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Electromagnetic production of associated strangeness
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A formalism, based on an isobaric approach using Feynman diagrammatic techniques, which includes the
nucleonic~spin< 5/2!, hyperonic~spin 1/2!, and kaonic resonances, is developed. Using this formalism, a
thorough investigation of the following electromagnetic strangeness processes, for which experimental results
are available, is performed:gp→K1L, K1S0, K0S1, for Eg

lab< 2.1 GeV,ep→e8K1L, e8K1S0, and
K2p→gL,gS0. A reaction mechanism, describing well enough the data, is found to include a reasonable
number of baryonic resonances among a very large number of potential candidates. The extracted main
kaon-hyperon-nucleon coupling constants are in good agreement with values predicted using SU~3! symmetry.
The main findings of this model are compared with the results of other recent phenomenological studies.
Predictions for the upcoming photoproduction polarization and electroproduction observables are presented,
and their sensitivity to the phenomenological models ingredients are emphasized.@S0556-2813~96!01606-8#

PACS number~s!: 25.20.Lj, 25.30.Rw, 13.88.1e, 13.60.2r
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I. INTRODUCTION

The investigation of strangeness production from a p
ton, using real@1–3# or virtual @1,3,4# photons, started in the
late 50s, but a comprehensive description of the underly
reaction mechanism is still not available. This uncomforta
situation, compared to that of pion photoproduction, which
dominated basically by one nucleonic resonance, might
attributed to the more complex role played by the stran
quark versus that engendered byu andd quarks. The intro-
duction of this additional degree of freedom leads to the f
that, even close to the threshold,a priori a rather copious
number of nucleonic and hyperonic resonances may in
vene in the process. In addition, the lack of knowledge
several relevant coupling constants adds to the complexit
the phenomenological investigations in this field. In nouris
ing the hope of evolving towards a subnucleonic descript
of, at least, the elementary reactions, efforts to underst
the highlights and shortcomings of approaches based
baryonic and mesonic degrees of freedom are of specia
terest. In this context, such formalisms are called upon
show the domain of validity of such interpretations as clea
as possible and to eventually offer evidence for the cruc
need for descriptions which introduce quark-gluon consti
ents of the hadronsexplicitly, where approaches based o
simple quark models are being initiated@5,6#. This transition
frontier in the strangeness realm is expected to become c
due to the theoretical and experimental efforts underway

Actually, the new generation of electron accelerators a
associated detectors have motivated several proposals a
Continuous Electron Beam Accelerator Facility~CEBAF!
@7#, ELectron Stretcher Accelerator~ELSA! @8#, and Euro-
pean Synchrotron Radiation Facility~ESRF! @9#.
530556-2813/96/53~6!/2613~25!/$10.00
o-

ing
le
is
be
ge

ct

er-
of
of
h-
on
nd
on
in-
to
rly
ial
u-
n

lear

nd
t the

The photoproduction reactions that are being, or will b
studied in the near future at all of the above three labora
ries, will focus on the following reactions:

g1p→K11L, ~1.1!

g1p→K11S0, ~1.2!

g1p→K01S1. ~1.3!

Reaction~1.1! is by far the one most studied, both theoret
cally ~see, e.g., Refs.@1–3#! and experimentally@8,10#, in-
cluding polarization observables measurements@11,12#; al-
though, a large part of the existing data base suffers fro
inconsistencies@2# within the reported accuracies. There ar
less extensive investigations@3,8,10,13# of the reaction~1.2!.
Finally, the third process~1.3! has up to now received very
little consideration@5,14#, probably because of experimenta
difficulties @15# in identifying the final state particles.

The high duty cycle electron beam and the associated
tectors at CEBAF also allow envisioning high quality elec
troproduction data@7# for the elementary reactions

e1p→e81K11L, ~1.4!

e1p→e81K11S0. ~1.5!

Here, the virtual photon has besides the transverse com
nent a longitudinal part and offers the possibility of varyin
independently the energy and momentum transfers. In t
respect, the electrons are a finer probe for the strangen
realm. At the present time, the data@16# in this field are
scarce, and they have been used only in two phenomenol
cal analysis@3,17#.
2613 © 1996 The American Physical Society
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Although each of the above reactions is interesting
itself, a desirable step by step investigation necessitates
the understanding of the elementary photoproduction re
tions. An extension to the electroproduction processes w
enough confidence in the reaction mechanism constitutes
next stage. Afterwards, we can take benefit of the mu
cleaner electromagnetic probes, compared to hadronic o
to study the strangeness in composite hadronic systems
pecially the hypernuclei physics@18#.

A very attractive feature of the above reactions com
from their self-analyzing character which allows measurin
directly the polarization of the outgoing hyperon. Beside
both at CEBAF and ESRF, polarized beams will be ava
able, and polarized targets are also being developed. Th
fore, the single and double polarization measurements w
be achievable as the first generation of experiments with
shortly upcoming facilities. Such data will of course provid
strong constraints on the phenomenological formalisms.

In such formalisms, the amplitudes of the strangene
photoproduction can be related by crossing symmetry@19# to
those ofK2p radiative capture processes

K21p→g1L, ~1.6!

K21p→g1S0. ~1.7!

Here, the relevant quantity is the branching ratio defined

RgY5
G~K2p→gY!

G~K2p→all!
, ~1.8!

with Y [L,S0. The only reliable data@20# on the branching
ratios have been measured at Brookhaven, with stopped
ons.

While the threshold energies for the reactions~1.1! and
~1.2! areEg

lab 5 0.911 and 1.045 GeV, respectively, the en
ergy of the outgoingg in the radiative capture processe
~1.6! and ~1.7! is only about 0.3 GeV. This ‘‘kinematical’’
fact has serious implications on the phenomenological mo
els. Besides, as we will also see later, even within a giv
reaction the sensitivity, and so the selectivity of differe
observables to the ingredients of the models show a la
variety. Hence, the use of asingle formalism to understand
simultaneouslyall the above seven reactions, including po
larization observables, offers a powerful mean in disenta
gling the underlying reaction mechanism.

The most extensive theoretical investigations in this fie
between threshold and roughlyEg

lab 5 2 GeV, are based on
isobaric approaches, following the pioneer works by Tho
@21# and Renard and Renard@22,23#, revived in early 80s by
Hsiao and Cotanch@24#, and Adelseck, Bennhold, and
Wright @25#. All these formalisms use the Feynman diagram
matic techniques. A comprehensive discussion on both th
retical and experimental studies prior to 1990 can be fou
in Ref. @2#. Since then, three major models, based on isoba
approaches, have been published. The first one by Adelse
Saghai@2# focuses on the first reaction~1.1! for Eg

lab< 1.5
GeV. The second one, by Williams, Ji, and Cotanch@3#,
improving their previous studies@26#, investigates all the
above reactions~1.1!–~1.7! except the g1p→K01S1

channel, and extends the energy range toEg
lab< 2.1 GeV.
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Finally, the most recent model, by Mart, Bennhold, an
Hyde-Wright @14#, is dedicated to theKS photoproduction
channels with a special emphasis on the chargedS produc-
tion in the same energy range as Williamset al. @3#.

The goals of the present work are to obtain asinglemodel
for all the reactions~1.1!–~1.7!, and to cure the shortcomings
of the above models without losing their findings, and i
some cases improving them. The requirements@27# for such
a model are then~i! reproduce with a reasonablex2 all the
existing data forall of the seven reactions~1.1!–~1.7! in the
wholeenergy range where experimental results are availab
~ii ! satisfy the SU~3!-symmetry constraints on the two main
coupling constants,~iii ! predict correctly at least the experi-
mental results for one observable purposely omitted in t
fitted data base,~iv! obtain a rather simple reaction mecha
nism.

To achieve these aims, the main novelty of the prese
formalism is, besides spin-1/2 baryonic resonances, the
clusion of spin-3/2 and spin-5/2 nucleonic resonances. Usi
this formalism, we have obtained a model in line with th
requirements put forward in the previous paragraph.

The paper is structured as follows. In the second sectio
the formalism is outlined. In the third section the fitting pro
cedure and the model ingredients are discussed. The fou
section is devoted to the results, comparisons with the da
as well as with other recent models. In the same section,
also produce predictions for some observables planned to
measured in the near future at CEBAF, ELSA, and ESR
with an strong emphasis on the photoproduction polarizati
observables and on the electroproduction reactions. T
summary and conclusions are presented in the last sectio

II. FORMALISM

In this section, we describe the theoretical framewor
used in our approach. We simply recall the main lines of th
model, and refer the reader to the literature on the subject
more details, especially Refs.@2,3,17,25,28#. For clarity, the
expressions of the invariant amplitudes, which are the k
quantities of the model, are reported in separate appendic

A. Isobaric model

We investigate the photo- and electroproduction of kao
on the proton at center of mass energies<2.5 GeV, and the
associated radiative capture branching ratios at thresho
These reactions are described within the framework of
isobaric model, where the amplitudes are expressed as Fe
man diagrams. In what follows, we consider the photo- an
electroproduction amplitudes associated with theK1L,
K1S0, and K0S1 channels~only the photoproduction is
considered in this last channel1!. The amplitudes for the ra-
diative capture can easily be obtainedvia crossing symmetry.

We use first-order perturbation theory, where each di
gram corresponds to the exchange ofone particle or reso-
nance~tree approximation!. The corresponding diagrams are
the so-called extended Born terms for the exchange of t

1To obtain the electroproduction channel forK0S1, one needs to
take into account the Fubini-Nambu-Wataghin@29# term, not dis-
cussed here.
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proton (p), kaon (K), and hyperon (Y), and the resonan
terms for the exchange of theN* , K* , andY* resonances
In the reactions where aS is produced, we also include th
D resonances as permitted by isospin conservation. A
example, we show in Fig. 1 the Born terms for the react
gp→K0S1. The relevant Born terms forK1Y channels can
be found in the literature~see, e.g., Ref.@3#!.

The resonances that can be handled in our approach
the spin< 5/2 ones in thes channel, the spin-1/2 resonanc
in theu channel, and theK* ~892! andK1~1270! resonances
in the t channel~the corresponding diagrams are given
Fig. 2!. All of them have their mass< 2 GeV. In Table I, we
summarize the characteristics~and notation used! for all ex-
changed particles and resonances considered in the pr
work.

Each Feynman diagram leads to a gauge invariant am
tude, except for the extended Born terms correspondin
the exchange of a charged baryon~Dirac couplingegm). So,
in the case ofK1 photoproduction associated with theL or
S0, it is necessary to include theK1 exchange Born term in
order to restore gauge invariance which is broken by
proton exchange, while in theK0 production associated wit
theS1, the proton andS1 exchanges together ensure gau
invariance.

The Lorentz invariant matrix element for electroprodu
tion is written as

M fi5 iŪ YS (
j51

6

AjMj DUp . ~2.1!

FIG. 1. Extended Born terms for the reactiongp→K0S1.

FIG. 2. Resonant terms for the reactionsgp→KY, with
(K,Y)[ (K1,L), (K1,S0), (K0,S1). The spin of the resonanc
is given in brackets.
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Here,ŪY andUp are the spinors of the hyperon and proton
respectively,Aj ’s are Lorentz invariant scalar functions of
the Mandelstam variables, andMj ’s are the usual six gauge
invariant matrices for electroproduction@3,17#.

Application of the Feynman rules yields the invariant am
plitudesAj . Their expressions are given in Appendix A for
the usual extended Born terms, theK* resonances, and the
Jp5 1

2
6 nucleonic and hyperonic resonances. Note that in th

photoproduction case, only four gauge invariant matrices a
needed, and the form factors reduce to the values 0 or 1~see
Sec. II C!.

We now give some details concerning the spin.1/2
nucleonic resonances.

B. Nucleonic resonances of spin 3/2 and 5/2

As explained in the Introduction, the model of Adelseck
Saghai@2,27# can be considered as a good model at energi
up to Eg.1.4 GeV. Since one of the aims of the presen
work is to extend that model to higher energies where ne
experimental data will be available in the near future, w

e

TABLE I. Particles considered in this study. Values~Ref. @54#!
for mass and width as used in our calculation are given in the la
two columns, respectively.

Notation Particle (l)Jp Mass~MeV! Width ~MeV!

p 1/21 938.272
K1 02 493.677
K0 02 497.672
L 1/21 1115.68
S0 1/21 1192.55
S1 1/21 1189.37

K*1 K* (892)1 12 891.59 49.8
K* 0 K* (892)° 12 896.1 50.5
K1 K1(1270) 11 1273.0 90.0
N1 N(1440) (1) 1/21 1440 350
N2 N(1520) (2) 3/22 1520 120
N3 N(1535) (0) 1/22 1535 150
N4 N(1650) (0) 1/22 1650 150
N5 N(1700) (2) 3/22 1700 100
N6 N(1710) (1) 1/21 1710 100
N7 N(1720) (1) 3/21 1720 150
N8 N(1675) (2) 5/22 1680 150
N9 N(1680) (3) 5/21 1680 130
L1 L(1405) (0) 1/22 1407 50
L2 L(1600) (1) 1/21 1600 150
L3 L(1670) (0) 1/22 1670 35
L4 L(1800) (0) 1/22 1800 300
L5 L(1810) (1) 1/21 1810 150
S1 S(1660) (1) 1/21 1660 100
S2 S(1750) (0) 1/22 1750 90
D1 D(1620) (0) 1/22 1620 150
D2 D(1900) (0) 1/22 1900 200
D3 D(1910) (1) 1/21 1910 250
D4 D(1232) (1) 3/21 1235 131
D5 D(1600) (1) 3/21 1600 350
D6 D(1700) (2) 3/22 1700 300
D7 D(1920) (1) 3/21 1920 200
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TABLE II. Vertex factors for the spin-3/2 and -5/2 nucleonic resonances. The matricesG15 ig5 and
G251 ensure parity conservation at the electromagnetic and hadronic vertices. TheF ’s are the form factors
as defined in Sec. II C. In second column,N* is the short notation for the corresponding nucleonic resonanc
considered in first column.

Vertex Coupling

N* S326Dpg FgN*gp
a Sgmn2

pg
ngm

As6Mp
D 1gN* gp

b pp
mpg

n2pg•ppg
mn

~As6Mp!
2 GG6F2

N*

KYN* S 326D gKYN*
MN*

pY
mG7

N* S 526D pg FgN* gp
a

MN*
S gmm8pg

n82
pg

m8pg
n8gm

As7Mp
D 1

gN* gp
b

MN*

pp
mpg

m8pg
n82pg•ppg

mm8pg
n8

~As7Mp!
2 GG7F2

N*

KYN* S 526D gKYN*
MN*

2 pY
mpY

n G6
b

o

t

r
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have added spin.1/2 nucleonic resonances which may in
tervene in the reaction mechanism as energy increases.

Nucleonic resonances of spin 3/2 and 5/2 were taken in
account in the original photoproduction model developed
Renard and Renard@22,23,30#. However, their expressions
for vertices~i.e., the electromagnetic part! and propagators
led to scalar amplitudesAj as sums of resonant and nonreso
nant parts. As the latter contributions bring an undesirab
behavior as energy increases, Renard and Renard simply
carded them in the fitting procedure. For this reason, we ha
used the method proposed by Adelsecket al. @25# for spin
3/2, and extended it to the spin-5/2 case. As the expressi
are rather intricate, we used MAPLE for symbolic math
ematical calculations.

1. Spin 3/2

We adopt the prescriptions given in Ref.@25# for the spin-
3/2 propagator and vertex. The propagator is obtained fro
the expression given by Pilkhun@31#, with the mass of the
resonance appearing in the numerator replaced by the t
invariant energyAs

Pmn
3/25

q”1As
3~s2MN*

2
1 iM N*GN* !

3Fgmn1gngm2
2

s
qmqn2

1

As
~gmqn2gnqm!G .

~2.2!

Hereq5pg1pp andMN* is the mass of the resonance. Th
complex term is introduced to take care of the finite wid
GN* of the unstable particle.2

The spin-3/2 vertex factors are constructed in analo
with those of theD resonance in pion photoproduction@31#,
by replacing the mass of the resonance byAs, as in the case
of the propagator. The resulting expression for the photop

2In the following, when unambiguous, we useN* as a short no-
tation forN(3/26)

* or N(5/26)
* .
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duction is given in Table II. For positive parity, the dot prod-
uct with the photon vector polarization leads to

Vn~N* pg!5 i FG1S en2
pg

ne”

As1Mp
D

1G2

1

~As1Mp!
2
~e•pppg

n2pg•ppe
n!Gg5 ,

~2.3!

whereG1 and G2 stand for the usual coupling constants
gN* pg
a andgN* pg

b , respectively.
As stated by Adelsecket al. @25#, these prescriptions used

for the propagator and vertex are necessary in order to ensu
gauge invariance of the scattering amplitude. An explici
proof can be found in Ref.@32#.

In the case of electroproduction, we make the gauge tran
formation on the photon vector polarization

em→em2
e•pg

pg
2 pg

m , ~2.4!

which implies

e”→e”2
e•pg

pg
2 p” g . ~2.5!

Obviously, this transformation only affects theG1 contribu-
tion in Eq.~2.3!. Note that the resulting vertex factor must be
multiplied by the form factorFN*5F2

p , the second Dirac
form factor of the proton~see next subsection!.

The Lorentz invariant matrix elementM fi corresponding
to the exchange of anN* (3/21) resonance@for example, Fig.
2~b! with Y5L# is then written

M fi5ŪLV
m~K1LN* !Pmn

3/2Vn~N* pg!Up , ~2.6!

where
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Vm~K1LN* !5
gKLN*
MN*

pL
m . ~2.7!

The resulting invariant amplitudesAj for photo- and elec-
troproduction are given in Appendix B.

2. Spin 5/2

We take the spin-5/2 propagator and vertex as defined
Renard and Renard@22,30#, and modify it according to the
Adelsecket al. @25# prescription used in the spin-3/2 cas
The resulting propagator is

Pmn,m8n8
5/2

5
q”1As

10~s2MN*
2

1 iM N*GN* !
Pmn,m8n8
5/2 . ~2.8!

The spin-5/2 projection operator is written as

Pmn,m8n8
5/2

55Pmm8Pnn822PmnPm8n815Pmn8Pnm8

1PmrgrgsPsm8Pnn81PnrgrgsPsn8Pmm8

1PmrgrgsPsn8Pnm81PnrgrgsPsm8Pmn8,

~2.9!

in terms of the spin-1 projection operator

Pmn52gmn1
1

s
qmqn . ~2.10!

The expanded expression of the propagator can be foun
Ref. @30#.

The spin-5/2 vertex factor for positive parity is given
Table II. The dot product with the photon polarization giv
in the photoproduction case

Vm8n8~N* pg!5G1S em8pg
n82

pg
m8pg

n8e”

As2Mp
D 1

G2

~As2Mp!
2

3~e•pppg
m8pg

n82pg•ppe
m8pg

n8!, ~2.11!

where G1 and G2 now stand for gN* pg
a /MN* and

gN* pg
b /MN* , respectively.
The evaluation of the invariant amplitudes proceeds alo

the same lines as in the spin-3/2 case. Note that
K1LN* vertex is~see Table II!

Vmn~K1LN* !5
gKLN*

MN*
2 pL

mpL
n ig5 . ~2.12!

As a consequence of the complexity of Eqs.~2.9! and
~2.11!, the calculation is tedious and the resulting expr
sions very intricate. We give in Appendix C the most com
pact form we have obtained for the photoproduction amp
tudes. The electroproduction amplitudes are much m
lengthy, hence we do not report them here.

We end this subsection with a few comments on the o
shell effects. Actually we have used the prescription
Adelsecket al. @25# to define the propagator and the verte
of the spin-3/2~and spin-5/2! nucleonic resonances. This ca
be considered as anad hocmethod aimed to preserve gaug
by

.
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invariance of the amplitudes. In fact, the treatment of an
interacting spin-3/2 baryon in the effective Lagrangian
theory @33# takes into account the freedom related to the
off-shell behavior of the particle~or resonance! at the vertex.
The resulting expressions for the propagator and vertex a
more complicated and they depend on new free paramete
the so-called ‘‘off-shell parameters.’’ A few years ago, the
theoretical aspects of this problem were renewed by Benme
roucheet al. @34#, and application to the theory of pion pho-
toproduction in theD(1232) region was investigated by
Davidson et al. @35#. Very recently, Benmerroucheet al.
@36# have demonstrated clearly the importance of off-she
properties of the spin-3/2 nucleonic resonances in theh me-
son photoproduction in theN* (1535) resonance region.

We are currently investigating these aspects within ou
model. Preliminary results concerning the photoproductio
processes show that off-shell effects in the case of spin-3
nucleonic resonances are rather moderate, justifying the u
of the Adelsecket al. prescription. A detailed analysis will
appear in a forthcoming paper@37#.

C. Form factors

In electroproduction processes, virtual photons probe th
electromagnetic structure of the involved hadrons. Thi
structure is taken into account in phenomenological mode
by incorporating form factors appropriate to each hadron. I
the present work, we have selected some parametrizatio
proposed in the literature, without trying to readjust the pa
rameters. We now describe briefly the form factors intro
duced at the relevant vertices.

1. Baryonic form factors

At the gpp vertex, we have to consider the two form
factors of the proton; namely,F1

p andF2
p , which are related

to the electric (GE
p) and magnetic (GM

p ) form factors

F1
p5

1

12t
~GE

p2tGM
p !, F2

p5
1

kp~12t!
~GM

p 2GE
p !,

~2.13!

wheret5pg
2/4M2 (pg

2,0), with kp the anomalous magnetic
moment of the proton.

These form factors have being studied extensively in th
literature. We have retained the model developed by Ga
and Krümpelmann~hereafter referred to as GK! in Ref. @38#
in its most recent version@39# which gives good agreement
with available data. The basis of this approach is the ex
tended vector meson dominance~EVMD! model, combining
the vector meson dominance~VMD ! hypothesis~appropriate
at low pg

2) with the perturbative QCD approach describing
the spacelike region. According to GK, the form factors are
expressed in terms of isoscalar~is! and isovector~iv! parts as

F1
p5

1

2
~F1

is1F1
iv!, F2

p5
1

2kp
~k isF2

is1k ivF2
iv!,

~2.14!

with
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F1
iv~Q2!5

gr

f r

mr
2

mr
21Q2F1

r~Q2!1S 12
gr

f r
DF1

D~Q2!,

~2.15a!

k ivF2
iv~Q2!5kr

gr

f r

mr
2

mr
21Q2F2

r~Q2!1S k iv2kr

gr

f r
DF2

D~Q2!,

~2.15b!

F1
is~Q2!5

gv

f v

mv
2

mv
21Q2F1

v~Q2!1S 12
gv

f v
DF1

D~Q2!,

~2.15c!

k isF2
is~Q2!5kv

gv

f v

mv
2

mv
21Q2F2

v~Q2!

1S k is2kv

gv

f v
DF2

D~Q2!. ~2.15d!

Here,Q252pg
2 , gr and gv are the vector meson-nucleon

coupling constants,mr
2/ f r andmv

2 / f v the couplings of the
photon to the vector mesons, and the quantitiesk are the
magnetic moments.Fi

r and Fi
v denote the meson-nucleon

form factors, andFi
D describes the nucleon nonresona

quark structure, which is responsible for the asymptotic b
havior (Q2→`).

In order to have a smooth transition between the low a
highQ2 domains, the following simple form is proposed b
GK:

F1
a~Q2!5

L1
2

L1
21Q̃2

L2
2

L2
21Q̃2

, ~2.16a!

F2
a~Q2!5F L1

2

L1
21Q̃2G 2 L2

2

L2
21Q̃2

, ~2.16b!

with a5r,v,D, and

Q̃25Q2lnS L2
21Q2

LQCD
2 D Y lnS L2

2

LQCD
2 D . ~2.17!

The values of the parameters obtained by GK@39# are re-
ported in Table III.

At the YLg, YS0g vertices (Y5L,S0), we have used
the two form factors of the neutron,F1

n andF2
n . According to

GK, these quantities are expressed in a form similar to t
proton ones. So we have

TABLE III. Parameters for the nucleonic electromagnetic form
factors obtained by Gari and Kru¨mpelmann Ref.@39#. TheL ’s are
given in GeV/c.

k iv k is gr / f r kr gv / f v kv L1
r,v L1

D L2 LQCD

3.706 20.12 0.631 3.3 0.658 0.4 0.863 1.21 2.1 0.33
t
e-

nd

he

F1
Y5F1

n5
1

2
~F1

is2F1
iv!, F2

Y5F2
n5

1

2kn
~k isF2

is2k ivF2
iv!.

~2.18!

kn is the anomalous magnetic moment of the neutron, a
the isoscalar and isovector parts are the same as for the
ton.

For nucleonic~hyperonic! resonances, we choose the se
ond Dirac form factor of the proton~neutron!. Namely,F2

p is
introduced at thegN* p vertices, andF2

n at theY*Lg and
Y*S0g vertices.

2. Kaonic form factors

The form factor of theK1 has not been studied as exten
sively as for the nucleon. Moreover, the available data a
restricted to the low transfer domain (Q2,0.15 GeV2/c2),
which makes it difficult to choose a model valid in the en
ergy range considered in the present work. We have adop
the vector meson dominance~VMD ! model as proposed by
Williams et al. @3,28#:

FK1~Q2!5 (
v5r,v,F

S gvf v D M v
2

M v
21Q22 iM vGv

, ~2.19!

whereM v andGv are the mass and width of the vector me
son, respectively.

The three coupling parameters are determined by
knownF→K1K2 decay width, plus the two normalization
constraintsFK1(Q250)51, FK0(Q

250)50. The values
obtained by the authors aregr / f r50.5, gv / f v50.17,
gF / fF50.33, leading to aK1 charge radiuŝ r K1

2 &50.335
fm2, in good agreement with the experimental value@40#:
0.3460.05 fm2.

We have also considered recent results by Cardarelliet al.
@41#. The charge form factor of the kaon is evaluated using
relativistic constituent quark model based on the light-fro
formalism @42#. Two models are proposed, the first one a
suming the same charge radius foru, d, ands constituent
quarks, namelŷ r &5 0.48 fm, and the second one usin
^r &50.48 fm for theu andd quarks and̂ r &5 0.25 fm for
the s quark. Here, we have retained the second mod
fitted3 according to the following form:

FK1~Q2!5
a

11Q2/L1
2 1

12a

~11Q2/L2
2!2

. ~2.20!

The best fit was obtained witha5 0.398,L15 0.642 GeV/
c, andL25 1.386 GeV/c.

For theK* andK1 kaonic resonances, we have chose
the simplified VMD model used by Adelseck-Wright@17#.
A monopole form factor was assumed:F(Q2)
5(11Q2/L2)21, with LK* andLK1 adjusted to give the
best fit to the electroproduction data. The obtained values
LK*50.95 GeV/c, LK150.55 GeV/c.

3The fit was performed on 30 numerical values of the form fact
in the rangeQ250–5 GeV2, which were kindly communicated to
us by Dr. G. Salme´ and Dr. S. Simula. The results for the firs
model have been reported elsewhere@43#.
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We have also considered the extended VMD mod
~EVMD! proposed by Williamset al. @3,28#. The structure of
the form factor is similar to theK1 case, with the following
modifications. In addition to ther, v, andF, the exchange
of theF* ~1680! meson is included. Ther andv coupling
constants are the same as above for the kaon form factor.
two remaining parameters, fitted to the electroproducti
data, aregF / fF50.77, gF* / fF*50.63. Moreover, the di-
rect coupling of the photon to the hadron is taken into a
count with an extra termgFg(Q

2), for which a monopole
form is chosen:Fg(Q

2)5(11Q2/L2)21, with L50.8
GeV/c. The normalization of the form factor to unity a
Q250 determines the strength:g512(v(gv / f v).

Finally, we recall that in the photoproduction cas
(Q250) the form factors are

F1
p5F2

p51, F1
L,S0

50, F2
L,S0

51,

FK,K* ,K151, FN*5FY*51. ~2.21!

D. Observables

1. Electroproduction

We obtain an alternative representation of the Lorentz
variant matrix elementsM fi by expressing Eq.~2.1! in terms
of two-component spinorsx. In the c.m. frame, we have

M fi5FEY1MY

2MY
G1/2FEp1Mp

2Mp
G1/2^x~Y!uFux~p!&, ~2.22!

where

F5s.«̂F11 i ~s.p̂K!~s3p̂g .«̂!F21~s.p̂g!~ p̂K .«̂!F3
1~s.p̂K!~ p̂K .«̂!F41~s.p̂g!~ p̂g .«̂!F5
1~s.p̂K!~ p̂g .«̂!F6 . ~2.23!

The Fi ’s are the well-known Chew, Goldberger, Low, an
Nambu~CGLN! amplitudes@44#.

The electroproduction cross section is obtained as

ds

dVK
5dsU1«LdsL1«dsPsin

2ucos2f

1A2«L~11«!ds Isinucosf. ~2.24!

Here,u is the angle between the outgoing kaon and the v
tual photon, andf is the azimuthal angle between the kao
production plane and the electron scattering plane~see Fig.
3!. Also « and«L are the transverse and longitudinal pola
ization parameters, respectively

«5F122
upgu2

pg
2 tan2S C

2 D G , «L52
pg
2

pg0
2 «, ~2.25!

with C the angle between the momenta of the incoming a
outgoing electrons~see Fig. 3!. Moreover,dsU is the cross
section for an unpolarized incident photon beam, and
term containingdsP is the asymmetry contribution of a
transversally polarized beam. The cross section of a long
dinally polarized virtual photon is given bydsL , while
ds I contains the interference effects between the longitu
el
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nal and transverse components of the beam. The express
for the cross section in terms of the CGLN amplitudes
well as the relations between these amplitudes and theAj ’s
are summarized in Appendix D.

2. Photoproduction

In photoproduction case,F reduces to the first four terms
in Eq. ~2.23! sincep̂g•«̂50, and the correspondingFi ’s are
simplified aspg

250. The resulting differential cross section
reduces to thedsU contribution in Eq.~2.24!.

The photoproduction polarization observables are calc
lated according to the method described in Ref.@2#. We sim-
ply recall here the expressions of the polarization obse
ables investigated in this paper.

The single polarization observables are the hyperon pol
ization asymmetryP, the polarized proton target asymmetr
T, and the polarized photon beam asymmetryS. They are
defined by

P5
ds/dV~1 !2ds/dV~2 !

ds/dV~1 !1ds/dV~2 ! , ~2.26!

T5
ds/dV~1 !2ds/dV~2 !

ds/dV~1 !1ds/dV~2 ! , ~2.27!

S5
ds/dV~' !2ds/dV~ i !

ds/dV~' !1ds/dV~ i ! , ~2.28!

respectively, where1 (2) refers to a hadron polarized par
allel ~antiparallel! to the ŷ5(pg3pK)/(upg3pKu) axis, and
' (i) to a photon linearly polarized perpendicular~parallel!
to the reaction plane.

Among the 12 double-polarization observables, we w
report in Sec. IV on four of them corresponding to the beam
recoil asymmetries~Table IV!. This set is technically the
easiest double-polarization observables to be measured.
general expression is

X5
ds/dV~11 !2ds/dV~12 !

ds/dV~11 !1ds/dV~12 !

5
ds/dV~22 !2ds/dV~21 !

ds/dV~22 !1ds/dV~21 ! , ~2.29!

where1 (2) denotes a polarization parallel~antiparallel! to
the respective quantization axis as specified in Table IV.

FIG. 3. Leptonic and hadronic planes for kaon electroprodu
tion.
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the case of a circularly polarized (c) photon beam,1 (2) is
equivalent to the helicity state11 (21), while in the case of
a linearly polarized (t) photon beam, it refers to a state wi
an angle of 45° (245°) between the polarization vector an
the x axis.

3. Branching ratio

The amplitudes for the kaon photoproduction mechanis
gp→K1Y, Y[L,S0 can be related to radiative kaon ca
tureK2p→gY using crossing symmetry@19#. The only rel-
evant observable for which data are available is the bran
ing ratio for the radiative capture of kaons at rest

RgY5
G~K2p→gY!

G~K2p→ all!
. ~2.30!

Workman and Fearing@45# give expressions for the two
disintegration widthsG in the above equation in terms of th
photoproduction transition matrixM fi , assuming the kaon
wave function to be a constant

G~K2p→gY!5ufK~0!u2
MYEg

4p~MK1Mp!MK
(

e,sp ,sL

uM fi u2,

~2.31!

G~K2p→ all!52WpufK~0!u2. ~2.32!

Here,Wp55606135 MeV fm3 is the imaginary part of the
K2p pseudopotential. The final expression for the branch
ratio is

RgY5
MYEg

8pWp~MK1Mp!MK

1

2 (
e,sp ,sL

uM̃ f i u2, ~2.33!

with M̃ f i related toM fi via crossing symmetry.

TABLE IV. Photoproduction observables discussed in this
per.

Polarizationa of
Observable g p Y

~1!ds

Simple polarization
~2!P y8
~3!S p
~4!T y

Double polarization
beam-recoil
~5!Cx8 c x8
~6!Cz8 c z8
~7!Ox8 t x8
~8!Oz8 t z8

aQuantization axes are defined as follow
ẑ5p̂p ,ŷ5pg3pK /upg3pKu,x̂5 ŷ3 ẑ, ẑ85p̂Y ,ŷ85 ŷ,x̂85 ŷ83 ẑ8.
p is the linearly polarized photon~0,p/2 with respect to scattering
plane!. t is the linearly polarized photon (6p/4 with respect to
scattering plane!. c is the circularly polarized photon.
h
d

ms
p-

ch-

e

ing

III. MODEL INPUTS AND FITTING PROCEDURE

In this section, we report on the phenomenological ing
dients of our investigations and discuss the procedure
has allowed us to obtain the model presented in this pa
hereafter called SL for Saclay-Lyon.4 The main features of
the other recent isobaric models are also outlined.

A. Propagators and vertices

In the previous section, we described our approach a
showed in Figs. 1 and 2 some typical Feynman diagrams
our effort to determine the reaction mechanism, the m
questions are the nature of the propagators, and t
strengths. In other words, which resonances are exchan
and what are the corresponding coupling constants? Gi
that our energy range of interest goes from threshold
Eg
lab' 2.1 GeV, the large number of resonances shown

Table I cana priori intervene in the reaction mechanism
This table contains all relevant baryonic resonances w
masses up to' 2 GeV. As explained in the previous sectio
we take into account all nucleonic resonances with spin<
5/2, and hyperonic resonances with spin 1/2. The choice
kaonic resonances is based on previous investigations@2,17#.
Another difficulty comes from the fact that only a few cou
plings are known and the other ones have to be determi
phenomenologically. The known couplings concern the el
tromagnetic vertices, and their values as used in this wo
are given in Table V.

B. Models

As mentioned in the Introduction, at the present time, t
most recent and significant models come from three grou
The first one by Adelseck-Saghai@2,27# ~hereafter referred to
as AS!, focuses on the first reaction~1.1! for Eg

lab< 1.5 GeV
and offers the most comprehensive study of this reacti

4In our code the observables are calculated through a decompos
in terms of the CGLN amplitudes. Given the complexity of th
expressions, especially in the case of spin>3/2 resonances, we
have cross-checked our numerical results against those obta
with an independent code where the observables are calculate
rectly using the explicit forms for the vertices and propagators.

a-

s:

TABLE V. Electromagnetic vertices: magneti
@mx5kx(e\/2mx)# and S0-L transition moments ~mS0L5
kS0L@e\/(mS01mL)#.

Anomalous magnetic moment Value@54#

kp 1.79
kL 20.73

0.80a

kS0 1.02b

1.21c

kS1 1.85
kS0L 1.61

akS05(kS11kS2)/2.
bkS0 from quark model, see Ref.@28#.
ckS052(1/2)kn .
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TABLE VI. Exchanged resonances and main coupling constants of models by AS@2,27#, WJC @3#, and
MBH @14#, with their broken SU~3!-symmetry values@2,46#. The number of free parameters forKL (KS)
channels is shown in the last column.

s channel u channel t channel
gKLN

A4p

gKSN

A4p

Number of free
parameters

AS N1 L3 K* , K1 24.176 0.75 1.186 0.66 8

WJC N4, N6, D1, D2, D3 L1 K* , K1 22.38 0.27 9~12!

MBH N4, N6, D2, D3 — K* 0.51 0.13 ~8!

SU~3! 23.76 0.7 1.16 0.2
le
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The second one by Williams, Ji, and Cotanch@3,28# ~hereaf-
ter referred to as WJC!, investigates all the above reaction
~1.1!–~1.7! except thegp→K0S1 channel, and extends th
energy range toEg

lab< 2.1 GeV. These authors study th
largest number of reactions ever performed and underline
importance of considering the radiative capture channels
nally the most recent model, by Mart, Bennhold, and Hyd
Wright @14# ~hereafter referred to as MBH!, is dedicated to
KS photoproduction channels in the same energy rang
WJC, with the novelty being a special emphasize on
charged-S production channel. In Table VI, we summariz
the resonances included in these models, with the con
tions introduced in Table I, and the extracted values of
two main coupling constants.

Common to all these models is that they all includeonly
spin-1/2 baryonic resonances and determine the unkn
coupling constants by fitting the data. These three mod
contain the same Born terms andt-channel exchanges~ex-
cept for MBH!, but differ in the baryonic resonances in bo
s and u channels~Table VI! and associated coupling con
stants. The main features of the AS model are~i! the reaction
mechanism is simple, since the model contains only t
baryonic resonances,~ii ! it reproduces well enough the cros
sections for theK1L photoproduction channel up to 1.
GeV, ~iii ! it predicts correctly all the available polarizatio
asymmetries data (P and T), ~iv! the two main coupling
constantscome out in good agreement with their broke
SU~3!-symmetry values@2,27,46# and with the values ex
tracted from hadronic sector@47#. The shortcomings of this
model are that it overpredicts the~unfitted! cross sections
above' 1.5 GeV~due mainly to the importance of the Bor
terms @48#! and the radiative capture branching ratio. T
WJC model gives rather good agreement with all the fit
data up to' 2 GeV, as well as the~fitted! branching ratios.
However the coupling constants of this model are far fr
their SU~3! values. Besides, the model does not reprod
@49# theonly unfitted data set corresponding to the polariz
target asymmetry ingpW→K1L reaction. The last model
MBH, investigates only two of the above reactions, i.
gp→K1S0, K0S1, with couplings much smaller than th
SU~3! predictions.

In the next section, we perform a more comprehens
comparison than done in the original papers, between th
s
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retical results from AS, WJC, and MBH and the availab
data, showing the need for a more sophisticated model re
ducingall the experimental results simultaneouslyandsatis-
fying the SU~3!-symmetry requirements.

C. Minimization method

To build a new model, we have used all the available d
for the seven reactions. Table VII shows the number of d
points for each reaction and used in our minimization d
base. The minimization was done through least-squares
ting procedure using theMINUIT code@50# from CERN. Be-
cause of inconsistencies within the data base, discusse
details in Ref.@2#, we have used consistently the total err
bars in line with Ref.@2#. The very recent data from ELSA
@8# have rather large statistical error bars~roughly 620%!
compared to those of the old data@10# (64% to 68%!.
Hence, for the ELSA experimental results we have used o
statistical uncertainties in the minimization. Notice that t
rather poor accuracies of the ELSA data seem more relia
than the much smaller errors@2# of the old experimental
results@10#.

The main question here is the ‘‘choice’’ of the resonanc
relevant to the reaction mechanism, given that there
about 30 potential candidates as exchanged particles~Table
I!. At the present time, there are no unique criteria allowi
one to select the relevant intervening resonances. The re
for this uncomfortable situation is that the existing da
coming basically from thep2p→K0L reaction, do not al-

TABLE VII. Number of data points for the reactions considere
here and used in our fitting procedure.

Reaction Number of data points Ref.

~1! gp→K1L 242 @8, 10a, 11#
~2! gp→K1S0 195 @8, 10#
~3! gp→K0S1 2 @15#
~4! ep→e8K1L 66 @16#
~5! ep→e8K1S0 43 @16#
~6! K2p→gL 1 @20#
~7! K2p→gS0 1 @20#

aAs discussed in Ref.@2#.
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low extracting the branching ratios for the disintegration
the nucleonic resonances to kaon-hyperon final states. In
latest version of the Particle Data Group~PDG! compilation
@51#, nonvanishing branching ratios forN*→KL are re-
ported only for resonancesN4–N9 with large uncertainties
For the KS final state, no branching ratio information
provided for the 16 nucleonic resonances (N1–N9 and
D1–D7) considered here~Table I!. Notice that in the 1990
edition of the PDG@52# the branching ratios reported fo
N6→KS ~2–10 %! andD7→KS (; 5%! have been dis-
missed in the subsequent editions@53,54,51#. Given this situ-
ation concerning the relevant branching ratios,5 in this work
we have not favored any of the resonances listed in Tab

The resonance selection method used to obtain the pre
SL model is explained in the following. Among the existin
models, that by Adelseck-Saghai@2,27# offers an appropriate
starting point for the reasons enumerated above. Anothe
pealing feature of this work is that these authors are the
ones to have investigatedall the 4096 possible configura
tionswith spin-1/2 hadronic resonances and have shown
the model obtained is theonly satisfactory one.6 Introducing
higher spin resonances increases by a large amount the
ber of possible configurations, hence anexhaustivestudy be-
comes prohibitive. Consequently, we chose the AS mode
our starting point and moved progressively to more com
cated reaction mechanisms. However, thousands of min
zations, with different exchanged resonances content, w
performed before obtaining the model presented in this
per.

The first step was thus to extend the Adelseck-Sag
model to higher energies. Actually, the available data co
the energy range from almost threshold to 2.1 GeV. Focu
on the K1L photoproduction channel, we introduced t
spin-3/2 nucleonic resonances as explained in Sec. II B,
obtained a satisfactory model@56#. As second step@32,57,58#
we generalized our approach to study simultaneously
photoproductionand the radiative capture reactions. Th
K1L electroproduction reaction was also explored. This w
done by adding spin-5/2 nucleonic resonances as well as
theKS channels, the isospin-3/2 ones~cf. Sec. II!. This latter
work was then pursued@43,59,60# with basically an exten-
sive study of the relevant hadronic form factors, leading t
to a complete and simultaneous phenomenological ana
of all seven reactions~1.1!–~1.7!. The resulting Saclay-Lyon
SL model is presented in this paper. The content of
model, as well as of the other models@2,3,14# mentioned
above, are summarized in Tables VIII and IX forKL and
KS channels, respectively. The reducedx2’s are 1.73 for all
KL channels, reactions~1.1!, ~1.4!, and ~1.6!; and 1.04 for

5A comparable situation is encountered in other sectors. For
ample, recent experimental@55#, and theoretical@36# investigations
on the reactiongp→hp find a non negligible contribution from
N2, while no branching ratio forN2→hN is reported in the PDG
@52–54,51#.
6The two others models, WJC and MBH, were obtained by fix

from the beginning the exchanged particles content of the m
~Table VI! in data fitting. Their choices of nucleonic resonances
partly based on the disintegration branching ratios reported in
1990 edition of the PDG@52# as discussed above.
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all KS channels, reactions~1.2!, ~1.3!, ~1.5!, and~1.7!. Table
X shows the reducedx2’s for individual channels. The reac-
tion mechanism obtained in this work deserves a few com
ments, especially with respect to the AS model~Table VIII!,
which was our starting point.

Actually, both AS and SL models satisfy the broken
SU~3!-symmetry requirements for the two main coupling
constantsgKLN andgKSN . In the AS model these values are
obtained by leaving both of them as completely free param
eters in the minimization procedure. However, this is not th
case for the SL model because of a very large number
possible configurations as explained above. Hence, in t
present study these couplings were left free only inside th
broken SU~3! values @2,46#; namely, 24.4<gKLN /A4p

<23.0 and10.8<gKSN /A4p<11.3. This also explains
the smaller uncertainties in the SL model compared to tho
of the AS model@27#, especially for the first coupling con-
stant. The error bars of the available electromagnetic stran
ness production data do not allow extractinggKLN and
gKSN couplings with accuracies better than620% and
650%, respectively@27#. Here, we would like to point out
that whether the extracted values for the two main couplin
constants from the electromagnetic production of strangen
have to satisfy the SU~3!-symmetry requirements has been
long standing problem in this field and is still a controversia
issue~see, for example, Refs.@2,3#!.

The present model includes the only~spin-1/2! nucleonic
resonance in AS with much smaller strength. In addition,
contains one spin-3/2 and one spin-5/2 nucleonic resonanc
The higher spin components in the present model lead
smaller couplings for thet-channel exchanges. This confirms
the manifestation@61# of the duality hypothesis@62# in the

ex-

ing
odel
are
the

TABLE VIII. Exchanged particles and coupling constants fo
KL channels from models by AS@2#, WJC @3#, and SL ~present
work!. All the baryonic resonances have spin 1/2, exceptN7 ~spin
3/2!, andN8 ~spin 5/2!.

Particle Coupling AS WJC SL

L gKLN /A4p 24.176 0.75 22.38 23.166 0.01
S gKSN /A4p 1.186 0.66 0.27 0.916 0.10

K* GV /4p 20.436 0.07 20.16 20.056 0.01
GT /4p 0.206 0.12 0.08 0.166 0.02

K1 GV1 /4p 20.106 0.06 0.02 20.196 0.01
GT1 /4p 21.216 0.33 0.17 20.356 0.03

N1 GN1 /A4p 21.416 0.60 20.016 0.12
N4 GN4 /A4p 20.04
N6 GN6 /A4p 20.06
N7 GN7

a /4p 20.046 0.01
GN7
b /4p 20.146 0.04

N8 GN8
a /4p 20.636 0.10

GN8
b /4p 20.056 0.56

L1 GL1 /A4p 20.07 20.316 0.06
L3 GL3 /A4p 23.176 0.86 1.186 0.09
L5 GL5 /A4p 21.256 0.20
S1 GS1 /A4p 24.966 0.19
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strangeness field. The applications of this hypothesis to t
strangeness sector was performed in the early 70s to the h
ronic reactions@63# and, with less conclusive result, to the
photoproduction processes@23#. Later, the need fort-channel
resonance exchanges in the models with only spin-1/2 re
nances in thes andu channels was underlined by Williams
et al. @3#. Given that our formalism allows including higher
spin nucleonic resonances, we investigated the possibility

TABLE IX. Exchanged particles and coupling constants fo
KS channels from the models by MBH@14#, WJC @3#, and SL
~present work!.

Particle Coupling MBH WJC SL

L gKLN /A4p 0.51 22.38 23.236 0.17
S gKSN /A4p 0.13 0.27 0.806 0.10

K* GV /4p 0.05 0.11 0.026 0.01
GT /4p 0.05 20.14 20.076 0.02

K1 GV1 /4p 20.13 20.056 0.01
GT1 /4p 0.07 0.236 0.04

N1 GN1 /A4p 20.956 0.11
N4 GN4 /A4p 0.08 0.09
N6 GN6 /A4p 0.57 0.47
N7 GN7

a /4p 20.046 0.02
GN7
b /4p 20.536 0.06

N8 GN8
a /4p 2.026 0.20

GN8
b /4p 3.916 0.57

L1 GL1 /A4p 0.46 20.426 0.03
L3 GL3 /A4p 20.106 0.09
L5 GL5 /A4p 6.016 0.23
S1 GS1 /A4p 21.726 0.21

D1 GD1 /A4p 20.03
D2 GD2 /A4p 0.07 20.06
D3 GD3 /A4p 0.30 20.51 0.436 0.04
D4 GD4

a /4p 20.476 0.06
GD4
b /4p 21.886 0.14

D7 GD7
a /4p 0.056 0.01

GD7
b /4p 0.296 0.04

TABLE X. Partial reduced x2 obtained with the present model
~SL! for data base reported in Table VII. The number of free pa
rameters forKL (KS) channels is shown in the last row.

Reaction x2

~1! gp→K1L 1.5
~2! gp→K1S0 0.9
~3! gp→K0S1 1.7
~4! ep→e8K1L 1.9
~5! ep→e8K1S0 2.7
~6! K2p→Lg 0.5
~7! K2p→S0g 0.0

Number of free parameters 15~20!
he
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removing t-channel resonances in our model research. T
attempt did not allow finding a satisfactory model. Rece
progress in a model independent approach@61,64# shows
@65# that the present data base for theKL channels force the
t-channel resonances in the model discussed here~SL! to
mimic spin-7/2s-channel exchanges. Before concluding th
such high spin resonances intervene significantly in the re
tion mechanisms of the strangeness electromagnetic prod
tion and given the amount of work required to include suc
terms in the formalism, one needs probably more reliab
data, as anticipated, from the upcoming facilities.

Before ending this section, we discuss the content of t
SL model in more detail and the role played by differen
components of the reaction mechanism so obtained, with
following main goals:~i! are all the exchanged particles in
dispensable in the reaction mechanism as determined h
~ii ! how sensitive are different channels to the ingredients
the model?

This information is summarized in Table XI. The firs
column gives the relevant reaction, withall KL referring to
the reactions~1.1!, ~1.4!, and ~1.6!, and all KS to the re-
maining processes~1.2!, ~1.3!, ~1.5!, and ~1.7!. The second
column refers to the observable for which data are availa
and have been included in the fitting procedure. The ten s
sequent columns have been obtained after removingone
resonance at a timeand refitting the complete set of data
base. Hence, for example, the third column is generated fr
an exchanged particles configuration containingall those in-
cluded in the SL model,excepttheN1 resonance. This new
configuration was then used to fit all the data providin
x2’s for each channel. This procedure leads of course to
new set of couplings for each column.

The N1 resonance, because of its tiny coupling in th
KL processes, improves thex2 only in the KS channels.
The only spin-3/2 baryonic resonance included in our mod
(N7) is required by thegp→K1LW and all the electropro-
duction channels. This resonance plays a crucial role in
K2p radiative capture, as well as in the chargedS photopro-
duction. Besides, we have observed that removing theN7
resonance spoils the correctprediction for the polarized tar-
get asymmetryT in thegpW→K1L reaction. The last nucle-
onic resonanceN8 ~spin 5/2! affects not only almost all
K1L channels, including the recoilL-polarization asymme-
try, but also improves thex2 for theK1S0 photoproduction
reaction.

The firstL resonanceL1 is, as expected, the most impor
tant component of the model with respect to radiative captu
branching ratios. The next one (L3), which is also the only
other baryonic resonance in the AS model, shows up
KL photoproduction and related radiative capture channe
In contrast, the lastL resonanceL5, improves thex2 for the
K1S0 photoproduction.

The only retainedS resonanceS1 plays a rather minor
role, affecting only total cross sections. However, we ha
found a strong correlation betweenL5 andS1. Discarding
one of them from the reaction mechanism increases the c
pling constant of the kept resonance by roughly a factor of
Although there are no indications about the size of the
couplings from other sources, such large variations of t
couplings, related to resonances with apparently small in
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TABLE XI. Sensitivity of thex2’s to the components of the present model~SL!. The first two columns
give the considered reactions and the fitted observables, respectively. Each of the following column
the deterioration of thex2 in percentage when the corresponding resonance is switched off. The sca
from weak to strong as2,3% ; 3%<*,10% ; 10%<** ,20% ; 20%<*** ,40% ; **** >40%.

Reaction Observable N1 N7 N8 L1 L3 L5 S1 D3 D4 D7

All KL All 2 * * * ** 2 2

gp→K1L ds 2 2 * * * 2 2

gp→K1LW P 2 *** * 2 *** 2 2

gp→K1L s tot 2 2 2 ** *** 2 *
ep→e8K1L dsUL 2 ** ** 2 2 2 2

K2p→gL Branching ratio 2 **** ** **** **** 2 2

All KS All * 2 2 2 2 2 2 * ** 2

gp→K1S0 ds * 2 ** 2 2 * 2 * *** 2

gp→K1S0 s tot * * ** ** * ** * ** *** ****
ep→e8K1S0 dsUL ** * 2 * 2 2 2 ** * 2

K2p→gS0 Branching ratio 2 2 2 **** 2 2 2 2 2 2

gp→K0S1 s tot **** **** 2 2 2 2 2 **** **** ****
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vidual effects, seem undesirable.
The threeD resonances (D3, D4, andD7), forbidden in

theKL reactions, play non-negligible roles in all neutral a
chargedS production processes.

In summary, within the several thousands of configu
tions studied, the SL model comes out to be thesimplestand
offers the best agreement with the data.

Finally, we emphasize that the extracted values for
two main coupling constantsgKLN and gKSN ~Tables VIII
and IX! coming fromKL andKS channels agree with eac
other within the associated uncertainties. The other coupli
for these channels cannot be compared to each other, s
they are products of the electromagnetic and the strong
tices.

IV. RESULTS AND DISCUSSION

In this section, we present our results for all the chann
~1.1!–~1.7! and compare them with the data and releva
models from AS@2#, WJC@3,28#, and MBH@14#. Notice that
for these models, the numerical results reported here h
been obtained by using our code for reaction mechanis
~including coupling constants! as reported in the original pa
pers. We will discuss, in appropriate subsections, even
deviations from the curves given in those papers. We w
also produce predictions for single- and doub
photoproduction polarization asymmetries for observab
~Table IV! to be measured soon at CEBAF, ELSA, an
ESRF. These models allow, of course, extracting the t
other sets of double-polarization asymmetries; name
beam-target and target-recoil observables. These observ
are harder to measure, so to reduce the number of figure
this paper, we do not depict them here.

A. Reaction g1p˜K11L

Since the recent publication of the experimental resu
from ELSA @8#, a rather large number of data points fo
K1 photoproduction channels below 1.5 GeV are availab
In the energy range from 1.5 to 2.1 GeV the data@10# are
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still scarce, and at higher energies there are basically no d
up to 4 GeV. In this and the following subsections, w
present results for a few kinematical regions selected w
respect to the existing or expected data. Although the mo
els, ours included, have been obtained by fitting data up
roughly 2.1 GeV, we will report on some predictions up t
2.5 GeV, in order to investigate the higher energy behav
of different models. For the AS model the results are r
ported up to 1.5 GeV, the upper limit of its validity.

Figures 4~a!–~c!, show the excitation functions for three
c.m. angles of the produced kaons. Our model~SL! and that
by WJC @3# reproduce the data at 27° almost equally we
while as expected, the AS model@2# overpredicts the data
above 1.5 GeV. At the two other angles, SL gives the be
agreement. It is also worthwhile mentioning that althoug
the two first models~SL and WJC! give comparable results
at the most forward angle in the whole energy range, th
differ significantly in their predictions at the two other angle
above 1.5 GeV, where no data are available. The angu
distributions are given in Figs. 4~d!–~f! at three energies:
close to threshold@Fig. 4~d!#, at the highest limit for SL and
WJC models@Fig. 4~f!#, and at an intermediate energy@Fig.
4~e!#, which is the upper limit for both the AS model and th
recent data from ELSA. At 1.0 GeV@Fig. 4~d!#, the data are
too scattered and the models do not show significant diff
ences, except for our model at most backward angles.
1.45 GeV@Fig. 4~e!# our fit is again superior to the predic-
tions of the two other models. The most striking feature a
pears at 2.1 GeV@Fig. 4~f!#, where the two higher energy
models reproduce the only fitted data point but give ve
different predictions in almost the whole angular range. T
total cross section is depicted in Fig. 5. The existing da
again rather favor our model~SL!.

By now, it is well known@49,61# that polarization observ-
ables are much more sensitive to the model ingredients th
the above observables. We first consider the single polari
tion asymmetries@Figs. 6~a!–~f!#.

The most extensive polarization data concern t
L-polarization asymmetryP@11#, especially at 90°~Fig.
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FIG. 4. Differential cross section for the pro
cessgp→K1L: excitation functions atuK

cm 5
27° ~a!, 90° ~b!, and 150°~c!, and angular distri-
bution atEg

lab 5 1.0 GeV~d!, 1.45 GeV~e!, and
2.1 GeV ~f!. The curves are from models SL
~solid!, WJC ~dash-dotted!, and AS~dotted!. The
AS curves are plotted up to the upper limit fo
this model,Eg

lab 5 1.5 GeV. Data are from Refs
@8# ~empty circles!, and@10# ~solid circles!.
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6~a!#. At this angle, the fitted curves~the SL model and tha
by WJC!, and the prediction by AS reproduce the data w
enough. From the angular distribution at 1.45 GeV, Fig. 6~d!,
we infer that the backward angle measurements at inter
diate energies are quite suitable in constraining phenom
logical models. Results at other energies, not reported h
show that the highest sensitivity of the single-polarizat
asymmetries to the model ingredients is observed at ene
around 1.5 GeV.

There are only three data points@12# with large error bars
involving the polarized target asymmetryT, which fix at
least the sign of this observable@2,66# in the relevant phase
space. These data are well reproduced@Fig. 6~b!# by the
present model~SL! and the prediction by AS. In contrast, th
WJC model prediction gives the wrong sign. The angu
distributions at intermediate energy@Fig. 6~e!# leads to the
same conclusions as for theP asymmetry discussed above

For linearly polarized photon beam no data are availa
but measurements are foreseen at CEBAF and ESRF.

FIG. 5. Total cross section for the reactiongp→K1L as a
function of photon energy. Curves and data as in Fig. 4.
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ures 6~c! and 6~f! show the predictions of different models
and, compared to the two other single-polarization asymm
tries, underline higher sensitivities to the reaction mech
nisms put forward by these models.

The double-polarization measurements, using polariz
beams and measuring the polarization of the outgoing h
peron, will constitute the first generation of the double
polarization experiments at ESRF and likely at CEBAF.

Figures 7~a!–~h! show predictions for the beam-recoi
asymmetries. The observablesCx8 andCz8 corresponding to
a circularly polarized beam, show sizable sensitivities to t
models in large areas of the phase space@Figs. 7~a! and ~b!
and 7~e! and ~f!#.

With a linearly polarized beam, the two asymmetrie
Ox8 andOz8, Figs. 7~c! and ~d! and 7~g! and ~h!, manifest
less sensitivity to the reaction mechanism ingredients. T
WJC model, contrary to the AS model, predicts rather tin
values for these observables almost through the whole ph
space, while the present model gives intermediate valu
with sign changes at both energies. Such structures are
cussed in the following.

Actually, in the polarization asymmetries shown in Figs.
and 7, a large number of curves, in particular those from t
present model, undergo sign changes because of vanis
values~nodes! of the investigated observables. The physic
content of these zero points~according to their positions
and/or number! has been found@61,64# to be powerful ways
to pin down the reaction mechanism. Hence, the polarizat
asymmetry measurements are expected to put drastic c
straints to find a viable model.

B. Reactiong1p˜K11S0

For this channel, the two most recent studies come fro
WJC @3# and MBH @14#. Only the latter authors were able to
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FIG. 6. L-polarization asymmetry (P) in

gp→K1LW , polarized target asymmetry (T) in

gpW→K1L, and linearly polarized beam asym

metry (S) in gW p→K1L: excitation functions at
uK
cm 5 90° ~a!–~c!, and angular distributions a
Eg
lab 5 1.45 GeV~d!–~f!. Curves are as in Fig. 4,

and data from Refs.@11# (P) and @12# (T).
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include the recent ELSA data@8# in their fitting procedures.
We have also included the ELSA results in our data ba
Figures 8~a!–~c! show the excitation functions at thre
angles of the produced kaons. Our model gives the b
agreement with the data at all angles displayed. The res
for the MBH model are satisfactory at the two extrem
angles, but they deviate significantly from the data at 9
We recall that the curves labeled WJC and MBH have b
obtained using our code7 with the relevant reaction mecha
nisms.

7Notice that our code closely reproduces the results published
MBH for both this reaction and theK0S1 channel discussed in th
next subsection. However, the WJC curves, as reported here,
pared to those released by the authors@3,28# require some com-
ments. Our code reproduces all numerical results reported in@3,28#
for both processesg1p→K11L andg1p→K11S0, except for
the excitation function of the latter reaction at 27°. In trying
understand the origin of this discrepancy, we did several tests u
both our code, and the code for theg1p→K11S0 channel kindly
made available to us by Dr. R. A. Williams. We checked the agr
ment between numerical results from the Williams code and o
especially by producing excitation functions reported in@3,28# at
27°, 45°, and 90°. The two codes agree at the level of a
percent. At the most forward angle, both codes give the WJC cu
as shown in Fig. 8~a!, which hence deviates from that of Ref.@3#,
especially at higher energies. We did not pursue further the ori
of the only difference for theK1S0 excitation function at 27° be-
tween the two codes and the corresponding curve in Ref.@3#. A
possible explanation may be in the values used for mass/widt
theD resonances, present only in theK1S0 channel. Using consis
tent mass/width values published in 1992~Ref. @53#! and 1994~Ref.
@54#! by the Particle Data Group, we checked that such differen
affect more the forward angle cross sections.
se.
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The angular distributions are given in Figs. 8~d!–~f! in a
similar energy region as in the previous subsection@Figs.
4~d!–~f!#. At the lowest@1.1 GeV, Fig. 8~d!# and intermedi-
ate @1.45 GeV, Fig. 8~e!# energies, the three models giv
comparable agreement with the data. At the highest ene
@2.1 GeV, Fig. 8~f!# they differ less drastically in their pre
dictions, compared to theK1L channel case@Fig. 4~f!#.

The total cross section~Fig. 9! is well described by the SL
and WJC models, while the MBH curve exhibits a pecul
behavior at low energies, as is the case in Figs. 8~a! and~b!.
This latter model at energies above 2 GeV, predicts a
behavior for the total cross section, while the two other mo
els show a minimum below this energy.

For this reaction no polarization data are available.8 We
compare then the predictions of the three models am
themselves in the same phase space region as for the p
ous reaction.

The outgoing baryon asymmetry (P) is depicted in Fig.
10. The excitation function at 90°@Fig. 10~a!#, and the an-
gular distribution at 1.45 GeV@Fig. 10~d!#, show the most
drastic differences basically between the MBH model on o
hand, and the SL and WJC models on the other hand.
three models predict rather small asymmetries at higher
ergies.

For the polarized target asymmetry (T), the predictions of
our model are significantly different from those of the tw
other ones for both the excitation function at 90°@Fig. 10~b!#
and the angular distribution at 1.45 GeV@Fig. 10~e!#.

As for the previous reaction, the polarized beam asymm
try (S) offers the most contrasted predictions from differe
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8The recent integrated polarization data from ELSA@8# have been
reported in energy and/or angular bins too large to be embodie
minimization procedures. Hence, we do not consider that data h
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FIG. 7. Angular distributions for double po-
larization asymmetries (Cx8, Cz8, Ox8, andOz8)

in gW p→K1LW atEg
lab 5 1.45 GeV~a!–~d! and 2.1

GeV ~e!–~h!; curves as in Fig. 4.
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models. This is clear for the excitation function at 90°@Fig.
10~c!# above 1.5 GeV. At 1.45 GeV@Fig. 10~f!# WJC gives
predictions for angular distribution with opposite sign
those of the two other models in almost the whole angu
range.

For the double-polarization observables with circula
polarized photon beams (Cx8 andCz8), quite striking differ-
to
lar

rly

ences are observed between the present model and thos
WJC and MBH. TheCx8 asymmetry at intermediate energ
@Fig. 11~a!# seems to offer the most attractive phase spa
region. This is also the case for theCz8 asymmetry@Fig.
11~b!#.

The common feature to the three models for the two oth
double-polarization observables considered here with l
FIG. 8. Differential cross section for the pro-
cessgp→K1S0: excitation functions atuK

cm 5
27° ~a!, 90° ~b!, and 150°~c!, and angular distri-
bution atEg

lab 5 1.1 GeV~d!, 1.45 GeV~e!, and
2.1 GeV ~f!. The curves are from models SL
~solid!, WJC ~dash-dotted!, and MBH ~dotted!.
Data are from Refs.@8# ~empty circles!, and@10#
~solid circles!.
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early polarized photon beams (Ox8 and Oz8), is that they
have smaller magnitudes than the two observables discus
above. ForOx8 @Figs. 11~c! and 11~g!#, our model shows
significant differences with the two other models at both e
ergies. ForOz8, the angular distributions at 1.45 GeV@Fig.
11~d!# and 2.1 GeV@Fig. 11~h!# indicate smaller discrepan-
cies between the SL and the two other models.

C. Reactiong1p˜K01S1

For this channel, there are only two total cross secti
data points@15#. Only very recently, this reaction has bee
investigated through phenomenological approach
@14,57,58#. In this section, we show the results of the mode

FIG. 9. Total cross section for the reactiongp→K1S0 as a
function of photon energy. Curves and data as in Fig. 8.
sed
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SL and MBH @14#, respectively, as well as the predictio
for the relevant observables with the WJC@3# reaction
mechanism.

The total cross section results of the three models and
data are depicted in Fig. 12~a!. The prediction by the WJC
model overestimates the two data points by roughly fac
of 5 and 25 at the lowest and the highest energies, res
tively. Compared with WJC, the fit by MBH improves th
agreement with the data at the highest energy only, redu
the discrepancy between theory and experiment to rough
factor of 10. Clearly, our model gives much better agreem
with the data.

Given the existing proposals at CEBAF and ESRF,
show in Fig. 12 the predictions of the above models for
excitation function at 90°@Fig. 12~b!# and angular distribu-
tions at 1.5 GeV@Fig. 12~c!#, and 2.1 GeV@Fig. 12~d!#.
Except at lower energies at 90°, the SL and MBH mod
obtained by fitting the data, show important differences
their predictions. This emphasizes the crucial constraints
experimental results for this channel will put on the pheno
enological investigations.

D. Reactionse1p˜e81K11Y;Y[L,S0

The electroproduction data@16# are even more scarce tha
in the case of photoproduction processes and have bee
tained in a rather small phase space region. Among the
facilities, only CEBAF offers excellent conditions for forth
coming data@7#.

Figure 13 shows the unpolarized component of the dif
ential cross sectiondsUL 5 dsU1«LdsL @see Eq.~2.24!#,
FIG. 10. S0-polarization

asymmetry (P) in gp→K1SW 0,
polarized target asymmetry (T) in

gpW→K1S0, and linearly polar-
ized beam asymmetry (S) in

gW p→K1S0: excitation functions
at uK

cm 5 90° ~a!–~c!, and angular
distributions atEg

lab 5 1.45 GeV
~d!–~f!. Curves as in Fig. 8.
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FIG. 11. Excitation function for double-
polarization asymmetries (Cx8, Cz8, Ox8, and

Oz8) in gW p→K1SW 0 at Eg
lab 5 1.45 GeV~a!–~d!

and 2.1 GeV~e!–~h!. Curves as in Fig. 8.
duc-
the
d a
est
as a function of the transfer momentum for the reactio
e1p→e81K11L and e1p→e81K11S0. The SL
model reproduces well enough the data for both chann
This is also the case for the WJC model@3#.
ns

els.

One of the major issues in the strangeness electropro
tion concerns the information that can be extracted on
form factors of the relevant hadrons. We have performe
rather extensive study on this question. To get the high
FIG. 12. Observables for the reaction
gp→K0S1: total cross section as a func-
tion of photon energy~a!, excitation func-
tion at uK

cm 5 90° ~b!, and angular distri-
butions atEg

lab 5 1.5 GeV ~c!, and 2.1
GeV ~d!. Curves as in Fig. 8. The results
for the WJC model are divided by a factor
of 5. Data are from Ref.@15#.
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sensitivity to the treatment of the hadronic structures,
have focused on theK1L channel, which has simpler rea
tion mechanism than theK1S0 reaction.

Figure 14 shows our results fordsUL for different com-
binations of the form factors. As discussed in Sec. II C,
have chosen the baryons form factors by Gari and Kru¨mpel-
mann published in 1985~Ref. @38#! and 1992~Ref. @39#!,
hereafter referred to as GK85 and GK92, respectively.
the t-channel exchanged particles, namely,K, K* , andK1,
the expressions by Adelseck-Wright@17#, Williams et al.
@3,28#, and Cardarelliet al. @41# are used, and will be here

FIG. 13. Differential cross sectiondsUL5dsU1«LdsL as a
function of momentum transfer (Q2) for the reactions
ep→e8K1L and ep→e8K1S0, at «50.72, s55.02 GeV2,
t520.15 GeV 2. Curves are from the SL model, and data fro
Ref. @16#.

FIG. 14. Same as Fig. 13, but only for the reacti
ep→e8K1L. Curves are from the SL model with the followin
combinations for electromagnetic form factors of the relevant h
rons~as defined in Sec. IV D!: GK92-WAA ~a!, -CAA ~b!, -WAW
~c!, -WWW ~d!, and GK85-WWW~e!.
we
c-

we

For

-

after referred to asA,W, andC respectively. To facilitate the
discussion, we will characterize each curve in Figs. 14–1
asU-VXY, whereU refers to the choice of the baryons form
factors, andV, X, andY to those of the kaon,K* , andK1,
respectively. With this convention, the SL model corre
sponds to the combination GK92-WAA@curve ~a! in Fig.
14#. The sensitivity of this observable to the kaon form facto
is studied by using the alternative expression Eq.~2.20!
based on Cardarelliet al. @41# work, which leads to curve~b!
in Fig. 14 corresponding to GK92-CAA. For this configura
tion, as well as for each of the subsequent ones@curves~c!–
~e!#, we have fitted the data with thesameexchanged par-
ticles as SL and extracted anewset of coupling constants to
calculate the observables. In the SL model, we use t
Adelseck-Wright @17# form factors ~Sec. II C 2! for both
K1 andK* resonances.9 Curves~c! and~d! show the results
obtained if using the form factors as parametrized by Wil
iamset al. @3,28#, corresponding hence to the combination
GK92-WAW and GK92-WWW, respectively. Finally, in the
latter case we have replaced the baryons form factors in
~GK92! by the older version of the work published by Gar
and Krümpelmann in 1985~Ref. @38#!. This configuration,
GK85-WWW, is almost10 the same as that used by Williams
et al. @3,28# for the form factors.

Figure 14 shows that the unpolarized cross sectio
dsUL is not significantly sensitive to the different kaon form
factors studied here@curves~a! and~b!#. This might be due to
the fact that the form factors are constrained by the availab
data ~although limited to small transfers!, which is not the
case for the kaonic resonances. The other three sets of fo
factors forK1,K* , and baryons@curves~c!–~e!# show rather
small and comparable deviations from the SL model only
low momentum transfer. Within this study, the unpolarize
cross section does not show appealing features with resp
to the hadrons form factors.

Now, we use the same five combinations of the form fa
tors as above to investigate the sensitivity of different com
ponents of the differential cross section in Eq.~2.24! as a
function of the Mandelstam variablet; namely, the trans-
versedsU , longitudinaldsL , transverse-longitudinalds I ,
and longitudinal-longitudinaldsP terms, depicted in Fig. 15.

The transverse cross sectiondsU shows an almost uni-
formly decreasing behavior as a function oft, except for the
~e! configuration. The phase space shows unequal sensit
ties to the choice of the form factors. This latter observatio
is true also for the longitudinal partdsL , where the predic-
tions bear more different behaviors as in the case of t
transverse component. The interference terms, as expec
are smaller in magnitude than the unpolarized componen
Although the transverse-longitudinal part (ds I) shows
higher discrepancies between different sets of form facto
than the transverse-transverse cross section (dsP), they stay
compatible with the indications inferred from the existing

9These form factors allow obtaining a better fit to the data tha
those by WJC. This probably comes from the fact that the fre
parameters of the monopole form factors were fitted on an elect
production data base close enough to the one considered here. F
comparison among different parametrizations, see Refs.@43,60#.
10The only difference is that Williamset al. put F1

n(Q2)50.
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FIG. 15. Same as Fig. 14, but for the differ
ential cross sectionsdsU(t), dsL(t), ds I(t),
and dsP(t), and«50.72, Q251 GeV2. T and
L stand for transverse and longitudinal, respe
tively.
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very poor experimental data@16#.
The sensitivity of theK1L electroproduction observable

to the choice of the form factors is magnified for the ratio
the longitudinal to transverse cross sectio
R(t)5dsL /dsU ~Fig. 16!. The SL model has a continu
ously increasing dependence on the2t variable and gives
above roughly2t51 GeV2 the highest ratio@notice that in
Fig. 16 curve~a! is rescaled by a factor of 1/2#. The main
effect when using the kaon form factor by Cardarelliet al.
@41# is to reduce the magnitude of the ratio by almost a fac

FIG. 16. Same as Fig. 14, but for the longitudinal to transve
differential cross sections ratioR(t)5dsL /dsU . Results for curve
~a! are divided by a factor of 2.
f
s

or

of 2 @curve ~b!#. This form factor corresponds to the ca
where the radius~mass! of thesquark is different from those
of u andd quarks. The crude approximation taking the sa
radius~mass! for all three quarks leads@43# to significantly
smaller ratio and flattens itst dependence. A drastic chan
both in the shape and magnitude is produced by the us
WJC form factor for theK1 resonance@curve~c!#. The main
sensitivity to theK* form factor happens at the highest va
ues of 2t: above roughly 1.5 GeV2, the ratio decrease
slowly @curve ~d!#. The other drastic effect is obtained b
using the older version@38# of the baryonic form factors du
to Gari and Kru¨mpelmann, with the most striking featu
being the inversion of the curvature at low values of2t
@curve~e!#. As mentioned above, the~e! configuration for the
form factors is very close to that used by Williamset al.
Actually, their model, although with a reaction mechani
very different from the present work~Table VIII!, shows
comparable behavior forR(t). Moreover, the curvature o
this ratio was found very sensitive to thet-channel contribu-
tions @60#. Such indications are very instructive, since
might hope that the forthcoming experimental data, in fix
the shape of this ratio, will offer a good opportunity to d
entangle the role played by the hadrons form factors fr
those of the underlying reaction mechanism.

To summarize the form factors studies, according to
results, the most significant information is embedded
the ratioR(t)5dsL /dsU in the transfer range accessible
CEBAF.

E. ReactionsK21p˜g1Y ; Y [L,S0

The radiative capture reactions have been mainly stu
@67# independently of the photoproduction reactions and
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tight connection with the role and the nature of th
L~1405! resonance. The field has suffered from the fact th
the only data point@68# available until 1989, and used exten
sively in phenomenological calculations, was found to be t
high by almost a factor of 3 compared to the new and mo
reliable measurements@20#. The most recent investigation in
this sector has been done by Siegel and Saghai@69# ~hereaf-
ter called SS!, where all elastic and inelastic channels~had-
ronic and electromagnetic final states! in low energyK2p
interactions have been investigated within a coupled chan
formalism. The authors discuss different results according
the allowed discrepancies for the coupling constants fro
their SU~3!-symmetry values. Here we report their resul
with 20% SU~3! breaking, as is the case in the present wor

The simultaneous study of these channels and the stran
ness photoproduction reactions, using crossing symme
was basically initiated by Williams-Ji-Cotanch@3# after the
new data became available. Table XII summarizes the res
from SS, WJC, this work, and the experimental values. T
data are well reproduced by the three models. Our calcu
tions confirm the crucial role played by theL~1405!
resonance in this channel~see Table XI!. New data from
DAFNE @70# will hopefully allow improving our under-
standing of this field.

V. SUMMARY AND CONCLUSIONS

The present work, based on an isobaric formalism, offe
a unified description of all the strangeness photo- and el
troproduction observables off the proton known experime
tally in the energy range from threshold toEg

lab. 2.1 GeV;
namely, gp→K1L, K1S0, K0S1, and ep→e8K1L,
e8K1S0, as well as the branching ratios of the radiativ
capture reactionsK2p→gL,gS0 at threshold,via crossing
symmetry.

This formalism is an extension of previous calculation
the main novelty being the inclusion of spin-3/2 and -5
nucleonic resonances. We have used the method propose
Adelsecket al. @25# for spin-3/2, and extended it to the spin
5/2 case. Nevertheless, adopting this treatment may be c
sidered as anad hocmethod aimed to preserve gauge invar
ance of the amplitudes. Due to the effective Lagrangi
theory @33#, it is known that the treatment of an interactin
spin-3/2 baryon implies the off-shell behavior of the partic
~or resonance! at the vertex. This problem has recently bee
renewed by Benmerroucheet al. @34#, and applied@35,36# to
the nonstrange pseudoscalar mesons photoproduction.
preliminary results@37# for kaon photoproduction show
rather moderate effects due to the off-shell contributions.

The work presented in this paper leads to a reacti
mechanism including, besides the extended Born terms,

TABLE XII. Branching ratios from WJC@3#, SS @69#, and the
present work~SL!. Data are from Ref.@20#.

WJC SS SL Experiment

K2p→gL 0.89 1.09 0.95 0.866 0.076 0.09
K2p→gS0 1.46 1.55 1.43 1.446 0.126 0.11
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exchange of the following particles:11

K* ~892!,K1~1270!,

N~1440!@1~1/21!#,N~1720!@1~3/21!#,N~1675!@2~5/22!#,

L~1405!@0~1/22!#,L~1670!@0~1/22!#,L~1810!@1~1/21!#,

S~1660!@1~1/21!#,

D~1910!@1~1/21!#,D~1232!@1~3/21!#,D~1920!@1~3/21!#.

The threeD resonances intervene only in theKS channels.
This set of exchanged resonances was determined after
amining thousands of configurations containing differen
combinations of roughly 30 baryonic resonances. The o
tained model is the only configuration satisfying the criteri
specified in the text; namely, acceptablex2’s for all the
seven channels, agreement with the SU~3!-symmetry con-
straints for the two main coupling constants, predictivit
power, and a rather simple reaction mechanism.

The free parameters of the model, 15 for theK1L and 20
for theKS channels, have been determined by least-squa
fitting procedure on 309 and 241 data points, respective
for the above seven reactions, i.e., all the processes for wh
data are available.

In fact, the obtained model, called SL, contains a reaso
able number of resonances, with the values of the two ma
coupling constants in agreement with the SU~3!-symmetry
constraints. The model allows predicting the only unfitte
available data for the target asymmetry polarization in th
gpW→K1L reaction. These data were excluded purpose
from the fitted data base to check the predictive power of t
model. Given the planned photoproduction polarization e
periments at CEBAF, ELSA, and ESRF, we provide predic
tions and go through a rather detailed discussion on the
lectivity of single and double beam-recoil polarization
observables in determining the reaction mechanism.

The present investigation emphasizes the need for n
and more accurate data for all the strangeness product
observables, and singles out the crucial need for measu
ments with polarized photon beams. The most appealing o
servables come out to be the single-polarization asymme
using a ~linearly! polarized beam, and the double-
polarization observables with circularly polarized photon
The neutral kaon production channelgp→K0S1 appears
also to be very attractive in pinning down the reactio
mechanism.

In studying the electroproduction reactions, we emphasi
the sensitivity of differential cross sections to the choice o
baryonic and kaonic form factors as reported in the literatur
We find that the most appropriate quantity to be measured
the ratio of the longitudinal to transverse componen
R(t)5dsL /dsU as a function of the Mandelstam variable
t.

11The quantum numbers of the baryons are indicated
@ l KY(J

p)#.
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The radiative capture branching ratios at rest show,
expected, high sensitivity to theL(1405) hyperonic reso-
nance. We observe also a non-negligible role played by
L(1670) resonance.

The elementary operators constructed here, because o
Lorentz invariant structure of the used formalism, can eas
be transformed into any reference frame. These opera
can, hence, be incorporated into strangeness production
nuclei, and especially in the promising field of the hype
nuclear physics using electromagnetic probes.
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APPENDIX A

Contributions to the invariant amplitudes arising from th
Born terms, and from the exchange of theK* , the nucleonic
Jp516/2, and the hyperonicJp516/2 resonances.

1. Born terms †„Y,Y8…[„L,S0
…,„S0,L… ‡

A1
Born5

egKYN
s2Mp

2 ~F1
p1kpF2

p!1
egKYN
u2MY

2 ~F1
Y1kYF2

Y!
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egKY8N

u2MY8
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~MY81MY!kS0L
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Born5

22 egKYN
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2!~ t2MK
2 ! FFK1~FK2F1

p!~pg
222pg•pK!

3
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2pg•pY
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2

2F1
Y
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2 .

2. Born terms „Y[S1
…

A1
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egKYN
s2Mp

2 ~11kp!1
egKYN
u2MY

2 ~11kY!,
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Born5
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Born5A6

Born50.

In the followingY[L,S0,S1.

3. K* resonance
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M
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1 iM K*GK*
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4. K1 resonance
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A3
K15

GV
K1

M

1

t2MK1
2 1 iM K1GK1

FK1

1
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K1

M

MY2Mp

MY1Mp
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2 1 iM K1GK1
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In the above expressions, we useM51 GeV as a renormal-
ization mass.

5. N* „1/26
… nucleonic resonances

A2
N* ~1/26!5A4

N* ~1/26!5A6
N* ~1/26!50,

A1
N* ~1/26!5

egKYN*
s2MN*

2
1 iM N*GN*

3
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2Mp
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kN*N
2Mp

FN* .

The contributions from thes-channelD* (1/26) resonances
associated withS0 production have the same form, with th
appropriate substitutions for the mass, width and coupl
constant.

6. Y* „1/26
… hyperonic resonances

A2
Y* ~1/26!5A3

Y* ~1/26!5A6
Y* ~1/26!50,

A1
Y* ~1/26!5

egKNY*
u2MY*
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1 iM Y*GY*

kY* Y
2Mp

FY* .

APPENDIX B

After simplifications and factorizations with the help o
MAPLE, the contributions to the invariant amplitudes corr
sponding to the exchange of anN* (3/21) resonance are the
following.
e
ing

f
e-

The photoproduction amplitudes are written as

Aj5
1

~s2MN*
2

1 iM N*GN* !
(
i51

2

GiPi j , j51, . . . ,4.

The contributions coming from theG1 coupling are

P115
~3As2Mp!A

6s
1ML2

pL•pg

As1Mp

, P1252
1

As1Mp

,

P135
ML

As1Mp

2
MpA

3s~As1Mp!
, P1451,

and those coming from theG2 coupling

P2152
B~As2Mp!

6As~As1Mp!
, P225

As2Mp

2~As1Mp!
2
,

P235
pL•pg

~As1Mp!
2

2
B~As2Mp!

3~As1Mp!
2As

,

P2452
As2Mp

2~As1Mp!
,

with

A52pL•q2AsML , B5pL•q1AsML .

The electroproduction amplitudes are

Aj5
1

~s2MN*
2

1 iM N*GN* !
(
i51

2

GiEi j , j51, . . . ,6.

For j51, . . . ,4, theEi j coefficients are expressed in term
of the abovePi j as

Ei j5Pi j1pg
2Ri j , i51,2, j51, . . . ,4.

The extra termsRi j coming from theG1 coupling have the
following expressions:

R115
A

6s~As1Mp!
, R125

A

6s~As1Mp!pL•pg

,

R1350, R1450,

and those coming fromG2

R215
B

6~As1Mp!
2As
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R2252
AsMLMp22MppL•q13AspL•q

6pL•pg~As1Mp!
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For j55,6 theEi j coefficients coming fromG1 andG2
are

E1552
A

3s
, E165

pg•ppA

3s~As1Mp!pL•pg

1
1

As1Mp

,

E255
pg•ppA

3~As1Mp!
2s
,

E2652
pg•pp~AsMLMp22MppL•q13AspL•q!

3pL•pg~As1Mp!
2s

.

In the above expressions, the dot productspg•pp ,
pL•pg andpL•q can be written in terms of the usual invar
ants as

pg•pp5
1
2 ~s2pg

22Mp
2!, pL•pg5 1

2 ~ML
2 1pg

22u!,

pL•q5 1
2 ~s1ML

2 2MK
2 !.

In the case of a negative parity resonance,
Vn(N* pg) vertex is given by Eq.~2.3! with Mp→2Mp and
ig5→1, and theVm(K1LN* ) vertex is obtained from Eq.
~2.7! timesig5 ~see Table II!. The correspondingM fi ampli-
tude has the same structure as Eq.~2.6!, with g5 acting now
-

he

onto the right of the first vertex. Using the anticommutatio
property ofg5 with gm, it is easy to move theg5 matrix in
the same position as in the positive parity case, namely on
the right of the second vertex. By inspection, we immed
ately obtain the parity rule for the transition matrix

M fi
~2 !52M fi

~1 !@As→2As#.

The corresponding parity rule for the contributions to th
invariant amplitudes is then

Aj
~2 !52Aj

~1 !@As→2As#.

APPENDIX C

The contributions to the invariant amplitudes correspond
ing to the exchange of aN* (5/21) resonance have the same
structure as in the spin-3/2 case. We give only the photopr
duction amplitudes

Aj5
1

10~s2MN*
2

1 iM N*GN* !
(
i51

2

GiPi j , j51, . . . ,4.

Defining w5As, the contributions coming from theG1
coupling are
P115
$~2MLw~2w2Mp!pL•q22~4w1Mp!~pL•q!2!w12ML

2w2w1
2 %w2

2

2w2w
4

1
$4w2~7w14Mp!pL•pgpL•q24MLw

3~2w2Mp!pL•pg%w2220~pL•pg!2w4

2w2w
4 ,

P125
~4pL•q1MLw!w1w2210pL•pgw

2

w2w2
,

P135
$2~pL•q!2Mp22MLw~2w2Mp!pL•q%w1w22ML

2w2w1w2
2 28w2pL•pgMppL•q

w2w
4 1

2MLw
3~5w2Mp!pL•pg

w2w
4 ,

P145
2w1~3w22Mp!pL•q210pL•pgw

22MLww1
2

w2 ,

and those coming fromG2:

P215
$~pL•q!22MLwpL•q%w1

2 w21~2MLw
3pL•pg22pL•pgw

2pL•q!w1

2w2w
3 ,

P225
~24pL•q2MLw!w1

2 w2110w2w1pL•pg

2w2w2
2 ,

P235
$MLwpL•q2~pL•q!2%w1

2 w21$4w~2w2Mp!pL•pgpL•q2MLw
2~3w1Mp!pL•pg%w1

w3w2
2 2

10~pL•pg!2w3

w3w2
2 ,

P245
10w2w1pL•pg22~3w22Mp!w1

2 pL•q1MLww1
3

2w2w2
,



ss

2636 53J. C. DAVID, C. FAYARD, G. H. LAMOT, AND B. SAGHAI
with

w15w1Mp , w25w2Mp .

The dot products and the parity rule are expressed as
Appendix B.

APPENDIX D

The relations between the CGLN amplitudes and theAj
invariant functions are

F15~As2Mp!A12pg•ppA32pg•pYA42pg
2A5 ,

F25
upguupKu

~Ep1Mp!~EY1MY!
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The expressions for the different components of the cro

section@Eq. 2.24# in terms of the CGLN amplitudes are

dsU5A@ uF1u21uF2u212Re~F1*F2!cosu1 1
2 sin

2u$uF3u2

1uF4u212Re~F1*F42F2*F31F3*F4cosu!%#,
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2 uF3u21 1
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