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Nucleon resonances inv photoproduction
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The role of the nucleon resonances (N* ) in v photoproduction is investigated by using the resonance
parameters predicted by Capstick and Roberts@Phys. Rev. D46, 2864 ~1992!; 49, 4570 ~1994!#. In contrast
with the previous investigations based on the SU(6)3O(3) limit of the constituent quark model, the employed
N* →gN andN* →vN amplitudes include the configuration mixing effects due to the residual quark-quark
interactions. The contributions from the nucleon resonances are found to be significant relative to the nonreso-
nant amplitudes in changing the differential cross sections at large scattering angles and various spin observ-
ables. In particular, we suggest that a crucial test of our predictions can be made by measuring the parity
asymmetry and beam-target double asymmetry at forward scattering angles. The dominant contributions are

found to be fromN 3
2

1(1910), a missing resonance, andN 3
2

2(1960) which is identified as theD13(2080) of
the Particle Data Group.
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I. INTRODUCTION

The constituent quark models predict a much rich
nucleon excitation spectrum than what has been observe
pion-nucleon scattering@1#. This has been attributed to th
possibility that a lot of the predicted nucleon resonan
(N* ) could couple weakly to thepN channel. Therefore it is
necessary to search for the nucleon excitations in other r
tions to resolve the so-called ‘‘missing resonance problem
Electromagnetic production of vector mesons (v,r,f) is
one of such reactions and is being investigated experim
tally, e.g., at Thomas Jefferson National Accelerator Facil
ELSA-SAPHIR of Bonn, GRAAL of Grenoble, and LEPS o
SPring-8.

The role of the nucleon excitations in vector meson p
toproduction was studied recently by Zhaoet al. @2–4# using
an effective Lagrangian method within the SU(6)3O(3)
constituent quark model. With the meson-quark coupling
rameters adjusted to fit the existing data, they found that
single polarization observables are sensitive to the nuc
resonances.

We are motivated by the predictions by Capstick a
Roberts@5,6#. They started with a constituent quark mod
which accounts for the configuration mixing due to the
sidual quark-quark interactions@7#. The predicted baryon
wave functions are considerably different from those of
SU(6)3O(3) model employed by Zhaoet al. in Refs.
@2–4#. The second feature of the predictions from Refs.@5,6#
and @6# is that the meson decays are calculated from
correlated wave functions by using the3P0 model@8#. Thus
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it would be interesting to see how these predictions dif
from those of Refs.@2–4# and can be tested against the da
of vector meson photoproduction.

We will focus onv photoproduction in this work, simply
because its nonresonant reaction mechanisms are much
ter understood. It was fairly well established@9–13# already
during the years around 1970 that this reaction is domina
by diffractive processes at high energies and by one-p
exchange at low energies. The diffractive part can be
scribed by the Pomeron exchange model. The calculatio
the one-pion exchange amplitude has been recently rev
by Friman and Soyeur@14#. It is therefore reasonable to fol
low the earlier theoretical analyses@11# and assume that th
nonresonant amplitude ofv photoproduction can be calcu
lated from these two well-established mechanisms with so
refinements. The resulting model then can be a starting p
for investigating theN* effects. This approach is similar t
the previous investigation by Zhaoet al. @2,3#.

In Sec. II, we give explicit expressions for the nonres
nant amplitudes employed in our calculations. The calcu
tions of resonant amplitudes from Refs.@5,6# are detailed in
Sec. III and the results are presented in Sec. IV. Section
devoted to discussing possible future developments.

II. NONRESONANT AMPLITUDES

We assume that the nonresonant amplitude is due to
Pomeron exchange@Fig. 1~a!#, pseudoscalar-meson ex
change@Fig. 1~b!#, and the direct and crossed nucleon ter
@Figs. 1~c! and~d!#. The four momenta of the incoming pho
ton, outgoingv, initial nucleon, and final nucleon are de
noted ask, q, p, and p8, respectively, which definest5(p
2p8)25(q2k)2, s[W25(p1k)2, and thev production
angleu by cosu[k•q/ukuuqu.

We choose the convention@15# that the scattering ampli
tudeT is related to theS matrix by

Sf i5d f i2 i ~2p!4d4~k1p2q2p8!Tf i ~1!

n-
:

©2001 The American Physical Society01-1
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with

Tf i5
1

~2p!6

1

A2Ev~q!
A MN

EN~p8!
I f i

1

A2uku
A MN

EN~p!
,

~2!

whereEa(p)5AMa
21p2 with Ma denoting the mass of th

particlea. The invariant amplitude can be written as

I f i5I f i
bg1I f i

N* , ~3!

where the nonresonant~background! amplitude is

I f i
bg5I f i

P1I f i
ps1I f i

N ~4!

with I f i
P , I f i

ps , and I f i
N denoting the amplitudes due to th

Pomeron exchange, pseudoscalar-meson exchange, an
rect and crossed nucleon terms, respectively. The nuc

excitation termI f i
N* will be given in Sec. III.

For the Pomeron exchange, which governs the total c
sections and differential cross sections at lowutu in the high
energy region, we follow the Donnachie-Landshoff mod
@16#, which gives@17,18#

I f i
P5 iM 0~s,t !ūmf

~p8!«m* ~v!$k”gmn2kmgn%«n~g!umi
~p!,

~5!

where«m(v) and«n(g) are the polarization vectors of thev
meson and photon, respectively, andum(p) is the Dirac

FIG. 1. Diagrammatic representation ofv photoproduction
mechanisms:~a! Pomeron exchange,~b! (p,h) exchange,~c! direct
nucleon term,~d! crossed nucleon term, and~e! s-channel nucleon
excitations.
02520
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spinor of the nucleon with momentump and spin projection
m. The Pomeron exchange is described by the follow
Regge parametrization:

M0~s,t !5CVF1~ t !FV~ t !S s

s0
D aP(t)21

3expH 2
ip

2
@aP~ t !21#J , ~6!

whereF1(t) is the isoscalar electromagnetic form factor
the nucleon andFV(t) is the form factor for the vector-
meson–photon–Pomeron coupling. We also follow Ref.@16#
to write

F1~ t !5
4MN

2 22.8t

~4MN
2 2t !~12t/t0!2

,

FV~ t !5
1

12t/MV
2

2m0
2

2m0
21MV

22t
, ~7!

wheret050.7 GeV2. The Pomeron trajectory is known to b
aP(t)51.0810.25t ~see also Ref.@19#!. The strength factor
CV readsCV512A4paemb0

2/ f V with the vector meson de
cay constant f V (517.05 for the v meson! and aem
5e2/4p. By fitting all of the total cross section data forv,
r, and f photoproduction at high energies, the remaini
parameters of the model are determined:m0

251.1GeV2
, b0

52.05 GeV21, ands054 GeV2.
The pseudoscalar-meson exchange amplitude can be

culated from the following effective Lagrangians:

Lvgw5
egvgw

MV
emnab]mvn]aAbw,

LwNN52 igpNNN̄g5t3Np02 ighNNN̄g5Nh, ~8!

wherew5(p0,h) andAb is the photon field. The resulting
invariant amplitude is

I f i
ps52 (

w5p,h

iF wNN~ t !Fvgw~ t !

t2Mw
2

egvgwgwNN

MV

3ūmf
~p8!g5umi

~p!«mnabqmka«n* ~v!«b~g!. ~9!

In the above, we have followed Ref.@14# to include the fol-
lowing form factors to dress thewNN andvgw vertices:

FwNN~ t !5
Lw

22Mw
2

Lw
22t

, Fvgw~ t !5
Lvgw

2 2Mw
2

Lvgw
2 2t

. ~10!

We usegpNN
2 /4p514 for thepNN coupling constant. The

hNN coupling constant is not well determined@20#. Here we
useghNN

2 /4p50.99 which is obtained from making use o
the SU~3! symmetry relation@21# together with a recen
value ofF/D50.575@22#. The coupling constantsgvgw can
be estimated through the decay widths ofv→gp and v
1-2
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NUCLEON RESONANCES INv PHOTOPRODUCTION PHYSICAL REVIEW C 63 025201
→gh @23# which lead togvgp51.823 andgvgh50.416. The
cutoff parametersLw andLvgw in Eq. ~10! will be specified
in Sec. IV.

We evaluate the direct and crossed nucleon amplitu
shown in Figs. 1~c! and ~d! from the following interaction
Lagrangians:

LgNN52eN̄S gm

11t3

2
Am2

kN

2MN
smn]nAmDN,

LvNN52gvNNN̄S gmvm2
kv

2MN
smn]nvmDN, ~11!

with the anomalous magnetic moment of the nucleonkp(n)
51.79 (21.91). There are some uncertainties in choos
the vNN coupling constants. In this work, we consid
gvNN57.0– 11.0 andkv'0, which are determined in a
study of pN scattering and pion photoproduction@24#. The
resulting invariant amplitude reads

I f i
N5ūmf

~p8!«m* ~v!Mmn«n~g!umi
~p!, ~12!

where

Mmn52egvNNFGm
v~q!

p”1k”1MN

s2MN
2

Gn
g~k!FN~s!

1Gn
g~k!

p”2q”1MN

u2MN
2

Gm
v~q!FN~u!G ~13!

with

Gm
v~q!5gm2 i

kv

2MN
smaqa, Gn

g~k!5gn1 i
kp

2MN
snbkb,

~14!

and s5(p1k)2, u5(p2q)2. Here we have followed Ref
@25# to include a form factor

FN~r !5
LN

4

LN
4 2~r 2MN

2 !2
~15!
s
f
ut
u

n

02520
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with r 5s or t. The cutoff parameterLN will be specified
later in Sec. IV.

The amplitude~13! is not gauge invariant because of th
form factorsFN(s) and FN(u). ~Note that the terminology
‘‘gauge invariance’’ here only means the ‘‘current conserv
tion’’ conditions Mmnkn5qmMmn50 as considered in mos
investigations.! To restore the gauge invariance, we follo
Ref. @26# and modify the amplitudeMmn by using the pro-
jection operatorPmn5gmn2kmqn /k•q,

Mmn→Pmm8M
m8n8Pn8n , ~16!

which leads to the following modifications in evaluating th
amplitude~13!:

Gm
v~q!→Gm

v~q!2
1

k•q
kmq•Gv~q!,

Gn
g~k!→Gn

g~k!2
1

k•q
qnk•Gg~k!. ~17!

The above prescription is certainly very phenomenologic
while it is similar to other accepted approaches in literatu
Perhaps a more rigorous approach can be developed by
tending the work for pseudoscalar meson production@25# to
the present case of vector meson production. This is, h
ever, beyond the scope of this investigation. For our pres
exploratory purposes, the prescription defined by Eqs.~16!
and ~17! is sufficient.

III. RESONANT AMPLITUDE

In order to estimate the nucleon resonance contributi
we make use of the quark model predictions on the re
nance photoexcitationgN→N* and the resonance deca
N* →vN reported in Refs.@5,6# using a relativised quark
model. The resonant amplitude is illustrated in Fig. 1~e!. The
crossedN* amplitude, similar to Fig. 1~d!, cannot be calcu-
lated from the informations available in Refs.@5,6# and are
not considered in this work. Here we follow Ref.@24# and
write the resonant amplitude in the center of mass frame
@in the convention defined by Eqs.~1! and ~2!#
I mf ,mv ,mi ,lg

N* ~q,k!5 (
J,MJ

MN* →N8v~q;mf ,mv ;J,MJ!MgN→N* ~k;mi ,lg ;J,MJ!

As2MR
J 1

i

2
GJ~s!

, ~18!
-

en-

w-
ift,
whereMR
J is the mass of anN* with spin quantum number

(J,MJ), andmi , mf , lg , andmv are the spin projections o
the initial nucleon, final nucleon, incoming photon, and o
goingv meson, respectively. Here we neglect the effect d
to the nonresonant mechanisms on theN* decay amplitudes
and the shift of the resonance position. Then the resona
massMR

J and theN* decay amplitudesMN* →gN,vN can be
identified with the quark model predictions of Refs.@5,6#, as
-
e

ce

discussed in Refs.@24,27#. We however do not have infor
mation about the total decay widthGJ(s) for most of the
N* ’s considered here. For simplicity, we assume that its
ergy dependence is similar to the width of theN* →pN
decay within the oscillator constituent quark model. Follo
ing Ref. @27# and neglecting the real part of the mass sh
we then have
1-3
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TABLE I. Parameters for positive parity nucleon resonances from Refs.@5,6#. The helicity amplitudeAl

is given in unit of 1023 GeV21/2. G(L,S) andAGNv
tot are in units of MeV1/2. The resonance massMR

J is in
units of MeV.

N* MR
J A1/2 A3/2 G(1,1/2) G(1,3/2) AGNv

tot PDG @23#

N 1
2

1 1880 0 24.3 21.6 4.6

N 1
2

1 1975 212 23.1 20.8 3.1

G(1,1/2) G(1,3/2) G(3,3/2)

N 3
2

1 1870 22 215 0.0 14.4 10.6 4.5 P13(1900)!!

N 3
2

1 1910 221 227 25.8 15.7 20.5 8.2

N 3
2

1 1950 25 2 25.4 23.2 10.7 6.3

N 3
2

1 2030 29 15 21.6 22.9 10.7 3.3

G(3,1/2) G(1,3/2) G(3,3/2)

N 5
2

1 1980 211 26 12.1 21.7 21.1 2.9

N 5
2

1 1995 218 1 20.3 13.1 21.6 3.5 F15(2000)!!

G(3,1/2) G(3,3/2) G(5,3/2)

N 7
2

1 1980 21 22 20.8 11.4 0.0 1.6 F17(1990)!!

N 7
2

1 2390 214 211 20.8 12.1 12.0 3.0

N 7
2

1 2410 11 21 20.7 11.3 0.0 1.5

G(5,1/2) G(3,3/2) G(5,3/2)

N 9
2

1 2345 229 113 20.3 22.9 20.6 2.9 H19(2220)!!!!
ed

t

e

io

o

a-
nce

in
-

to
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ns
GJ~s!5G0
J r~kp!

r~k0p! S kp

k0p
D 2Lp

exp@2~k0p
2 2kp

2 !/L2#,

~19!

whereLp is the orbital angular momentum of the consider
pN state and

r~k!5
kENEp

EN1Ep
. ~20!

In the above equations,kp([ukpu) is the pion momentum a
energyAs while k0p is evaluated atAs5MR

J . Our choice of
the total average widthG0

J and cutoff parameterL for Eq.
~19! will be specified in Sec. IV.

By setting the photon momentum in thez direction, the
N* →gN amplitudes in Eq.~18! can be calculated from th
helicity amplitudesAl listed in Ref.@5# from

MgN→N* ~k;mi ,lg ;J,MJ!5A2k AMJ
dMJ ,lg1mi

f ~k,k0!,
~21!

wherek0 is the photon momentum at the resonance posit
i.e., at As5MR

J , and the factorf (k,k0) was introduced to
evaluate the amplitude in the region where the photon m
mentum is off the resonant momentumk0. To be consistent
with the form factor of the total decay width~19!, we set
f (k,k0)5exp@(k0

22k2)/L2#.
The N* →vN amplitude takes the following form@28#:
02520
n,

-

MN* →N8v~q;mf ,mv ;J,MJ!

52pA 2MR
J

MNuq0u (
L,mLS,mS

^LmLSmSuJmJ&

3^1mv
1
2 mf uSmS&YLmL

~ q̂!G~L,S!

3~ uqu/uq0u!L f ~q,q0!, ~22!

whereG(L,S)’s are listed in Refs.@6,28#, and q0 is the v
meson momentum atAs5MR

J . Here we also include the
extrapolation factorf (q,q0)5exp@(q0

22q2)/L2# like that for
the N* →gN vertex in Eq.~21!.

In this study, we consider 12 positive parity and 10 neg
tive parity nucleon resonances up to spin-9/2. The resona
massesMR

J , the transition amplitudesAMJ
, and G(L,S)

needed to evaluate Eqs.~18!–~22! are taken from Refs.@5,6#
and are listed in Tables I and II. Three of them were seen
thepN channel with four-star rating, five of them with two
star rating, and one of them with one-star rating. TheseN* ’s
are indicated in the last column~PDG! of Tables I and II.
Clearly the majority of the predictedN* ’s are ‘‘missing’’ so
far. Here we should also mention that we are not able
account for the resonances with its predicted masses
than thevN threshold, since their decay vertex functio
with an off-shell momentum are not available in Refs.@5,6#.
1-4
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TABLE II. Parameters for negative parity nucleon resonances from Refs.@5,6#. The units are the same a
in Table I.

N* MR
J A1/2 A3/2 G(0,1/2) G(2,3/2) AGNv

tot PDG @23#

N 1
2

2 1945 112 20.9 25.6 5.7 S11(2090)!

N 1
2

2 2030 120 20.1 22.8 2.8

G(2,1/2) G(0,3/2) G(2,3/2)

N 3
2

2 1960 136 243 24.3 20.2 24.6 6.3 D13(2080)!!

N 3
2

2 2055 116 0 12.0 21.3 22.7 3.6

N 3
2

2 2095 29 214 23.2 11.9 13.8 5.3

G(2,1/2) G(2,3/2) G(4,3/2)

N 5
2

2 2080 23 214 22.2 20.3 12.0 2.9

N 5
2

2 2095 22 26 23.1 13.3 10.8 4.6 D15(2200)!!

G(4,1/2) G(2,3/2) G(4,3/2)

N 7
2

2 2090 234 128 21.5 23.7 21.7 4.4 G17(2190)!!!!

N 7
2

2 2205 216 14 20.2 25.1 10.3 5.1

G(4,1/2) G(4,3/2) G(6,3/2)

N 9
2

2 2215 0 11 21.0 11.7 0.0 2.0 G19(2250)!!!!
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IV. RESULTS AND DISCUSSIONS

The model defined in Secs. II and III involves some fr
parameters which must be specified. The Pomeron exch
model parameters, as given explicitly in Sec. II, are tak
from a global fit to the total cross sections ofv, r, andf
photoproduction at high energies and will not be adjusted
this study. The Pomeron exchange becomes weak at
energies, as shown by the dot-dashed curves in Fig. 2.
therefore will determine the parameters of the other am
tudes mainly by considering the data at low energies.

The pseudoscalar-meson exchange amplitude in Eq.~9!
depends on the cutoff parametersLp(h) andLvgp(h) of Eq.
~10!. The h exchange is very weak for any choice of i
cutoff parameters. For definiteness, we chooseLh
51.0 GeV andLvgh50.9 GeV as determined in a stud
@29# of f photoproduction. At low energies, thep exchange
completely dominates the cross sections at forward ang
Its cutoff parametersLp and Lvgp thus can be fixed by
fitting the forward cross section data. Our best fit is obtain
by settingLp50.6 GeV andLvgp50.7 GeV. These val-
ues are slightly different from those of Ref.@14#. The result-
ing contributions from the pseudoscalar-meson exchange
the dashed curves in Fig. 2.

The resonant amplitude defined by Eqs.~18!–~22! de-
pends on the oscillator parameterL and the averaged tota
width G0

J . We find that our results are rather insensitive
the cutoff L in the rangeL50.5– 1.0 GeV. We take the
value L51 GeV which is the value of the standard ha
monic oscillator constituent quark model@1#. For the aver-
aged total widthG0

J , we are guided by the widths listed b
the Particle Data Group@23#. For theN* ’s which have been
02520
ge
n

n
w
e

i-

s.

d

re

observed and listed in the last column~PDG! of Tables I and
II, their widths are all very large in the range of about 200
400 MeV @23,30#. The otherN* ’s considered in our calcu
lations are expected to have similar large widths. We the
fore choose the average of the values listed by PDG and
G0

J5300 MeV for all N* ’s included in our calculation. The
resultingN* contributions are the dotted curves in Fig. 2.

With the pseudoscalar-meson exchange and resonant
plitudes fixed by the above procedure, the parameters for
direct and crossed nucleon amplitude@Eqs. ~12!–~15!# are
then adjusted to fit the data. Here we considergvNN

57 – 11 andkv50 as determined in a study ofpN scatter-
ing and gN→pN reaction @24#. This range ofvNN cou-
pling constant is very close togvNN510.35 determined@31#
recently from fitting the nucleon-nucleon scattering da
Thus the only free parameter in the fit is the cutoff parame
LN of the form factor in Eq.~15!. It turns out that the con-
tributions from the direct and crossed nucleon terms
backward peaked, andLN can be fairly well determined by
total cross sections at backward scattering angles. Our
fits are obtained from settingLN50.5 GeV with gvNN
510.35 andkv50. The corresponding contributions from
the direct and crossed nucleon terms are the dot-dot-da
curves in Fig. 2.

Our full calculations including all amplitudes illustrate
in Fig. 1 are the solid curves in Fig. 2. The data can
described to a very large extent in the considered ene
region Eg<5 GeV. It is clear that the contributions due
theN* excitations~dotted curves! and the direct and crosse
nucleon terms~dot-dot-dashed curves! help bring the agree-
ment with the data at large angles. The forward angle cr
1-5
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sections are mainly due to the interplay between
pseudoscalar-meson exchange~dashed curves! and the
Pomeron exchange~dot-dashed curves!. The main problem
here is in reproducing the data atEg51.23 GeV. This per-
haps indicates that the off-shell contributions fromN* ’s be-
low vN threshold are important at very low energies. The
subthresholdN* ’s cannot be calculated from the informa
tions available so far within the model of Refs.@5,6# and are
neglected in our calculations. The investigation of this p
sibility is however beyond the scope of this work. The qu
ity of our fit is comparable to that of Zhaoet al. @2#.

It is important to note here that various cutoff paramet
determined above also fix the high energy behavior of
predictions. Thus the accuracy of our model must be tes
by examining whether we are able to describe the total c
sections from threshold to very high energies. Our predict
~solid curves! are compared with the available data in Fig.
We see that our model indeed can reproduce the data
well except in the region close toW55 GeV where the
Pomeron exchange~dot-dashed curve! and the sum of the

FIG. 2. Differential cross sections forgp→pv reaction as a
function of utu at Eg5 ~a! 1.23,~b! 1.45,~c! 1.68,~d! 1.92,~e! 2.8,
and ~f! 4.7 GeV. The results are from pseudoscalar-meson
change ~dashed!, Pomeron exchange~dot-dashed!, direct and
crossed nucleon terms~dot-dot-dashed!, N* excitation~dotted!, and
the full amplitude~solid!. Data are taken from Ref.@33# ~filled
circles! and Ref.@12# ~filled squares!.
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other amplitudes~dashed curve! are comparable. It is inter
esting to note here that if we increase the Pomeron excha
strengthCV of Eq. ~6! by about 10%, the total cross sectio
data can be much better described without too many chan
in describing the low energy data. However, the Pome
exchange parameters are constrained by a global fit to a
data forr, v, andf photoproduction, and therefore such
change is not desirable. Instead, we must explore o
mechanisms, such as the absorption effects due to the i
mediateNr state as discussed in Ref.@10#. Since theN*
excitations considered here are in the regionW<2.5 GeV,
we need not to resolve the problem in this transition reg
nearW55 GeV.

To have a better understanding of the resonance contr
tions, we compare in Fig. 4 the contributions from the co
sideredN* ’s to the differential cross sections atu590°.
Here theN* states listed in Tables I and II can be identifie
by their massMR

J . As also indicated in Fig. 4, the contribu

tions fromN 3
2

1(1910) andN 3
2

2(1960) are the largest at a

energies. From Tables I and II, we see that theN 3
2

1(1910) is

a missing resonance, whileN 3
2

2(1960) is identified by Cap-
stick @32# as a two star resonanceD13(2080) of PDG. In the
study of Zhao and co-workers@2,3#, they found that
F15(2000) dominates. This resonance is identified w

N 5
2

1(1995) in Table I and is found to be not so strong in o
calculation, as also indicated in Fig. 4. This significant d
ference between the two calculations is not surprising si
the employed quark models are rather different. In particu
our predictions include the configuration mixing effects d
to residual quark-quark interactions.

In Fig. 4 we also see that the relative importance betw

x-

FIG. 3. Total cross sections ofgp→pv reaction as a function
of invariant massW. The solid curve is from the full calculation an
the dotted curve is from the calculation without including Pomer
exchange. The Pomeron exchange contribution is given by the
dashed line. Data are taken from Refs.@12,33,34#.
1-6
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different resonances depend on the photon energy. As
pected from the resonance part expression~18!, the higher
mass resonances become more important as energy incr
from 1.23 GeV (W51.79 GeV) to 1.92 GeV (W
52.11 GeV). For example, we also indicate in Fig. 4 th

the contribution fromN 7
2

2(2090), identified in Table II with
G17(2190) of PDG, becomes comparable to that

N 3
2

1(1910) atW52.11 GeV.
The total resonance effects are shown in Fig. 5. The s

curves are from our full calculations, while the dotted curv
are from the calculations without includingN* excitations.
The results shown in Fig. 5 indicate that it is rather diffic
to test our predictions by considering only the angular dis
butions, since theN* ’s influence is mainly in the large sca
tering angle region where accurate measurements are
haps still difficult. On the other hand, the forward cro
sections seem to be dominated by the well-underst
pseudoscalar-meson exchange~less-understoodh exchange
is negligibly small here! and Pomeron exchange. Therefo
one can use this well-controlled background to examine
N* contributions by exploiting the interference effects in t
spin observables.

We first examine the spin observables discussed in R
@2,3#. Our predictions for photon asymmetry (Sx), target
asymmetry (Ty), recoil nucleon asymmetry (Py), and tensor
polarization (Vz8z8) are shown in Fig. 6. These single pola
ization observables are calculated according to the de
tions given, e.g., in Refs.@26,35#. We see that theN* exci-
tations can change the predictions from the dotted curve
solid curves. The dashed curves are obtained when only

FIG. 4. Contribution from eachN* listed in Tables I and II to
the differential cross sections atu590° andEg 5 ~a! 1.23,~b! 1.45,
~c! 1.68, and~d! 1.92 GeV, which corresponds toW5~a! 1.79, ~b!
1.90, ~c! 2.01, and~d! 2.11 GeV, respectively.
02520
x-

ses

t

f

id
s

t
i-

er-

d

e

fs.

i-

to
he

N 3
2

1~1910! and N 3
2

2~1960! are included in calculating the
resonant part of the amplitude. Our predictions are sign
cantly different from those of Refs.@2,3#. As mentioned
above, this is perhaps mainly due to the differences betw
the employed quark models. Nevertheless, we confirm t
conclusion that the single polarization observables are se

FIG. 5. Differential cross sections for thegp→pv reaction as a
function ofutu at different energies:Eg5 ~a! 1.23,~b! 1.45,~c! 1.68,
and ~d! 1.92 GeV. The solid and dotted curves are calculated,
spectively, with and without includingN* effects. Data are taken
from Ref. @33#.

FIG. 6. Single asymmetries atEg51.7 GeV. The dotted curves
are calculated without includingN* effects, the dashed curves in

clude contributions ofN 3
2

1~1910! and N 3
2

2~1960! only, and the
solid curves are calculated with allN* listed in Tables I and II.
1-7
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tive to the N* excitations but mostly at large scatterin
angles. The vector asymmetryVy has also been investigate
but is not presented here since it is almost impossible
access experimentally@36#.

To further facilitate the experimental tests of our pred
tions, we have also investigated other spin observables.
have identified two polarization observables which are s
sitive to theN* contributions at forward angles, where pr
cise measurements might be more favorable because
cross sections are peaked atu50 ~see Fig. 2!. The first one
is the parity asymmetry defined as@37#

Ps5
dsN2dsU

dsN1dsU
52r121

1 2r00
1 , ~23!

wheresN and sU are the cross sections due to the natu
and unnatural parity exchanges, respectively, andrl,l8

i are
the vector-meson spin density matrices. For the domin
one-pion exchange amplitude, which has unnatural parity
change only, one expectsPs521. Thus any deviation from
this value will be only due toN* excitation and Pomeron
exchange, since the contribution from the direct and cros
nucleon terms is two or three orders in magnitude smalle
u50 ~see Fig. 2!. Our predictions forPs are shown in Fig.
7. We show the results from calculations with~solid curve!
and without~dotted curve! including N* contributions. The
difference between them is striking and can be unamb
ously tested experimentally. In the considered low ene
region, most of theN* excitations involve both the natura
and unnatural parity exchanges. The rapid energy dep
dence of the solid curve thus reflects the change of rela
importance between differentN* ’s as energy increases, a
seen in Fig. 4. AtW>2.5 GeV, the Pomeron exchang
starts to dominate and shift the prediction to thePs511
limit of natural parity exchange. Here we also find that t

FIG. 7. Parity asymmetryPs at u50 as a function ofW. Nota-
tions are the same as in Fig. 6.
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N 3
2

1(1910) andN 3
2

2(1960) are dominant. By keeping onl
these two resonances in calculating the resonant part of
amplitude, we obtain the dashed curve which is not too d
ferent from the full calculation~solid curve!.

We also find that the beam-target double asymmetry
forward angles is sensitive to theN* excitations. It is defined
as @26#

Czz
BT5

ds~↑↓ !2ds~↑↑ !

ds~↑↓ !1ds~↑↑ !
, ~24!

where the arrows represent the helicities of the incom
photon and the target protons. In Fig. 8, we present our p
dictions onCzz

BT at u50 as a function of invariant massW.
The striking difference between the solid curve and dot
curve is due to theN* excitations. AtW>2.5 GeV this
asymmetry vanishes since all amplitudes except the heli
conserving Pomeron exchange are suppressed at high
gies. The role ofN* here is similar to what is discusse

above forPs . Again, theN 3
2

1(1910) andN 3
2

2(1960) give
the dominant contributions. This is evident from compari
the solid curve and the dashed curve which is obtained w
only these two resonances are kept in calculating the re
nant part of the amplitude. It is very interesting to note th

theN 3
2

2(1960) is also found to be important in kaon phot
production @38#, although its identification with the
D13(2080) is still controversial. Our predicions show thatv
photoproduction can be useful in resolving this issue.

V. FUTURE DEVELOPMENTS

In this work, we have investigated the role of nucle
resonances inv photoproduction. The resonance paramet
are taken from the predictions of Refs.@5,6#. It is found that
the resonant contributions can influence significantly the

FIG. 8. Beam-target asymmetryCzz
BT at u50 as a function ofW.

Notations are the same as in Fig. 6.
1-8
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ferential cross sections at large angles. We have prese
predictions showing theN* effects on several spin observ
ables. In particular, we have shown that our predictions
be crucially tested by measuring the parity asymmetry
beam-target double asymmetry atu50. The dominant con-

tributions are found to be fromN 3
2

1(1910), a missing reso

nance, andN 3
2

2(1960) which was identified@5# as the two
star resonanceD13(2080) of PDG. Experimental test of ou
predictions will be a useful step toward resolving the s
called ‘‘missing resonance problem’’ or distinguishing d
ferent quark model predictions.

To end, we should emphasize that the present invest
tion is a very first step from the point of view of a dynamic
treatment of the problem, as has been done for thepN scat-
tering and pion photoproduction@24,27#. The main uncertain
part is the lack of a complete calculation of theN*
→gN,vN transition form factors given in Eqs.~21! and
~22!. The use of the extrapolation factorf (k,k0)5exp@(k0

2

2k2)/L2# must be justified by extending the calculations
ys

.C

a-

02520
ted

n
d

-

a-

f

Refs. @5,6# to evaluate these form factors for any off-she
momentum. It is also needed to generate the form factors
theN* ’s which are belowvN threshold and are neglected
this investigation. The effects due to the subthresholdN* ’s
could be important in explaining the data very close tovN
threshold @e.g., Fig. 2~a! at Eg51.23 GeV]. An another
necessary step is to develop an approach to calculate
crossedN* amplitude@similar to the crossed nucleon ampl
tude Fig. 1~d!# using the same relativised constituent qua
model employed in Refs.@5,6#. Finally, the effects due to the
initial and final state interactions must be also investigat
which may be pursued by extending the approach of R
@10#.
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