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Nucleonic resonance excitations with linearly polarized photons ingp\vp
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In this work, an improved quark model approach to thev meson photoproduction with an effective La-
grangian is presented. Thet-channelnatural-parity exchange is taken into account through the Pomeron
exchange, while theunnatural-parity exchange is described by thep0 exchange. With a very limited number
of parameters, the available experimental data in the low energy regime can be consistently accounted for. We
find that the beam polarization observables show sensitivities to somes-channel individual resonances in the
SU(6)^ O(3) quark model symmetry limit. Especially, the two resonancesP13(1720) andF15(1680), which
belong to the representation@56, 28,2,2,J#, have dominant contributions over other excited states. Concerning
the essential motivation of searching for ‘‘missing resonances’’ in meson photoproduction, this approach
provides a feasible framework, on which systematic investigations can be done.
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I. INTRODUCTION

The nonrelativistic constituent quark model~NRCQM!
@1,2# predicts a much richer baryon spectroscopy than
served inpN→pN scatterings. This initiates the efforts o
searching for those so-called ‘‘missing resonances’’ in ot
meson coupled channels, for example,hN, Dp, KL, KS,
rN, vN, fN, etc., to which those resonances might ha
stronger couplings and could be detected in experiment.

The availabilities of high-intensity electron and phot
facilities from JLab, ELSA, ERSF, and SPring-8 provide a
cesses to exciting the nucleons with the clean electrom
netic probes. Abundant informations of the internal stru
tures of nucleons and their excited states can be then de
in their consequent meson decays. Namely, the meson
toproduction via resonance excitations might be able to p
vide an ideal tool for the essential motivations@3–6#. It can
be anticipated that in the near future, a large database fo
study of baryon structures as well as their couplings to v
ous meson channels can be established. Theoretical inte
are also revived in this QCD subfield, which is nonperturb
tive in nature. Empirical or phenomenological prescriptio
with QCD-inspired ingredients are therefore developed
history @7–11#, which will be tested by the forthcoming dat

In this work, we will concentrate on the exclusivev me-
son photoproduction,gp→vp. Exploring the available, bu
very limited, data in the literature@12–15#, we aim at estab-
lishing a consistent framework for the study of the interm
diate resonance excitations in this channel. Since large
grees of freedom will appear at the resonance region,1 we
adopt the quark model description of the baryon states
the nucleons and resonances in this reaction, which will

*Present address: Dept. of Physics, Univ. of Surrey, Guildfo
GU2 7XH, U.K. Electronic address: qiang.zhao@surrey.ac.uk

1In principle, for each resonance 24 numbers~12 independent am
plitudes! are required to determine its transition matrix elements
vector meson photoproduction. In pseudoscalar meson photo
duction, eight numbers are required.
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nificantly reduce the number of free parameters.
In Refs.@16,17#, a quark model for the resonance excit

tions has been developed. Taking the advantages of the
consistent quark model framework, the authors introduced
effective Lagrangian for the quark-vector-meson vert
where the vector meson was treated as a pointlike elemen
particle. At quark level, only two universal parameters f
the vector and tensor couplings would appear in the re
nance excitation terms.

However, that approach needs to be improved since
t-channelnatural-parity exchange has not been taken in
account there. Only theunnatural-parity p0 exchange was
included to describe the forward peaking phenomenon
gp→vp. Due to the absence of thenatural-parity exchange,
the interferences between theunnatural-parity exchange and
thes- andu-channels might be overestimated in some pol
ization observables.

In this improved version, thenatural-parity exchange will
be included through a Pomeron exchange phenomenol
In our preliminary study@18#, we have shown that the intro
duction of thenatural-parity exchange can improve the d
scription of the cross sections very significantly. Here,
the first time, a quantitative result is derived by following
parameter constraint scheme, although more rigorous c
straints to the parameters are expected from the forthcom
data from GRAAL and JLab. The roles played by th
t-channelnatural and unnatural-parity exchanges are em
phasized since a reliable estimation of this part should be
prerequisite for further study relevant to the nucleonic re
nance excitations. One will see as follows, over a large
ergy region, the interferences between thenatural and
unnatural-parity exchanges provide good constraints to
t-channel processes, which makes it possible to highlight
roles played by the intermediate resonances. We also s
that thenatural-parity exchange is necessary to account
the missing cross sections whenEg.;2.2 GeV.

In Sec. II, an introduction of the quark-vector-meson co
pling is presented in the SU(6)̂O(3) quark model symme
try limit. Also, the t-channel Pomeron exchange model
summarized. In Sec. III, the numerical study of the resona
effects in the cross sections and beam polarizat
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QIANG ZHAO PHYSICAL REVIEW C 63 025203
observables are presented. The conclusions and discus
are given in Sec. IV.

II. v MESON PHOTOPRODUCTION AMPLITUDES

In this section, the three contributing processes in thev
meson photo-production are summarized.

A. s- and u-channel transition amplitudes

In the SU(6)̂ O(3) symmetry limit, the quark-vector
meson coupling is described by the effective Lagrang
@16,17#:

Le f f52c̄gmpmc1c̄gmeqAmc

1c̄S agm1
ibsmnqn

2mq
Dfm

mc, ~1!

wherec and c̄ represent the quark and antiquark field, r
spectively, andfm

m denotes the vector meson field. The tw
parameters,a andb represent the vector and tensor couplin
of the quark to the vector meson, respectively.mq andeq are
the mass and charge of the constituent quark, respectiv
For the quark model parameters,mq anda ~harmonic oscil-
lator potential strength!, the commonly used values 330 an
385 MeV are adopted, respectively. It should be noted
the values fora are different from that used in the previou
study @17,18#. In this work, an overall investigation favor
smaller values.

With such an effective coupling, the transition amplitud
for the s- andu-channel can be explicitly derived@17#. The
intermediate resonances will be introduced in the harmo
oscillator basis. Resonances with masses less than 2 Ge
assigned to the states ofn<2 in the harmonic oscillator ba
sis, and therefore can be taken into account explicitly in
NRCQM. Then, in the helicity space the amplitude for ea
resonance with spinJ can be expressed as

Halv

J 5
2MR

s2MR
21 iM RG~q!

(
L f

dL f ,L i

J ~u!AL f

V AL i

g , ~2!

wheres is the c.m. energy square andMR is the resonance
mass.G(q) is the momentum dependence of the resona
width, which has been given in Ref.@17#. L f and L i are
defined asL f[lv2l2, andL i[l2l1. Herelg561, lv
50,61, l1561/2, andl2561/2 denote the helicities o
the photon,v meson, initial, and final state nucleon, respe
tively. AL i

g andAL f

V are the helicity amplitudes for the photo

excitation and vector meson decay of an intermediate re
nance, respectively.dL f ,L i

J (u) is the Wigner-d function

which rotates the vectorAL i

g from the initial state coordinate

system to the final state coordinate system. States witn
.2 are treated as degenerate.

In the case of thev meson photoproduction, thet-channel
and the seagull term from Eq.~1! vanish since they are pro
portional to the charge of the outgoing vector meson, a
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therefore vanish in the neutral vector meson productio
The nucleon pole terms have been explicitly included@17#.

B. t-channelnatural and unnatural parity exchange amplitudes

We use the Pomeron exchange model by Donnachie
Landshoff @19–22# to account for thenatural-parity ex-
change. In such a model, the Pomeron mediates the
range interaction between a confined quark and a nucle
and behaves rather like aC511 isoscalar photon. In Ref
@23#, the formula for thef meson photoproduction off pro
ton has been derived. Based on the Regge phenomeno
and the SU~3! flavor symmetry, the same picture can be a
plied to thev andr meson photoproduction. Here, we sum
marize the main points as follows.

The Pomeron-nucleon coupling is described by the ver

Fm~ t !53b0gmF1~ t !, ~3!

whereb0 is the coupling strength of the single Pomeron to
light constituent quark (u,d,s), and is the only adjustable
parameter in this Pomeron exchange model.F1(t) is the
isoscalar nucleon electromagnetic form factor, and has
following expression:

F1~ t !5
~4MN

2 22.8t !

~4MN
2 2t !~12t/0.7!2

. ~4!

For the gvP vertex (P denotes the Pomeron!, the lowest
order diagram for the quark pair creation in Ref.@22# is used
for the qq̄ creation, but has been extrapolated to the limit
Q250, namely, the process with real photons. Meanwhile
bare photon vertex is introduced for the quark-photon int
action, which has the same form as the quark-photon c
pling in Eq. ~1!.

The ‘‘on-shell approximation’’ is adopted for theqq̄v
vertexVn :

VnS p2
1

2
q,p1

1

2
qD5 f vMvgn , ~5!

wheref v represents the coupling strength and is fixed by
v radiative decay widthGv→e1e250.59 keV@24# with the
following relation:

Gv→e1e25
8pae

2êq
2

3 S f v
2

Mv
D , ~6!

where êq is the charge factor of quarkq in terms of the
charge of electron.

Therefore the current matrix element can be written a

^pfmf ,qlvuJmupimi&

52b0tman~k,q!«mn~q!GP~s,t !ū~pf !Fa~ t !u~pi !, ~7!

whereu(pi) and ū(pf) are the initial and final state Dira
spinors of the protons with four-momentapi andpf , respec-
tively. k andq are the four momenta of the incoming photo
3-2
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NUCLEONIC RESONANCE EXCITATIONS WITH . . . PHYSICAL REVIEW C63 025203
and outgoingv meson, respectively.«mn is the polarization
vector of the producedv meson, and the factor 2 counts th
equivalent contributions from Pomeron-quark and Pomer
antiquark interactions.GP(s,t) is related to the Regge trajec
tory of the Pomeron and has the form

GP~s,t !52 i ~a8s!a(t)21, ~8!

where a(t)511e1a8t is the Regge trajectory of th
Pomeron. The form factorm0

2/(m0
21p2) is introduced for

each off-shell quark line with four-momentump. The same
parameter values as used in Ref.@22# are adopted:e50.08,
a850.25 GeV22, m051.2 GeV.

In Eq. ~7!, tman(k,q) represents the loop tensor and it h
the following expression for the contributing terms:

tman~k,q!5~k1q!agmn22kngam. ~9!

To preserve gauge invariance, we have adopted the tran
mation given in Ref.@25#.

In Ref. @23#, we have shown that the polarization obse
ables at large angles depend more on the spin structure
the s- andu-channel transition amplitudes rather than on
Pomeron exchange amplitude structure even the Pom
exchange plays dominant role there. This feature sugg
that the Pomeron phenomenology does not influence
large angle behaviors significantly. Otherwise, the la
angle behaviors might be ‘‘distorted’’ in the polarization o
servables.

The formulas for thep0 exchange terms in thev meson
photoproduction have been derived in Ref.@17#. Since the
pNN and vpg couplings are quite well known, the onl
parameters left is the form factor from the quark mod
which is to describe the combined effects from the two n
perturbative vertices. Taking into account the diffracti
Pomeron exchange contribution, we have to adopt a sm

value ap5290 MeV for the form factore2(q2k)2/6ap
2
. The

determination ofap will be discussed later.

III. NUMERICAL RESULTS

In this section, the unpolarized differential cross sectio
density matrix elements of the vector meson, and beam
larization observables in thev meson photoproduction ar
investigated. Ingp→vp, the isospin conservation elimi
nates contributions from intermediate states with isospin
In addition, the Moorhouse selection rules@26# eliminate
those nucleonic states of representation@70, 48,n,L,J# in the
NRCQM from contributing. Therefore only eight intermed
ate nucleonic resonances contribute forn<2 in the harmonic
oscillator basis, i.e.,P11(1440), S11(1535), D13(1520),
P13(1720), F15(1680), P11(1710), P13(1900), F15(2000)
@24#. In the notation for the quark model representation,
first three bold digitals denote the dimensions of the SU~6!
~spin-flavor!, SU~2! ~spin!, and SU~3! ~flavor! groups, re-
spectively.n, L, and J denote the main quantum numbe
total orbital angular momentum, and total spin of a thre
quark baryon system in the harmonic oscillator basis. In
convention, one can express, for example, the proton
02520
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neutron ground state as@56, 28,0,0,1/2#.
Notice that Y. Ohet al. recently studied the resonanc

excitations in thev meson photo-production@27#. In their
approach, theN* resonances are introduced by employi
the quark model predictions@9,10# on the resonance photo
excitations and their decays intovN. Therefore only those
resonances with masses above thevN threshold can be taken
into account. In our model, the low-lying resonances,
example,S11(1535) andD13(1520), are found still have con
siderable contributions, which can be seen in the beam
larization asymmetries. We expect that forthcoming d
should be helpful to clarify the roles played by those belo
threshold resonances.

Before proceeding to the details of the numerical calcu
tions, we summarize the scheme of determining the par
eters as follows.

Since it has been well established that the high-energv
production is dominated by the diffractivenatural-parity ex-
change, we take the advantages of high energy meas
ments for thev meson photoproduction by applying th
Pomeron exchange model to;10 GeV, where other pro-
cesses become negligible. Then, the parameterb051.27 can
be derived. In fact, this parameter is the same as used in
@23#, which shows that the SU~3! flavor symmetry has been
conserved for the light quark sector.

Above the resonance region (Eg>2.2 GeV), the interfer-
ences between thet-channelnatural andunnatural-parity ex-
changes can be seen at forward angles up to;5 GeV @14#,
where thes- and u-channel contributions are negligible.
provides an important constraint to thep0 exchange terms
Therefore the parameterap5290 MeV can be determined.

Concerning the two parameters introduced for thes andu
channels, we require that a flattened behavior appearin
large angles for the differential cross section as shown by
old data@13#, as well as the preliminary data from SAPHI
@12# and CLAS @28#. Meanwhile, the total cross section
@13–15# can provide constraints to the magnitudes of t
parameters. Here, we find that witha522.5, andb526.5,
a flattened structure is produced at large angles, and the
ergy evolutions of the cross sections can be reason
reproduced.2

It should be pointed out that in this scheme the ro
played by thet-channel processes and thes and u channel
have been highlighted. We stress this feature since it is
prerequisite for the motivation of studying resonance p
nomena when other processes are present. Although the
determination of the two parametersa and b needs more
constraints from experiment, it can still provide us wi
quantitative informations related to the nucleonic resona
excitations, especially in the polarization observables.

A. Cross sections

Using the parameters determined through the ab
scheme, our first step is to study the cross section.

2In Ref. @18#, the values for parametersa and b have been pre-
sented by inappropriately multiplying (2L11) for each resonance
with total angular momentumL. a and b lost their original mean-
ings. This problem has been corrected here.
3-3
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QIANG ZHAO PHYSICAL REVIEW C 63 025203
In Fig. 1, we restudied the differential cross sections
four energy scales,Eg51.225, 1.45, 1.675, and 1.915 GeV
As a comparison, the exclusive contributions from the th
channels are also presented. At forward angles, the pion
change~dashed curves! accounts for the steep forward pea
ings. The Pomeron exchange~dot-dashed curves! has quite
small contributions at this energy region. However, we c
see below, this small part will play important roles in som
polarization observables.

Notice that near threshold, thes- andu-channel contribu-
tions ~dotted curves! dominate over thet-channelp0 ex-
change. This character can be justified by the precise m
surements of the angular distributions. Nevertheless,
polarization observables should be able to provide more
information relevant to the the resonance interferences.

The multiplets of representation@56, 28,2,2,J# in the
quark model are found dominating over the other low-lyi
states in the cross sections. In the quark model, the r
nances P13(1720) and F15(1680) are attributed to the
@56, 28,2,2,J# representation withJ53/2 and 5/2, respec
tively, in the harmonic oscillator basis, while theP13(1900)
andF15(2000), to the@70, 28,2,2,J# representation. With the
same couplings of the constituent quark to thev meson as
other intermediate states, the contributions from the re
nancesP13(1720) andF15(1680) are found much larger tha
that from resonancesP13(1900) andF15(2000). Comparing
the two representations@56, 28,2,2,J# and @70, 28,2,2,J# we
find that two main features in their excitations lead to suc
large difference. The first feature is that the configuration
@56, 28,2,2,J# permits its transitions to the nucleon groun
state via the spin and orbital angular momentum splitting
nonsplitting terms. Therefore the three independent me
transition amplitudesA1/2

V , A3/2
V , andS1/2

V are all contributing.

FIG. 1. Differential cross sections forgp→vp. The solid
curves denote the full calculations, while the dashed, dotted,
dot-dashed curves denote the exclusive calculations of thep0 ex-
change,s- and u-channels, and Pomeron exchange, respectiv
The data are from the SAPHIR Collaboration@12#.
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However, for the transitions of the@70, 28,2,2,J# to the
nucleon ground state, the only nonvanishing amplitude is
A1/2

V due to the spin-splitting operator@17#. This feature sug-
gests that states of@56, 28,2,2,J# have larger transition spac
to vN than those of@70, 28,2,2,J#. The second feature come
from the mass differences between these two sets of r
nances. TheP13(1720) andF15(1680) have the masses clos
to thev production threshold, thus they have larger abso
tion amplitudes than theP13(1900) andF15(2000) near
threshold. The dominantP13(1720) andF15(1680) can be
seen significantly in the beam polarization observables.

In Fig. 2, the total cross sections for the three differe
processes are explicitly illustrated. Near threshold, thes- and
u-channel contributions dominate over thet-channelp0 ex-
change. As shown in the angular distributions, the cross
tion is dominated by the large angle mechanisms which
essentially governed by the resonance excitations. Howe
this contribution falls down quickly with the increasing e
ergy. AboveEg53 GeV, the t-channel processes becom
dominant, especially at the forward angles. The energy e
lution of the cross sections indicates the change of the r
tive strengths for these three mechanisms. As shown by
dashed and dot-dashed curves, above 3 GeV the inte
ences between the Pomeron andp0 exchanges will deter-
mine the forward angle behaviors for most observables. T
feature provides us the opportunity of fixing the paramet
of the t-channels.

With the Pomeron exchange contribution, the model i
proves the calculations when the energy goes aboveEg
;2.2 GeV@17,29#.

B. Density matrix elements and parity asymmtry observables

In vector meson photoproduction, the final state vec
meson decays (v→p1p2p0) provide access to the mea
surements of the vector meson decay density matrix
ments, which can be related to the vector or tensor polar
tions of the vector meson, or angular distributions of t
cross sections@30#:

d

y.

FIG. 2. Total cross sections forgp→vp. Notations are the
same as Fig. 1. Data come from Ref.@12# ~full dot! and Refs.
@13–15# ~empty square!.
3-4
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NUCLEONIC RESONANCE EXCITATIONS WITH . . . PHYSICAL REVIEW C63 025203
W~cosu,f,F!5W0~cosu,f,rab
0 !

2Pg cos 2FW1~cosu,f,rab
1 !

2Pg sin 2FW2~cosu,f,rab
2 !

1lgPgW3~cosu,f,rab
3 !, ~10!

where

W0~cosu,f,rab
0 !5

3

4p S 1

2
sin2u1

1

2
~3 cos2u21!r00

0

2A2 Rer10
0 sin 2u cosf

2r121
0 sin2u cos 2f D , ~11!

W1~cosu,f,rab
1 !5

3

4p
~r11

1 sin2u1r00
1 cos2u

2A2 Rer10
1 sin 2u cosf

2r121
1 sin2u cos 2f!, ~12!

W2~cosu,f,rab
2 !5

3

4p
~A2 Imr10

2 sin 2u sinf

1Im r121
2 sin2u cos 2f!, ~13!

W3~cosu,f,rab
3 !5

3

4p
~A2 Rer10

3 sin 2u sinf

1Im r121
3 sin2u sin 2f!. ~14!

In the above equations,u andf are the polar and azimutha
angles of the normal direction of thev decay plane with
respect to thez axis in the production plane, which in th
helicity frame is defined as the direction of thev meson
momentum.F is the angle of the photon polarization vect
with respect to the production plane.

In the helicity space, the density matrix elements can
explicitly expressed in terms of the 12 independent helic
amplitudes:

r ik
0 5

1

A (
ll2l1

Hlv i
l2ll1

Hlvk
l2 ,ll1

* ,

r ik
1 5

1

A (
ll2l1

Hlv i
l2 ,2ll1

Hlvk
l2 ,ll1

* ,

r ik
2 5

i

A (
ll2l1

lHlv i
l2 ,2ll1

Hlvk
l2 ,ll1

* ,

r ik
3 5

i

A (
ll2l1

lHlv i
l2 ,ll1

Hlvk
l2 ,ll1

* , ~15!

and
02520
e
y

A5 (
lv i

ll2l1

Hlv i
l2 ,ll1

Hlv i
l2 ,ll1

* , ~16!

wherer ik stands forrlv i
lvk

, andlv i
,lvk

denote the helicity

of the produced vector mesons.A is the cross section func
tion. With the linearly polarized photon beam,r ik

0 , r ik
1 , and

r ik
2 can be measured while with the circularly polarized ph

ton beam,r ik
0 andr ik

3 can be measured. With the addition
relations, r00

0 12r11
0 [1, which represents the normalize

cross section, only 11 elements are linearly independent
At high energies, the experimental data for vector mes

photoproduction exhibit characters oft-channel natural-
parity exchange dominance ands-channel helicity conserva
tion ~SCHC!. From high energy down to the resonance
gion, deviations from these features are expected due to
resonance excitations and thet-channelunnatural-parity ex-
change. Such an interference due to the different rela
strength and mechanisms can be illustrated by the den
matrix elements. Concerning thet-channel natural and
unnatural-parity exchanges, some model-independent f
tures can be learned@30#:

~i! Supposing only thenatural-parity Pomeron exchang
contributes in the diffractive phenomena, it can be justifi
that except thatr11

0 , r121
1 , and Imr121

2 have a value of 0.5,
other density matrix elements vanish.

~ii ! For the exclusiveunnatural-parity exchange, one ha
r11

0 50.5, r121
1 520.5, and Imr121

2 520.5, while the other
elements will vanish.

~iii ! In the p0 exchange terms, the spin operator does
flip the helicity of the photon, therefore, the transitionlg5
61 to lv50 vanish.

In the model for the Pomeron exchange, although
Pomeron behaves rather like aC511 isoscalar photon,
those spin splitting terms will be significantly suppressed
the forward angles@23#, therefore the transitionlg561 to
lv50 ‘‘vanishes’’ in the forward angles, which makes th
process like a 011 quantum number exchange process. Co
sequently, the elementr00

0 vanishes in the forward direction
due to the dominantnatural or unnatural-parity exchanges in
the small momentum transfer.

In Figs. 3–5, the density matrix elementsr ik
0 , r ik

1 , andr ik
2

involved in the measurement of Ref.@14# are studied at smal
t regions forEg52.8, 4.7, and 9.3 GeV from left to right in
each row. It should be pointed out that the nonrelativis
resonance excitation model might meet trouble when app
to high energies, for example,Eg.3 GeV. However, notice
that this process decreases exponentially with the increa
energy, and becomes negligible around 3 GeV; our stud
the constraints to thet-channel processes do not suff
troubles arising from this shortcoming, especially at forwa
angles.

In Figs. 3–5, the solid curves present the exclusive ca
lations for thet-channel reactions. The full calculations a
illustrated through the dashed curves. It shows that atEg
52.8 GeV, the resonance excitations have become ne
gible for most of the elements. ForEg59.3 GeV, the dashed
curves cannot be distinguished from the solid ones. H
3-5
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QIANG ZHAO PHYSICAL REVIEW C 63 025203
although the data@14# for the density matrix elements ar
very sparse, they provide an interesting test of the mode
t-channelp0 and Pomeron exchanges, which will essentia
determine the forward angle behaviors of the density ma
elements.

As summarized in former paragraph, the nonzero e
mentsr11

0 , r121
1 , and Imr121

2 will reflect the interferences
between these two processes. In Fig. 3, the calculation
the elementsr00

0 , r121
0 , and Rer10

0 are in good agreemen
with the data for smallt. There is no datum available for th
r11

0 in experiment. An interesting feature for this element
that it will have the value 0.5 at forward angles for bo
natural and unnatural-parity exchanges. The close-to-0
value we find might suggest that this element does not
volve strong interferences within these twot-channel pro-
cesses.

Comparing ther121
1 at these three energies in Fig. 4, o

can see that the data have been reproduced impressively
relative strengths between thep0 and Pomeron exchanges
well as the energy evolutions for these two terms are es
tial for reproducing this element. At 2.8 GeV, theunnatural-
parity exchange dominates over thenatural-parity one, and
thus produces negative values for this element. With the
creasing energy, thenatural-parity exchange becomes dom
nant. Therefore, at 4.7 GeV, positive values for ther121

1 are
found. At 9.3 GeV, the value reaches 0.5, which sugge
that the Pomeron exchange has absolutely dominated
other processes.

FIG. 3. Density matrix elementsr ik
0 . From left to right for each

row, the photon energyEg will be 2.8, 4.7, and 9.3 GeV, respec
tively. The solid curves denote the calculations of thet-channelp0

and Pomeron exchange. The dashed curves denote the full ca
tions. Data are from@14#.
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For most of the elements, our calculations are in go
agreement with the measurement except for the Imr121

2 at
9.3 GeV in Fig. 5, where large discrepancies are found.
terestingly, as summarized at the beginning of this section
9.3 GeV, thenatural-parity exchange becomes dominan
therefore it will have the value 0.5 at forward angles. T
calculation consistently output this feature, while, howev
the measurement provides small negative values. The
here cannot be explained by the influences from
unnatural-parity exchange and thes- and u-channel reso-
nance excitations due to their small cross section at this
ergy region. A precise measurement for this element sho
be important to clarify the discrepancies.

la-

FIG. 4. Density matrix elementsr ik
1 . The notations are the sam

as Fig. 3.

FIG. 5. Density matrix elementsr ik
2 . The notations are the sam

as Fig. 3.
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Concerning the mechanism of thet-channel parity ex-
changes, one can investigate the parity asymmetry obs
able Ps , which can be related to two of the density matr
elements,r121

1 andr00
1 :

Ps52r121
1 2r00

1 . ~17!

These two elements can be determined in the linearly po
ized photon beam measurement. As discussed above, in
pure natural-parity exchange process,r121

1 50.5 and r00
1

50 will result in Ps511. Similarly, if theunnatural-parity
exchange process contributes exclusively, one will getPs

521 with r121
1 520.5 andr00

1 50. At high energies and a
the forward angles, the deviation of the parity asymmetr
from 11 or 21 will suggest that bothnatural and
unnatural-parity exchanges exist in the reaction. Howev
such a conclusion cannot be applied to the low energy reg
due to the presence of resonance excitations, which will v
late thes-channel helicity conservation, and shift the par
asymmetry away from11 or 21. In other words, if one
expects to disentangle information relevant to the resona
excitations, the prerequisite is to consistently include
natural-parity exchange interference.

The results forPs at Eg52.8, 4.7, and 9.3 GeV are
shown in Fig. 6. It shows that at 2.8 GeV, theunnatural-
parity p0 exchange is dominant, thus negative asymmet
are produced. With the increasing energy, thenatural-parity
Pomeron exchange becomes more and more important
then the asymmetry will change to positive. At 9.3 GeV, t
p0 and resonance excitations become negligible and
dominant Pomeron exchange produces the parity asym
tries very close to11. Apparently, the parity asymmetry a
high energies and forwards angles shows great sensitiv
to the underwaynatural or unnatural-parity exchange
mechanisms.

The dashed curves illustrate the effects if thes- and
u-channel resonance excitations are taken into account.
can see that their effects at smallt is quite negligible. It
confirms the scheme to determine thet-channel parameters a
higher energies, and then apply them to the resonance re

C. Beam polarization observables

The polarization observable asymmetries become inter
ing since contributions from individual resonances might
amplified in the polarization observables, and therefore p
duce a detectable effect. In comparison with the density

FIG. 6. Parity asymmetryPs . The notations are the same a
Fig. 3.
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trix elements, here one selects the experimental situation
polarizing the spin of the initial and/or final stat
particles.

In particular, with the linearly polarized photon beam, t
first three terms in Eq.~10! can be measured. In the fina
statev meson decay plane, one can selectF50°, thus the
third term in Eq.~10! vanishes and onlyW0 and W1 have
contributions. At the directionf590° and u590°, one
obtains

W~cos 90°,90°,0°!5
3

4p F1

2
2

1

2
r00

0 1r121
0 G

2Pg

3

4p
@r11

1 1r121
1 #. ~18!

With the relation 2r11
0 1r00

0 51, the beam polarization
asymmetry is defined as

ŠA[
r11

1 1r121
1

r11
0 1r121

0
5

s i2s'

s i1s'

, ~19!

wheres i represents the pion cross section of thev meson
decay with the pions submerged in the photon polarizat
plane, whiles' represents that with the pions perpendicu
to it.

In Fig. 7, ŠA is investigated for four energy scales, i.e
Eg51.15, 1.25, 1.35, and 1.45 GeV within the energy acc
of the GRAAL Collaboration. The solid curves denote t
full calculations, while the dashed curves denote the exc

FIG. 7. Beam polarization asymmetryŠA at four energy scales
The solid curves denote the full calculations, while the dash
curves denote results of thet-channelp0 and Pomeron exchange
and the dotted curves, ofp0 pluss- andu-channels. The dot-dashe
curves denote theP13(1720)-absent effects in the full calculation
3-7
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QIANG ZHAO PHYSICAL REVIEW C 63 025203
sive calculations with thet-channel processes. The dotte
curves are obtained by eliminating the Pomeron exchang
the full calculations.

Note that, for the purenatural-parity exchange process
one hasŠA511, while for the pureunnatural-parity ex-
change,ŠA521.3

Here, several lessons can be learned:
~A! As shown by the dashed curves, the negative as

metries are due to the dominantp0 exchange at low energ
regions.

~B! Comparing the dashed curves to the solid ones,
can see that the influences from thes- and u-channels are
very significant, especially near threshold.

~C! The effects from thenatural-parity exchange are
shown explicitly at forward angles by the dotted curves. T
process has very small cross sections at low energies,
therefore cannot be seen clearly in the angular distributio
However, it intervenes strongly at forward angles inŠA and
deviates the asymmetries from21. This feature confirms
our argument that a reliable description of thet-channel pro-
cesses should be important in the study of the polariza
observables concerning the resonance excitations.

~D! The large angle asymmetries are dominated by ths-
and u-channel processes, in which signals for some in
vidual resonances can be derived.

In thev meson production, the most interesting resona
should be theP13(1720), of which the coupling to thevN
channel has not been established in experiment. As sum
rized in the previous subsection, the relatively large con
butions from theP13(1720) are due to its NRCQM configu
ration and near-threshold mass.

However, according to the PDG@24#, the P13(1720)
couples more strongly to the isovectorr than to the isoscala
v meson. A question arising here should be whether one
find signals for the presence of theP13(1720) given the
beam polarization data available.

In this calculation, we find that the beam polarizati
asymmetries are also very sensitive to theP13(1720) excita-
tion. Supposing theP13(1720) has no coupling to thevN
channel, we present theP13(1720)-absent asymmetries wit
the dot-dashed curves in Fig. 7. Very significant effects
found at backward angles, while the influences at forw
angles are found negligible. Such an effect can be teste
the measurements of GRAAL and CLAS.

With f50°, u590°, andF50° in Eq. ~10!, one can
define another observable:

ŠB5
r11

1 2r121
1

r11
0 2r121

0
. ~20!

It can be easily seen that for the exclusivenatural or

3From ŠA561, one cannot directly reach such a conclusion t
the exclusivenatural-or unnatural-parity exchange have happene
in the reaction, since the asymmetries of the double-flip amplitu
can also lead to the same result.
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unnatural-parity exchanges,ŠB has values21 or 11, re-

spectively, which are opposite to the cases forŠA . When
both processes exist in the reaction, a deviation from11 or
21 is expected.

In Fig. 8, the full calculations ofŠB ~solid curves! are
presented, in which the angular distributions show dra
changes. In comparison with Eq.~19!, due to the possible
cancellations in the denominator ofŠB , this observable
might be sensitive to such effects that are not obvious inŠA .
In fact, we find that the ‘‘defect’’ of the Pomeron exchang
model can be seen clearly inŠB when the exclusive
Pomeron exchange is calculated. For the Pomeron exch
model, ŠA511 is obtained with a negligible deviation
while for ŠB , large deviations from21 at middle angles are
found. Although the dominant resonance amplitudes
submerge such a ‘‘defect’’ efficiently, this observable shou
be more model dependent thanŠA .

In Ref. @31#, the beam polarization is defined as

Š[SW • x̂T5
2r11

1 1r00
1

2r11
0 1r00

0
, ~21!

where 2r11
0 1r00

0 51 represents the normalized cross sect

function. In this case, the derivation ofŠ in experiment re-
quires the integration over anglef. In our previous investi-
gations@16–18#, the beam polarizationŠ was studied.

Some common features can be derived for thenatural and
unnatural-parity exchanges:

~1! For the exclusivenatural or unnatural-parity ex-

t

s

FIG. 8. Beam polarization observableŠB at four energy scales
The solid curves denote the full calculations, while the dot-das
curves denote theP13(1720)-absent effects in the full calculation
3-8
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NUCLEONIC RESONANCE EXCITATIONS WITH . . . PHYSICAL REVIEW C63 025203
changes,Š vanishes due tor11
1 andr00

1 50.4

~2! With thep0 plus Pomeron exchanges, this observa
almost vanishes since no interferences exist between the
amplitudep0 and imaginary-amplitude Pomeron exchang

~3! As a direct deduction of the previous two points, lar
asymmetries can only be produced by other nondiffrac
contributions.

In Fig. 9, the calculations ofŠ are presented. The soli
curves denote the full calculations, while the dashed cur
are for the calculations without thes- and u-channel reso-
nance contributions. We also present the Pomeron-absen
sults through the dotted curves, of which, however,
changes are not as drastic as inŠA . The P13(1720)-absent
effects are also shown by the dot-dashed curves.

4Note that the Pomeron, which is rather like an isoscalar pho

will produce a negligible, but nonzero asymmetry inŠ.

FIG. 9. Beam polarization observableŠ at four energy scales
The notations are the same as Fig. 7.
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In comparison with the preliminary study@18#, more
quantitative results are obtained here through the exten
investigation over the available data.

IV. CONCLUSIONS AND DISCUSSIONS

In this work, we studied three contributing processes
the v meson photoproduction near threshold. In comparis
with the previous approach, here, the introduction of
t-channel natural-parity Pomeron exchange improves th
model predictive power. Although the Pomeron exchan
has only small amplitudes near threshold, which does
produce significant effects in the differential cross sections
has strong interferences with thep0 exchange terms at for
ward angles in the beam polarization asymmetries. Tak
the advantage of high energy measurement, the Pomeron
change can be determined. Consequently, the interfere
between the Pomeron andp0 exchanges can be studied wi
respect to the intermediate-high-energy measuremen
small t @14#, through which thep0 exchange can be dete
mined. The reliable constraints found for thet-channels high-
light the roles played by the resonance excitations. We st
that such a constraint is the prerequisite for the study
resonance excitations in various observables.

Proceeding to the study of thes- andu-channel resonance
excitations in the beam polarization observables, we find
the multiplets of representation@56,28,2,2,J#, i.e.,P13(1720)
andF15(1680) have large contributions in this reaction. T
role played by theP13(1720) is analyzed in the beam pola
ization asymmetries. This resonance becomes interesting
to its mass position near threshold and relatively larger ph
space in the NRCQM. Since its coupling to thevN has not
been known in experiment, the forthcoming data fro
GRAAL for the beam polarization asymmetries will be ab
to establish the nature of this resonance in thevN channel.
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