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Photoproduction of ¢»¢ mesons from the proton: Polarization observables and strangeness
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The polarization observables i 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.
[S0556-28188)06610-2

PACS numbgs): 13.88:+e, 24.70+s, 25.20.Lj, 13.60.Le

I. INTRODUCTION Another possibility is¢ photo- and electro-production
from proton target$13]. In this process, in addition to the
The possible existence of hidden strangeness in theector-meson dominance modé&/DM), the contribution
nucleon has recently become one of the most controversidtom the hidden strangeness of the proton arises through the
problems in nuclear/hadron physics. Some analyses of thdirect knockout process. In Ref®27,28, Henleyet al. cal-
pion-nucleon sigma tern1,2], polarized deep-inelastic culated the contribution from knockout processft@lectro-
lepton-proton scatterind3-5], and low energy elastic production cross section and found it comparable to that of
neutrino-proton scatterind,7] indicate a significant role of VDM with an assumption of a 10-20 % strange sea quark
strange sea quarks in the nucleon strucf@je However, it admixture in the proton wave function. To arrive at this con-
has also been argued that such experimental results could bkision, they used nonrelativistic quark model wave func-
understood with little or null strangeness in the nucleontions for the hadrons. However, since the kinematical region
[9,10]. of ¢ meson production is beyond the applicability of the
It will be interesting, therefore, to study other processesonrelativistic quark model, the relativistic corrections are
that might be related directly to the strangeness content afxpected to be important. In Ref29,30 we improved the
the nucleon[11-16. One of them is¢ meson production calculations of Refs[27,28 with the use of a relativistic
from the proton. Since thé meson is a nearly purgs state  harmonic oscillator quark mod¢éRHOQM). We found that
because of ideal mixing with the meson, its coupling to the the cross section of the direct knockout mechanism for the
proton is suppressed through the OZI rule. Then the idea islectroproduction is comparable to that of VDM at moder-
that we could extract information about the hidden strangeately large electron four-momentum transfer with less than
ness of the nucleon by studying the strange sea quark co% admixture of strange sea quarks in the proton. However,
tribution through the OZI evasion processes. One example ii¢ is not easy to disentangle the two mechanisms from the
¢ production in proton—anti-proton annihilation. Recent ex-cross section measurement because their respective contribu-
periments on vector meson production throygghannihila-  tions have similar dependence on momentum trarfS@j:
tion at resf{17—-19 report a strong violation of the OZI rule. To distinguish between the knockout and VDM processes,
It can be accounted for by the presence of an intrissic it was suggested the difference in the spin structures of vari-
component in the nucleon wave functif®20], which con- ~ ous amplitudes be exploitei®7,31-34. In Ref. [33], we
tributes to the process through the rearrangement and shakghowed that some double polarization observables are indeed
out diagram$21—24. On the other hand, it was also claimed Very sensitive to the hidden strangeness content of the pro-
that this OZI violation could be explained through modifiedton. We found that, with the use of RHOQM, the direct

meson exchange mode[€5,26 without any strangeness Knockout process gives a very distinct contribution to some
content of the nucleon. of the double polarization observablesdgnphotoproducton

as compared to those of diffractive production and one-pion-
exchange(OPE process. A similar conclusion was drawn

*Electronic address: atitov@thsundl.jinr.ru from thepp— A A process to distinguish between contribu-
TElectronic address: yoh@phya.snu.ac.kr tions from the hidden strangeness of the nucleon and the
*Electronic address: snyang@phys.ntu.edu.tw effects from meson exchange proced3s. (See also Ref.
$Electronic address: morii@kobe-u.ac.jp [36].) The one-pion-exchange process arises from the
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FIG. 1. Kinematics forp meson photoproduction from the pro-
ton, yp— ¢p.

FIG. 2. The coordinate system and kinematical variablesgfor

b-m-p(y) coupling. Similare-7-p(y) coupling gives non- meson photoproduction in the c.m. frangeis the scattering angle.

negligible effects in thev-meson production cag&7]. ) - .
In this paper, we extend our previous work to discuss To study the spin observables, it is useful to work with the

other spin observables ith photoproduction and give the helicity amplitudes in the c.m. frame. For polariz¢dneson
details which were left out in Ref33]. We also improve the photoproduction;y+p— ¢+ p, the helicity amplitude takes
VDM amplitude to take into account the gauge invariancethe form

requirement within a quark-Pomeron interaction picture. We

further include, besides the lowest one, other configurations HA¢,}\f;}\y,xiE<q;)\¢1)\f|T|k;)\y.)\i>a (2.2
in the five-quark cluster model of the nucleon, which may
give non-negligible contribution to the nucleon spio]. where the variables and the coordinate systems are shown in

In Sec. Il, we define the kinematical variables and brieflyFig. 2 withx, (=+1), A4 (=0,%1), and\;¢ (==*1/2)
review the definitions of general spin observables in terms oflenoting the helicities of the photog, meson, target proton,
helicity amplitudes. Section Ill is devoted to our model #®r and recoil proton, respectively. We follow the Jacob-Wick
photoproduction. We include the diffractive and OPE pro-phase conventiof89,43 throughout this paper. In principle,
duction processes as well as the direct knockout process@sere are X2x3x2=24 complex amplitudes. However,
that arise from the hidden strangeness of the nucleon. Thgy virtue of parity invariance relation,
gauge invariance of VDM amplitude is discussed as well.

Our results for the spin observables are presented in Sec. IV (AN g N[ TIKIN, )

along with their dependence on the hidden strangeness con- A AL

tent of the proton. In Sec. V we discuss the role of orbitally =(=DA R =N, = M| Tk =y =N,
excited quark-cluster configurations in the nucleon wave 2.3

function in ¢ photoproduction. We find that their effect is
not important. Section VI contains summary and conclusionwith A¢=Ng—\fandA;=\,—\;, only 12 complex helic-
Some detailed discussions and expressions for the physicg) amplitudes are independent. We label thenj4i§
parameters are given in Appendixes.
Hl,A¢E<)\¢1)\f: +%|T|)\y: liki:_%%
Il. SPIN OBSERVABLES AND THE HELICITY

AMPLITUDES Han,=(hg Ar=+3[TIN, =10 =+1),
We first define the kinematical variables férphotopro-
duction from the protony+p— ¢+ p, as shown in Fig. 1. H3M)E()\¢,>\f= —3[TIN, =1N=—3),
The four-momenta of the incoming photon, outgoipgini-
tial (targe} proton, and finalrecoil) proton arek, g, p, and Hax =Ny N = — 4TI, =1x=+1). (2.4)
p’, respectively. In the laboratory frame, we write né 7

’ L ’
= (E} k), q:_(E;’QL)' p=(Ep.pL), andp’=(E;,.P)-  The ¢-meson photoproduction amplitude can then be repre-
The variables in the c.m. system are writterkas(v.,k), 9 sented by a &4 matrix F in helicity space:
=(E4,q), p=(Ep,—k), andp’=(E, ,—Qq), respectively,
as in Fig. 2. We also define=(p—p’)? andW?=(p+Kk)? Hyy Hyy  Hg oy —Hs s
with My the nucleon mas$4 , the pion mass, ankll , the ¢ ’ ’ ' '
mass. The differential cross section is given by

d = ’ ' ' . (25
£:P0|Tfi|2’ 0 Hao Hsp Hio —Hazpo
Ho1 Hi-g Hz1  —Haz
wherepo=(MZ|q|)/(16m2W?|k|). Hs—1 Hs-1 —His Ha1

The general formalism for the spin observablesyafp
— ¢+ p has been discussed extensively in the literature. For In actual calculations, sometimes it is easier to evaluate
completeness, we briefly review here the density matrix forthe matrix elements in the nucleon spin space. They are re-
malism and refer the interested readers to R&i8—47 for  lated to the helicity amplitude discussed above, in the refer-
details. ence frame of Fig. 2, by
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NN W w2 Similarly, we can define the polarized target asymmetry

Hy, e, = (D)7 00 2 A 22, (0)di -\ (6) T, recoil polarization asymmetr, and the vector-meson
i e polarization asymmetry as

X(N g, mg T|N,,m;). (2.6)

y

This expression reduces to that of Rgf4] for the pseudo- y:m
scalar meson photoproduction process. Tr(FFT)

The differential cross section is given by the classical en-

semble average as '
g THFF Y,

P, =
do y t
qq = PoTr(pe). (2.7) TH(FF)
The final state density matrix is V.o T FF'QY) (2.14
| :
T
pe=Fp F', (2.8 (FF7)
wherep, is the initial state density matrix, WhereQ}”s are given in Appendix A. The explicit expres-
sions for the single polarization observables can be found in
PI=PyPN - (2.9  Appendix B.

The photon and proton density matricgs, and py, are
defined in Appendix A. For example, in the unpolarized case
wherepyszz%, we get There are six double polarization observables: beam-
q target (BT), beam-recoil(BR), target-recoil (TR), beam—
o Po _ vector-meson(BV), target—vector-meso(rlV), and recoil—
(VI T = ' ,
dQ 4 T(FF)=pol(0), (210 vector-meson(RV). For example, we define the double

polarization observableS}" as

B. Double polarization observables

which defines the cross section intensiiyp).

In general, any spin observalik can be written as BT Tr[fai,/crk}" M .19
S :
Tr(FF
oo Tr[ FA,ANF 'ByBy/] 218 (FF7)
Tr(FF") ’ . The physical meaning o&2] is then
where Ay denotes {,,0y), which are elements of the .
nucleon density matrix. The explicit forms &f,, By, and BT_ Tl FoyonF ']
By can be obtained from thg den_sity matrices give_n in Ap- zz Tr(FF
pendix A. Note that the dimensions of the matrices are
t
F(6X4), A,AN(4X4), F'(4X6), andByBy:(6X6). SZUU)_ (1 -2U.U)
A. Single polarization observables N g1z 4 (r—zU.U)!
When only the incoming photon beam is polarized, we (2.16
can define the polarized beam asymmeamalyzing power ) ) )
S, as where the superscriptcorresponds to a circularly polarized
photon beam with helicity+ 1, and+ z denotes the direction
T Fo*F 1 of the target proton polarization. Some of the double polar-
x:—VT_ (2.12 ization observables are explicitly given in terms of helicity
Tr(FF7) amplitudes in Appendix B. The complete list of double po-

larization observables can be found in, e.g., Rét].

Among the 290 possiblésingle, double, triple, and qua-
druple polarization observables, we will consider only a few
of them including longitudinal asymmetriészor instance,
we will not consider thep meson tensor polarization in the
double polarization observables throughout this paper.

If we define o®T:RY) for the cross sectiodo/dQ) where
the superscriptsg, T;R,V) denote the polarizations ¢bho-
ton beam, target proton; recoil proton, produced vector
meson, then the physical meaning df, becomes clear
through the relation

o UUU) _ (LU

2y

PRI RVETAV SRS ERVRVAVIE @13 - . .
Our definitions ofC;; are slightly different from those of Ref.

h h . f larized ic| q [44]. Our C;; corresponds t&;; of Ref.[44].
where the superscrifil refers to an unpolarized particle an 2We treat the cross section as a single polarization observable.

U (L) corresponds to a photon linearly polarized along thethough there are altogether 290 observables, only 24 of them are
X (y) axis. linearly independenit41].
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FIG. 3. Diffractive ¢ meson production within the vector-

. FIG. 4. Quark picture for the Pomeron exchange modelof
meson-dominance model through Pomeron exchange. Q P g el

photoproduction. The four-momenta of the quatks ; are given
lll. THE MODEL FOR ¢ MESON PHOTOPRODUCTION in parentheses.

To calculate the spin observables defined in the last sec- To determine the explicit forms of the vertices, we have
tion, we need to construct a model for the helicity amplitudego rely on some model assumptions. Based on the Pomeron-
of ¢ photoproduction. Our model includes the diffractive photon analogy, the quark-quark-Pomeron vertex,dg;l°
and OPE production processes and the direct knockout of avertex in Fig. 4, is assumed to be, . Accordingly, we also

ss (or uud) cluster in the proton. We describe below the have
essential dynamics of each process and give the resulting _
amplitude. Fa=U(P") you(p), (3.3

whereu(p) is the Dirac spinor of the proton with momentum

) ] ) ] p. The factorN, of the number of quarks in the proton can
In the VDM diffractive photoproductio45,46|, the in- o absorbed intd,.

coming photon first converts into vector mesons, i.e., the \yjith the assumptions used in Ref48], namely, (i)
¢-meson in our case, and then this vector meson Scatteh‘ﬂarksql and g, which recombine into ap-meson are al-
diffractively from the nucleon through Pomeron exchangenost on-shell and share equally the four-momentum of the
as shown in Fig. 3. Experimental observations for vectoryiqoing ¢, i.e., the nonrelativistic wave function assump-
meson production, smalt} elastic scattering, and diffractive tion, (i) quarkgs, which is between photon and Pomeron, is
dissociation indicate that Pomeron behaves rather like a ¢, off-shell, and(iii) T, y, andV <, , the loop integral

=+1 isoscalar photori47,48. A microscopic model for ;. Fig. 4 can be easily carried out to give
vector-meson photo- and electro-production at high energy

based on the Pomeron-photon analogy has been proposed fy, ,, Y .
Donnachie and Landshof#9], and the Pomeron could be ?XM 2 Triy (bt Mo y" (Pt K+ Mgy (P + 4+ M)},
successfully described in terms of a nonperturbative two- (3.9

gluon exchangg modéBl,SO.—Sz}. whereM is thes quark mass ang, is the 4-momentum of
In our previous calculatior33], we used the vector- ™ .
the quarkq,. Explicit calculation leads to

meson dominance model with Pomeron-photon analogy
within the hadron-Pomeron interaction picture, which is ex-
pected to be valid in the low energy region. In this paper, we F‘WV:Zk“g””— Ek“q”qV—Zg‘”( k“—qﬂk—q)
employ a microscopic model for the VDM. In this approach, 2

the incoming photon first converts into a quark and antiquark

pair, which then exchanges a Pomeramith one of the gqeq*
quarks in the proton before recombining into an outgaing +2(k"=q")| g**— 2 |-
meson, as depicted in Fig. &See, e.g., Ref48].) In terms q
of ¢ (photon polarization vectoe, (,), the invariant am-
plitude of the diffractive production can be written as

A. Diffractive production

(3.9

Inspection of Eq.(3.5, however, shows that the last term
breaks the gauge invariarffcso thatM #7k,# 0. This arises
TyiDM:iTOg;MM Ve by, (3.1  from the simple assumption abolit, and a more realistic
modification ofI', is needed to fix this probler48]. To
with have a gauge invariant amplitude, here we simply remove
the gauge noninvariant terms by multiplying the projection
MHPY=F TOrY, (3.2  operatorP,, from both the left- and right-hand sides of

. r«#vse, i.e.,
where F, describes the Pomeron-nucleon vertex &ifd*”
is associated with the Pomeron—vector-meson coupling__
which is related to they—qq vertexI', and theqq— ¢
vertex V,,, as shown in Fig. 4. The dynamics of the
Pomeron-hadron interactions is containedlin

“This problem has also been discussed in Ref8,55. To cure
this problem, it was suggested that the quark-gluon structure of the
Pomeron in QCD be described in a consistent Wayl], or the
correct off-shell structure of the electromagnetic interaction of the
dressed quarks be taken into account in constituent quark models
SWe do not consider the two-gluon-exchange model for the[48]. However, further detailed discussion on this topic is beyond
Pomeron in this work. the scope of this work.
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Fa,,uv Fa'MV:P”M/Fa, ,PV/V, 3.6 Wz_'\/l2
- 'y (3.6 To=——— MV \/4770-7(W)b¢exp( 3bglt—tmad).
where (3.1)
where
P;LV:g,uV ,uqv (37)
k-q tmax= tmn=2M&{—2E,Ep +2/k[|g],  (3.12

It leads to a modified™**” as and the normalization constanf reads

[k = (k4 q) “gh? — 2kFge” )
N2=———1{k-p[k-pM2+ (k-q)?
MﬁMi{ pLk-pMy+(k-q)7]
+2k-pk-a[p-q—2M3]1—(k-q)2[p-gq+MZT}.
(3.13

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

q#
2 kl/ga,u.+ g(k.qgav_kaqv_qakV)

k2qv

(q g9**—q“q") | +(k—q)“g"".

Note that although the third term within the square brackets ,vowm =3 d 1/2) t H)d 1/2) ( )T VoM

in Eq. (3.8 is essential to ensure the gauge invariance it does sty N Mg My M
not play any role in¢ photoproduction becausg-e, (3.19
=k-&,=0 andk?=0 in photoproduction. The last term also

does not contribute becaugek=F- g. Equation(3.8) com-  Where

pletes our prescription for the spin structure of VDM ampli- VDM
tude. This should be compared with th&#” that was used N oMy my
in Ref.[33],

=iCTO{[(1+ aa’'cosh)(VO—WO) —a%(Vi-w?)
Tomr=(k+q)"g"'—k*g”—q'g™, (3.9
AW =2mi ImWY 6 m,
which was obtained by gauging the massive vector-field La-
grangian in the usual wayp7,58 for the ¢ P vertex. Note

thatI'*#” is obtained within the hadron-Pomeron interaction
picture while we attempt to use a microscopic quark- 1
Pomeron interaction scheme instead in this paper. Note the + —bAmWY
similarity between Eqg3.8) and(3.9) as well. More detailed 2m,

discussion on the comparisonlof-#” with I"*#” is~given in with C= (7p+1)(7r3+1)/2 and 6 is the c.m. scattering

Appendix C together with the gauge invariancel 6f*". angle. Definitions for the other variables and their detailed
The factorT, in Eqg. (3.1) includes the dynamics of the derivation are given in Appendix D. Close inspection of this

Pomeron-hadron interaction. We use the form and paramamplitude shows that at smal| (or 6—0), the dominant

+2m;| aa’sin8(V°— WO —bX(VZ— W?) —b?W>

5, mf] , (319

eters of Ty determined in Ref{59], which reads part, namely the K+ q)“g*” term in T®#*, has the spin/
g helicity conserving form as known in the conventional VDM
o amplitude,
(a O'y(W)bqsqu_qu“_tmaxl), (3.10 P

- VoM ~—2i|k|CTo(1+ aa’)dy

Ng Mg, m;
with b —4 01 GeV? ando,(W)=0.2 ub aroundW=2
~3 GeV This normalizes the amplitudg, and explicitly
we have

=—iMg™M S\, O, m: (3.16

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

SThere are two comments concerning the parameters. First, these
parameters may be dependent on the energy scale. However, for our
present qualitative study we will assume constant values for them at At low photon energy, a one-pion-exchange diag(&ig.
W=2~3 GeV throughout this paper. Second, the parameters arb) gives non-negligible contribution. This may be regarded
determined by fitting the formulé8.10) to the experimental data, so as a correction to the VDM procef37].
the contributions from the knockout and OPE processes are ne- The effective Lagrangian for thé y7r interaction has the
glected. However, as we will see, these mechanisms optpbo- form
toproduction are suppressed compared with that of the VDM and
the use of this parameter set is justified. £¢W=“gM,Te””“ﬁaM(pVaaABwO, 3.19

B. One-pion-exchange ing photoproduction
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P P (@) (b)
FIG. 5. One-pion-exchange processdphotoproduction. FIG. 6. Two possible mechanisms ¢f— ym decay.
whereA; is the photon field. The effective coupling constant 2 5 5
~ . . MZ(MZ—4MY) t(t—4My)
d4,- Can be estimated through the decay width¢ef: y, QazL, §T2—1
which reads AMR 4MY
1 (M5-M2)3_, 1 1
_ _ 2_p2 _ 2
I'(¢—ym)=g5- —'V'i I ym- (3.18 QT—M(M¢ M), Qe=5p— (MG—1).
(3.22
From the empirical value of (¢— y7%)=5.8x10 6 GeV, o
we getd,,,=0.042 GeV 1. A remark is needed here con- U(X) is given as
cerning this estimate. The blob in Fig. 5 contains two pro-
cesses as shown in Fig. 6. In addition to the VDM-like pro- 1|2x2+1 )
UX)=— log(4x“+1)—1]. (3.23

cess of Fig. &), there is another Gell-Mann—Sharp—Wagner
type diagram shown in Fig.(B). In the pure VDM, the de-
cay process is completely dominated by Fi@)@&nd there is
no contact term. However, this pure VDM diagram gives

2x3  4x?

Before using these form factors, one should be careful with
the use of factor 2.3 i 4 of Eq. (3.21) since this factor is
) ’ ) determined for thesyw coupling[37]. However, since we
(M3—M2)3 i
@e gpr(My ™ do not have enough data for tllemeson case, we will use

I'(¢— W)VDM:ﬂ =1.65x10"° GeV,

Mifﬁ this value in our qualitative study o# photoproduction.
(3.19 The T matrix element of the OPE process then reads
with the p-meson decay constafif (=5.04), a.= e?l4, oPE [ - - &
andg,,,=1.19 GeV ' Thus the pure VDM overestimates T :t_TQNNW%WWmf mWi,n o (329
the decay width by a factor of 3 and we have to allow for the m

contact term of Fig. @) to fit the experimental decay width. here th i tant tain the B Ke-Bou
However, since the two transition amplitudes of Fig. 6 haveV1€r€ th€ coupling constants contain the Benecka-1oum

the same structure, we combine the two processes into oJ@CtorS and
term as in Eq.(3.17 with an effective coupling constant . — 5 vap
aqﬁ Wmf,mizu(p )')’5U(p)y W)\¢’)\1/= et q’uka8¢,,87ﬁ.
ym:
For theNN interaction, one can use either pseudoscalar (3.29
or pseudovector coupling, which are equivalent at the tree

. . F B .
level. For definiteness we use the pseudoscalar coupling &firect calculation o™ andW* gives

the form
W,f1f m=Cl[2m(a'cOSO— ) S, m—a'SINOSm —m ],
Lps=—ig-nnNys7 7N, (3.20
with g2 /47 =14.3. WE(MY:iEy N (Ey—|qlcost) e, e,
To include the off-shell effects, each vertex in Fig. 5 has

to be modified with a form factor. We follow Ref37] and ; ;

o . . sing \4|q|sir?é
use the Benecke-Duform factors[60] in which the 7NN + Ll (lal—|alE4c0s6) 8, o— Ll
form factor Fy and the ¢ym form factor F, are param- \/Equ ¢ 2
etrized as (3.26

_1+(2.9°Q% B U(2.3QF)( QT)2 where
V11(29%Q3, ¢ URI\ Qe

(3.29) £y 8,=

Ey
whereQy (Qn7) is the on-shell(off-shell) 7-N c.m. mo-
mentum and)t (Qg) is the momentum of the on-shébff- and o and «’ are given in Appendix D. Note also that the
shell pion in the ¢ rest framg 61], respectively, OPE amplitude is purely real. This implies that it does not

1+

A (6, (329
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For simplicity and for our qualitative study, we approxi-

Y V'”:,l mate the proton wave functio3.28 as
SE{J 554 & ¢ |p)=A|uud)+B|uudss. (3.29
uud{ p uud{ ~— ] . ) )
P P ~ b This parametrization of the nucleon wave function can be

justified in our case of production as argued in RefR7—
(a) ) 30]. To compensate for the negative parity of #&cluster,
only the odd orbital excitations in the wave function of rela-
FIG. 7. (a) ss-knockout andb) uud-knockout contributions to  tjye motion betweeruud and ss clusters are allowed. In
¢ meson photoproduction. principle, there are two more configurations when we con-
sider the first orbital excitation of the quark clusters: either
interfere with the knockout amplitudes in the differential the s cluster or theuud cluster is orbitally excited. In this
cross section as we shall see below. section, we consider only th&s clusters withj =0~ and
~ One may also consider titechanneln-meson exchange ;- wherej? stands for the spin of agscluster of parityP,
instead of pion. In fact, the decay width ¢f— y7 is about  anq |eave the study of the other quark-cluster configurations

5.58x10°° GeV, which is larger thad’(¢—ym) by an 5 Sec. V. The proton wave function can then be expressed
order of magnitude. This gives us the large/n coupling g

constant g,,,=0.218 GeV! as compared to Qym
=0.042 GeV''. However, we should also consider the  |p)=A|[uud]*?
7NN coupling. By assuming S@) flavor symmetry, one

obtains g, nn/gronn=(1/1/3)- (D—3F)/(D+F)=-0.19 n b uudl®s L e[ sSissY.
~—0.35 usingrF/D =0.5~2/3, and we find that the product jsgzzo,l;jc JS‘S][[[ ] [L1FeelssP=,
of the coupling constants in the-exchange diagram is of the (3.30

same order of magnitude as that of OPE. Nevertheless, be-

cause of its heavier mass, themeson exchange amplitude where the superscripts 1/2 angk denote the spin of each

is eXpeCted to be smaller than that of OPE at least in th%'uster and bO!bl) Correspond to the amp“tudes Of tbg
forward scattering region. There can also pe cancellation be:;yster with spin 0 and 1, respectively. The strangeness ad-
tween the two becaus,yn/gony<0. In this work, there-  mixture of the protonB?, is then defined to b&|b; |?,

fore, we will not consider the;-meson exchange diagram in which is constrained té\2+B2=1 by the normalizatii)sn of

¢ photoproductior?. the wave function. The symbad represents vector addition
of the cluster spins and the orbital angular momenturiVe
C. Direct knockout production choose the lowest negative-parity excitation with 1. For

When the incoming photon interacts with the five-quarklss= 1 Ic (‘]c:/suudH-)_ can either be 1/2 or 3/2 because
component of the proton, we have an additional procesSuud=1/2and”=1. As in Ref.[30], we assume that the two

called direct knockout as shown in Fig. 7. This process cafSSible states have the same amplitude. We also limit our
be classified, according to the struck quark cluster, &80 consideration to color-singlet cluster configurations, assum-
and uud-knockout. In order to investigate the effects from iNd that hidden color configurations do not contribute to the

the hidden strangeness content of the protogb iphotopro-  Single (one-step knockout processef27,30. Our analyses

duction, we parametrize the proton wave function in Fock_ShOW that the differerﬂ;?_configurations play different roles
space as in the knockout production.

When the incoming photon strikes thecluster, we have
the ss-knockout process as shown in Figa) and Fig. Tb)
|P>:A0|UUd>+; Ax|UUdX>+; Bx|uuds), corresponds to theiud knockout. In thess-knockout pro-

(3.29 cess, the symmetry property of the spatial wave functions in
the initial proton state only allows for the magnetic transition
to contribute, while electri¢spin-independepttransition is
forbidden. Then the transition amplitude is proportional to
the matrix element

whereX denotes any combination of gluons and light quark
pairs of u and d quarks. Our aim is to estimai@y|? by
isolating the OZI evasion processes. Elisal. [22] esti-
mated it to be 1-19% from an analysis pp annihilation. (Sy=1lo— 0djx=0,1)-(axe,), (3.3
From the ¢ electroproduction process, Henleyf al. [27]
claimed that its theoretical upper bound would be 10—-20 %so that only the antisymmetric initial state withs=0 con-
We improved their prediction by employing a relativistic tributes. This leads td7*bg. In the case ofiud knockout,
quark mode[29,30], and showed that the upper bound couldthe sscluster is a spectator, and orjl=1 state can match
be lowered to 3-5 %. the physical outgoings meson. Here, both the electric and
magnetic transitions contribute afid"%=<b; .
The detailed description of the knockout process with the

SFurthermore, since this one-boson-exchange amplitude is purelglativistic harmonic oscillator quark model and its electro-
real, its contribution to the double polarization observables is exinagnetic current can be found in Ref29,30. In this paper
pected to be negligible. See E¢.10. we just quote the relevant results. The knockout amplitudes
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are most easily evaluated in the laboratory frame as given in

Ref.[30]. After transforming into the c.m. frame, they read

Ss __iTSScSS
Tm¢ m¢ )\ ,m; IT Smd) mg; )\y,mi'

uud _ sruudcuud
Tm¢ mg; )\y,mi_ITO ‘Sm¢ mg ; )\ ,m; (3'33

HereT$S and T4UY include the dependence of the amplitudes

on the energy and momentum transfer, aitf and SYU°
contain their spin structure. Explicitly they take the form,

s 87TaeE E .
To= M—N A*boF s 75,059
L
, msE
X Fyud '}’:;/ uo)vs_s(pL)ng\Tv
wud_ 87TaeE E .
To M A*b FS{)/QS,O)

L

M
XFuud Vpr v Vaud Q) 37 (333

and
= ﬁ; (melel3m)Esn, el (my)-e,(\,),
Sid=—V3 2 (3m—\,1eljeme)
0,j¢c M
X (jemelmg|my) £, (3.34
where
_ 1 1
— ; d_ — .
Sjl—iﬁsmf)p,, ‘;“1—+\/—§sm0q,
S=cosf, , £5"%=cosb,, (3.35

with 6, being the production angle in the laboratory frame.

In add|t|on we useus=My /Mg, andu=My/Mq, with s
quark massMg (=500 MeV) andu,d quark masqu
(=330 MeV). The functionsFs's (B=ssuud) are the
Fourier transforms of the overlap of the spatial wave func-
tions of the struck clustes in the entrance and exit channels
[30], which read

Fsd( 75,059 = (75) " *exp( —r4g2J6)
=(v5) texp{—a%(8Q,)},

Fuud "}’IF_,I +Auud) = ( '}’I,;r)_zexq - rﬁudqﬁudIG)

=(75) 2exp{—qfud (6Q)},
(3.3

with
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EL
E—J[(E5>2+pf
p/

L
Ep
MN’

Vo= 0fua=2(E5)*— —qtl,

EL
E—J[(E§>2—pﬁz+q51,
P (3.37)

wherer ,,q and rgg are the rms radii of the proton angl
meson, respectively, an@ , . are the harmonic oscillator
parameters. We use the parameters determined in[ B&f.
as\Q,=1.89 fm ! andQ,=3.02 fm ..

The momentum distribution functio¥z(p) of clusterg
is given by

Eg
iy, O 2B

5
v(p)= pzexp[ - ﬁ(pz—xBMNEB)] ., (338
X
wherexge=23/5, Egs= E'F‘), andx, 4= 2/5, Ey,¢=E5 . The pa-
rameter(}, is again related to the hadron rms radii and taken
to be Q) ,=2.63 fm ! [30].

Note that all knockout amplitudes are purely imaginary,
which indicates the absorption of incoming photon by the
five-quark component of the proton. Therefore, they do not
interfere with the OPE amplitude in the differential cross
section. However, we do expect a strong interference be-
tween the dominant imaginary part of the VDM photopro-
duction and knockout amplitudes.

IV. RESULTS

It is straightforward, with the help of Eq2.6), to obtain
the helicity amplitudes of the knockout and OPE processes.
The total photoproduction helicity amplitudé is given by
H=HYPM 4 Hs54 Huudy HOPE (4.)
We can then proceed to calculate various spin observables
with the formulas developed in Sec. Il and Appendix B.
Among those presented in Appendix B, we focus on those

which are found to be strongly dependent on the strangeness
content of the proton.

A. Unpolarized cross section

Before studying the spin observables, let us discuss the
parameters of our model. In addition to the parameters of the
VDM and RHOQM fixed in Sec. lll, we have to determine
the amplituded, ; of the proton wave functiort3.30. As
we will see, the prediction on the spin observables is sensi-
tive to the combinationA*b; = ”isglA*bis:—I' where 7;_
(==1) is the relative phase between the strange and non-
strange amplitudes. In principle, the purpose of this study is
to determine these values by comparing the predictions with
the experimental data. However, because of the lack of ex-
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FIG. 8. The unpolarized photoproduction cross section
do/dt(0) at W=2.155 GeV E&/=2.0 GeV). The solid, dotted,
dashed, and dot-dashed lines give the cross section of VDM, OP
ssknockout, anduud knockout, respectively, with strangeness ad-
mixture B2=1% and|bo| =|b;|=B/2. The experimental data are
from Ref.[59].

FIG. 9. The single spin observablés X, (b) Vyiyyryr, (€)
2120, and(d) Vi atW=2.155 GeV Ebz 2.0 GeV). The solid
ihes represent the predictions of VDM plus OPE, iR?=0, and
the dashed and dot-dashed lines are fgp= +1,7,=+1) and
(+1,—1) with B>=1%, respectively. The dependence gp is
negligible and the results for«(1,+1) and (—~1,—1) are not

shown.
perimental data, we will make an assumption about these
values and compare our results with the pure VDM and OPE HYOM = iMYPM s 8 (4.2)
P : . . Mg Apihy 0 AN ONGN
predictions that are associated with 8&=0 case. For sim-
plicity, we assumedg=bs=B2. where M¢PM denotes the corresponding amplitude |t

The result of our numerical calculation on the unpolarized~|t| ..
¢ p;h[CJto]produrc]tion withinéhi RHOSM is shcl>wn in Fit?. 8.(;n f For the ssknockout amplitude we us@’=35,, at |t|
Ref. [30], we have argued that a theoretical upper bound of _ 1 1y \_ ,
B2 would be around 3-5%. In Fig. 8, we carry out the cal-_|t|min and(3Ai10/3M)=2);/V3 to obtain
culation with the strangeness probabilBy=0.01. We find _ _
that the VDM process dominates the knockout and OPE HY o, = TIMGT2NN ) S0 O pn - (43)
mechanisms except in the backward scattering region. How-

omparison of the helicity dependence of E¢$.2) and
§4.3) shows that thessknockout helicity conserving ampli-

VDM is questionable and the contributions from the inter-, | 1« -« an additional important phase factor;{2). Here
mediate excited hadronic states are expected to be mportaqhe)\y factor comes from the magnetic structdre of the élec-

Therefore, the VDM gives the dominant contribution to thetromagnetic interaction while)2 results from the coupling

cross section in the kinematical region at small scatterin%f S,uq With L in the initial proton. The OPE amplitude in
angles in which we are interested. this rlej:dgion reads '

B. Polarization observables
- - - HOPS o v =~ MG H2NN )80 Sy 0. (49
We show our predictions for the single polarization asym- @Mty fhi7 gty

metries,%, Vyrxryryrs Varzr, @andVyo, in Fig. 9. It turns
out that the single polarization asymmetries are not sensitiv&hen the total photoproduction amplitude at smallbe-
to the strange quark admixture of the proton. However, th&eomes
story is totally different for the double polarization asymme-
tries, namely, some of them are very sensitive to the strange H ~[—i(MYPM £ 2)\ MSS)
admixture in the proton. Before presenting our numerical NgoReiky i 0 1ty
results for double polarization observables, we first discuss oy oP
qualitatively why thF()ey are important. 2\i\ ;Mg Eja”f”ig”d)X .5

Let us consider the most interesting regiontpfi.e., |t|
—|t|min (or 6—0), where the differential cross section is Note that in most calculations the Pomeron exchange ampli-
maximal. Here we can neglect the d-knockout mechanism tude is assumed to be almost imaginary by the optical theo-
because theud-knockout cross section is suppressed in therem. In this approximation, the OPE amplitude does not in-
forward scattering region. As shown in E@.16), the dif- terfere with the rest because all the other amplitudes are
fractive photoproduction amplitude has the following helic- purely imaginary. However, the VDM amplitude may have
ity conserving form in this region: some real part that could interfere with the OPE contribution



2438 TITOV, OH, YANG, AND MORII PRC 58

10 V71— T1 71V T T T T 1.00 ———— T T T T
I <1 Gt o —1,+1
o5 | @D e ] 050 | 1+1) .
L /,/,' Lo \‘\_ /,l' J | .
s TS ~. s . - -~
0.0 /i e 0.00 N Bt 2
I | ] [ 1 L=
— e
-05 T + . -0.50 - - .
£y Lo %%%i%{#ll!l/I%Ii:{#:}!#/ ._ﬁ—hOOH}H{H{HH}HIH“
[$) 7 7" @ B - ~
05 | ¢L-D // '_;__~(:1,—1) /A (@] 05 (+1,-1) P N G P /,,n.\\‘_
L S . [ N P /‘ /
~—N [ ‘f ______ ~ 3
0.0 \.’,’—; . x ) ,l’ 0.0 ) ! . 4//
____________ s K DGO E
05 == SN 2! N7 05 1 1~ ]
Ny oS
ol v v v b ey gqolea v e v e b e vy
0 45 9 135 180 45 90 135 180 ) 45 90 135 180 45 90 135 180
0 (degree) 0 (degree)
(a) (b)

FIG. 10. The double spin asymmeitg C5](6) and(b) CET(6) at W=2.155 GeV withB2=0%, i.e., the VDM and OPEsolid lines,
0.25% (dashed lines and 1%(dot-dashed lingsassuming thatb,|=|b,|. The phases+#y,7,) are explicitly given in each graph.

[62]. One may estimate this part by using the subtracted |-|x AL __[|(|\/|VDM+2)\ A Mo%
dispersion relation for the amplitudis,t), which is nor-

malized toso=Im f(s,t,,) With s=W? [63], +(§M})’DM+2)\i7\yM8PE)]6mi6x¢Ay
252 © ds’ (48)
Ref(s,t)= Pf Imf(s,t). (4.6
T Smin S/(S/Z_SZ)

As an example, let us consider the beam-target asymme-
In Ref. [63] this integral was evaluated analytically in the try C for the circularly polarized photon beam. It may be
limit of high energy. Unfortunately, however, this method wntten as
cannot be applied to the finiteregion and we must evaluate
Eq. (4.6) numerically. Assuming the standasddependence N s
of the imaginary part aé~s*P with ap=1, we can get the BT_dO‘(E)_d‘T(E)
ratio ¢=Ref(s,t)/Imf(s,t)=0.12-0.086 at E,=2~3 2 do(Y)+da(2)’
GeV. Therefore, we are justified to assume the real part of
the VDM amplitude as

4.9

wheredo representsio/dt and2 and 3 denote the sum of

ReH\{ZN{ PUREY —§MV 5)\%5%%. 4.7 the initial proton and photon helicities. In the former case
and A, have the same sign while in the latter they have
Then the total amplitude reads opposite signs. Thus we get

||(MXDM—MOS)+§MXDM—M0°PE|2+||(MXDM+MOS)+§MXDM+M0°'°%2

BT _
zz

(MVDMM %"’gMVDMMOPE

M VDM|2
oSS -OPE
~—2 2¢ . (4.10
7o &VOM oVOM

The above equation explicitly demonstrates the effect of thequare root of the hidden strangeness contribution to the
ss admixture and the OPE process in the asymmetry. Witleross section. This should be compared with the prediction
the strangeness probabiliBf= 1%, thess-knockout contri-  of VDM plus OPE, which givesCE‘zT~0 when the VDM
bution to the total unpolarized cross section is only at theamplitude is purely imaginary. The OPE contribution to the
level of 5%. But in the asymmeti@Z] , its contribution may  unpolarized cross section has the same order of magnitude as
be seen at the level of 0.45 since it is proportional to thethat of thess knockout, and its contribution t€2] comes
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FIG. 11. Notation same as in Fig. 10 but f@ C°} and(b) C

only from the interference with the real part of the VDM In Fig. 11, we give our results for the beam-recoil asym-
amplitude. However, this contribution is suppressed by thenetries,C>% and Co% . This shows that these observables
additional faCtOfg"‘o.l and, as a reSUlt, it is at the level of can be useful in probing the Strangeness of the nucleon.
0.05 which is much smaller than the effect of hidden strange- The target-recoil double asymmetriégR, andC™® are
ness in the proton. Thus, in the results presented below wg, i z 2z

| . Fig. 12. In this case, however, the knockout mecha-
do not take into account the real part of the VDM amplitude. 9

nism gives a very similar behavior of VDM except at large

angles. Thus the observabl@§§ andCIS arenot so useful

. for the purpose of extracting the knockout process. The same
Our results for the beam-target double asymmé®y)’,  conclusion applies to the beam—vector-meson asymmetries
are shown in Fig. 10. Here the solid line corresponds to the:iEJ?V_ As an example, we give our results in Fig. 13, which

VDM plus OPE prediction, and the dashed and the dotshows thatc®) andC®! are nearly independent of the hid-
dashed lines are the predictions when we include the knoc

L e o 0 i Kien strangeness content of the prdton.
out contributions withB“=0.25% and 1%, respectively. Figure 14 shows our results f@™. We also present the

Since we have na priori information about the phaseg.1,  predictions forcRY in Fig. 15. We see that all of them show

we give results for all four different choices of relative gyong sensitivity to the strangeness content of the proton.
phases. Our numerical calculation confirms the previous

gualitative considerations. Qne can see m?{[ in Fig. 10a) V. OTHER CONFIGURATIONS OF NUCLEON

depends strongly on the hidden strangeness content of the WAVE FUNCTION

protoneven in the forward scattering regioihis difference

is caused by the different spin structures of the VDM and the In the last section, we assumed that both €senduud
knockout amplitudes. Therefore, this observable can be usedusters are in their lowest orbital configuration, nam&y,
to extract the hidden strangeness of the proton everBfor state. We label this configuration as “configuration” In
<1%. The results f0|CZBXT in Fig. 10b) lead to the same this section, we discuss the role of the orbitally excited clus-
conclusion although it is not as sensitive a€fj . Note that  ter configurations in the five-quark cluster model for the
the results at smal are near|y independent Ofl' This is nucleon ing photoproduction. We consider the orbital exci-
because theiud-knockout process is suppressed comparedation of thess cluster, called “configuratiorfll)” and the
with other mechanisms in this region. Similarly, the resultsorbitally exciteduud cluster, called “configuratioiil).” In
are nearly independent of the phaggat larged. From the these cases, thes and uud clusters form a positive parity
energy dependence of the polarization observables, we ofphysical proton withv’=0. Then we can generalize the pro-
serve that the knockout contribution is suppressed at highdpn wave function as

energies because of the strong suppression due to the form

factors in the knockout amplitudes. This leads to the conclu1p>=A|[uud]1/2>+ z b}“l| [[uud]Jn@,[SgJisz@[L]]l/Z),
sion that the optimal range of the initial photon energy r}il;“()“i ss

needed to measure tlis component of the proton would be s (5.1)
around 2—3 GeV. Furthermore, we find that the forward scat-

tering region of§<30° offers a better opportunity to mea- where the superscripts, and jss denote the spin of each
sure the hidden strangeness contribution. This conclusionluster andb{"|?> and |b{"|? correspond to the spin-0 and
holds for the other spin observables as will be seen below.

C. Numerical results

®Note that the quantitiesC{’, C[¥, and C{Y with (]

"Note that ourCZBZT corresponds to the minus dfr of Ref. [33]. =x',y’,z") are defined to vary betweeh /3/2[38].
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spin-1 amplitudes of thes cluster of “configuration (),” amplitudes do not contribute to the direct knockout process,

respectively B2, the strangeness admixture of the proton, isalthough they can give a contribution to the total hidden

then E(b](:%)z. The amplitudes are constrained to Bé streéngenelss_pro%ablllty. o it the elect
2_ p2 (N2 o y analyzing the amplitudes one can find that the electric

+B7=A"+2(bj)"=1 by the normalization of the wave yanition is suppressed by the magnetic as in the case of

function. configuration(l) [30]. For example, the suppression factor
The symmetry properties of the wave functions in thefor configuration(ll) reads

initial and final states lead to the selection rules for different

ss configurations as summarized in Table I. We find that _|p,’_|sin Op 5
from six possible terms of the proton wave functi@l), =L ' (5.2
only four can contribute to the direct knockout process: two 4
in ss knockout and two inuud knockout. The other two which can be expressed in the invariant form as
|
W22+ [W2(W2—2MZ— M2) + MZ(M&—MZ)t]+ M4M?2
¢ NN ¢ ¢'N
f&,=—2M§ : (5.3

(W2—M2)*

Numerical estimation shows that with~2.1 GeV the suppression factéf,, reaches its maximum value around 0.02 at
~—0.8 GeV and it becomes negligibly small #$— |t|max OF [t|—|t|min- A similar suppression factor appears in the electric
transition ofuud knockout in configuratior{lll ). Thus in the region of of interest to us, where the knockout mechanism
would be important, the contribution of the electric transitions is negligible and we will consider the magnetic transitions only.

The amplitudes for configurationdl) and (lll) can be calculated in a straightforward way using the method of Refs.
[29,30. The corresponding amplitudes have the form as given in(E§2 by replacingT, and S by

87TaeE|;5EL V2 uoE
pr L —_— ’ S
=l ) A" b6 P (75,059 Flud 7y OV P 337 (5.4
S = —)\y\/§j 26 . (1mg10]j emg)(5mgjcmg| 3m;)(Imglx;|1my), (5.9
c— Y
for “configuration (I1)” and
87TaeE|;5EL, 2 — wE"
TSU“(“”:(—MN =] AT (7 O F (Y Guvd Vaud G 37 (5.6)

3
dimy _— — H _ 1 1 _ ; _
St = \[zjclElzlslzmmf Ny Amylzm)(3mi— 2, 10(jeme—X,), (5.7
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TABLE I. Selection rules of knockout processes for each quark 10— — — 3
configuration of the nucleon. The electric and magnetic transitions F ]
are represented by E and M, respectively. L =
Configuration I I M 10°® ﬁ
S 0 1 0 1 0 1 2 . 4
ss knockout M — — E,M  — — % T~ E

L RSN -

uud knockout — E M  — — — E/M g 10° RN 3
5 ;_- he N T Q,o—é

for “configuration (I11).” The functions F§" ™" with g I &QQ% \\\/'/ A

— -10 -
=(ssuud) are related to the correspondeRf) of Eg. 107 & %% AN dadb
(3.36 as 3 ¢ ®\\ ]

/ \ 3
EL r2_5(1_v ) » , % AN 4
I, L _—=y\V's all =y, L 12 o b L 1BV 1IN
F(s§)( Yo Us9) = 3 F(SE)( Y¢+9s9)s 10 0 45 90 135 180
\/_ 0 (degree)
E-Vr2, (1—V, ) . . .
L uud p'l L
FEJ'L'&( YV Auud) = Y 3 Ffj'&d( Y Auud)s FIG. 16. The unpolarized photoproduction cross section

do/dt(#) atW=2.155 GeV E;=2.0 GeV). The solid and dot-
(5.9 ted lines give the cross section of VDM and OPE. The dashed and

B L o dot-dashed lines are from thes and uud knockout from configu-
whereVy= |plcos6y/E; . The momentum distribution func- 4¢ion (I) in the proton wave function. The dashed line with dia-

tion Vg(p) of clusterg is given by monds and the dot-dashed line with circles are the cross sections
o from thessanduud knockout by assuming only configuratioik)

1 — v(p) and(lll') in the nucleon, respectively. The strangeness admixture is
?Vﬁ(P):—, assumed to b82=1% and|b{"|=|b{"|=B/\2. The experimen-
(2m) f dpvy(p) tal data are from Ref59].

5 Using the numerical value of the dimensional parameters
v_g(p)=exp|’ - ST(pz_XﬁMNEB) _ (5.9 rss=0.29 fm and{Q,=2.63 fm * [30], we obtain
X
. . . EX(1-Vy)

Note that the difference with ; of Eq. (3.3 lies in the ngzo_gly—,q”_ (5.13
absence of the factq®. The calculation offX" is rather Ip! |
similar to that of TSS" which is given in Ref[30] and Ap- _ L
pendix E contains the derivation 3FX") in some detail. Since atf=0 we have co#,=cosf,=1, E;=E +t/2My

Analyses of the relative contribution from different clus- ZE';, and
ter configurations show that the contribution of configura-

tions (Il) and(lll') are much smalletby an order of magni- . L [a.| L
tude than that of configuratioril) even if we assume the |pL|:|kL|_|QL|ZEy 1- ? =E5(1=Vq),
same values fob{"). This can be seen from Fig. 16 where ¢

, : : . (5.14
we present our results for the differential cross sections from

each configuration. . o . we then obtainR2=0.1, which agrees with the numerical
_ For clarity, let us consider thes knockout for configura-  cajculation of Fig. 16. A similar conclusion can be drawn for
tions (1) and(ll). The ratio of the spatial matrix elements for {ne yud knockout from configurationd) and (I11).

configurations(l) and(ll) read The above analysis shows that the cross section of the
L knockout process is dominated by configuratibnand we
L E«/(l_vq\\)\/r—gm 51 can safely neglect the other cluster configurations in the pro-
s I 3N}’ (5.19 ton wave function. Now let us consider the polarization ob-
servables. For simplicity, we again consider the case of con-
whereN, , are the normalization factors of the radial wave figuration(il). From the amplitude5.5), one can find
functions of configurationgél) and (Il), respectively. Since

Hf};\:ﬁ;xy,)\i“5xf>\i5x¢>\y- (5.19

Nazwf dpv.(p), (5.1 This has the same structure as the VDM helicity amplitude
(4.2). Since its amplitude is suppressed by the dominant
VDM amplitude, however, it cannot be extracted from the
background VDM contribution. We could verify this analy-
M~ 3_9)( (5.12 sis by numerical calculation even with the assumption of the
N, 2 ' same values fob}’s‘%. Furthermore, because of their heavy

we can obtain
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mass, the coefficients, ; of configurationg(Il) and(lll) are ACKNOWLEDGMENTS
expected to be much smaller than those of configuratipn
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We gratefully acknowledge useful discussions with M.
Fujiwara, S. B. Gerasimov, S. V. Goloskokov, C. R. Ji, T.
‘?(inashi, and M. Namiki. Y.O. is also grateful to D.-P. Min
for encouragement and wishes to thank the Physics Depart-
ment and the Center for Theoretical Sciences of the National
VI. SUMMARY AND CONCLUSION Taiwan University for the warm hospitality. A.l.T. appreci-

We have studied the possibility of using the spin observ-ates the warm hospitality of the Faculty of Human Develop-

ables of thep meson photoproduction process in probing themMent of Kobe University where part of this work was carried

hidden strangeness content of the proton. We consider tHHt: This work was supported in part by the Russian Foun-
direct knockout mechanism in addition to the VDM and opgdation for Basic Research under Grant No. 96-15-96423, the

processes by assuming 88 component in the proton wave Korea Science. and Eng?neering Foundgtion throygh t_he Cen-
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andCYY, ., arevery sensitiveo the hidden strangeness

. . . APPENDIX A: DENSITY MATRICES
content of the proton in the forward scattering region,

whereas most of the target-recoil and beam—vector-meson In this appendix, we discuss the density matrices of the
double asymmetries are not. It indicates that measuremenghoton, target and recoil proton, and the vector meson. In
of these double polarization observables could be very usefigeneral, the density matrix of the photon can be written as
in probing the strangeness content of the proton.

We also find that the contribution of the knockout mecha- 1
nism is suppressed with increasing initial photon energy be- Py=3
cause of the strong suppression due to the form factors in the
knockout amplitudes. Therefore, we expect that the optimain photon helicity space, wherd, is the 2<2 unit matrix
range of the initial photon energy needed to measuresthe andPs is the Stokes vector which defines the direction and
component of the proton would be around 2—-3 GeV. How-degree of polarization of the photon beam. The presence of
ever, it should be mentioned that at extremely low energyo, is due to the fact that a real photon has only two spin
just near the threshold one has to take into account the OZlegrees of freedom. The Stokes vectors corresponding to
evading rescattering process and it would be interesting t§ome special cases of photon polarization can be found, for
study its effect on the polarization observables. example, in Ref[44].

The orbitally excited quark cluster configurations in the ~The proton density matrix is in the spinspace and is
proton wave function were also investigated in connectiortherefore a X2 Hermitian matrix. So we have
with ¢ photoproduction. We find that their rolenstimpor-
tant in the cross section and polarization observables and, :1(1 + oy Py) (A2)
therefore, these configurations can be neglected in the study PN 2T ONTEN
of ¢ photoproduction.

The purpose of this study is to determine the strangened8' the target proton and
content of the proton by investigating the polarization ob-
servables. Unfortunately, because of the scarcity of presently
available experimental daf4,65, we cannot give any defi-
nite predictions for the strangeness content of the proton )
based on our analyses. Thus, new experiments are strongf§f the recoil proton.

called for at the current electron facilities which, hopefully, . For the vector meson, because of its spin-1 structure, the
will help to shed light on our understanding of the protond€nsity matrix cannot be described by vector polarizations
structure. only. To describe the vector meson polarization completely,

Finally, we point out that, since th&sknockout process W€ have to take into account the tensor polarizations. The

dominates theiud knockout at the forward scattering angle, t€NSOr polarization operator is defined(as,40

one can estimate the value lof in the proton wave function 3

(3.30 by analyzing polarization observables. However, it is Sjk=§(3j5k+ SSj) — 2813, (A4)
not easy to get an estimate fby because its contribution
can be seen only at largéwhere corrections to our model
are expected to be important. To get information Egr,
therefore, it would be interesting to apply our analyses to 01 0 0 —i O
7n(7n') photoproduction as a complementary processpto 1 1. .
photoproduction, since thesknockout process in this case szﬁ 1.0 1), Sﬁﬁ T
is associated witlp; . 0 1 0 0 i 0

(12+ (Ty'Ps), (Al)

1
PN’=§(12+0'N"PN’)1 (A3)

wherel; is the 3X 3 unit matrix with



2444 TITOV, OH, YANG, AND MORII PRC 58

1 0 O The explicit forms of the matrices appearing in E21.11)

_ are (12,0',},) fOI’ A,y, (1210-N(N’)) fOI’ AN (BN’)1 and
S,= g 8 01 - (AS) (15,9) for By.?

APPENDIX B: SINGLE AND DOUBLE POLARIZATION

Only five of them are independent sinég,+S,,+S,,=0.
y P B2t Syt S OBSERVABLES IN HELICITY AMPLITUDES

Therefore, we are led to the final form of the density matrix

of vector meson as In this appendix, we give the explicit expressions for the
1 spin observables in terms of helicity amplitudes.
V=3 13+§j: p}/Q}/) (A6) The cross section intensif}( §) is defined as
1
where 2(0)= 5 Tr (FFY), (B1)
Ve \F ! which leads to
i~ E(S(vsyvsz)v %(Sxx_syy)a
4
1
1 \F 0)=52 2 |Hial (B2)
ESZD §(Sxyisyz’szx)a (A7) o
The explicit expressions for nonvanishing single polariza-
which are normalized as n}’Q\k’=3éjk. tion observables are as follows:
|
S, I(0)=—Re[HjHy 1= HiH1 ot HI _Hi1—H3Ho 1+ H3 Ho o~ H3 - 1Ho 1, (B33
Ty-Z(6)=—Im{H} _1Hs 1+ HiHsot H3 HaatH3 _1Hy 1 +H3Hi ot HS H1 g (B3b)
Py - Z(0)=—Im{Hj _{Hp 1+ HiHo ot Hi Ho g+ HE _ Hy 1+ H3Hy o+ H3 Hy ol (B30
V3

Vyr-Z(60) = — 7“’“ {H3o(Hg1—Hy_1)+H3(Hg1—Hg 1)+ H3 (Hp1—Hyo 1) +HI (Hy 1~ Hy 1)}, (B3d)
3 * * * *
Vx'x’y’y"Z( 0)= ER9{H4,—1H4,1+ H3’_1H3‘1+ H2'_1H2’1+ H1,—1H1,:|}: (B3¢

1
V- I(0)= 2—{|H4,—1|2_2|H4,0|2+|H4,1|2+|"'3,—1|2_2||‘|3,o|2+|Hs,1|2+|Hz,—1|2—2||‘|2,o|2+|Hz,1|2+||‘|1,71|2

V2

—2|Hyd?+[Hy 4%, (B3f)

V3

Vo - Z(0)= TRG{HZ,O(HM_ Hs—1)+H3Hg1—Hs_1)+H3o(Hp1—Hp 1) +HI(Hi 1 —Hi 1)}, (B3g)

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

Cyx- Z(0)=Im{H3 _1Hp1—HiHo ot HiHo 1 —H3 _jHy i+ HEH1 o~ HEHy 1}, (B4a)
CszT' Z(0)=—Im{Hj _ Hy1—HiH1 ot HiH1 1 +H3_jHo = H3 Ho ot H3 Ho 4], (B4b)
Co-Z(0)=—Re{H} Hz_1+H}Hz ot HiHa 1+ HE (Hy 1+ HEHq o+ HE Hy 1 (B4o)

%0One has to use- o, and — o, for the initial and final protons instead ef, and -, in order to have the correct helicity states in the c.m.
system[44].
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1
C2-1(0)=— §{|H4,—1|2"'|H4,0|2"'|H4,1|2_||'|3,—1|2_|H3,0|2_||'|3,1|2"'||'|2,—1|2"‘||'|2,0|2

+|Hpa®—[Hy 1[*=[Hyd?—[H14%. (B4d)
Beam-recoil:
C;}E I(O)=Im{H} _H31—Hj HsotHIHs 1 —H3 _jHi+Hy Hyg—HZ Hy 1, (B5a)
Cf}?’ Z(O)=Im{H} _1Hy1—HiH1 ot HiH1 1 —H3_Hoa+H3 Ho o= H3 Ho 4}, (B5b)
CZB)S I(0)=—Re{H}; _;H, _1+HiHoot Hy Ho i+ H3 i Hy 1+ H3 Hq ot H3Hy (B50)

z7

1
CBR'I(¢9):§{|H4,—1|2+|H4,o|2+|H4,1|2+|Hs,—1|2+|Hs,o|2+|Hs,1|2_|H2,—1|2_|Hz,o|2

—|Haa?=[Hy - a[?—[H1d?—[H14? (B5d)

Target-recoil:
CIS' Z(6)=Re{H} _{Hy 1+ H;HiotHIHy HH3 _Ho 1+ H3 Ho ot HE Ho o, (B6a)
CIZR’ -I(0)=—Re{H}; _;Hs_1+HiHaot Hy Hy—H3 1 Hy 1 —H5Hqo—H3Hy 1}, (B6b)
Cox-Z(6)=Re{H}_1Hp 1+ HiHo ot HE Ho = HY 1H1 1= HiH1 o~ HiHi ), (B60)

1
cl.7(0)=— §{|H4,—1|2+|H4,O|2+|H4,]J2_|H3,—1|2_|H3,0|2_|H3,1|2_|H2,—1|2_|H2,0|2

z7
—[Ha i+ [Hy 42+ |Hy o2 +|Hy 4% (B6d)
Beam-vector-meson:

V3

Chx-T(6)=— S Im{H}_yH1 o~ HigH1 1+ Hi)+HYHi g~ H3 Hogt HigHo 1+ Ho ) —HiHo o, (BT

3
Cs;/, I(0)=— \[E'm {Hi-1Hi1—HIHy 1 —H5 _ Ha i+ HE Ho a}, (B7b)
BV \/§ * * * *
Coy T(0) =" Re{H] o Hy 1+ Ha )+ HidHs 1+ Hs )+ HEgH, 1+ Ho)+HIH, 1 +H} (879
BV 13 2 2 2 2 2 2 2 2
sz/'I(9):—§ §{|H4,71| —[Hga?+[Hs 1= [Hg1®+[Ho 4= |[Hp 1+ |Hy 4| —[Hy %} (B7d)

Target—vector-meson:

V3

Chv-T(6) =~ -Re{Hig(Hs 1+ Ha) +H3dHa 1+ Han +HE(H1 1+ Hi ) +HIgH, 1+ Hop} (B8
v 3 * * * *
Co UO)=\5Re{H; _1Ha 1= HiHs ot Hy Hy = Hz Ha o, (B8h)
™v \/§ * * * *
C,o L(0)=— 7R9{|‘|4,0(H4,71+ Ha)—H3dHs-1+H3 ) +H (Ho 1+ Ho ) —HI(H1 1 +H19} (B8O

1 /3
I 9)25\[5{|H4,—1|2_|H4,JJ2_|H3,—1|2+|H3,JJ2+|H2,—1|2_|H2,JJ2—|H1,—1|2+|H1,JJ2}- (B8d)
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Recoil-vector-meson:

3
Cln - Z(0)=— - Re{Hjg(Ho 1+ Ha )+ Hig(H1 -1+ Hy) +HE(Hy 1+ Ha) +HI g Hs 1+ Hg ), (BOA)
3
Coy - Z(6)= \éRe{Hz,le,l— H o4 H3_qH1 -1~ HY H ), (B9b)
3
CRV . \/_

o U 9):7R9{HZ,0(H4,—1+ Hy)+H3o(Hs_1+tHg)—H3o(Ho—1+Hy ) —HI (Hy 1+ Hy 9}, (B90)

1 /3
RV
C,I(0)=— 5\[5{“"4,1|2_|H4,1|2+|H3,1|2_|H3,1|2_|H2,1|2+|H2,1|2_|H1,1|2+|H1,1|2}- (B9d)

APPENDIX C: MODELS ON THE VDM AMPLITUDE Famr— (k+ q)igh’— kige— q'ge

In Sec. Il A, we write the invariant amplitude of the dif-
fractive production as _ éqﬂ(kaqy_k_qgay)_ %kV(qakM_k.qgaM),
VDM _: v

with M#’=F I'“#*, whereF, and I'*" correspond t0 \yhich retains all the terms df*~”. In fact, since thg* and
the Pomeron-nucleon vertex and Pomeron—photon—-vectopr terms do not contribute after being multiplied with the

meson vertex, respectively.  In R¢83], we used boson polarization vectorsf“,g"” gives results identical to

that of *#” in the calculation.

When we consider the Pomeron exchange model of Sec.
[ll, we obtain the gauge invariant amplitug®.8) by apply-
instead of thel'*#” of Eq. (3.8). This expression comes . h - gaug h pfaﬁa f)Ey gpy
from gauging the massive-vector field Lagrangian for thelN9 the projection operatop,,, to the of Eg. (3.5.

g o
b$P interaction which is assumed to have the same spif?N€ may, however, use the projection operafgffsand
structure as theéb ¢y vertex. However, it does not satisfy the to get

gauge invariance conditiog, M #*= M #"k,=0. One way
to get a gauge invariant amplitude is to multipl§-*#” by the
projection operato®,,, as in Sec. lIl, =(k+q)“g""—2k*g*"—2q"g**

Temr=(k+q)’g—kig—q'g™,  (C2)
R e Ty 1

-~ -~ 1= ’
Paur Tour—pus'Te, pr'y

k-q
— oo (kta)9ark”
q

k2 2
(k+aq)* n
— ANV __ wAv q
(k+Q) g kq k q . (03) _@{kaqv_qaqv_zk.qgav}
Another way to project the gauge noninvariant part out of K”
>~ is to multiply Ply and P as - E{Q“k"—k“k“—zk-qg““}, (C7)
fa,nvﬁfgw:pm’f“, ) (Vr’)v (C4  where the last three terms vanish after being multiplied with
m'v !

the boson polarization vectors although they are required to
ensure gauge invariance. Note the close similarity between
the amplituded™“#"’s.
A different choice of the gauge invariaht"#”’s as given
PHY = i — iq,uqv in Egs.(3.8), (C3), (C6), and(C7) will necessitate the use of
M q° ' a different form forT, [56]. However, these different forms
of Ty's will be related to each other as they are required to
1 describe the unpolarized cross section. As it turns out, be-
péﬁ:gw_ _szKV_ (C5) cause of the incompleteness of our model, fHe*"'s of
k Egs.(C6) and(C7) have a singularity problem in the case of
electroproduction a&?—0. In order to have a model for
This gives us VDM amplitude which can be applied to electroproduction,

where
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we use thd™*** of Eq. (3.8) with the T, of Eq.(3.11) in our 1.0
calculation. To see the model dependence of our results, we

carry out the calculations for tHe*#” of Eq. (C2) as well1° 05
Our results forC2! in these two models are shown in Fig.

17. One can see the close similarity of the two model pre- _ , o0
dictions at smalb. This is true for the other spin observables ©

as well, namely, they give nearly the same results in the 05
kinematical region of our interest, sa<30°. This is be-
cause the dominant contribution in this region comes from

the (k+q)“g*” term, which is present in both models for o “56 (d‘;‘;ree)135 B (di‘;ree)m 150
VDM amplitude. As a conclusion, the model of this work
gives the same predictions with those of R3] in the FIG. 17. Double polarization asymmetriég C2] and (b) C2%
kinematical range of interest in this study. for two models of'“#” with B=0 and 1%. The solid lines are
obtained withl"**” of Eq. (3.8) and the dashed lines wilh®#* of
APPENDIX D: HELICITY AMPLITUDE IN VDM Eq. (C2). For simplicity, we take the phasesyq, 7;)=(+,+).

In this Appendix, we give the details of the derivation for __ , L 0
the helicity amplitudg3.15 of the VDM. We first define U (P") YU (P)U*=C{[(1+ aa'n"-n)U —a- U] 5n, m,

EL E;, +i[aa’(n"Xn)Y°
=— and y,=—o, D1
P My "My (OD ~(bx10]-(meim)},  (D9)
which leads to where we have used=a'n’+an, b=a’'n’"—an, andC
1 =V(7pt1)(ypt+1)/2.
— Pl I With T'“#” of Eq. (3.8), U* can be decomposed into
“TEimy Vol
P U=2(V* =V, (D6)
! '_1 .
o = EL|IO :VI _ /3’?+l. (D2) with
,+
pr TN T Va=ki(e-5,), Wo=(eh-ke?, (D7)

where the identityT(p’)yMu(p)(p— p’)*=0 has been used
1 ) in order to simplify the form o’¢. Then the Wigner-Eckart
Xm:

Let n=p/|p| andn’=p’/|p’|, we can then write
Ypt1l
Um(P)= > (D3)  theorem enables us to write the VDM amplitude as the sum
of the spin-conserving part and the spin-flip part as in Eq.

for the Dirac spinor of the proton with spin projection and ~ (3.19.

ao-Nn

a similar expression fou,,,(p’) for the outgoing proton. Using explicit forms of boson polarization vectors in the
Let us defind/® as c.m. frame, we further have
Ut=g% T, (D4) Ve= =kl | (O[1+(vs— 18 0. (D8
It is then straightforward to obtain and
( i
(0,%|k|sin0,i§|k|sin0,0) Ng=1\, =*1,
[
Wh= (0,—%|k|sin6,i—|k|sin9,0) Ag=*1\ =%1, (D9)
0———IKI([|—ac050) ———[KI(|dl~Gocos),0|  A,=O0N,==1
— —(oCos8),—— —(ocosb), =0\, ==*1,
k \/EM ) dl—do \/EM ) di—do ¢ Y

wherey = E';)/Md), which is close to 1 in the kinematical range considered in this paper.

0This is the model adopted in RdB3].
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APPENDIX E: KNOCKOUT AMPLITUDE FOR CONFIGURATION  (lIl')

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

T Weciaxby™ >, (alssln, [(p'Tuudlndiye5 [y, @[S Tm)- (ED
i=1,2,3 K ¢ !
|
For simplicity we consider only theud-quark configuration 1
with the orbital excitation £'=1) of the[28, 70] multiplet xVe=—=111-111). (E3)
with s,,4=3. Thus, we do not consider the configuration of V2

[48, 70] with s,,4= 2 because the corresponding electromag-

netic transitions are suppressed by the Moorhouse selectiofhg three-quark proton wave function in this convention has
rule. The relevanuud-cluster wave function reads the form

Yim = (3MLv[jcme) 5[ ) S( MM — pMAXMA)
1
+ (M MAE GMAMI)], (E2) lﬂl/z,mpzﬁ[l/f‘;:o(d’MSXMs‘F A I (=)
wherey? , is the radial wave function, an@? and x9 are
the flavor and spin wave functions, respectively. The super-
scriptg (=M S, MA) specifies the symmetric property of the
state with respect to the permutatior-2. Using the Jaco-

bian coordinates of Ref66], i.e., £&,~x1—X, and &£,~ (X,
+X,)/2— X3, each part of Eq(E2) reads:

WYS=yn(&1) Yo(€2),  PYP=tho(€) P(£2),

Then it is straightforward to show that the magnetic tran-
sition matrix element between the twud states is

_ €T _ik.x;
M'E'_<l//1/2,mf|j:;’2’32_|vlue ! Xl|chymc>.(k><87)

ws— X (udut duu-2uud),  ¢MA=(udu—d 1 ikox
¢ _\/g(u u+duu—2uud), ¢ _\/E(u u—duu), :m<¢1/2,mf|930'39 b m ) (kX ey,
u
(ES)
1
Vo=—=11+111—-2110),
X172 \/E(TLT 1=21110) which leads to
C3EL N3 _ »
ME.= i o 5 2 (FmLvlicma(Emaimi) (w7 ole™5lg'%, )
X<¢MSXMS+ (,{)MAXMA|630'§|¢MSXMS_ ¢MAXMA>' (E6)

Then the spin-flavor part of the matrix element can be evaluated tef3e Phe spatial matrix element can be calculated using
the standard techniques of the RHOQM, e.g., as in F3A.
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