric model and studies utilizing fixeddispersion rela-
tions suggest that this feature is related to an interference
between the Born terms and the delta resonance “excitation”
(in the naive quark model, the delta resonance is the ground
state for isospin 3/2 baryonsThe Mi’f multipole for the
Yelta resonance dominates the cross sections and single-
polarization asymmetries over a wide energy range. Repro-
ducing this combination of features is nontrivial in a micro-
scopic model.

In Fig. 3, we show the calculations for reactioyp
—a'n in the SU(60O(3) symmetry limit. The dotted
gurves are calculated in this limit, having only an overall

uark-meson coupling parameter, which is in fact not “free”
or the Born terms due to the Goldberg-Treiman relation.
Near threshold, the cross section is reproduced reasonably,
which is consistent with the leading order calculation of chi-
ral perturbation theory. The dip att= m,2T clearly originates
from the interference between thiehannel pion exchange
and the seagull term. Af, <220 MeV, the delta resonance
has only small interference.

Interference from the nucleon pole terms becomes impor-

nt from E, =220 to 260 MeV. At the lower-energy limit,
he t-channel pion exchange and the seagull term dominate
over other processes, while for higher energies, the delta
resonance dominates. The influence of the nucleon pole
terms can be seen clearly in the polarized beam asymmetries.
As shown by the dotted curve in Fig. 4 below B&}=260
MeV, for which the nucleon pole terms are eliminated, the
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Ww o TE £ 220 vy X 1E oot ey gests that the quark model within an effective Lagrangian
od3 " 08 % " provides correct signs and even reasonable form factors for
04 b 045 the delta excitation and nucleon pole terms. As illustrated in
0.2 —m 025 /0 Sec. Il, the delta excitation and the nucleon pole terms have

0 '('J o ‘1' _— 1 0 HlA o Llin 1' 1 simple structures coming from the harmonic oscillator shell
w1 50 00 150 a1 :0 50 00 150 n=0. Clearly, a self-consistent treatm¢@6] of these ingre-
08 | E,=300Mevi g8 £ £, =350 MeV dients is essential to any viable model. We suggest that the
0.6 |- °0 0.6 & 999\?200%0 . tree level calculation, based on the quark model, may have
8"2" :W 8"2" i//\ included the main ingredieni®.g., relative signs and form
o B o B Y factor9, even though its description of the nucleon pole and
; 0 50 100 150 ) 0 50 100 150 delta resonance is very simple.

NogE  o8Romikicomey| Vg b o, E-500Mev An interesting question arising in this work is the role
06 EF ®% o 06 F g ¢ played by theu-channel resonance contributions. Generally,
0.4 ¢ ~UC 0.4 = this part has been neglected in isobaric models, nor is it
02p /N 02/ included in traditional quark-model calculations, due to em-

0 0 50 100 150 0 0 50 100 150 pirical considerationf26]. In the present calculation, we find

Ww o TE ooomer] L E o £ 700 Moy that theu channel process tends to decrease the forward
8'2 E /Py, 8'2 E o/ &, \Q; peaking. In Fig. 3, the dashed curves denote calculations
04 E 04 E with the u channel ofn>1 neglected, which enhances the
02 F | | ‘ 0.2 §—I | | | forward peak above the delta resonance region. Since the full

0 o e 0 o calculation underestimates the forward peaking slightly, the
0 50 100 91(%%9) 0 50 100 91(5d%g) neglect of theu channel ofn>1 seems to follow the data

more closely. This feature seems consistent with findings of
FIG. 4. Polarized beam asymmeftyfor yp— " n. The solid  Ref. [3]. There, theu-channel resonance contributions were
curves denote full calculations, while the dashed present resultseglected, and an overall strong forward peaking was ob-
withoutn>1 u-channel resonance contributions. The dotted curveserved.
at E,=260 MeV denotes the effects by eliminating the nucleon  polarization observables are sensitive to resonance contri-
pole terms. Data are from Ref89-47. butions, providing a possible way to clarify the role played
by the delta resonance. In Fig. 4, the polarized beam asym-
interference from the nucleon pole terms generally producegietry 2 is calculated for eight energy bins. The results are
large asymmetries at intermediate angles. generally in agreement with the data Bt<300 MeV.
With increasing energy, we find that the cross sections arélowever, some discrepancies are foun&at 350 and 400
underestimated over the delta resonance region in th#leV, which are sensitive to the-channel nucleon pole
SU(6)® O(3) symmetry limit. This suggests a failure of the rather than theu-channel resonancesi¥1). As shown by
symmetric quark model for the delta resonance. Howeverthe dashed curves, neglecting thie 1 u-channel resonance
notice that the “dip” feature is still sustained over this re- does not change the solid curves significantly. Bt
gion, and we assume that the delta excitation has a “good*>700 MeV, theS,;;(1535) becomes a strongly interfering
form factor from the quark model. Thus, we empirically treatsource. The enhancement of this asymmetry 6t
the #NA coupling strength as a free parameter, which will=130°-140° is evidence for the existence of $g(1535)
be fixed by the experimental data. The solid curves shown imesonance.
Fig. 3 denote the calculations with,=1.7474, whereC, The presence of th§;;(1535) as a state of representation
=1 is the strength in the quark-model symmetry limit. The[70, 28] in the quark model accounts f& naturally up to
enhancement of the delta contribution significantly improves/50 MeV. Compared with the precise measuremeidraAL
the description of the experimental data. Compared with th¢44], we cannot produce the structure observed at backward
dotted curves, the cross sections at the extremely forwardngles above 800 MeV. As suggested by the isobaric ap-
and intermediate angles are both enhanced. proach[3], a smallS;4(1650) contribution can reproduce the
The differential cross section for ther* production data reasonably. In our model calculation, Bg(1650) is
changes rapidly from threshold to the delta resonance regiombsent in the proton reaction due to the Moorhouse selection
After that, it remains stable up t&,~700 MeV, where rule [37]. The breaking of the symmetric quark model will
resonances of the second resonance region start to interfeistroduce mixing between states of different representations,
The challenge for a microscopic approach is not only to ree.g., theS;4(1535) andS;4(1650). A more realistic model
produce the dramatic changes at low energies, but also taking into account such a mixing mechanism is clearly re-
sustain the forward peaking to high energies. It is quite natugquired above the second resonance region. $h€1650)
ral for us to achieve the first goal in this model. That is, thehas large branching fraction teN stateq 38].
enhanced delta resonance succeeds in reproducing the drasticCalculations for the polarized target asymmetries are pre-
change of the cross sections at the first resonance region. Feented in Fig. 5, and compared with existing experimental
the second goal, we find that with only one parameter, theneasurements. Given that only one parameter has been in-
strong forward peaking can only be sustained upEtp troduced, the results should be regarded as consistent with
~500 MeV. This result has nontrivial implications. It sug- the data from threshold toE,~500 MeV. At E,
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. . ~ 35 ¢ ~ 35
08 F E,=220MeV| o8 F E,=260 MeV ® E_ 7] E_
E E g 30 FE,=250 MeV 8 30 E,=300 Mev
4 F 4 © 25 25 F
E E [eXe]
02k 170000, 0.2 M 820 f 8o0f
0 E —— I OB i1 < 20 | % < 20
o 70 50 100 150 o 70 50 100 150 15;_ % 15;_
0.8 ; E, =300 MeVv 0.8 i, ¢¢¢¢ E, =345 MeV 10 E_ s 10 E_
06 [ ¢ 06 /999703 3 g © F%
04 & ° 04 & 5¢ 5S¢
02 F 02 E Flo i b R EEE R
0E b b Py 0t I SRS A R A 0 50 100 150 0 50 100 150
, 0 50 100 150 , 0 50 100 150 6 (deg) 6 (deg)
Fos b —a0oMev| g8 E E,=491 Mev —~ 35 35
0.6 — oo $ 0.6 — + }2 30 EE=350 Mev cﬁi 30 EE=400 Mev
04 E / 04 F ¢¢ ST 27
02 F 02F / 90 g25F g5t
0’\|\|||\||‘|||\|\\ 0’\|\\|\\\|\|||\\\| t\) 3 B 3
0 50 100 150 0 50 100 150 °20F, Qok o |8 20 E
- 1 F E—coomev] F F £,=700 Mev 15 FN\ ¢ S, 15 F i(?@
05 F 05 F 0L A B
0F 0® ° ° 5 0 :—\M r B $
F 500 o F 6%9 5 E 5 E ‘
_0_5:\‘.‘.|.‘..\...‘|H _0'5:\‘.\‘°|‘H.\...‘m. o g I I WP o g1 IR A PR
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
6 (deg) 0 (deg) 6 (deg) 0 (deg)
FIG. 5. Polarized target asymmetfyfor yp— =" n. Data are FIG. 7. Differential cross sections fgm— 7~ p. Data are from
from Refs.[48,41,49-51 Refs.[33,53-59.

=220 MeV, our results underestimate the data, however th'%ontact term and thechannel pion exchange are eliminated

feature is consistent with theaip fit [13]. in the effective interaction since these amplitudes are propor-
Calculations for the recoil polarization asymmetries are.. P prop

presented in Fig. 6, which are consistent with the data in thgonal to the charge of th_e p_roduced meson. T_he nucleon pole
first resonance region. terms and the delta excitation therefore dominate over other

The reactionyn— 7 p is calculated using the same set Processes near threshold. _ 0
of parameters determined in the" production. We present N Fig. 8, the differential cross sections fep—m"p are
the results for the differential cross sections in Fig. 7. Al-Presented at several energies. In the SW(®)3) symmetry

though large uncertainties exist within the data, our calcula-

tion is in good agreement with experiment up —~20 ~ 20
. . @D F E,=210 MeV @ F E,=250 MeV
~400 MeV. Interestingly, these results, which can be re-s 15 S 15[
garded as predictions of this approach, are very close to theZ ¢ = . F
: ; o g 10 F g 10F
analyses of Ref4]. It is worth noting that similar structures 2 A 28og g
as found inyp—7"n (the “dip” and “spike”) are also = 5} T OSLE T
present here, and are due to the same mechanism. o i e 0l L
0 50 100 150 0 50 100 150
B. The neutral-pion production reaction 0 (deg) 6 (deg)
In comparison with the charged pion production, the§ 30 [-E,=300 Mey FE,=350 Mey P
neutral-pion channels are relatively simple in this model. The= 0 E F
a=r 2
o 1 F o 1 F % F F
08 E,=250MeV|  gg | E,=300 Mev s 10 e
06 F 0.6 © 4 Y I S S [y S B B e
= = Qo
0.4 F 0.4 E o 0 50 100 150 0 50 100 150
02 F 0.2 F 6 (deg) 0 (deg)
oE I IR A [y | N A .
0 50 100 150 0 50 100 150 % 30 = o ver £ 30 ooy
e E E=3s0mev| & 4 E %:400 Mev S0l S0k
075 o 9 075 i g g
E E e} o F he} F
0.5 E 0.5 E s 10 6 10
0.25 £ 0.25 £ © r ; © r
0:\ vl b b 0:\ v b b I 0'FTTTuI|w||\||;‘w'1‘r-w* 0' S
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
0 (deg) 0 (deg) 6 (deg) 0 (deg)
FIG. 6. Recoil polarization asymmet® for yp— 7" n. Data FIG. 8. Differential cross sections famp— #°p. Data are from
are from Refs[41,52. Refs.[60-68.
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W 1g w1 o 1 o Tf
0.8 F5=260Mev 0.8 F5=300 Mev 0.8 £ E,=300MeV| g8 E E,=350 MeV
0.6 0.6 - & 0.6 0.6 |
0.4t Ty 0.4 > 0.4 | 0.4 [
0.2 E 0.2 E E :
=T T T 02 o 02 $+
[0 50 100 150 [0 50 100 150 0 —% 0f 8
W 0.8 EE,=350 Mev W 0.8 EE,=400 Mev 02 F 02 F
06 F 06 F o 041 04
04 F © 04 F ° -0.6 & -0.6 F
02 F 02 08 [ 0.8
Oil‘..m.ul.‘.‘m 0:|\\|\||\\||\||\\ _1?\‘.‘.|.‘..\...‘|H _1?\‘.”|‘H.\...‘m.
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
W 1:E 500 MeV W 1:E 600 & g £,=400 Mev| & c E,=500 MeV
L= e EL,= - v = e ; Y= 5]
0.8 3 o 0.8 3 o @@ 1 : 1 g
06 ¢ 06 ¢ 075 [ 075 |
04 F 04 g :
02 F 02 & 05 F 05 F
OZIH.\HHIHH\H OZIHH\HHIHHM. 0.25 B + 0.25 B
0 50 100 150 0 50 100 150 ok 6 @b ok 4
6 (deg) 6 (deg) g c
025 F 2025 F \_© i b b
FIG. 9. Polarized beam asymmet®y for yp— #’p. Data are 05 [ 05 F
from Refs.[39,69,62,70-74 075 E 075 F
_1:‘\|\|||\||‘|||\|\\ S IR AR A A A

- . 0 50 100 150 50 100 150
limit, as shown by the dashed curves, the cross sections ar 6 (deg) 6 (deg)

underestimated by the delta excitation. Similar to the feature
arising from the charged pion production channels, we need FIG. 11. Recoil polarization asymmetf for yp— 7°p. Data
to enhance the delta excitation strength to reproduce the datare from Refs[78,70,72,74
The calculations of the single-polarization asymmetries
are presented in Figs. 9—11 and compared with data. region, while qualitatively, the data up to the second reso-
In Fig. 12, the calculated cross sections for— 7°n are  nance region can be explained. The lack of quantitative
presented. So far, there are only sparse data available for thagreement above the delta resonance region was expected,
channel. given that only a minimum number of free parameters are
The above results for the cross section and singleused here. However, by using only a minimal model, it has
polarization asymmetries suggest an overall quantitativdeen easier to identify key ingredients responsible for those
agreement with the data from threshold to the first resonanc&ends wedo reproduce.

(=)

- o1 - o1 C. Quark-model form factor and the helicity basis
0.8 i FEI0OMV 0.8 Br= 300 MeV As mentioned previously, inm" photoproduction, the
06 06 most prominent features seen in the cross section are forward
g'g g @ g'g E } peaking and the dip a&t:mf,, which is attributed to the
e pP0 Wb O"Ogd# Born terms. Our results also reproduce this feature. Some
:\_/—\ £ . . . . .
02 E 02 E ° new ingredients appearing in this approach concern the roles
04 F 04 F played by the Born terms and the delta resonance, and the
06 F 06 F influence of their associated form factors.
08 F 0.8 [ As found in previous studies, the Born terms deviate sig-
B T R R S SR A B N S R nificantly from the experimental data at intermediate and
0 50 100 150 0 50 100 150
=l -l 35 35
0.8 , E,=400 MeV| (g , E,=500 MeV % Loon 0 )
0.6 £ 0.6 £ £30 [ —00MeV) 8 30 | B, =400 Mev
0.4 F 0.4 F g 25 F g 25 F
0.2 F o¢°<% 0.2 F %20; %205 %(#
0B\ [ oop, 0 8 OB\ 4 h: i
-0.2 E -0.2 = 15 e 15 e + 4’
0.4 0.4 1 +¢ 10 10 £
-0.6 |- -0.6 [ ¢ g /\
08 08 F St S5F
_13\‘.‘.|.‘..\...‘|H _13\‘.”|‘H.\...‘m. ob v bl oble v bl 1,
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
0 (deg) 0 (deg) 0 (deg) 0 (deg)
FIG. 10. Polarized target asymmeffyfor yp— 7’p. Data are FIG. 12. Differential cross sections fen— 7°n. Data are from
from Refs.[70,75-77,74 Ref.[80].
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CSO H, H, H,
Q L ,Q_: 0; 6., =0 deg L
g | E,=300 MeV &) 50_ o
g =0 e S0 .
g PN 0o © g
20 - /e * ol -
L / % L L
[ b S0 L
15 - or I
L or T
I R N ‘
10 - . C
! 0 -
5 R P ‘
L 50 - O.n=180deg L
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0.\.Ilu\.l.\..\I\.\\.H\.HIH.MH r r
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FIG. 13. Cross sections foyp— " n at 300 MeV. Plotted are
the Born terms with(solid curve and without(dotted form factor,
and the Born terms plus the delta transition witlashed and with-
out (dot-dashegiform factors, respectively.

FIG. 14. Energy evolution of the Born terms plus delta helicity
amplitudes compared with thenib analyses. Columns from left to
right are amplitudesdd, , 34,. The solid and dashed curves denote
the real and imaginary parts calculated by this model, while the
dotted and dot-dashed denote thoseshyp analyses.

backward angles as photon energies increase to the GeV
level. The cross section due to Born terms alone is much

larger than the data suggest. One possible explanation is thgfantumk and outgoing meson momentuqin the c.m.

the Born terms are canceled by resonance contributions awaystem. In Fig. 14, the helicity amplitudes are presented at
from the forward peak. As discussed by Barbour, MaloneﬁVe angles, :O'o 45° 90° 135° and 180°. A@
'Yecm 1 ’ ) 1 . c.m

and Moorhouse in a fixetldispersion relatioh26], the real —0°, only H, has nonzero values, while all the other ele-

parts of the resonance amplitudes tend to cancel the BOrr'%ents vanish. In the backward direction, the nonvanishing

_ 2 - N 2 e ol i
Le:;rr::z:tb t;VT_T ’ir?hlfsghnea;iglign:ri)umtro:fsS“ghtly en element isH,. Compared with theAID analysis, an overall
y ying . agreement is obtained up to 500 MeV.

In Fig. 13, we illustrate the results for the Born terms and
Born terms plus delta excitation, with and without the quark-

j model form factors, respectively. Clearly, form factors
are vital in the quark-model description, though no free pa-
rameters have been introduced. Comparing the full result to A long-standing question concerns the role played by
one in which the form factors are switched off, we see po-vector-meson exchange in low-energy pion photoproduction.
tential problems for those who compare quark-model resulté\.ccording to the duality argumen83], the introduction of
directly to fits (such assaiD andMAID) which do not intro-  vector-meson exchanges, along with a complete set of
duce form factors. An interesting extension of this works-channel resonances, might result in double counting. In
would be the consideration of forward cross sections apractice, a systematic inclusion of althannel resonances at
higher energies, where the influence of form factors is nebuthe hadronic level is not available. Empiricalligchannel
lous[81,36]. vector-meson exchange may account for incomplete

To end this section, we present a comparison of energg-channel resonance contributions, which, however, makes
evolution of the Born terms plus delta helicity amplitudesthe duality hypothesis more ambiguous.
calculated by this model with saID analysis[82]. The four Given the results presented in the previous subsections,
independent helicity amplitudes are calculated following thethe quark-model framework, with an effective Lagrangian,
convention of Ref[2], could address this question in pion photoproduction from a
more fundamental level. As seen in the cross sections for
production up to 700 MeV, forward peaking above the delta
resonance has been successfully sustained up to 500 MeV.
This could reasonably illustrate that the effective Lagrangian
where 6, ., is the angle between the incoming photon mo-has been sufficient to describe the data over the first reso-

D. t-channel vector-meson exchange

do ol <
| | (43

1
_ - _ - . )
dQc.m_ 2 k| izl Hl(ac.m)l y
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nance region. In order to consider the effect of possible
double counting between thechannel vector-meson ex-

change and- andu-channel resonances, we compare models
including various subsets of these diagrams. Our purpose is
to clarify whether the behavior of those higher excited state
(termg would be similar to the inclusion of vector-meson
exchange, particularly to compare with an “isobaric” model,

K
— q
‘Cqu_ g\/qqlﬂ }/Iu-l- _2m O'M J

PHYSICAL REVIEW C 65 065204

(45

?or the quark-vector-mesonvgqq) coupling;A andV denote
the photon and vector mesom: denotes the pion field;

where theu-channel resonance contributions are neglected.# () denotes the quarkantiquarl field; g,y and gyqq
We shall introduce the following effective Lagrangians are coupling constants. Note that we treatV¥hgq coupling

for vector-meson exchange:

at quark level in order to be consistent with our framework.
In this way, there is once again no need to introduce free

9ymv wpBamd parameters for the vertex form factors. In addition, a simple
Lyv=e—— m Eapysd A TN, (44) current analogy will relate theyq to gynn, Constraining
this term as well.
for yarV coupling and Some simple algebra gives the transition amplitude,
— (k—q)%/6a? 2
_ AvaryOvaq® Wm W,y Kq mz _ 1 1
My=e _ 9 I E M, TEAM, T 2mg | E M, B M, B <A |a(kxey)
w(t ) q
q? wmk? ® Om Om
7 Y 2 2 7 2
TONE M, TE+M, \E M, T Eam, a4 2mq[“’mk MR vl
(0, 0n— mﬁ) 5 wﬁ] w%, k-q g-k
——k*— + wp,+ + -
E+m K |@temt e TETM, E+m,  E+m, K[ E
2
m q Wy _ k- q k- q .
TONE M, T amg | Om T E M, EaM, TE M) | TR
w, _ 9y L Ka Kq N k? L @y0n || 48
9N E T+ M, Ef+|v|f 2mg\ O T E M Bt My T IT S (46)
|
wherek-q= w,0,—k-q is the four-momentum prpduct; the Qqu gunN
exponent comes from the nucleon wave functions, which —(I+kg) = (1+ Ky), (49

plays the role of a form factoig, is the axial vector cou-
pling and defined in the quark model as E6), i.e.,

<Nf|; 170Ny =ga(N¢| oIN;), (47)

my

wherem,=330 MeV is the constituent quark mass. In Ref.
[84], a similar relation was investigated, but only the vector
current was introduced for thé-qq coupling. We shall use
the commonly used values fgk,\n and xy, to constrain the
values forgyqq and .

In the 7" production, we adopt the valuggyn=3 and

where ] is the isospin operator for the exchanged vector ,=3.71 as inputs. With the quark-mode! valugg="5/3

meson. The other fact@; comes from the isospin space,
G=(Ni| 2 T ING). (48)

Analogy between the quark level operator &t N cou-
pling gives

Jt9vqq™ 9vNN:

and gi=1 for yp—>77 n, we derive g,5q=3 and «§

=-0.0064. In yp—p, we adoptg,yn=9, and «,
=—0.12. Withgg=1 andg;"=3, g,qq=3 andx,;=0.2 are
derived for thew exchange, and witlyh =5/3y2 and g/
=12, g,qq=3 and«h=—1.99 are derived.

In Figs. 15 and 16, we show the calculations of observ-
ables @o/dQ, X, T, and P) with the t-channel vector-
meson exchangé/ME) for yp— =" n and yp— =°p, re-
spectively. Three energy bins are investigated. Wesisa
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FIG. 15. Observables foyp— 7" n at three energies. Solid
curves denote results fert+ u; dashed fors+u+t; and dotted for
s+t. Data are from Refq.85,86,28,87,45—48,88,89

to denote the effective Lagrangian calculations, wisiet
denotes calculations suppressing thehannel resonance but
including thet-channel VME. Finally, we uses+u+t to

represent the full calculation, including the VME. The val-

ues,d,,,=0.103 andy,, ,,=0.313, are adopted.

FIG. 16. Observables foyp— 7%p at three energies. Solid
curves denote results feru; dashed fors+u+t; and dotted for
s+t. Data are from Refq.90,67,91,92,68,45,73,93,77,76,94,79

effective Lagrangian may contain the main ingredients re-
quired in an elementary approach. In particular, we show that
the quark-model form factors play a key role in reproducing

the data over a wide energy region. Such a form factor can
be only self-consistently and completely considered in a di-

In the 7+ production, contributions from the VME are rect calculation of quark level diagrams. This result high-
found to be negligible. One reason is the relatively smalledights the relation between the background Born terms and
couplings ofg,, ., andg,yn compared to the couplings far ~ resonance excitations. Extensions to higher energies would
exchange. However, the main factor leading to small VMEhelp to clarify the relation between quark-model results and
contributions in ther* production is a large cancellation those found via phenomenology. Nevertheless, a parallel in-
occurring among terms proportionald@ andg; in Eq.(46).  vestigation of electroproduction would be useful for a better
Since different contributions from the VME to different re- understanding of the delta resonance based on this model.
actions depend on the quark-model predictionggrandg,, =~ We shall report this elsewhere.
the VME might introduce more model-dependent ingredients Restricted to the low energies Bt,<500 MeV, we see
in the calculations. that t-channel vector-meson exchange is negligible. This
leaves the duality hypothesis far from conclusive. We expect
that more sophisticated calculations at high energies could be

helpful in disentangling this question as well.
We have studied pion photoproduction in four charge

channels within the quark model incorporating an effective
Lagrangian. Up toE,= 500 MeV, the cross sections and
single-polarization asymmetries can be accounted for with Useful discussions with F. E. Close and T. Sato are grate-
one adjustable parameter for the delta excitation strength. Weilly acknowledged. Q.Z. thanks J. Arends for sending de-
find that if a stronger coupling for the delta transition is tails about their experimental data. Q.Z. and J.A. acknowl-
employed, all the observables in the first resonance regioadge the financial support of the United Kingdom
can be reproduced. In other words, the nonrelativistic conEngineering and Physical Sciences Research CouBcint
stituent quark modeINRCQM) might have provided a rea- No. GR/M8214). R.W. acknowledges the financial support
sonable form factor for the delta resonance, but with weakein part by U.S. Department of EnerdipOE) Grant No. DE-
coupling. FGO02-99ER41110. R.W. also acknowledges partial support

As the first systematic microscopic study of pion photo-from Jefferson Lab, by the Southeastern Universities Re-
production, this result suggests that a direct calculation of theearch Association under DOE Contract No. DE-ACO05-
tree level diagrams based on the quark model with a chiraB4ER40150.
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