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Photoproduction of f mesons from the proton: Polarization observables and strangeness
in the nucleon
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The polarization observables inf meson photoproduction are studied to probe the strangeness content of the
nucleon. In addition to the dominant diffractive production and the one-pion-exchange process, we take into
account the direct knockout mechanism that arises from the possible hidden strangeness content of the nucleon.
We find that some double polarization observables are very sensitive to the strangeness content of the proton
because of the different spin structures of the amplitudes associated with different mechanisms. This suggests
that such measurements could be very useful in probing the strangeness content in the proton. The orbitally
excited quark-cluster configurations in the proton are included in the calculation and found to have little effect.
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I. INTRODUCTION

The possible existence of hidden strangeness in
nucleon has recently become one of the most controve
problems in nuclear/hadron physics. Some analyses of
pion-nucleon sigma term@1,2#, polarized deep-inelastic
lepton-proton scattering@3–5#, and low energy elastic
neutrino-proton scattering@6,7# indicate a significant role o
strange sea quarks in the nucleon structure@8#. However, it
has also been argued that such experimental results cou
understood with little or null strangeness in the nucle
@9,10#.

It will be interesting, therefore, to study other process
that might be related directly to the strangeness conten
the nucleon@11–16#. One of them isf meson production
from the proton. Since thef meson is a nearly puress̄ state
because of ideal mixing with thev meson, its coupling to the
proton is suppressed through the OZI rule. Then the ide
that we could extract information about the hidden stran
ness of the nucleon by studying the strange sea quark
tribution through the OZI evasion processes. One examp
f production in proton–anti-proton annihilation. Recent e
periments on vector meson production throughp̄p annihila-
tion at rest@17–19# report a strong violation of the OZI rule
It can be accounted for by the presence of an intrinsicss̄
component in the nucleon wave function@8,20#, which con-
tributes to the process through the rearrangement and sh
out diagrams@21–24#. On the other hand, it was also claime
that this OZI violation could be explained through modifi
meson exchange models@25,26# without any strangenes
content of the nucleon.
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§Electronic address: morii@kobe-u.ac.jp
PRC 580556-2813/98/58~4!/2429~21!/$15.00
e
ial
he

be
n

s
of

is
-
n-
is
-

ke-

Another possibility isf photo- and electro-production
from proton targets@13#. In this process, in addition to th
vector-meson dominance model~VDM !, the contribution
from the hidden strangeness of the proton arises through
direct knockout process. In Refs.@27,28#, Henleyet al. cal-
culated the contribution from knockout process tof electro-
production cross section and found it comparable to tha
VDM with an assumption of a 10–20 % strange sea qu
admixture in the proton wave function. To arrive at this co
clusion, they used nonrelativistic quark model wave fun
tions for the hadrons. However, since the kinematical reg
of f meson production is beyond the applicability of th
nonrelativistic quark model, the relativistic corrections a
expected to be important. In Refs.@29,30# we improved the
calculations of Refs.@27,28# with the use of a relativistic
harmonic oscillator quark model~RHOQM!. We found that
the cross section of the direct knockout mechanism for
electroproduction is comparable to that of VDM at mode
ately large electron four-momentum transfer with less th
5% admixture of strange sea quarks in the proton. Howe
it is not easy to disentangle the two mechanisms from
cross section measurement because their respective con
tions have similar dependence on momentum transfer@30#.

To distinguish between the knockout and VDM process
it was suggested the difference in the spin structures of v
ous amplitudes be exploited@27,31–34#. In Ref. @33#, we
showed that some double polarization observables are ind
very sensitive to the hidden strangeness content of the
ton. We found that, with the use of RHOQM, the dire
knockout process gives a very distinct contribution to so
of the double polarization observables inf photoproducton
as compared to those of diffractive production and one-pi
exchange~OPE! process. A similar conclusion was draw
from the p̄p→L̄L process to distinguish between contrib
tions from the hidden strangeness of the nucleon and
effects from meson exchange processes@35#. ~See also Ref.
@36#.! The one-pion-exchange process arises from
2429 © 1998 The American Physical Society
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2430 PRC 58TITOV, OH, YANG, AND MORII
f-p-r(g) coupling. Similarv-p-r(g) coupling gives non-
negligible effects in thev-meson production case@37#.

In this paper, we extend our previous work to discu
other spin observables inf photoproduction and give th
details which were left out in Ref.@33#. We also improve the
VDM amplitude to take into account the gauge invarian
requirement within a quark-Pomeron interaction picture. W
further include, besides the lowest one, other configurati
in the five-quark cluster model of the nucleon, which m
give non-negligible contribution to the nucleon spin@20#.

In Sec. II, we define the kinematical variables and brie
review the definitions of general spin observables in term
helicity amplitudes. Section III is devoted to our model forf
photoproduction. We include the diffractive and OPE p
duction processes as well as the direct knockout proce
that arise from the hidden strangeness of the nucleon.
gauge invariance of VDM amplitude is discussed as w
Our results for the spin observables are presented in Sec
along with their dependence on the hidden strangeness
tent of the proton. In Sec. V we discuss the role of orbita
excited quark-cluster configurations in the nucleon wa
function in f photoproduction. We find that their effect
not important. Section VI contains summary and conclusi
Some detailed discussions and expressions for the phy
parameters are given in Appendixes.

II. SPIN OBSERVABLES AND THE HELICITY
AMPLITUDES

We first define the kinematical variables forf photopro-
duction from the proton,g1p→f1p, as shown in Fig. 1.
The four-momenta of the incoming photon, outgoingf, ini-
tial ~target! proton, and final~recoil! proton arek, q, p, and
p8, respectively. In the laboratory frame, we writek
5(Eg

L ,kL), q5(Ef
L ,qL), p5(Ep

L ,pL), and p85(Ep8
L ,pL8).

The variables in the c.m. system are written ask5(n,k), q
5(Ef ,q), p5(Ep ,2k), and p85(Ep8 ,2q), respectively,
as in Fig. 2. We also definet5(p2p8)2 andW25(p1k)2

with MN the nucleon mass,Mp the pion mass, andMf thef
mass. The differential cross section is given by

ds

dV
5r0uTf i u2, ~2.1!

wherer05(MN
2 uqu)/(16p2W2uku).

The general formalism for the spin observables ofg1p
→f1p has been discussed extensively in the literature.
completeness, we briefly review here the density matrix f
malism and refer the interested readers to Refs.@38–42# for
details.

FIG. 1. Kinematics forf meson photoproduction from the pro
ton, gp→fp.
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To study the spin observables, it is useful to work with t
helicity amplitudes in the c.m. frame. For polarizedf meson
photoproduction,gW 1pW→fW 1pW , the helicity amplitude takes
the form

Hlf ,l f ;lg ,l i
[^q;lf ,l f uTuk;lg ,l i&, ~2.2!

where the variables and the coordinate systems are show
Fig. 2 with lg (561), lf (50,61), andl i , f (561/2)
denoting the helicities of the photon,f meson, target proton
and recoil proton, respectively. We follow the Jacob-Wi
phase convention@39,43# throughout this paper. In principle
there are 2323332524 complex amplitudes. Howeve
by virtue of parity invariance relation,

^q;lf ,l f uTuk;lg ,l i&

5~21!L f2L i^q;2lf ,2l f uTuk;2lg ,2l i&,

~2.3!

with L f5lf2l f andL i5lg2l i , only 12 complex helic-
ity amplitudes are independent. We label them as@41#

H1,lf
[^lf ,l f51 1

2 uTulg51,l i52 1
2 &,

H2,lf
[^lf ,l f51 1

2 uTulg51,l i51 1
2 &,

H3,lf
[^lf ,l f52 1

2 uTulg51,l i52 1
2 &,

H4,lf
[^lf ,l f52 1

2 uTulg51,l i51 1
2 &. ~2.4!

The f-meson photoproduction amplitude can then be rep
sented by a 634 matrixF in helicity space:

F[S H2,1 H1,1 H3,21 2H4,21

H4,1 H3,1 2H1,21 H2,21

H2,0 H1,0 2H3,0 H4,0

H4,0 H3,0 H1,0 2H2,0

H2,21 H1,21 H3,1 2H4,1

H4,21 H3,21 2H1,1 H2,1

D . ~2.5!

In actual calculations, sometimes it is easier to evalu
the matrix elements in the nucleon spin space. They are
lated to the helicity amplitude discussed above, in the re
ence frame of Fig. 2, by

FIG. 2. The coordinate system and kinematical variables fof
meson photoproduction in the c.m. frame.u is the scattering angle
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PRC 58 2431PHOTOPRODUCTION OFf MESONS FROM THE PROTON: . . .
Hlf ,l f ;lg ,l i
5~21!12l i2l f (

mi ,mf

dmi ,2l i

~1/2! ~0!dmf ,2l f

~1/2! ~u!

3^lf ,mf uTulg ,mi&. ~2.6!

This expression reduces to that of Ref.@44# for the pseudo-
scalar meson photoproduction process.

The differential cross section is given by the classical
semble average as

ds

dV
5r0Tr~rF!. ~2.7!

The final state density matrix is

rF5Fr IF †, ~2.8!

wherer I is the initial state density matrix,

r I5rgrN . ~2.9!

The photon and proton density matrices,rg and rN , are
defined in Appendix A. For example, in the unpolarized ca
whererg5rN5 1

2 , we get

ds

dV
~U !5

r0

4
Tr~FF †![r0I~u!, ~2.10!

which defines the cross section intensityI(u).
In general, any spin observableV̄ can be written as

V̄5
Tr@FAgANF †BVBN8#

Tr ~FF †!
, ~2.11!

where AN denotes (12 ,sN), which are elements of the
nucleon density matrix. The explicit forms ofAg , BN8 , and
BV can be obtained from the density matrices given in A
pendix A. Note that the dimensions of the matrices
F(634), AgAN(434), F †(436), andBVBN8(636).

A. Single polarization observables

When only the incoming photon beam is polarized,
can define the polarized beam asymmetry~analyzing power!
Sx as

Sx5
Tr@Fsg

xF †#

Tr~FF †!
. ~2.12!

If we defines (B,T;R,V) for the cross sectionds/dV where
the superscripts (B,T;R,V) denote the polarizations of~pho-
ton beam, target proton; recoil proton, produced vec
meson!, then the physical meaning ofSx becomes clear
through the relation

Sx5
s~ i ,U;U,U !2s~',U;U,U !

s~ i ,U;U,U !1s~',U;U,U !
, ~2.13!

where the superscriptU refers to an unpolarized particle an
i (') corresponds to a photon linearly polarized along
x̂ ( ŷ) axis.
-

e

-
e

r-

e

Similarly, we can define the polarized target asymme
T, recoil polarization asymmetryP, and the vector-meson
polarization asymmetryV as

Ty5
Tr~FsN

yF †!

Tr~FF †!
,

Py85
Tr~FF †sN8

y8 !

Tr~FF †!
,

Vj5
Tr~FF †V j

V!

Tr~FF †!
, ~2.14!

whereV j
V’s are given in Appendix A. The explicit expres

sions for the single polarization observables can be foun
Appendix B.

B. Double polarization observables

There are six double polarization observables: bea
target ~BT!, beam-recoil~BR!, target-recoil ~TR!, beam–
vector-meson~BV!, target–vector-meson~TV!, and recoil–
vector-meson~RV!. For example, we define the doub
polarization observablesCi j

BT as1

Ci j
BT5

Tr@Fsg
i sN

j F †#

Tr~FF †!
. ~2.15!

The physical meaning ofCzz
BT is then

Czz
BT5

Tr@Fsg
zsN

zF †#

Tr~FF †!

5
s~r ,z;U,U !2s~r ,2z;U,U !

s~r ,z;U,U !1s~r ,2z;U,U !
,

~2.16!

where the superscriptr corresponds to a circularly polarize
photon beam with helicity11, and6z denotes the direction
of the target proton polarization. Some of the double pol
ization observables are explicitly given in terms of helic
amplitudes in Appendix B. The complete list of double p
larization observables can be found in, e.g., Ref.@41#.

Among the 290 possible~single, double, triple, and qua
druple! polarization observables, we will consider only a fe
of them including longitudinal asymmetries.2 For instance,
we will not consider thef meson tensor polarization in th
double polarization observables throughout this paper.

1Our definitions ofCi j are slightly different from those of Ref
@44#. Our Ci j corresponds toCji of Ref. @44#.

2We treat the cross section as a single polarization observa
Although there are altogether 290 observables, only 24 of them
linearly independent@41#.
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2432 PRC 58TITOV, OH, YANG, AND MORII
III. THE MODEL FOR f MESON PHOTOPRODUCTION

To calculate the spin observables defined in the last
tion, we need to construct a model for the helicity amplitud
of f photoproduction. Our model includes the diffractiv
and OPE production processes and the direct knockout o
ss̄ ~or uud) cluster in the proton. We describe below th
essential dynamics of each process and give the resu
amplitude.

A. Diffractive production

In the VDM diffractive photoproduction@45,46#, the in-
coming photon first converts into vector mesons, i.e.,
f-meson in our case, and then this vector meson sca
diffractively from the nucleon through Pomeron exchan
as shown in Fig. 3. Experimental observations for vect
meson production, small-utu elastic scattering, and diffractiv
dissociation indicate that Pomeron behaves rather likeC
511 isoscalar photon@47,48#. A microscopic model for
vector-meson photo- and electro-production at high ene
based on the Pomeron-photon analogy has been propos
Donnachie and Landshoff@49#, and the Pomeron could b
successfully described in terms of a nonperturbative tw
gluon exchange model@31,50–54#.

In our previous calculation@33#, we used the vector
meson dominance model with Pomeron-photon anal
within the hadron-Pomeron interaction picture, which is e
pected to be valid in the low energy region. In this paper,
employ a microscopic model for the VDM. In this approac
the incoming photon first converts into a quark and antiqu
pair, which then exchanges a Pomeron3 with one of the
quarks in the proton before recombining into an outgoingf
meson, as depicted in Fig. 4.~See, e.g., Ref.@48#.! In terms
of f ~photon! polarization vector«f («g), the invariant am-
plitude of the diffractive production can be written as

Tf i
VDM5 iT0«fm* M mn«gn , ~3.1!

with

M mn5F aGa,mn, ~3.2!

whereFa describes the Pomeron-nucleon vertex andGa,mn

is associated with the Pomeron–vector-meson coup
which is related to theg→qq̄ vertex Gn and theqq̄→f
vertex Vm , as shown in Fig. 4. The dynamics of th
Pomeron-hadron interactions is contained inT0 .

3We do not consider the two-gluon-exchange model for
Pomeron in this work.

FIG. 3. Diffractive f meson production within the vector
meson-dominance model through Pomeron exchange.
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To determine the explicit forms of the vertices, we ha
to rely on some model assumptions. Based on the Pome
photon analogy, the quark-quark-Pomeron vertex, i.e.,q2q3P
vertex in Fig. 4, is assumed to begm . Accordingly, we also
have

Fa5ū~p8!gau~p!, ~3.3!

whereu(p) is the Dirac spinor of the proton with momentu
p. The factorNq of the number of quarks in the proton ca
be absorbed intoT0 .

With the assumptions used in Ref.@48#, namely, ~i!
quarksq1 and q2 which recombine into af-meson are al-
most on-shell and share equally the four-momentum of
outgoingf, i.e., the nonrelativistic wave function assum
tion, ~ii ! quarkq3 , which is between photon and Pomeron,
far off-shell, and~iii ! Gn}gn andVm}gm , the loop integral
in Fig. 4 can be easily carried out to give

Ḡa,mn}2 Tr $gm~p” 11Ms!g
n~p” 11k”1Ms!g

a~p” 11q”1Ms!%,

~3.4!

whereMs is thes quark mass andp1 is the 4-momentum of
the quarkq1 . Explicit calculation leads to

Ḡa,mn52kagmn2
2

q2
kaqmqn22ganS km2qm

k•q

q2 D
12~kn2qn!S gma2

qaqm

q2 D . ~3.5!

Inspection of Eq.~3.5!, however, shows that the last ter
breaks the gauge invariance4 so thatM mnknÞ0. This arises
from the simple assumption aboutGn and a more realistic
modification of Gn is needed to fix this problem@48#. To
have a gauge invariant amplitude, here we simply rem
the gauge noninvariant terms by multiplying the projecti
operatorPmn from both the left- and right-hand sides o

Ḡa,mn @56#, i.e.,

e

4This problem has also been discussed in Refs.@48,55#. To cure
this problem, it was suggested that the quark-gluon structure of
Pomeron in QCD be described in a consistent way@55#, or the
correct off-shell structure of the electromagnetic interaction of
dressed quarks be taken into account in constituent quark mo
@48#. However, further detailed discussion on this topic is beyo
the scope of this work.

FIG. 4. Quark picture for the Pomeron exchange model off
photoproduction. The four-momenta of the quarksq1,2,3 are given
in parentheses.
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PRC 58 2433PHOTOPRODUCTION OFf MESONS FROM THE PROTON: . . .
Ḡa,mn→Ga,mn5P mm8Ḡm8n8
a P n8n, ~3.6!

where

Pmn5gmn2
1

k•q
kmqn . ~3.7!

It leads to a modifiedGa,mn as

Ga,mn5~k1q!agmn22kmgan

12Fkngam1
qm

q2
~k•qgan2kaqn2qakn!

2
k2qn

q2k•q
~q2gam2qaqm!G1~k2q!agmn.

~3.8!

Note that although the third term within the square brack
in Eq. ~3.8! is essential to ensure the gauge invariance it d
not play any role inf photoproduction becauseq•«f
5k•«g50 andk250 in photoproduction. The last term als
does not contribute becauseF•k5F•q. Equation~3.8! com-
pletes our prescription for the spin structure of VDM amp

tude. This should be compared with theG̃a,mn that was used
in Ref. @33#,

G̃a,mn5~k1q!agmn2kmgan2qngam, ~3.9!

which was obtained by gauging the massive vector-field
grangian in the usual way@57,58# for the ffP vertex. Note

that G̃a,mn is obtained within the hadron-Pomeron interacti
picture while we attempt to use a microscopic qua
Pomeron interaction scheme instead in this paper. Note
similarity between Eqs.~3.8! and~3.9! as well. More detailed

discussion on the comparison ofGa,mn with G̃a,mn is given in

Appendix C together with the gauge invariance ofG̃a,mn.
The factorT0 in Eq. ~3.1! includes the dynamics of th

Pomeron-hadron interaction. We use the form and par
eters ofT0 determined in Ref.@59#, which reads

S ds

dt D
VDM

5sg~W!bfexp~2bfut2tmaxu!, ~3.10!

with bf54.01 GeV22 and sg(W)50.2 mb aroundW52
;3 GeV.5 This normalizes the amplitudeT0 and explicitly
we have

5There are two comments concerning the parameters. First, t
parameters may be dependent on the energy scale. However, fo
present qualitative study we will assume constant values for the
W52;3 GeV throughout this paper. Second, the parameters
determined by fitting the formula~3.10! to the experimental data, s
the contributions from the knockout and OPE processes are
glected. However, as we will see, these mechanisms of thef pho-
toproduction are suppressed compared with that of the VDM
the use of this parameter set is justified.
ts
s

-

-
he

-

T05
W22MN

2

MNN
A4psg~W!bfexp(2 1

2 bfut2tmaxu),

~3.11!

where

tmax5utumin52MN
2 22EpEp812ukuuqu, ~3.12!

and the normalization constantN reads

N 25
2

MN
2 Mf

2 $k•p@k•pMf
2 1~k•q!2#

12k•pk•q@p•q22Mf
2 #2~k•q!2@p•q1MN

2 #%.

~3.13!

It is now straightforward to obtain the VDM helicity am
plitude as

Hlf ,l f ;lg ,l i

VDM 5 (
mi ,mf

dmf ,l f

~1/2! ~p1u!dmi ,l i

~1/2! ~p!Tlf ,mf ;lg ,mi

VDM ,

~3.14!

where

Tlf ,mf ;lg ,mi

VDM

5 iCT0H @~11aa8cosu!~V 02W 0!2az~V z2W z!

1axW x22mib
x ImW y#dmi mf

12miFaa8sinu~V 02W 0!2bx~V z2W z!2bzW x

1
1

2mi
bzImW yGdmi 2mfJ , ~3.15!

with C5A(gp11)(gp811)/2 and u is the c.m. scattering
angle. Definitions for the other variables and their detai
derivation are given in Appendix D. Close inspection of th
amplitude shows that at smallutu ~or u→0), the dominant
part, namely the (k1q)agmn term in Ga,mn, has the spin/
helicity conserving form as known in the conventional VD
amplitude,

Tlf ,mf ;lg ,mi

VDM .22i ukuCT0~11aa8!dlflg

[2 iM 0
VDMdlflg

dmi mf
, ~3.16!

while the spin-flip part is suppressed. Note also thatTVDM is
purely imaginary.

B. One-pion-exchange inf photoproduction

At low photon energy, a one-pion-exchange diagram~Fig.
5! gives non-negligible contribution. This may be regard
as a correction to the VDM process@37#.

The effective Lagrangian for thefgp interaction has the
form

Lfgp5g̃fgpemnab]mfn]aAbp0, ~3.17!
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2434 PRC 58TITOV, OH, YANG, AND MORII
whereAb is the photon field. The effective coupling consta
g̃fgp can be estimated through the decay width off→gp,
which reads

G~f→gp!5
1

96p

~Mf
2 2Mp

2 !3

Mf
3

g̃fgp
2 . ~3.18!

From the empirical value ofG(f→gp0)55.831026 GeV,
we getg̃fgp50.042 GeV21. A remark is needed here con
cerning this estimate. The blob in Fig. 5 contains two p
cesses as shown in Fig. 6. In addition to the VDM-like p
cess of Fig. 6~a!, there is another Gell-Mann–Sharp–Wagn
type diagram shown in Fig. 6~b!. In the pure VDM, the de-
cay process is completely dominated by Fig. 6~a! and there is
no contact term. However, this pure VDM diagram gives

G~f→gp!VDM5
ae

24

gfrp
2 ~Mf

2 2Mp
2 !3

Mf
3 f r

2
51.6531025 GeV,

~3.19!

with the r-meson decay constantf r (55.04), ae5e2/4p,
andgfrp51.19 GeV21. Thus the pure VDM overestimate
the decay width by a factor of 3 and we have to allow for t
contact term of Fig. 6~b! to fit the experimental decay width
However, since the two transition amplitudes of Fig. 6 ha
the same structure, we combine the two processes into
term as in Eq.~3.17! with an effective coupling constan
g̃fgp .

For theNNp interaction, one can use either pseudosca
or pseudovector coupling, which are equivalent at the t
level. For definiteness we use the pseudoscalar couplin
the form

LPS52 igpNNN̄g5t•pN, ~3.20!

with gpNN
2 /4p514.3.

To include the off-shell effects, each vertex in Fig. 5 h
to be modified with a form factor. We follow Ref.@37# and
use the Benecke-Du¨rr form factors@60# in which thepNN
form factor FN and thefgp form factor Ff are param-
etrized as

FN5
11~2.9!2QN

2

11~2.9!2QNT
2

, Ff5
U~2.3QF!

U~2.3QT!S QT

QF
D 2

,

~3.21!

whereQN (QNT) is the on-shell~off-shell! p-N c.m. mo-
mentum andQT (QF) is the momentum of the on-shell~off-
shell! pion in thef rest frame@61#, respectively,

FIG. 5. One-pion-exchange process inf photoproduction.
t

-
-
r

e

e
ne

r
e
of

s

QN
2 5

Mp
2 ~Mp

2 24MN
2 !

4MN
2

, QNT
2 5

t~ t24MN
2 !

4MN
2

,

QT5
1

2Mf
~Mf

2 2Mp
2 !, QF5

1

2Mf
~Mf

2 2t !.

~3.22!

U(x) is given as

U~x!5
1

2x2F2x211

4x2
log~4x211!21G . ~3.23!

Before using these form factors, one should be careful w
the use of factor 2.3 inFf of Eq. ~3.21! since this factor is
determined for thevgp coupling @37#. However, since we
do not have enough data for thef meson case, we will use
this value in our qualitative study onf photoproduction.

The T matrix element of the OPE process then reads

Tf i
OPE5

i

t2Mp
2

gNNpg̃fgpWmf ,mi

F Wlf ,lg

B , ~3.24!

where the coupling constants contain the Benecke-Du¨rr form
factors and

Wmf ,mi

F 5ū~p8!g5u~p!, Wlf ,lg

B 5emnabqmka«fn«gb .

~3.25!

Direct calculation ofWF andWB gives

Wmf ,mi

F 5C@2mf~a8cosu2a!dmf mi
2a8sinudmf 2mi

#,

Wlf ,lg

B 5 iEgFlg~Ef2uqucosu!«f•«g

1
uqusinu

A2Mf

~ uqu2uquEfcosu!dlf02
lfuqusin2u

2 G ,

~3.26!

where

«f•«g5F11S Ef

Mf
21D dlf0Gdlg ,lf

~1! ~u!, ~3.27!

and a and a8 are given in Appendix D. Note also that th
OPE amplitude is purely real. This implies that it does n

FIG. 6. Two possible mechanisms off→gp decay.



ial

e

t
e

b
e
th
b

in

rk
es
ca

m

c

rk

%
ic
ld

i-

be

a-

n-
er

ons
sed

ad-

n

e

our
m-
he

s in
on

to

d

the
o-

des

re
ex

PRC 58 2435PHOTOPRODUCTION OFf MESONS FROM THE PROTON: . . .
interfere with the knockout amplitudes in the different
cross section as we shall see below.

One may also consider thet-channelh-meson exchange
instead of pion. In fact, the decay width off→gh is about
5.5831025 GeV, which is larger thanG(f→gp) by an
order of magnitude. This gives us the largefgh coupling
constant gfgh50.218 GeV21 as compared to gfgp

50.042 GeV21. However, we should also consider th
hNN coupling. By assuming SU~3! flavor symmetry, one
obtains ghNN /gp0NN5(1/A3)•(D23F)/(D1F).20.19
;20.35 usingF/D50.5;2/3, and we find that the produc
of the coupling constants in theh-exchange diagram is of th
same order of magnitude as that of OPE. Nevertheless,
cause of its heavier mass, theh-meson exchange amplitud
is expected to be smaller than that of OPE at least in
forward scattering region. There can also be cancellation
tween the two becauseghNN /gp0NN,0. In this work, there-
fore, we will not consider theh-meson exchange diagram
f photoproduction.6

C. Direct knockout production

When the incoming photon interacts with the five-qua
component of the proton, we have an additional proc
called direct knockout as shown in Fig. 7. This process
be classified, according to the struck quark cluster, intoss̄-
and uud-knockout. In order to investigate the effects fro
the hidden strangeness content of the proton inf photopro-
duction, we parametrize the proton wave function in Fo
space as

up&5A0uuud&1(
X

AXuuudX&1(
X

BXuuudss̄X&,

~3.28!

whereX denotes any combination of gluons and light qua
pairs of u and d quarks. Our aim is to estimateuBXu2 by
isolating the OZI evasion processes. Elliset al. @22# esti-
mated it to be 1–19 % from an analysis ofpp̄ annihilation.
From the f electroproduction process, Henleyet al. @27#
claimed that its theoretical upper bound would be 10–20
We improved their prediction by employing a relativist
quark model@29,30#, and showed that the upper bound cou
be lowered to 3–5 %.

6Furthermore, since this one-boson-exchange amplitude is pu
real, its contribution to the double polarization observables is
pected to be negligible. See Eq.~4.10!.

FIG. 7. ~a! ss̄-knockout and~b! uud-knockout contributions to
f meson photoproduction.
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e
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For simplicity and for our qualitative study, we approx
mate the proton wave function~3.28! as

up&5Auuud&1Buuudss̄&. ~3.29!

This parametrization of the nucleon wave function can
justified in our case off production as argued in Refs.@27–
30#. To compensate for the negative parity of thess̄ cluster,
only the odd orbital excitations in the wave function of rel
tive motion betweenuud and ss̄ clusters are allowed. In
principle, there are two more configurations when we co
sider the first orbital excitation of the quark clusters: eith
the ss̄ cluster or theuud cluster is orbitally excited. In this
section, we consider only thess̄ clusters withj ss̄

P 502 and
12, wherej ss̄

P stands for the spin of anss̄cluster of parityP,
and leave the study of the other quark-cluster configurati
to Sec. V. The proton wave function can then be expres
as

up&5Au@uud#1/2&

1 (
j ss̄50,1;j c

bj ss̄
u@†@uud#1/2

^ @L #‡j c^ @ss̄# j ss̄#1/2&,

~3.30!

where the superscripts 1/2 andj ss̄ denote the spin of each
cluster and (b0 ,b1) correspond to the amplitudes of thess̄
cluster with spin 0 and 1, respectively. The strangeness
mixture of the proton,B2, is then defined to be(ubj ss̄

u2,

which is constrained toA21B251 by the normalization of
the wave function. The symbol̂ represents vector additio
of the cluster spins and the orbital angular momentumL . We
choose the lowest negative-parity excitation withl 51. For
j ss̄51, j c (Jc5Suud1L ) can either be 1/2 or 3/2 becaus
suud51/2 andl 51. As in Ref.@30#, we assume that the two
possible states have the same amplitude. We also limit
consideration to color-singlet cluster configurations, assu
ing that hidden color configurations do not contribute to t
single ~one-step! knockout processes@27,30#. Our analyses
show that the differentss̄ configurations play different roles
in the knockout production.

When the incoming photon strikes thess̄cluster, we have
thess̄-knockout process as shown in Fig. 7~a!, and Fig. 7~b!
corresponds to theuud knockout. In thess̄-knockout pro-
cess, the symmetry property of the spatial wave function
the initial proton state only allows for the magnetic transiti
to contribute, while electric~spin-independent! transition is
forbidden. Then the transition amplitude is proportional
the matrix element

^Sf51uss2s s̄u j s̄s50,1&•~q3«g!, ~3.31!

so that only the antisymmetric initial state withj ss̄50 con-
tributes. This leads toTf i

ss̄}b0 . In the case ofuud knockout,
thess̄ cluster is a spectator, and onlyj s̄s51 state can match
the physical outgoingf meson. Here, both the electric an
magnetic transitions contribute andTf i

uud}b1 .
The detailed description of the knockout process with

relativistic harmonic oscillator quark model and its electr
magnetic current can be found in Refs.@29,30#. In this paper
we just quote the relevant results. The knockout amplitu

ly
-
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are most easily evaluated in the laboratory frame as give
Ref. @30#. After transforming into the c.m. frame, they rea

Tmf ,mf ;lg ,mi

ss̄ 5 iT0
ss̄Smf ,mf ;lg ,mi

ss̄ ,

Tmf ,mf ;lg ,mi

uud 5 iT0
uudSmf ,mf ;lg ,mi

uud . ~3.32!

HereT0
ss̄ andT0

uud include the dependence of the amplitud
on the energy and momentum transfer, andS ss̄ and S uud

contain their spin structure. Explicitly they take the form,

T0
ss̄5S 8paeEf

L Ep8
L

MN
D 1/2

A* b0Fss̄~gf
L ,qss̄!

3Fuud~gp8
L ,0!Vss̄~pL8 !

msEg
L

3MN
,

T0
uud5S 8paeEf

L Ep8
L

MN
D 1/2

A* b1Fss̄~gf
L ,0!

3Fuud~gp8
L ,quud!Vuud~qL!

mEg
L

2MN
, ~3.33!

and

S f i
ss̄5A3(

%
^ 1

2 mf1%u 1
2 mi&j%

ss̄lg«f* ~mf!•«g~lg!,

S f i
uud52A3 (

%, j c ,mc

^ 1
2 mf2lg1%u j cmc&

3^ j cmc1mfu 1
2 mi&j%

uud , ~3.34!

where

j61
ss̄ 56

1

A2
sinup8 , j61

uud57
1

A2
sinuq ,

j0
ss̄5cosup8 , j0

uud5cosuq , ~3.35!

with ua being the production angle in the laboratory fram
In addition, we usems5MN /Ms , andm5MN /Mq , with s
quark massMs (5500 MeV) and u,d quark massMq
(5330 MeV). The functionsFb’s (b5ss̄,uud) are the
Fourier transforms of the overlap of the spatial wave fu
tions of the struck clusterb in the entrance and exit channe
@30#, which read

Fss̄~gf
L ,qss̄!5~gf

L !21exp~2r ss̄
2 qss̄

2 /6!

5~gf
L !21exp$2qss̄

2 /~8Vr!%,

Fuud~gp8
L ,quud!5~gp8

L
!22exp~2r uud

2 quud
2 /6!

5~gp8
L

!22exp$2quud
2 /~6Vj!%,

~3.36!

with
in

.

-

gp8
L

5
Ep8

L

MN
, quud

2 52~Eg
L!22

Eg
L

Ep8
L @~Eg

L!21pL8
22qL

2#,

gf
L 5

Ef
L

Mf
, qss̄

2 52~Eg
L!22

Eg
L

Ep8
L @~Eg

L!22pL8
21qL

2#,

~3.37!

where r uud and r ss̄ are the rms radii of the proton andf
meson, respectively, andVr,j are the harmonic oscillato
parameters. We use the parameters determined in Ref.@30#
asAVj51.89 fm21 andAVr53.02 fm21.

The momentum distribution functionVb(p) of clusterb
is given by

1

~2p!3
Vb~p!5

vb~p!

E dpvb~p!

,

vb~p!5p2expH 2
5

3Vx
~p22xbMNEb!J , ~3.38!

wherexss̄53/5,Ess̄5Ep8
L andxuud52/5,Euud5Ef

L . The pa-
rameterVx is again related to the hadron rms radii and tak
to beAVx52.63 fm21 @30#.

Note that all knockout amplitudes are purely imagina
which indicates the absorption of incoming photon by t
five-quark component of the proton. Therefore, they do
interfere with the OPE amplitude in the differential cro
section. However, we do expect a strong interference
tween the dominant imaginary part of the VDM photopr
duction and knockout amplitudes.

IV. RESULTS

It is straightforward, with the help of Eq.~2.6!, to obtain
the helicity amplitudes of the knockout and OPE process
The total photoproduction helicity amplitudeH is given by

H5HVDM1Hss̄1Huud1HOPE. ~4.1!

We can then proceed to calculate various spin observa
with the formulas developed in Sec. II and Appendix
Among those presented in Appendix B, we focus on tho
which are found to be strongly dependent on the strange
content of the proton.

A. Unpolarized cross section

Before studying the spin observables, let us discuss
parameters of our model. In addition to the parameters of
VDM and RHOQM fixed in Sec. III, we have to determin
the amplitudesb0,1 of the proton wave function~3.30!. As
we will see, the prediction on the spin observables is se
tive to the combinationA* bj ss̄

[h j ss̄
uA* bj ss̄

u, where h j ss̄

(561) is the relative phase between the strange and n
strange amplitudes. In principle, the purpose of this stud
to determine these values by comparing the predictions w
the experimental data. However, because of the lack of
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perimental data, we will make an assumption about th
values and compare our results with the pure VDM and O
predictions that are associated with theB250 case. For sim-
plicity, we assumeb0

25b1
25B2/2.

The result of our numerical calculation on the unpolariz
f photoproduction within the RHOQM is shown in Fig. 8.
Ref. @30#, we have argued that a theoretical upper bound
B2 would be around 3–5 %. In Fig. 8, we carry out the c
culation with the strangeness probabilityB250.01. We find
that the VDM process dominates the knockout and O
mechanisms except in the backward scattering region. H
ever, our results at large scattering angles should no
taken seriously because, in this region the applicability of
VDM is questionable and the contributions from the inte
mediate excited hadronic states are expected to be impor
Therefore, the VDM gives the dominant contribution to t
cross section in the kinematical region at small scatter
angles in which we are interested.

B. Polarization observables

We show our predictions for the single polarization asy
metries,Sx , Vx8x8y8y8 , Vz8z8 , andVz8x8 , in Fig. 9. It turns
out that the single polarization asymmetries are not sens
to the strange quark admixture of the proton. However,
story is totally different for the double polarization asymm
tries, namely, some of them are very sensitive to the stra
admixture in the proton. Before presenting our numeri
results for double polarization observables, we first disc
qualitatively why they are important.

Let us consider the most interesting region oft, i.e., utu
→utumin ~or u→0), where the differential cross section
maximal. Here we can neglect theuud-knockout mechanism
because theuud-knockout cross section is suppressed in
forward scattering region. As shown in Eq.~3.16!, the dif-
fractive photoproduction amplitude has the following hel
ity conserving form in this region:

FIG. 8. The unpolarized photoproduction cross sect
ds/dt(u) at W52.155 GeV (Eg

L52.0 GeV). The solid, dotted
dashed, and dot-dashed lines give the cross section of VDM, O
ss̄ knockout, anduud knockout, respectively, with strangeness a
mixtureB251% andub0u5ub1u5B/A2. The experimental data ar
from Ref. @59#.
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Hlf ,l f ;lg ,l i

VDM .2 iM 0
VDM dl fl i

dlflg
, ~4.2!

where M0
VDM denotes the corresponding amplitude atutu

;utumin .
For the ss̄-knockout amplitude we usep̂n8.dn 0 at utu

.utumin and ^ 1
2 l i10u 1

2 l i&52l i /A3 to obtain

Hlf ,l f ;lg ,l i

ss̄ .2 iM 0
ss̄~2l ilg!dl fl i

dlflg
. ~4.3!

Comparison of the helicity dependence of Eqs.~4.2! and
~4.3! shows that thess̄-knockout helicity conserving ampli
tude has an additional important phase factor (2l ilg). Here,
the lg factor comes from the magnetic structure of the el
tromagnetic interaction while 2l i results from the coupling
of Suud with L in the initial proton. The OPE amplitude in
this region reads

Hlf ,l f ;lg ,l i

OPE .2M0
OPE~2l ilg!dl fl i

dlflg
. ~4.4!

Then the total photoproduction amplitude at smallu be-
comes

Hlf ,l f ;lg ,l i
.@2 i ~M0

VDM12l ilgM0
ss̄!

22l ilgM0
OPE#dl fl i

dlflg
. ~4.5!

Note that in most calculations the Pomeron exchange am
tude is assumed to be almost imaginary by the optical th
rem. In this approximation, the OPE amplitude does not
terfere with the rest because all the other amplitudes
purely imaginary. However, the VDM amplitude may ha
some real part that could interfere with the OPE contribut

n

E,
-

FIG. 9. The single spin observables~a! Sx , ~b! Vx8x8y8y8 , ~c!
Vz8z8 , and~d! Vz8x8 at W52.155 GeV (Eg

L52.0 GeV). The solid
lines represent the predictions of VDM plus OPE, i.e.,B250, and
the dashed and dot-dashed lines are for (h0511,h1511) and
(11,21) with B251%, respectively. The dependence onh0 is
negligible and the results for (21,11) and (21,21) are not
shown.
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FIG. 10. The double spin asymmetry~a! Czz
BT(u) and~b! Czx

BT(u) at W52.155 GeV withB250%, i.e., the VDM and OPE~solid lines!,
0.25%~dashed lines!, and 1%~dot-dashed lines! assuming thatub0u5ub1u. The phases (h0 ,h1) are explicitly given in each graph.
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ve
@62#. One may estimate this part by using the subtrac
dispersion relation for the amplitudef (s,t), which is nor-
malized tossT5Im f (s,tmax) with s5W2 @63#,

Ref ~s,t !5
2s2

p
PE

smin

` ds8

s8~s822s2!
Im f ~s,t !. ~4.6!

In Ref. @63# this integral was evaluated analytically in t
limit of high energy. Unfortunately, however, this meth
cannot be applied to the finites region and we must evalua
Eq. ~4.6! numerically. Assuming the standards dependence
of the imaginary part asf ;saP with aP.1, we can get the
ratio j[Ref (s,t)/Im f (s,t)50.12;0.086 at Eg52;3
GeV. Therefore, we are justified to assume the real pa
the VDM amplitude as

ReHlf ,l f ,lg ,l i ,
VDM 52jM0

VDMdl fl i
dlflg

. ~4.7!

Then the total amplitude reads
t

th

th
ed

of

Hlf ,l f ,lg ,l i ,.2@ i ~M0
VDM12l ilgM0

ss̄!

1~jM0
VDM12l ilgM0

OPE!#dl fl i
dlflg

.

~4.8!

As an example, let us consider the beam-target asym
try Czz

BT for the circularly polarized photon beam. It may b
written as

Czz
BT5

ds~ 1
2 !2ds~ 3

2 !

ds~ 1
2 !1ds~ 3

2 !
, ~4.9!

whereds representsds/dt and 3
2 and 1

2 denote the sum o
the initial proton and photon helicities. In the former casel i
and lg have the same sign while in the latter they ha
opposite signs. Thus we get
Czz
BT.

u i ~M0
VDM2M0

ss̄!1jM0
VDM2M0

OPEu22u i ~M0
VDM1M0

ss̄!1jM0
VDM1M0

OPEu2

u i ~M0
VDM2M0

ss̄!1jM0
VDM2M0

OPEu21u i ~M0
VDM1M0

ss̄!1jM0
VDM1M0

OPEu2

.22
~M0

VDMM0
ss̄!1jM0

VDMM0
OPE

uM0
VDMu2

.22h0A sss̄

sVDM
22jAsOPE

sVDM
. ~4.10!
h
it

the
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he
e as
The above equation explicitly demonstrates the effect of
ss̄ admixture and the OPE process in the asymmetry. W
the strangeness probabilityB251%, thess̄-knockout contri-
bution to the total unpolarized cross section is only at
level of 5%. But in the asymmetryCzz

BT , its contribution may
be seen at the level of 0.45 since it is proportional to
e
h

e

e

square root of the hidden strangeness contribution to
cross section. This should be compared with the predic
of VDM plus OPE, which givesCzz

BT'0 when the VDM
amplitude is purely imaginary. The OPE contribution to t
unpolarized cross section has the same order of magnitud
that of thess̄ knockout, and its contribution toCzz

BT comes
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FIG. 11. Notation same as in Fig. 10 but for~a! Czx8
BR and ~b! Czz8

BR .
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only from the interference with the real part of the VD
amplitude. However, this contribution is suppressed by
additional factorj;0.1 and, as a result, it is at the level
0.05 which is much smaller than the effect of hidden stran
ness in the proton. Thus, in the results presented below
do not take into account the real part of the VDM amplitud

C. Numerical results

Our results for the beam-target double asymmetry,7 Ci j
BT ,

are shown in Fig. 10. Here the solid line corresponds to
VDM plus OPE prediction, and the dashed and the d
dashed lines are the predictions when we include the kno
out contributions withB250.25% and 1%, respectively
Since we have noa priori information about the phasesh0,1,
we give results for all four different choices of relativ
phases. Our numerical calculation confirms the previ
qualitative considerations. One can see thatCzz

BT in Fig. 10~a!
depends strongly on the hidden strangeness content o
protoneven in the forward scattering region. This difference
is caused by the different spin structures of the VDM and
knockout amplitudes. Therefore, this observable can be u
to extract the hidden strangeness of the proton even forB2

<1%. The results forCzx
BT in Fig. 10~b! lead to the same

conclusion although it is not as sensitive as inCzz
BT . Note that

the results at smallu are nearly independent ofh1 . This is
because theuud-knockout process is suppressed compa
with other mechanisms in this region. Similarly, the resu
are nearly independent of the phaseh0 at largeu. From the
energy dependence of the polarization observables, we
serve that the knockout contribution is suppressed at hig
energies because of the strong suppression due to the
factors in the knockout amplitudes. This leads to the conc
sion that the optimal range of the initial photon ener
needed to measure thess̄ component of the proton would b
around 2–3 GeV. Furthermore, we find that the forward sc
tering region ofu<30° offers a better opportunity to mea
sure the hidden strangeness contribution. This conclu
holds for the other spin observables as will be seen belo

7Note that ourCzz
BT corresponds to the minus ofLBT of Ref. @33#.
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In Fig. 11, we give our results for the beam-recoil asy
metries,Czx8

BR and Czz8
BR . This shows that these observabl

can be useful in probing the strangeness of the nucleon.
The target-recoil double asymmetriesCxz8

TR and Czz8
TR are

shown in Fig. 12. In this case, however, the knockout mec
nism gives a very similar behavior of VDM except at larg
angles. Thus the observablesCxz8

TR andCzz8
TR arenot so useful

for the purpose of extracting the knockout process. The sa
conclusion applies to the beam–vector-meson asymme
Ci j

BV . As an example, we give our results in Fig. 13, whi
shows thatCzx8

BV andCzz8
BV are nearly independent of the hid

den strangeness content of the proton.8

Figure 14 shows our results forCTV. We also present the
predictions forCRV in Fig. 15. We see that all of them sho
strong sensitivity to the strangeness content of the proto

V. OTHER CONFIGURATIONS OF NUCLEON
WAVE FUNCTION

In the last section, we assumed that both thess̄ anduud
clusters are in their lowest orbital configuration, namelyS
state. We label this configuration as ‘‘configuration~I!.’’ In
this section, we discuss the role of the orbitally excited cl
ter configurations in the five-quark cluster model for t
nucleon inf photoproduction. We consider the orbital exc
tation of thess̄ cluster, called ‘‘configuration~II !’’ and the
orbitally exciteduud cluster, called ‘‘configuration~III !.’’ In
these cases, thess̄ and uud clusters form a positive parity
physical proton withl 50. Then we can generalize the pro
ton wave function as

up&5Au@uud#1/2&1 (
n5I,II,III
j ss̄50,1

bj ss̄

~n!u†@uud# j n^ @ss̄# j ss̄^ @L #‡1/2&,

~5.1!

where the superscriptsj n and j ss̄ denote the spin of each
cluster andub0

(n)u2 and ub1
(n)u2 correspond to the spin-0 an

8Note that the quantitiesCi j
BV , Ci j

TV , and Ci j
RV with ( j

5x8,y8,z8) are defined to vary between6A3/2 @38#.
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FIG. 12. Notation same as in Fig. 10 but for~a! Cxz8
TR and ~b! Czz8

TR .

FIG. 13. Notation same as in Fig. 10 but for~a! Czx8
BV and ~b! Czz8

BV .

FIG. 14. Notation same as in Fig. 10 but for~a! Czx8
TV and ~b! Czz8

TV .
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FIG. 15. Notation same as in Fig. 10 but for~a! Cx8x8
RV and ~b! Cz8z8

RV .
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spin-1 amplitudes of thess̄ cluster of ‘‘configuration (n), ’’
respectively.B2, the strangeness admixture of the proton
then ((bj ss̄

(n))2. The amplitudes are constrained to beA2

1B25A21((bj ss̄

(n))251 by the normalization of the wav

function.
The symmetry properties of the wave functions in t

initial and final states lead to the selection rules for differ
ss̄ configurations as summarized in Table I. We find th
from six possible terms of the proton wave function~5.1!,
only four can contribute to the direct knockout process: t
in ss̄ knockout and two inuud knockout. The other two
s

t
t

o

amplitudes do not contribute to the direct knockout proce
although they can give a contribution to the total hidd
strangeness probability.

By analyzing the amplitudes one can find that the elec
transition is suppressed by the magnetic as in the cas
configuration~I! @30#. For example, the suppression fact
for configuration~II ! reads

f ~ II !5
upL8 usinup8

Eg
L

, ~5.2!

which can be expressed in the invariant form as
t
ric
m
s only.
efs.
f ~ II !
2 522MN

2
W2t21@W2~W222MN

2 2Mf
2 !1MN

2 ~MN
2 2Mf

2 !t#1Mf
4 MN

2

~W22MN
2 !4

. ~5.3!

Numerical estimation shows that withW;2.1 GeV the suppression factorf (II)
2 reaches its maximum value around 0.02 at

;20.8 GeV2 and it becomes negligibly small asutu→utumax or utu→utumin . A similar suppression factor appears in the elect
transition ofuud knockout in configuration~III !. Thus in the region oft of interest to us, where the knockout mechanis
would be important, the contribution of the electric transitions is negligible and we will consider the magnetic transition

The amplitudes for configurations~II ! and ~III ! can be calculated in a straightforward way using the method of R
@29,30#. The corresponding amplitudes have the form as given in Eq.~3.32! by replacingT0 andS by

T0
ss̄~ II !5S 8paeEf

L Ep8
L

MN
D 1/2

A* b0
~ II !Fss̄

~ II !~gf
L ,qss̄!Fuud

~ I! ~gp8
L ,0!V̄ss̄~pL8 !

msEg
L

3MN
, ~5.4!

S f i
ss̄~ II !52lgA3 (

j c50,1
^1ms10u j cms&^

1
2 mf j cmsu

1
2 mi&^1ms1l i u1mf&, ~5.5!

for ‘‘configuration ~II !’’ and

T0
uud~ III !5S 8paeEf

L Ep8
L

MN
D 1/2

A* b1
~ III !Fss̄

~ I!~gf
L ,0!Fuud

~ III !~gp8
L ,quud!V̄uud~qL!

mEg
L

2MN
, ~5.6!

S f i
uud~ III !52A3

2 (
j c51/2,3/2

^ j cmf2lg1mfu 1
2 mi&^

1
2 mf2lg10u j cmf2lg&, ~5.7!
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for ‘‘configuration ~III !.’’ The functions Fb
(II), (III) with b

5(ss̄,uud) are related to the correspondentFb
(I) of Eq.

~3.36! as

Fss̄
~ II !~gf

L ,qss̄!5
Eg

LAr ss̄
2 ~12Vqi!

3
Fss̄

~ I!~gf
L ,qss̄!,

Fuud
~ III !~gp8

L ,quud!5
Eg

LAr uud
2 ~12Vp8i!

3
Fuud

~ I! ~gp8
L ,quud!,

~5.8!

whereVpi5upucosup /Ep
L . The momentum distribution func

tion V̄b(p) of clusterb is given by

1

~2p!3
V̄b~p!5

v̄b~p!

E dpvb
~0!~p!

,

v̄b~p!5expH 2
5

3Vx
~p22xbMNEb!J . ~5.9!

Note that the difference withvb of Eq. ~3.38! lies in the
absence of the factorp2. The calculation ofTss̄(II) is rather
similar to that ofTss̄(I) which is given in Ref.@30# and Ap-
pendix E contains the derivation ofTss̄(III) in some detail.

Analyses of the relative contribution from different clu
ter configurations show that the contribution of configu
tions ~II ! and ~III ! are much smaller~by an order of magni-
tude! than that of configuration~I! even if we assume the
same values forb0,1

(n) . This can be seen from Fig. 16 whe
we present our results for the differential cross sections fr
each configuration.

For clarity, let us consider thess̄ knockout for configura-
tions ~I! and~II !. The ratio of the spatial matrix elements fo
configurations~I! and ~II ! read

Rss̄5
Eg

L~12Vqi!Ar ss̄
2

upL8 u

NII

3NI
, ~5.10!

whereNI,II are the normalization factors of the radial wa
functions of configurations~I! and ~II !, respectively. Since

Na
22;E dpva~p!, ~5.11!

we can obtain

NII

NI
.A3Vx

2
. ~5.12!

TABLE I. Selection rules of knockout processes for each qu
configuration of the nucleon. The electric and magnetic transiti
are represented by E and M, respectively.

Configuration I II III

Ss̄s 0 1 0 1 0 1
ss̄ knockout M — — E, M — —
uud knockout — E, M — — — E, M
-

m

Using the numerical value of the dimensional paramet
r ss̄50.29 fm andAVx52.63 fm21 @30#, we obtain

Rss̄.0.31
Eg

L~12Vqi!

upL8 u
. ~5.13!

Since atu.0 we have cosup8.cosuf.1, Ef
L 5Eg

L1t/2MN

.Eg
L , and

upL8 u5ukLu2uqLu.Eg
LS 12

uqLu

Ef
L D 5Eg

L~12Vqi!,

~5.14!

we then obtainRss̄
2 .0.1, which agrees with the numerica

calculation of Fig. 16. A similar conclusion can be drawn f
the uud knockout from configurations~I! and ~III !.

The above analysis shows that the cross section of
knockout process is dominated by configuration~I! and we
can safely neglect the other cluster configurations in the p
ton wave function. Now let us consider the polarization o
servables. For simplicity, we again consider the case of c
figuration ~II !. From the amplitude~5.5!, one can find

Hl f ,lf ;lg ,l i

ss̄~ II ! }dl fl i
dlflg

. ~5.15!

This has the same structure as the VDM helicity amplitu
~4.2!. Since its amplitude is suppressed by the domin
VDM amplitude, however, it cannot be extracted from t
background VDM contribution. We could verify this analy
sis by numerical calculation even with the assumption of
same values forbj ss̄

(n) . Furthermore, because of their hea

k
s

FIG. 16. The unpolarized photoproduction cross sect
ds/dt(u) at W52.155 GeV (Eg

L52.0 GeV). The solid and dot-
ted lines give the cross section of VDM and OPE. The dashed
dot-dashed lines are from thess̄ anduud knockout from configu-
ration ~I! in the proton wave function. The dashed line with di
monds and the dot-dashed line with circles are the cross sec
from thess̄anduud knockout by assuming only configurations~II !
and~III ! in the nucleon, respectively. The strangeness admixtur
assumed to beB251% andub0

(n)u5ub1
(n)u5B/A2. The experimen-

tal data are from Ref.@59#.
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mass, the coefficientsb0,1 of configurations~II ! and~III ! are
expected to be much smaller than those of configuration~I!.
As a conclusion, therefore, the contributions from the orb
ally excited cluster configurations can be neglected in
polarization observables as well.

VI. SUMMARY AND CONCLUSION

We have studied the possibility of using the spin obse
ables of thef meson photoproduction process in probing t
hidden strangeness content of the proton. We consider
direct knockout mechanism in addition to the VDM and OP
processes by assuming anss̄ component in the proton wav
function. Unlike the differential cross section, we find th
the spin observables could be useful in disentangling
knockout process from the VDM and OPE processes.
find that single polarization observables arenot sensitive to
the strangeness content of the proton. However, some do
polarization observables, notably,Czx,zz

BT , Czx8,zz8
BR , Czx8,zz8

TV ,
and Cx8x8,z8z8

RV , are very sensitiveto the hidden strangenes
content of the proton in the forward scattering regio
whereas most of the target-recoil and beam–vector-me
double asymmetries are not. It indicates that measurem
of these double polarization observables could be very us
in probing the strangeness content of the proton.

We also find that the contribution of the knockout mech
nism is suppressed with increasing initial photon energy
cause of the strong suppression due to the form factors in
knockout amplitudes. Therefore, we expect that the opti
range of the initial photon energy needed to measure thss̄
component of the proton would be around 2–3 GeV. Ho
ever, it should be mentioned that at extremely low ene
just near the threshold one has to take into account the
evading rescattering process and it would be interesting
study its effect on the polarization observables.

The orbitally excited quark cluster configurations in t
proton wave function were also investigated in connect
with f photoproduction. We find that their role isnot impor-
tant in the cross section and polarization observables
therefore, these configurations can be neglected in the s
of f photoproduction.

The purpose of this study is to determine the strangen
content of the proton by investigating the polarization o
servables. Unfortunately, because of the scarcity of prese
available experimental data@64,65#, we cannot give any defi
nite predictions for the strangeness content of the pro
based on our analyses. Thus, new experiments are stro
called for at the current electron facilities which, hopeful
will help to shed light on our understanding of the prot
structure.

Finally, we point out that, since thess̄-knockout process
dominates theuud knockout at the forward scattering angl
one can estimate the value ofb0 in the proton wave function
~3.30! by analyzing polarization observables. However, it
not easy to get an estimate forb1 because its contribution
can be seen only at largeu where corrections to our mode
are expected to be important. To get information forb1 ,
therefore, it would be interesting to apply our analyses
h(h8) photoproduction as a complementary process tof
photoproduction, since thess̄-knockout process in this cas
is associated withb1 .
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APPENDIX A: DENSITY MATRICES

In this appendix, we discuss the density matrices of
photon, target and recoil proton, and the vector meson
general, the density matrix of the photon can be written

rg5
1

2
~121sg•PS!, ~A1!

in photon helicity space, where12 is the 232 unit matrix
andPS is the Stokes vector which defines the direction a
degree of polarization of the photon beam. The presenc
sg is due to the fact that a real photon has only two s
degrees of freedom. The Stokes vectors correspondin
some special cases of photon polarization can be found
example, in Ref.@44#.

The proton density matrix is in the spin-1
2 space and is

therefore a 232 Hermitian matrix. So we have

rN5
1

2
~121sN•PN!, ~A2!

for the target proton and

rN85
1

2
~121sN8•PN8!, ~A3!

for the recoil proton.
For the vector meson, because of its spin-1 structure,

density matrix cannot be described by vector polarizatio
only. To describe the vector meson polarization complete
we have to take into account the tensor polarizations. T
tensor polarization operator is defined as@39,40#

Sjk5
3

2
~SjSk1SkSj !22d jk13 , ~A4!

where13 is the 333 unit matrix with

Sx5
1

A2S 0 1 0

1 0 1

0 1 0
D , Sy5

1

A2S 0 2 i 0

i 0 2 i

0 i 0
D ,
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Sz5S 1 0 0

0 0 0

0 0 21
D . ~A5!

Only five of them are independent sinceSxx1Syy1Szz50.
Therefore, we are led to the final form of the density mat
of vector meson as

rV5
1

3S 131(
j

Pj
VV j

VD , ~A6!

where

V j
V5A3

2
~Sx ,Sy ,Sz!,

1

A6
~Sxx2Syy!,

1

A2
Szz, A2

3
~Sxy ,Syz ,Szx!, ~A7!

which are normalized as TrV j
VVk

V53d jk .
The explicit forms of the matrices appearing in Eq.~2.11!
are (12 ,sg) for Ag , (12 ,sN(N8)) for AN (BN8), and
(13 ,V j

V) for BV .9

APPENDIX B: SINGLE AND DOUBLE POLARIZATION
OBSERVABLES IN HELICITY AMPLITUDES

In this appendix, we give the explicit expressions for t
spin observables in terms of helicity amplitudes.

The cross section intensityI(u) is defined as

I~u!5
1

4
Tr ~FF †!, ~B1!

which leads to

I~u!5
1

2(i 51

4

(
a561,0

uHi ,au2. ~B2!

The explicit expressions for nonvanishing single polariz
tion observables are as follows:
m.
Sx•I~u!52Re$H4,1* H1,212H4,0* H1,01H4,21* H1,12H3,1* H2,211H3,0* H2,02H3,21* H2,1%, ~B3a!

Ty•I~u!52Im $H4,21* H3,211H4,0* H3,01H4,1* H3,11H2,21* H1,211H2,0* H1,01H2,1* H1,1%, ~B3b!

Py8•I~u!52Im $H4,21* H2,211H4,0* H2,01H4,1* H2,11H3,21* H1,211H3,0* H1,01H3,1* H1,1%, ~B3c!

Vy8•I~u!52
A3

2
Im $H4,0* ~H4,12H4,21!1H3,0* ~H3,12H3,21!1H2,0* ~H2,12H2,21!1H1,0* ~H1,12H1,21!%, ~B3d!

Vx8x8y8y8•I~u!5A3

2
Re$H4,21* H4,11H3,21* H3,11H2,21* H2,11H1,21* H1,1%, ~B3e!

Vz8z8•I~u!5
1

2A2
$uH4,21u222uH4,0u21uH4,1u21uH3,21u222uH3,0u21uH3,1u21uH2,21u222uH2,0u21uH2,1u21uH1,21u2

22uH1,0u21uH1,1u2%, ~B3f!

Vz8x8•I~u!5
A3

2
Re$H4,0* ~H4,12H4,21!1H3,0* ~H3,12H3,21!1H2,0* ~H2,12H2,21!1H1,0* ~H1,12H1,21!%, ~B3g!

The explicit expressions for some double polarization observables are given below.
Beam-target:

Cyx
BT
•I~u!5Im $H4,21* H2,12H4,0* H2,01H4,1* H2,212H3,21* H1,11H3,0* H1,02H3,1* H1,21%, ~B4a!

Cyz
BT
•I~u!52Im $H4,21* H1,12H4,0* H1,01H4,1* H1,211H3,21* H2,12H3,0* H2,01H3,1* H2,21%, ~B4b!

Czx
BT
•I~u!52Re$H4,21* H3,211H4,0* H3,01H4,1* H3,11H2,21* H1,211H2,0* H1,01H2,1* H1,1%, ~B4c!

9One has to use2sx and2sz for the initial and final protons instead ofsx andsz in order to have the correct helicity states in the c.
system@44#.
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Czz
BT
•I~u!52

1

2
$uH4,21u21uH4,0u21uH4,1u22uH3,21u22uH3,0u22uH3,1u21uH2,21u21uH2,0u2

1uH2,1u22uH1,21u22uH1,0u22uH1,1u2%. ~B4d!

Beam-recoil:

Cyx8
BR

•I~u!5Im $H4,21* H3,12H4,0* H3,01H4,1* H3,212H2,21* H1,11H2,0* H1,02H2,1* H1,21%, ~B5a!

Cyz8
BR

•I~u!5Im $H4,21* H1,12H4,0* H1,01H4,1* H1,212H3,21* H2,11H3,0* H2,02H3,1* H2,21%, ~B5b!

Czx8
BR

•I~u!52Re$H4,21* H2,211H4,0* H2,01H4,1* H2,11H3,21* H1,211H3,0* H1,01H3,1* H1,1%, ~B5c!

Czz8
BR

•I~u!5
1

2
$uH4,21u21uH4,0u21uH4,1u21uH3,21u21uH3,0u21uH3,1u22uH2,21u22uH2,0u2

2uH2,1u22uH1,21u22uH1,0u22uH1,1u2%. ~B5d!

Target-recoil:

Cxx8
TR

•I~u!5Re$H4,21* H1,211H4,0* H1,01H4,1* H1,11H3,21* H2,211H3,0* H2,01H3,1* H2,1%, ~B6a!

Cxz8
TR

•I~u!52Re$H4,21* H3,211H4,0* H3,01H4,1* H3,12H2,21* H1,212H2,0* H1,02H2,1* H1,1%, ~B6b!

Czx8
TR

•I~u!5Re$H4,21* H2,211H4,0* H2,01H4,1* H2,12H3,21* H1,212H3,0* H1,02H3,1* H1,1%, ~B6c!

Czz8
TR

•I~u!52
1

2
$uH4,21u21uH4,0u21uH4,1u22uH3,21u22uH3,0u22uH3,1u22uH2,21u22uH2,0u2

2uH2,1u21uH1,21u21uH1,0u21uH1,1u2%. ~B6d!

Beam–vector-meson:

Cyx8
BV

•I~u!52
A3

2
Im $H4,21* H1,02H4,0* ~H1,211H1,1!1H4,1* H1,02H3,21* H2,01H3,0* ~H2,211H2,1!2H3,1* H2,0%, ~B7a!

Cyz8
BV

•I~u!52A3

2
Im $H4,21* H1,12H4,1* H1,212H3,21* H2,11H3,1* H2,21%, ~B7b!

Czx8
BV

•I~u!5
A3

2
Re$H4,0* ~H4,211H4,1!1H3,0* ~H3,211H3,1!1H2,0* ~H2,211H2,1!1H1,0* ~H1,211H1,1!%, ~B7c!

Czz8
BV

•I~u!52
1

2
A3

2
$uH4,21u22uH4,1u21uH3,21u22uH3,1u21uH2,21u22uH2,1u21uH1,21u22uH1,1u2%. ~B7d!

Target–vector-meson:

Cxx8
TV

•I~u!52
A3

2
Re$H4,0* ~H3,211H3,1!1H3,0* ~H4,211H4,1!1H2,0* ~H1,211H1,1!1H1,0* ~H2,211H2,1!%, ~B8a!

Cxz8
TV

•I~u!5A3

2
Re$H4,21* H3,212H4,1* H3,11H2,21* H1,212H2,1* H1,1%, ~B8b!

Czx8
TV

•I~u!52
A3

2
Re$H4,0* ~H4,211H4,1!2H3,0* ~H3,211H3,1!1H2,0* ~H2,211H2,1!2H1,0* ~H1,211H1,1!%, ~B8c!

Czz8
TV

•I~u!5
1

2
A3

2
$uH4,21u22uH4,1u22uH3,21u21uH3,1u21uH2,21u22uH2,1u22uH1,21u21uH1,1u2%. ~B8d!
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Recoil–vector-meson:

Cx8x8
RV

•I~u!52
A3

2
Re$H4,0* ~H2,211H2,1!1H3,0* ~H1,211H1,1!1H2,0* ~H4,211H4,1!1H1,0* ~H3,211H3,1!%, ~B9a!

Cx8z8
RV

•I~u!5A3

2
Re$H4,21* H2,212H4,1* H2,11H3,21* H1,212H3,1* H1,1%, ~B9b!

Cz8x8
RV

•I~u!5
A3

2
Re$H4,0* ~H4,211H4,1!1H3,0* ~H3,211H3,1!2H2,0* ~H2,211H2,1!2H1,0* ~H1,211H1,1!%, ~B9c!

Cz8z8
RV

•I~u!52
1

2
A3

2
$uH4,21u22uH4,1u21uH3,21u22uH3,1u22uH2,21u21uH2,1u22uH1,21u21uH1,1u2%. ~B9d!
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APPENDIX C: MODELS ON THE VDM AMPLITUDE

In Sec. III A, we write the invariant amplitude of the di
fractive production as

Tf i
VDM5 iT0«fm* M mn«gn , ~C1!

with M mn5F aGa,mn, whereFa and Ga,mn correspond to
the Pomeron-nucleon vertex and Pomeron–photon–vec
meson vertex, respectively. In Ref.@33#, we used

G̃a,mn5~k1q!agmn2kmgan2qngam, ~C2!

instead of theGa,mn of Eq. ~3.8!. This expression come
from gauging the massive-vector field Lagrangian for
ffP interaction which is assumed to have the same s
structure as theffg vertex. However, it does not satisfy th
gauge invariance conditionqmM mn5M mnkn50. One way

to get a gauge invariant amplitude is to multiplyG̃a,mn by the
projection operatorPmn as in Sec. III,

G̃a,mn→G̃1
a,mn5P mm8G̃m8n8

a P n8n

5~k1q!agmn2
~k1q!a

k•q
kmqn. ~C3!

Another way to project the gauge noninvariant part out

G̃a,mn is to multiply P( l )
mn andP(r )

mn as

G̃a,mn→G̃2
a,mn5P~ l !

mm8G̃m8n8
a P~r !

n8n , ~C4!

where

P~ l !
mn5gmn2

1

q2
qmqn,

P~r !
mn5gmn2

1

k2
kmkn. ~C5!

This gives us
r-

e
in

f

G̃2
a,mn5~k1q!agmn2kmgan2qngam

2
1

q2
qm~kaqn2k•qgan!2

1

k2
kn~qakm2k•qgam!,

~C6!

which retains all the terms ofG̃a,mn. In fact, since theqm and
kn terms do not contribute after being multiplied with th

boson polarization vectors,G̃2
a,mn gives results identical to

that of G̃a,mn in the calculation.
When we consider the Pomeron exchange model of S

III, we obtain the gauge invariant amplitude~3.8! by apply-

ing the projection operatorPmn to the Ḡa,mn of Eq. ~3.5!.
One may, however, use the projection operatorsP( l )

mn andP(r )
mn

to get

Ḡa,mn→G2
a,mn5P~ l !

mm8Ḡm8n8
a P~r !

n8n

5~k1q!agmn22kmgan22qngam

2
k•q

k2q2
~k1q!aqmkn

2
qm

q2
$kaqn2qaqn22k•qgan%

2
kn

k2
$qakm2kakm22k•qgam%, ~C7!

where the last three terms vanish after being multiplied w
the boson polarization vectors although they are require
ensure gauge invariance. Note the close similarity betw
the amplitudesGa,mn’s.

A different choice of the gauge invariantGa,mn’s as given
in Eqs.~3.8!, ~C3!, ~C6!, and~C7! will necessitate the use o
a different form forT0 @56#. However, these different form
of T0’s will be related to each other as they are required
describe the unpolarized cross section. As it turns out,
cause of the incompleteness of our model, theGa,mn’s of
Eqs.~C6! and~C7! have a singularity problem in the case
electroproduction ask2→0. In order to have a model fo
VDM amplitude which can be applied to electroproductio
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we use theGa,mn of Eq. ~3.8! with theT0 of Eq. ~3.11! in our
calculation. To see the model dependence of our results

carry out the calculations for theG̃a,mn of Eq. ~C2! as well.10

Our results forCzz
BT in these two models are shown in Fi

17. One can see the close similarity of the two model p
dictions at smallu. This is true for the other spin observabl
as well, namely, they give nearly the same results in
kinematical region of our interest, sayu<30°. This is be-
cause the dominant contribution in this region comes fr
the (k1q)agmn term, which is present in both models fo
VDM amplitude. As a conclusion, the model of this wo
gives the same predictions with those of Ref.@33# in the
kinematical range of interest in this study.

APPENDIX D: HELICITY AMPLITUDE IN VDM

In this Appendix, we give the details of the derivation f
the helicity amplitude~3.15! of the VDM. We first define

gp5
Ep

L

MN
and gp85

Ep8
L

MN
, ~D1!

which leads to

a[
upu

Ep
L1MN

5Agp21

gp11
,

a8[
up8u

Ep8
L

1MN

5Agp821

gp811
. ~D2!

Let n5p/upu andn85p8/up8u, we can then write

um~p!5Agp11

2 S 1

as•nD xm , ~D3!

for the Dirac spinor of the proton with spin projectionm, and
a similar expression forum8(p8) for the outgoing proton.

Let us defineU a as

U a5«fm* Ga,mn«gn . ~D4!

It is then straightforward to obtain
e

-

e

ūmf
~p8!gmumi

~p!U m5C$@~11aa8n8•n!U 02a•U#dmf mi

1 i @aa8~n83n!U 0

2~b3U!#•^mf usumi&%, ~D5!

where we have useda[a8n81an, b[a8n82an, and C
5A(gp11)(gp811)/2.

With Ga,mn of Eq. ~3.8!, U a can be decomposed into

U a52~V a2W a!, ~D6!

with

V a5ka~«f* •«g!, W a5~«f* •k!«g
a , ~D7!

where the identityū(p8)gmu(p)(p2p8)m50 has been used
in order to simplify the form ofV a. Then the Wigner-Eckart
theorem enables us to write the VDM amplitude as the s
of the spin-conserving part and the spin-flip part as in E
~3.15!.

Using explicit forms of boson polarization vectors in th
c.m. frame, we further have

V m52kmdlg ,lf

~1! ~u!@11~gf21!dlf0#, ~D8!

and

FIG. 17. Double polarization asymmetries~a! Czz
BT and~b! Czz8

BR

for two models ofGa,mn with B250 and 1%. The solid lines are

obtained withGa,mn of Eq. ~3.8! and the dashed lines withG̃a,mn of
Eq. ~C2!. For simplicity, we take the phases (h0 ,h1)5(1,1).
W m55
S 0,1

2 ukusinu,6
i

2
ukusinu,0D lf561,lg561,

S 0,2 1
2 ukusinu,6

i

2
ukusinu,0D lf561,lg571,

S 0,
71

A2Mf

uku~ uqu2q0cosu!,
2 i

A2Mf

uku~ uqu2q0cosu!,0D lf50,lg561,

~D9!

wheregf[Ef
L /Mf , which is close to 1 in the kinematical range considered in this paper.

10This is the model adopted in Ref.@33#.
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APPENDIX E: KNOCKOUT AMPLITUDE FOR CONFIGURATION „III …

In this case the knockout amplitude is proportional to the matrix element

Tf i
uud ~ III !} iA* b1

~ III ! (
i 51,2,3

^q@ss̄#mf

1 u^p8@uud#mf

1/2u j m
~ i !«g

mu@cJc
^ @ss̄#1#mi

1/2&. ~E1!
of
g

cti

e
e

as

n-
For simplicity we consider only theuud-quark configuration
with the orbital excitation (l 51) of the @28, 70# multiplet
with suud5

1
2 . Thus, we do not consider the configuration

@48, 70# with suud5
3
2 because the corresponding electroma

netic transitions are suppressed by the Moorhouse sele
rule. The relevantuud-cluster wave function reads

c jmc
5^ 1

2 m1nu j cmc&
1
2 @c l ,n

MS~fMSxMS2fMAxMA!

1c l ,n
MA~fMSxMA1fMAxMS!#, ~E2!

wherec l ,n
g is the radial wave function, andfg and xg are

the flavor and spin wave functions, respectively. The sup
scriptg (5MS, MA) specifies the symmetric property of th
state with respect to the permutation 1↔2. Using the Jaco-
bian coordinates of Ref.@66#, i.e., j2;x12x2 and j2;(x1
1x2)/22x3 , each part of Eq.~E2! reads:

c1
MS5c1~j1! c0~j2!, c1

MA5c0~j1! c1~j2!,

fMS5
1

A6
~udu1duu22uud!, fMA5

1

A2
~udu2duu!,

x1/2
MS5

1

A6
~↑↓↑1↓↑↑22↑↑↓ !,
-
on

r-

x1/2
MA5

1

A2
~↑↓↑2↓↑↑ !. ~E3!

The three-quark proton wave function in this convention h
the form

c1/2,mp
5

1

A2
@c l 50

S ~fMSxMS1fMAxMA!#. ~E4!

Then it is straightforward to show that the magnetic tra
sition matrix element between the twouud states is

M.E.5^c1/2,mf
u (
j 51,2,3

ejsj

2Mu
e2 ik•xj uc j c ,mc

&•~k3«g!

5
1

2Mu
^c1/2,mf

ue3s3e2 ik•x3uc j c ,mc
&•~k3«g!,

~E5!

which leads to
ing
M.E.52 i
3Eg

L

2Mu

lgA3

2A2
( ^ 1

2 m1nu j cmc&^
1
2 m1l i u

1
2 mf&^c l 50

S ue2 ik•x3uc l 51,n
MS &

3^fMSxMS1fMAxMAue3s3
zufMSxMS2fMAxMA&. ~E6!

Then the spin-flavor part of the matrix element can be evaluated to be 2e/3. The spatial matrix element can be calculated us
the standard techniques of the RHOQM, e.g., as in Ref.@30#.
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