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Off-shell effects in the electromagnetic production of strangeness
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Previous approaches to the photoproduction and electroproduction of strangeness off the proton, based upon
effective hadronic Lagrangians, are extended here to incorporate the so-calledoff-shell effectsinherent to the
fermions with spin>3/2. A formalism for intermediate-state, spin-3/2, nucleonic, and hyperonic resonances is
presented and applied to the processesgp→K1L, for Eg

lab<2.5 GeV,ep→e8K1L, as well as the branching
ratio for the crossed channel reactionK2p→gL, with stopped kaons. The sensitivity, from moderate to
significant, of various observables to such effects are discussed.@S0556-2813~98!04207-1#

PACS number~s!: 25.20.Lj, 25.30.Rw, 13.88.1e, 14.20.Jn
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I. INTRODUCTION

The purpose of the present work is to improve the rec
Saclay-Lyon~SL! study @1# on the strangeness electroma
netic production from the proton. This investigation w
based upon an effective hadronic Lagrangian in the low
~tree! approximation, often called the isobar approximatio
Based on a number of aspects one might safely say that S
an improved version of its predecessors dealing with
same strangeness production processes.1 In particular, it has
incorporated thes-channel nucleonic resonances with sp
3/2 and 5/2, expected to be important should the model
main adequate as energy increases. In Ref.@2# such reso-
nances were also considered. However, there the compon
of the amplitude growing undesirably with increasing cha
nel energy were taken away by hand.

As we will see later, these contributions arise from t
nonresonant terms associated with each considered
nance with spin.1/2. In the SL study this was avoided b
modifying the vertices and propagators in a manner adop
for spin-3/2 resonances in Refs.@3,4#: a straightforward ex-
tension to higher spins, while preserving the electromagn
gauge invariance.

This modification, however, has introduced an unwan
behavior for spin.1/2 hyperonic resonances exchanged
theu channel: the corresponding propagators become sin
lar in the physical region. Thus in the SL approach on
spin-1/2 hyperons have been considered in theu-channel ex-
change. The phenomenological success of the SL m
might imply that, within the present state of the data,
main contributions from baryonic higher spin resonan
come mainly from thes-channel resonances~we will come
back to this point in Sec. IV!.

1See Ref.@1# for a detailed account on this matter and extens
references to relevant papers.
PRC 580556-2813/98/58~1!/75~16!/$15.00
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In the study of pion photoproduction, the Renssela
Polytechnic Institute~RPI! group @5,6# has shown that of
several different forms of the spin-3/2 propagator in the
erature only one of them has a correct inverse. Also
authors pointed out that there are extra degrees of free
associated with the interaction vertices involving a spin-
particle. By exploiting these facts, they successfully fitted
existing photopion data by the amplitudes generated fr
effective hadronic Lagrangians, and made predictions
some observables as well as theE2/M1 ratio for theNDg
vertex. A similar strategy has been applied also by the R
group @7,8# to the photoproduction and electroproduction
the h meson.

It seems quite natural then, as an extension of the Sac
Lyon approach@1#, as well as the works of the RPI grou
@5–8#, to exploit this treatment for spin-3/2 particles in th
study of the photoproduction and electroproduction of
strangeness off the nucleon. Yet, one needs to incorpo
properly theu-channel exchanges in the phenomenologi
approaches. The reasons for such an effort are mainly t
fold: ~i! a consistent treatment of the higher spin baryo
resonances in boths and u channels,~ii ! very likely, more
sophisticated formalisms will be needed to interpret
forthcoming data from new facilities, e.g., the Thomas J
ferson National Accelerator Facility~JLAB!, the Electron
Stretcher Accelerator~ELSA!, the European Synchrotro
Radiation Facility~ESRF!, and the 8 GeV Synchrotron facil
ity ~SPring-8! under construction in Japan.

In this paper, we work out the general expressions va
for the processes with a kaonK ([ K1,K0) and a hyperonY
([L,S0,S1) in the final state. A selected set ofKL chan-
nel observables for the following processes are also repor
gp→K1L (Eg

lab< 2.5 GeV!, ep→e8K1L, and K2p
→gL. Similar investigations with theS hyperons in the
final state, i.e.,K1S0 and K0S1 channels, are in progres
and the results will be reported elsewhere.

In Sec. II, the approach by the RPI group is extended
the photoproduction and electroproduction of strangen

e
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throughs-channel nucleonic resonances of spin 3/2. The o
shell parameters are introduced in the interact
Lagrangians, and the dependence on these parameters
nonpole part of the invariant amplitudes is clarified. The a
proaches used previously where the off-shell effects w
ignored are placed in the present context. Section III is
voted to the treatment of spin-3/2 resonances in theu chan-
nel. The direct calculation proceeds along the same line
for the s-channel resonance exchange. The substitution
which emerges from the direct calculation is worked o
leading to simple rules to obtain theu-channel invariant am-
plitudes from thes-channel ones. In Sec. IV, we give ou
results and we discuss the dependence of the relevant ob
ables on the off-shell parameters. The summary and con
sions are presented in the last section.

II. SPIN-3/2 RESONANCES IN THE s CHANNEL

In this section we extend the approach by Benmerrou
et al. @5–7#, devoted to thep and h photoproduction, to
obtain the amplitudes for the reactionsg

R,V
p→KY (KY

[K1L,K1S0,K0S1) for both real (gR) and virtual (gV)
photons, through ans-channel nucleonic resonance of sp
3/2 and positive parity. Once we obtain the amplitude, it
easy to establish its relation to the corresponding one
tained by Renard and Renard@2# as well as to the one in SL
@1#. Although some parts of this section should appear to
repetitive to those who are familiar with Ref.@5#, we give a
comprehensive presentation of the matter for completen
and present the explicit expressions of the invariant am
tudes for the photoproduction and electroproduction.

A. Propagator and vertices

Following Ref. @5# with some modifications appropriat
for the processes under consideration, the most general i
action Lagrangians which preserve the symmetry under
so-called point transformation reads

LKYR5
gKYR

MK
@R̄nQnm~Z!Y]mK1Ȳ~]mK†!Qmn~Z!Rn#,

~2.1!

L gpR
~1! 5

ieg1

2M p
@R̄nQml~Y!gng5NFnl

1N̄g5gnQlm~Y!RmFnl#, ~2.2!

L gpR
~2! 5

2eg2

4M p
2 @R̄mQmn~X!g5~]lN!Fnl

2~]lN̄!g5Qnm~X!RmFnl#. ~2.3!

In expression~2.1!, LKYR specifies the Lagrangian for th
strong kaon-hyperon-resonance (KYR) vertex in whichK
denotes the isodoublet
f-
n
the
-
re
-

as
le
,

rv-
lu-

e

s
b-

e

ss,
i-

er-
e

K5S K1

K0 D .

L (1) andL (2) are for theg5 and derivativeelectromag-
netic coupling terms, respectively. There,Fmn is the standard
electromagnetic field tensor,2 andQmn is defined as

Qmn~V!5gmn2S V1
1

2Dgmgn . ~2.4!

It is important to stress that in the above LagrangiansV
5X,Y,Z are arbitrary parameters which preserve the sy
metry of the free Lagrangian under the point transformati
and are often called theoff-shell parameters~see Ref.@5# for
more details!. As will become clear later, we will exploit this
extra freedom to make the kaon electromagnetic produc
amplitudes well tamed. In what follows we will rather us
X̃[X1 1

2 , Ỹ[2Y11, Z̃[Z1 1
2 .

Using the above Lagrangians, the matrix element for
g5 term is obtained as

^YKuTs
~1!ugp&52 iG1ŪY~pY!ipK

hQhm~Z!Pmn~q!

3Qnx~Y!gbg5@2 ipg
bex1 i ebpg

x#Up~pp!,

~2.5!

where we have introduced the coupling constant

G1[
eg1gKYR

2M pMK
, ~2.6!

ex is the polarization vector of the photon,q5pg1pp5pK
1pY is the total momentum (s5q2), and Pmn(q) is the
spin-3/2 propagator. As explained in Ref.@5#, the simplest
form for the propagator reads

Pmn~q!5
q”1MR

3~q22MR
2 !

3F3gmn2gmgn2
2qmqn

MR
2

2
qngm2qmgn

MR
G ,

~2.7!

where MR is the mass of the resonance. It is important
note @5# that this propagator contains the spin-1/2 contrib
tion, which is a consequence of the fact that the abovePmn

has the correct inverse.
Using expression~2.4! for Qmn to calculate the terms on

both sides of the propagator, we find

^YKuTs
~1!ugp&52 iG1ŪY~pY!@~pK!m2Z̃p” Kgm#Pmn~q!

3$@enp” g2~pg!ne” #2Ỹgn

3@e”p” g2e•pg#%g5Up~pp!. ~2.8!

2Throughout the present paper we follow the conventions foun
Bjorken and Drell@9#.
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A similar calculation leads to thederivativecoupling contri-
bution corresponding toL (2)

^YKuTs
~2!ugp&52 iG2ŪY~pY!@~pK!m2Z̃p” Kgm#Pmn~q!

3$@e•pp~pg!n2pg•ppen#1X̃gn

3@pg•ppe”2e•ppp” g#%g5Up~pp!, ~2.9!

with

G2[
eg2gKYR

4M p
2MK

. ~2.10!

Adding the above two contributions given in Eqs.~2.8!,
~2.9!, we can write the scattering amplitudeM f i correspond-
ing to thes-channel exchange of anSP53/21 resonance as

M f i
~s!5ŪY~pY!V m~KYR!Pmn~q!V n~Rpg!Up~pp!,

~2.11!

where theKYR vertex reads

V m~KYR!52
gKYR

MK
@pK

m2Z̃p” Kgm#, ~2.12!

and theRpg vertex is

V n~Rpg!5F eg1

2M p
@enp” g2pg

ne”2Ỹgn~e”p” g2e•pg!#

1
eg2

4M p
2 @e•pppg

n2pg•ppen1X̃gn

3~pg•ppe”2e•ppp” g!#G ig5. ~2.13!

Note that, for the general case of electroproduction,
above vertex must be multiplied byFR5F2

p , the second
Dirac form factor of the proton. In the case of photoprodu
tion, this factor reduces to unity, and in addition we ha
e•pg50.

B. Invariant amplitudes

The Lorentz invariant matrix element for electroprodu
tion is written as

M f i
~s!5 iŪ YS (

j 51

6

AjMj DUp , ~2.14!

where ŪY and Up are the spinors of the hyperon and t
proton, respectively,Aj ’s are Lorentz invariant scalar func
tions of the Mandelstam variables, andMj ’s are the six
usual gauge invariant matrices for the electroproduction

M15g5~p” ge”2e•pg!,

M252g5~e•pppg•pY2e•pYpg•pp!,

M35g5~e”pg•pp2p” ge•pp!,
e

-

-

M45g5~epg•pY2p” ge•pY!,

M55g5~pg
2e”2e•pgp” g!,

M65g5~pg
2e•pY2e•pgpg•pY!

2g5~pg
2e•pp2e•pgpg•pp!. ~2.15!

Due to the second term,2g5(pg
2e•pp2e•pgpg•pp), the

choice ofM6 is different from that used in Refs.@3# and@1#.
This results in a few modifications in the expressions of
CGLN amplitudes for the electroproduction as given in A
pendix A. The advantage of this choice is its symmet
property under the exchangepp↔2pY , thus leading to
more transparent relations between thes- and u-channels
amplitudes, as shown in the next section. In the case of p
toproduction (pg

250 e•pg50) only the first four invariant
amplitudes in Eq.~2.15! are needed.

Using the above expressions for the propagator and v
ces, the application of the Dirac algebra leads to the invar
amplitudesAj , which are expressed as sums of resonan
pole (P) and nonpole (NP) contributions. In the case of th
photoproduction we find

Aj5(
i 51

2

GiF Pi j
P

s2MR
2

1Pi j
NPG ~ j 51, . . . ,4!. ~2.16!

The expressions of thePi j
P,NP coefficients are given in Ap-

pendix B, Eqs.~B9!–~B12!.
The electroproduction amplitudes can be written in

similar form:

Aj5(
i 51

2

GiF Ei j
P

s2MR
2

1Ei j
NPG ~ j 51, . . . ,6!. ~2.17!

For j 51, . . . ,4, the Ei j
P,NP coefficients are expressed i

terms of the above defined photoproduction coefficie
Pi j

P,NP as

Ei j
P,NP5Pi j

P,NP1pg
2Ri j

P,NP ~ i 51,2! ~ j 51, . . . ,4!.
~2.18!

The extra termsRi j
P,NP are given in Appendix B, Eqs.~B13!

and~B14!. Note that this decomposition is not necessary
j 55,6. The corresponding coefficientsEi j

P,NP are given in
Eqs.~B15! and ~B16! of Appendix B.

We mention that in the calculation of the observab
~Sec. IV!, the following replacement is made in the denom
nator of the pole contribution in Eqs.~2.16! and ~2.17!:

s2MR
2→s2MR

21 iM RGR , ~2.19!

whereGR is the width of the resonance. It is important
emphasize here that thepolecontributions~see Appendix B!
are completelyindependentof V(5X,Y,Z), hence with no
off-shell dependence.

So far we have discussed the case in which the parity
the s-channel resonance is positive. For a resonance w
negative parity, we have only to make the following replac
ments: V m(KYR)→ ig5V m(KYR) in Eq. ~2.12!, and ig5

→1 in Eq. ~2.13!. In the correspondingM f i amplitude@Eq.
~2.11!#, g5 is now acting onto the left of the first vertex
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Using the anticommutation property ofg5 with gm, it is easy
to move theg5 matrix in the same position as in the positiv
parity case, namely, to the right of the second vertex.
inspection, we immediately obtain the parity rule for the
variant ~pole and nonpole! amplitudes

Ei j
~2 !~MR!5~2 ! i 11Ei j

~1 !~2MR!, i 51,2, j 51, . . . ,6.
~2.20!

C. Formalisms without off-shell effects

1. Renard and Renard approach

The expressions used in Ref.@2# for the propagator are th
same as Eq.~2.7!, but in the interaction Lagrangian Eq
~2.1!–~2.3! Qml(V), (V5X,Y,Z) was set equal togml . In
other words, the authors putV[2 1

2 in Eq. ~2.4! ~or Ṽ
[0), thus no off-shell effect associated with the spin-3
particles was considered. It is therefore clear from E
~2.12! and~2.13! that the corresponding amplitude simplifie
considerably. However, some of thenonpolecontributions
Pi j

NP grow linearly in thes variable~see Appendix B!, caus-
ing an undesirable increase, for example, in the produc
cross section. For this reasonall the resultingnonpolecon-
tributions were artificially thrown away in Ref.@2#.

2. Adelseck et al. approach

To avoid the difficulties encountered in the Renard a
Renard model@2#, Adelsecket al. @3# have suggested an
applied the following prescriptions~used also in Ref.@1#!.
The propagator is written from Eq.~2.7!, with the mass of
the resonanceMR replaced by the total invariant energyAs,
except in the denominator where the width of the resona
is introduced

Pmn
A 5

q”1As

3~s2MR
21 iM RGR!

3F3gmn2gmgn2
2

s
qmqn2

1

As
~gmqn2gnqm!G .

~2.21!

This modification provides an extra damping of the amp
tude with increasing channel energy. So together with
corresponding modification in the vertices discussed bel
an unwanted growth in the production cross section due
the nonpole contribution could be reduced in the absenc
the off-shell freedom~in terms ofX,Y,Z).

In the photoproduction case, theKYR vertex is

V m~KYR!5
g̃KYR

MR
pY

m , ~2.22!

and theRpg vertex factor for a positive parity resonance
written as
y
-

.

n

d

ce

-
e
,

to
of

V n~Rpg!5 i FgaS en2
pg

ne”

As1M p
D 1gb

1

~As1M p!2

3~e•pppg
n2pg•ppen!Gg5. ~2.23!

As stated by Adelsecket al., these prescriptions wer
used to ensure gauge invariance of the scattering amplit
In fact, expressions~2.22! and ~2.23! may be reached from
Eqs.~2.12! and~2.13! as demonstrated in Appendix C, whe
the coupling constantsga , gb , andg̃KYR are defined in terms
of g1 , g2 , andgKYR, respectively. Particularly, the photo
coupling vertex in this choice contains damping factors
the s variable.

However, regarding the spin-3/2 propagator~2.21!, when
the same form is used for au-channel resonance exchang
namely, thes variable replaced by theu variable, the latter
may vanish at certain kinematical situations, leading to
unphysical behavior. Note also that as pointed out in R
@5#, such propagators do not have inverses, and corresp
ing wave equations for the spin-3/2 field cannot be defin
Thus this approach is not appropriate for a consistent sim
taneous description of thes andu channels.

III. SPIN-3/2 RESONANCES IN THE u CHANNEL

In this section we show some basic details on how
lowest orderu-channel exchange of aL* (3/21) resonance
contributes to the amplitude forK1 production on the pro-
ton.

A. Direct calculation

The exchange of aL* (3/21) resonance in theu channel
is treated along the same lines as in Sec. II for thes-channel
resonances exchange. The matrix element correspondin
the g5 photon coupling takes the form

^YKuTu
~1!ugp&5

2 ieg18gKpR

2MYMK
ŪY~pY!g5gb

3@2 ipg
bel1 i ebpg

l#Qln~Y!Pnm~2q8!

3Qmx~Z!ipK
x Up~pp!, ~3.1!

with R[L* (3/21). The momentum transfer isq8[pg
2pY5pK2pp , with q825u. Note that with a correct kine-
matical consideration it is easy to see that the propag
depends on2q8 ~not q8).

Using Eq.~2.4! just as before, one finds

^YKuTu
~1!ugp&5

2 ieg18gKpR

2MYMK
ŪY~pY!g5$@enp” g2~pg!ne” #

2Ỹ@p” ge”2e•pg#gn%Pnm~2q8!

3@~pK!m2Z̃gmp” K#Up~pp!. ~3.2!

The derivative coupling term is calculated along the sam
lines, leading to
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^YKuTu
~2!ugp&5

2 ieg28gKpR

4MY
2MK

ŪY~pY!g5

3$@e•pY~pg!n2pg•pYen#

1X̃@pg•pYe”2e•pYp” g#gn%Pnm~2q8!

3@~pK!m2Z̃gmp” K#Up~pp!. ~3.3!

In the above expressions,g18 and g28 are the twogYR cou-
pling constants, which are similar tog1 andg2 in Eqs.~2.2!
and~2.3!. Note the similarity of the last two expressions wi
the corresponding ones for ans-channel resonance exchang
Eqs.~2.8! and~2.9!. Adding the two above contributions, th
scattering matrix in theu-channel exchange reads

M f i
~u!5ŪY~pY!V n~RYg!Pnm~2q8!V m~KpR!Up~pp!.

~3.4!

The two vertices are

V m~KpR!52
gKpR

MK
@pK

m2Z̃gmp” K#, ~3.5!

V n~RYg!5 ig5F eg18

2MY
@enp” g2pg

ne”2Ỹ~p” ge”2e•pg!gn#

1
eg28

4MY
2 @e•pYpg

n2pg•pYen

1X̃~pg•pYe”2e•pYp” g!gn#G . ~3.6!

The propagator reads

Pnm~2q8!5
2q” 81MR

3~u2MR
2 !

F3gnm2gngm2
2

MR
2

qn8qm8

1
1

MR
~gnqm8 2gmqn8!G . ~3.7!

Using the above expressions for the vertices and prop
tor, the decomposition ofM f i

(u) in terms of the gauge invari
ant matrices defined in Eq.~2.15! can be done along th
same lines as in Sec. II B. However, comparing thes- and
u-channel vertices and propagators, it is easy to get out
rules regarding how to obtain the expressions for
u-channel exchange from those for thes channel, namely,
~1! exchangepp↔2pY ~including MN→MY), ~2! express
the products ofg matrices in a reversed order,~3! change
s→u, g2→2g2 , MR→2MR , and ~4! exchange the two
vertices and put the appropriate coupling constants. In f
these rules result from a substitution rule which is simple
use, since it allows us to formally derive the invariant a
plitudes for theu-channel exchange directly from the corr
spondings-channel exchange amplitudes. The derivation
the substitution rule and its application to obtain the invari
amplitudes are given in the next two subsections.
,

a-

he
e

t,
o
-

f
t

B. Substitution rule

We now calculate theu-channel results by a substitutio
rule applied to thes-channel expressions. Namely, we intr
duce in Eq.~2.11! the appropriate coupling constants, t
gether with the following replacements:s→u, MN→MY ,
pp↔2pY , Up(pp)→VY(2pY), UY(pY)→Vp(2pp), with
Vp , VY being the negative energy spinors. The result
scattering matrix is

M f i
~u!5V̄p~2pp!V m~KpR!Pmn~q8!V n~RYg!VY~2pY!,

~3.8!

and the expressions of the vertices and propagator are@cf.
Eqs.~2.12!, ~2.13!, and~2.7!#:

V m~KpR!52
gKpR

MK
@pK

m2Z̃p” Kgm#, ~3.9!

V n~RYg!5 i F eg18

2MY
@enp” g2pg

ne”2Ỹgn~e”p” g2e•pg!#

2
eg28

4MY
2 @e•pYpg

n2pg•pYen

1X̃gn~pg•pYe”2e•pYp” g!#Gg5 , ~3.10!

Pmn~q8!5
q” 81MR

3~u2MR
2 !

F3gmn2gmgn2
2

MR
2

qm8 qn8

2
1

MR
~gmqn82gnqm8 !G , ~3.11!

with q85pg2pY5pK2pp , as before.
Using the relation between theV andU spinors:V(2p)

5CŪT(p), with C5g0g2 the charge conjugation operato
andŪ5U†g0 the Dirac adjoint ofU, Eq. ~3.8! is written as

M f i
~u!52Up

T~pp!C21V m~KpR!Pmn~q8!V n~RYg!CŪY
T~pY!.
~3.12!

By appropriately insertingI 5C21C, the above equation
can be transformed into

M f i
~u!52ŪY~pY!

3@V n~RYg!T#C@Pmn~q8!T#C@V m~KpR!T#CUp~pp!,

~3.13!

where we have defined theC transform ofXT as

@XT#C5C21XTC.

Now, we exploit the properties of the charge conjugati
matrix C to calculate theC transforms of the vertices an
propagator. For example, theC transform of the (KpR) ver-
tex Eq.~3.9! is



ai

in

-

ly

Eq.

the

n a

ed,
ist-
rst
the
re-
to
ated.

80 PRC 58T. MIZUTANI, C. FAYARD, G.-H. LAMOT, AND B. SAGHAI
@V m~KpR!T#C52
gKpR

MK
C21@pK

m2Z̃p” Kgm#TC.

~3.14!

From the properties ofC, we obtain

C21~p” Kgm!TC5C21gmT~pK!ngnTC

5gm~pK!ngn5gmp” K , ~3.15!

and Eq.~3.14! becomes

@V m~KpR!T#C52
gKpR

MK
@pK

m2Z̃gmp” K#. ~3.16!

A similar calculation leads to theRYg vertex

@V n~RYg!T#C5 ig5F2
eg18

2MY
@enp” g2pg

ne”2Ỹ~p” ge”

2e•pg!gn#2
eg28

4MY
2 @e•pYpg

n2pg•pYen

1X̃~pg•pYe”2e•pYp” g!gn#G , ~3.17!

and the propagator takes the form

@Pmn~q8!T#C5
2q” 81MR

3~u2MR
2 !

F3gnm2gngm2
2

MR
2

qn8qm8

1
1

MR
~gnqm8 2gmqn8!G . ~3.18!

A comparison with Eq.~3.11! leads to

@Pmn~q8!T#C5Pnm~2q8!. ~3.19!

Combining Eqs.~3.13!, ~3.16!, ~3.17!, and~3.19! leads to the
same result as the direct calculation Eqs.~3.4!–~3.7!.

C. Invariant amplitudes

In this subsection, we apply the substitution rule to obt
the invariant amplitudes~hereafter denoted asAj8) for the
u-channel exchange directly from the correspond
s-channel exchange amplitudesAj .

Let us write Eq.~2.14! with specifying the relevant vari
ables

M f i
~s!5 iŪ Y~pY!S (

j 51

6

Aj~s,t,u!Mj~pp ,pY!DUp~pp!,

~3.20!

whereMj are the six gauge invariant amplitudes Eq.~2.15!,
andAj have been made explicit in Sec. II B. We now app
the substitution rule~see the previous subsection! to Eq.
~3.20! in order to obtain the scattering matrix in theu chan-
nel
n

g

M f i
~u!5 iV̄p~2pp!S (

j 51

6

Aj~u,t,s!Mj~2pY ,2pp!D
3VY~2pY!. ~3.21!

From Eq.~2.15!, it is clear that

M1,5,6~2pY ,2pp!5M1,5,6~pp ,pY!,

M2~2pY ,2pp!52M2~pp ,pY!,

M3,4~2pY ,2pp!52M4,3~pp ,pY!. ~3.22!

We proceed as in the last subsection, and transform
~3.21! into

M f i
~u!52 iŪ Y~pY!S (

j 51

6

Aj~u,t,s!C21M j
T~2pY ,2pp!CD

3Up~pp!. ~3.23!

Then, we calculate theC transforms of theM j
T(2pY ,

2pp) matrices, which can easily be expressed in terms of
originalMj (pp ,pY) matrices as

C21M 1,2
T ~2pY ,2pp!C52M1,2~pp ,pY!,

C21M 5,6
T ~2pY ,2pp!C5M5,6~pp ,pY!,

C21M 3,4
T ~2pY ,2pp!C5M4,3~pp ,pY!. ~3.24!

Substituting these relations into Eq.~3.23!, the scattering
matrix in theu channel can be written as

M f i
~u!5 iŪ Y~pY!S (

j 51

6

Aj8~s,t,u!Mj~pp ,pY!DUp~pp!,

~3.25!

where the invariant amplitudesAj8 are related to theAj am-
plitudes in thes channel as follows:

A1,28 ~s,t,u!5A1,2~u,t,s!, A3,48 ~s,t,u!5A4,3~u,t,s!,

A5,68 ~s,t,u!52A5,6~u,t,s!. ~3.26!

It is then quite easy to obtain these invariant amplitudes i
form similar to Eq.~2.17!, which we will not present in this
paper.

IV. RESULTS AND DISCUSSION

In this section weillustrate the sensitivity of differentKL
channels observables to the off-shell effects. We ne
hence, a reliable dynamical model, with respect to the ex
ing data, as a starting point. In the following, we present fi
how a rather simple model was obtained and then, within
dynamical ingredients required by the available data, we
port on the importance of the off-shell effects according
the observables and/or the phase space regions investig
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TABLE I. Exchanged particles, coupling constants, and off-shell parameters~OSP! for KL channels from models SL@1#, and this work
~A, B, and C!. The reducedx2’s are given in the last row. Model A is a simplified version of the SL model withN1 ~spin 1/2! andN8 ~spin
5/2! resonances removed. All the baryonic resonances have spin 1/2, exceptN7 andL8 ~spin 3/2! for which an off-shell treatment is applie
~models B and C!. Model D is identical to model B, with fixed valuesX521/2, Z50, andY free.

Notation particle (l )Jp coupling SL A B C D
and OSP

L 1
2

1 gKLN /A4p 23.1660.01 23.1660.01 23.2260.03 23.2260.01 23.1660.90
S 1

2
1 gKSN /A4p 0.9160.10 0.7860.08 0.8360.10 0.8660.02 0.8760.06

K* 1 K* (892)1 12 GV /4p 20.0560.01 20.0460.01 0.0260.01 0.0260.01 0.0260.01
GT /4p 0.1660.02 0.1860.02 0.1860.01 0.1760.01 0.1860.03

K1 K1(1270) 11 GV1 /4p 20.1960.01 20.2360.01 20.1560.01 20.1560.01 20.1760.01
GT1 /4p 20.3560.03 20.3860.03 20.3860.04 20.3960.03 20.3560.03

N1 N(1440) (1) 1
2

1 GN1 /A4p 20.0160.12

N7 N(1720) (1) 3
2

1 GN7
1 /4p 20.0460.01 20.0460.01 20.0460.01 20.0460.01 20.0360.01

GN7
2 /4p 20.1460.04 20.1260.02 20.1060.01 20.1060.01 20.1160.02
X 21.0360.21 21.0360.06 20.5
Y 8.2560.28 8.1960.12 9.8460.19
Z 0.00360.014 102560.01 0.0

N8 N(1675) (2) 5
2

2 GN8
a /4p 20.6360.10

GN8
b /4p 20.0560.56

L1 L(1405) (0) 1
2

2 GL1 /A4p 20.3160.06 20.2960.05 20.2860.02 20.2860.01 20.2960.05

L3 L(1670) (0) 1
2

2 GL3 /A4p 1.1860.09 1.1560.13 1.2660.02 1.2660.01 1.1860.06

L5 L(1810) (1) 1
2

1 GL5 /A4p 21.2560.20 23.8961.45 21.7860.05 21.7860.02 21.7760.12

L8 L(1890) (1) 3
2

1 GL8
1 /4p 0.00260.045

GL8
2 /4p 0.00360.053
X 20.0263.92
Y 0.2369.20
Z 0.2369.00

S1 S(1660) (1) 1
2

1 GS1 /A4p 24.9660.19 22.4361.20 25.3760.05 25.3660.02 25.3360.12

x2 1.73 1.84 1.66 1.69 1.66
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A. Reaction mechanism

To build a simple model with a reasonably realistic d
namical content, we take advantage of the SL model@1#
which has emerged from a comprehensive phenomenolog
study.

The underlying dynamics in the SL model is, besides
tended Born terms, resonances exchanges~Table I! in the
following channels.

s channel:N1(1/2), N7(3/2), N8(5/2); where the spin o
each nucleonic resonance is given in parentheses.

u channel:L1, L3, L5, S1; all spin-1/2 hyperonic reso
nances.

t channel:K* , K1; both of them have also been include
in the present work.

In thes channel, the most relevant resonance, in the fra
of the present work, is the spin-3/2 resonanceN7. TheN1
resonanceP11~1440! was found to have a coupling compa
ible with zero~see Table I and Ref.@1#!. Moreover, a recen
model-independent nodal structure analysis@10# concludes
that the present data do not require contributions from
al

-

e

e

P11 resonances. Concerning another nucleonic resonanc
the SL model, theN8(5/2), it was shown@1# that its contri-
bution to the considered underlying dynamicsis not crucial
~see Table XI in Ref.@1#!.

For these reasons,we removed the N1 and N8 resonanc
in searching for a simple model to study the role of off-sh
effects. The parameters of this model, hereafter called mo
A, have been obtained by refitting the data. Note that
formalism used in this refitting is still within the context o
Adelsecket al.’s treatment for the spin-3/2 resonanceN7.
Model A is the basis of our numerical results reported in
next subsection.

The first step was thus, using model A, to fit the same d
base as used to obtain the SL model~all available 312 data
points for photoproduction, electroproduction, as well as
the K2p radiative capture process!. The coupling constants
and the reducedx2 are given in Table I. Although the result
ant x2 for model A ~1.84! is slightly larger than that for the
SL model~1.73!, it is still acceptable. Anticipating the pre
sentation of the observables in the next subsection, the fi
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the data with model A appears at a comparable level of q
ity as with the SL model, see the dotted and dash-do
curves in Figs. 1–3, and Fig. 5. Hence, these results jus
the use of model A as a starting point to investigate
sensitivity of the observables to the off-shell effects.

Given that model A contains only one spin-3/2 baryon
resonance, we have also investigated possible contribut
from other known spin-3/2 nucleonic resonances, name3

@N(1520) @(2) 3
2

2# (N2) or @N(1700) @(2) 3
2

2# (N5). We
performed minimizations for all possible configurations
cluding one to three of the spin-3/2 resonancesN2, N5, and
N7. In these configurations, whenever at least one of the
resonancesN2 andN5 was retained, the correspondingx2’s
were found to be significantly larger than those for model
implying that the existing data base does not require con
butions from these resonances. Through the numerical in
tigations mentioned above, we have reconfirmed that mo
A is indeed areasonable starting modelfor the present
study.

Then we adopted the correct propagator@Eq. ~2.7!# and
introduced the off-shell treatments to theN7 resonance, and
fitted again the data to obtained model B~Table I!. Finally,
for the sake of completeness we included theu-channel spin-

3/2 hyperonic resonance@L(1890) @(0) 3
2

1# (L8) with the
off-shell effect, and once again fitted the data~model C in
Table I!. The choice of this resonance, as in the case
nucleonic resonances mentioned above, comes from the
that the inclusion of any other spin-3/2 hyperonic resonan

@L(1520) @(0) 3
2

2# (L6) or @L(1690) @(0) 3
2

2# (L7), dete-
riorates the reducedx2 significantly.

Here we would like to point out that by adding any spi
3/2 baryonic resonance we introduce five additional free
rameters, namely, two coupling constants (G1 andG2) and
three off-shell parameters. The fact that thex2 associated
with model C comes out larger than that for the model
indicates that the dynamical content of the phenomenolog
approach discussed here is reliable enough, sinceadditional
free parametersdue to apparently unrelevant resonancesdo
not improvethex2 ~reduced or per point!. Model D in Table
I, with two of the free parameters fixed, will be discussed
Sec. IV C.

B. Observables

In this subsection, we compare with the data the result
the four dynamical models~SL, A, B, and C! summarized in
Table I. Here we will adhere closely to the observables
ported for the SL model@1#, where a comprehensive discu
sion on other available phenomenological results@11,12# is
also presented.

1. Reactiong1p˜K11L

In Fig. 1, angular distributions and excitation functio
for the differential cross section are shown. All the mod
reproduce the data almost equally well. However, the e
tation functions atuK

c.m.590° @Fig. 1~b!# and 150°@Fig. 1~c!#

3We use the notation@(l )Jp#.
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split the four models into two families aboveEg
lab'1.5 GeV:

in the backward hemisphere, both the SL and A models p
dict significantly larger cross sections than the two others~B
and C! which embody the off-shell effects.

For the angular distributions@Figs. 1~d!, 1~e!, and 1~f!#,
the four models give similar results atEg

lab51.0 and 1.45
GeV, while at the highest energy@Eg

lab52.1 GeV; Fig. 1~f!#
the off-shell treatments produce drastic effects at backw
angles.

A striking manifestation of the above behaviors can
seen while investigating the total cross section~Fig. 2!. The
long lasting shortcoming of the phenomenological mod
based on effective Lagrangian approaches is significa
cured by the inclusion of the off-shell effects.4 Namely, the
total cross section does not any more show a diverging
havior aboveEg

lab' 1.5 GeV~see also Fig. 5 in Ref.@1#!.
In the explored phase space region, the excitation fu

tions and angular distributions for single polarization asy
metries~Fig. 3! show significant sensitivity to the off-she
treatments above roughly 1.8 GeV for theL-polarization
asymmetry (P) and polarized target asymmetry (T). In the
case of the linearly polarized beam asymmetry (S) the ef-

4Preliminary data from ELSA@18# for both differential cross sec
tion at about 2 GeV and the total cross section up to the sa
energy show trends similar to those of model B in Figs. 1~f! and 2.

FIG. 1. Differential cross section for the processgp→K1L:
excitation functions atuK

c.m.527° ~a!, 90° ~b!, and 150°~c!, and
angular distribution atEg

lab51.0 GeV ~d!, 1.45 GeV~e!, and 2.1
GeV ~f!. The curves are from models SL~dotted!, A ~dash-dotted!,
B ~solid!, and C~dashed!. The SL model comes from Ref.@1#, and
model A is a simplified version of SL where the resonancesN1 and
N8 have been taken away~see Table I!. Model B is the same as
model A, but with off-shell effects for the only spin-3/2 resonan
(N7) in the reaction mechanism. Model C is the same as mode
with an extra spin-3/2~hyperonic! resonance (L8), also with off-
shell effects treatment. Data are from Refs.@13# ~empty circles! and
@14# ~full circles!.
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fects are more drastic. Indeed, aboveEg
lab'1.6 GeV the off-

shell treatments produce a sign change with sizeable ma
tudes around 2 GeV.

The angular distributions for double polarization asymm
tries, at Eg

lab51.45 and 2.1 GeV, are shown in Fig. 4.
general trend for these observables is that significant
shell effects appear in the backward hemisphere. In the
of Cx8 asymmetry, this sensitivity gets attenuated with
creasing photon energy. For the other asymmetry (Cz8) with
circularly polarized beam, as well as for the two asymmetr
(Ox8 andOz8) with linearly polarized beam, the effects ar
on the contrary, enhanced with increasing photon energ
is worth noticing that the two models without off-shell trea

FIG. 2. Total cross section for the reactiongp→K1L as a
function of photon energy. Curves and data as in Fig. 1.

FIG. 3. L-polarization asymmetry (P) in gp→K1LW , polarized

target asymmetry (T) in gpW→K1L, and linearly polarized beam

asymmetry (S) in gW p→K1L: excitation functions atuK
c.m.590°

~a!–~c!, and angular distributions atEg
lab51.45 GeV ~d!–~f!, and

Eg
lab52.1 GeV~g!–~i!. Curves are as in Fig. 1, and data from Re

@15# (P) and @16# (T).
ni-

-

f-
se
-

s

It

ments predict almost vanishing values forOx8 andOz8 asym-
metries, while introducing these treatments results in a s
change and sizeable magnitudes for these asymmetries i
backward hemisphere. We note that the curves depicte
Figs. 1–4 split in two families depending on whether t
off-shell effects are included~models B and C! or not ~mod-
els SL and A!.

2. Reaction e1p˜e81K11L

The cross section for the electroproduction process
given by

ds

dVK
5dsU1eLdsL1edsPsin2u cos 2f

1A2eL~11e!ds Isin u cosf, ~4.1!

with u the angle between the outgoing kaon and the virt
photon, andf the azimuthal angle between the kaon produ
tion plane and the electron scattering plane. Transverse
longitudinal polarization parameterse andeL , respectively,
are defined as

e5F122
upgu2

pg
2

tan2S C

2 D G , eL52
pg

2

pg0
2

e, ~4.2!.

FIG. 4. Angular distributions for double polarization asymm

tries (Cx8, Cz8, Ox8, and Oz8) in gW p→K1LW at Eg
lab51.45 GeV

~a!–~d! and 2.1 GeV~e!–~h!; curves as in Fig. 1.
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with C the angle between the momenta of the incoming a
outgoing electrons. Moreover,dsU is the cross section for a
unpolarized incident photon beam, and the term contain
dsP is the asymmetry contribution of a transversally pol
ized beam. The cross section of a longitudinally polariz
virtual photon is given bydsL , while ds I contains the in-
terference effects between the longitudinal and transv
components of the beam.

In the figures shown in the remainder of this section,
electromagnetic form factors used are the same as in the
model ~see Sec. IV D in Ref@1#!. Figure 5 shows the unpo
larized component of the differential cross secti
dsUL5dsU1eLdsL @see Eq.~4.1!#, as a function of the
momentum transfer. All four models reproduce the d
equally well. We note again that models B and C give alm
identical results. The predictions for different components
the cross section@Eq. ~4.1!# are reported in Fig. 6. The trans

FIG. 5. Differential cross sectiondsUL as a function of momen-
tum transfer (Q2) for the reactionep→e8K1L, for W55.02
GeV2, t520.15 GeV2, e50.72. Curves are as in Fig. 1, and th
data from Ref.@17#.

FIG. 6. Same as Fig. 5, but for differential cross sectio
dsU(t), dsL(t), ds I(t), anddsP(t), see Eq.~4.1!. T andL stand
for transverse and longitudinal, respectively, forW55.02
GeV2, Q251 GeV2, ande50.72. Curves are as in Fig. 1.
d

g
-
d

se

e
SL

a
t
f

verse component~T! splits also the four curves in the sam
two families, with the off-shell effects producing signifi
cantly smaller values for this observable. On the contra
these effects enhance the longitudinal~L! part. The
transverse-longitudinal~TL! interference term shows simila
sensitivities. Among the observables reported here, theL and
TL terms are the only ones to produce the most sizea
differences between the models SL and A. Finally, t
transverse-transverse~TT! interference term shows rathe
negligible dependence on the ingredient of the models.

Because of the above predictions on the suppressio
the transverse component and the enhancement of the lo
tudinal one due to the off-shell treatments, the ratioR(t)
5dsL /dsU is an interesting quantity to be investigate
This latter was already found appealing in the SL appro
while examining the effects of hadrons electromagnetic fo
factors. Here, the off-shell treatments have sizeable eff
~Fig. 7!: the ratio R(t) between2t50.5 and 1.0 GeV2 is
increased by a factor of' 2 to 4, due to such treatments.

3. Reaction K21p˜g1L

The amplitudes of the strangeness photoproduction ca
related by crossing symmetry@19# to those ofK2p radiative
capture processes

K21p→g1L. ~4.3!

Here, the relevant quantity is the branching ratio defin
as

B5
G~K2p→gL!

G~K2p→all!
, ~4.4!

with stopped kaons.
In Table II, the results of the four models are compar

with the only available data point. They all agree with t
upper bound of the experimental result. Although in the
model the presence of theN7 resonance was found releva
in reproducing the measured branching ratio~see Table XI in
Ref @1#!, the off-shell treatments do not affect this obser

s

FIG. 7. Same as Fig. 6, but for the longitudinal to transve
differential cross sections ratioR(t)5dsL /dsU . Curves are as in
Fig. 1.
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able. This may be due to the fact that here we are dea
only with stopped kaons, and the reported behavior migh
altered for kaons in flight.

Before ending this section, we wish to make a few co
ments on some general features of the findings summar
in Table I and/or depicted in Figs. 1–7.

C. Comments on free parameters

The models discussed in this paper embody 12~model A!
to 20 ~model C! free parameters, see Table I. In this subs
tion, we emphasize that, in spite of rather large numbe
free parameters, our approach offers some meaningfu
sight into the dynamics of the strangeness electromagn
production processes.

1. Coupling constants

In the fitting procedures, the two main coupling consta
~Table I!, gKLN andgKSN , have been allowed to vary within
their broken SU(3)-symmetry limits@11#. Given that for the
other couplings we do not dispose of any reliable values
constraints, we will discuss their variations, within the co
responding uncertainties, according to the models ingredi
and/or off-shell treatments. The values referred to conc
models SL, A, B, and C in Table I.

~i! s channel: no significant variations are observed.
~ii ! u channel: In going from the SL model to model A

the couplings of theL5 andS1 resonances undergo vari
tions of factor 2 to 3. Then the inclusion of off-shell effec
~going from model A to B! brings them back close to the
SL model values, stabilizing them for the C model. The
two consecutive variations might come from the observat
@1# that in the SL model these two resonances are ra
strongly correlated. This fact, in the absence of any c
straint, leads to large variations of theL5 andS1 coupling
constants. However, the combined contribution of these re
nances to the observables does not show any drastic v
tion.

~iii ! t channel: As mentioned already, the model A is t
starting point of the present study. To obtain this model,
only spin-5/2 nucleonic resonance in the SL has been
moved.

A close look at the coupling constants~Table I! shows
that two families of couplings have significantly differe
values. The first family comes from theu channel: while the
coupling ofL5 increases in magnitude, that ofS1 decreases
These variations are likely independent of the spin-5/2 re
nance. In fact, a strong correlation between these two r
nances was found in our previous work@1#. The other fam-
ily, as expected, concerns thet-channel resonances: th

TABLE II. Branching ratios @B3103 in Eq. ~4.4!# for
K2p→gL, from the SL model and the present work~models A, B,
C, D!.

SL @1# A B C D experiment@20#

0.95 1.00 0.99 0.99 1.00 0.8660.0760.09
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global increase of thet-channel strengths when discarding
spin-5/2 resonance is a manifestation of the duality hypo
esis~the interplay between s- andt-channel strengths! in the
strangeness sector, as discussed in Ref.@21#.

The introduction of off-shell effects~models B and C!
attenuates these increases, and given the associated u
tainties, the couplings for thet-channel resonances in mode
B and C stay compatible with the corresponding couplings
the SL model. These observations on the numerical va
tend to show that the present data do not require stron
contributions from spin-5/2 nucleonic resonances.

The above considerations indicate strongly that the und
lying dynamics retained in this work are tightly constrain
by the available data base. Hence, the reported sensitiv
to off-shell treatments are not likely to be altered sign
cantly by the rest of the free parameters of the models in
duced here.

2. Off-shell free parameters

In obtaining models B and C we have treated the th
parameters~X, Y, andZ! as free ones. As shown in Table
out of six off-shell parameters related to theN7 and L8
resonances, the largest one by far is theY parameter for the
N7 resonance. TheZ parameter related to this latter res
nance comes out to be compatible with zero. Moreover,
three parameters of theN7 resonance are stable upon com
paring the B and C models.

Notice that one of the main motivations in introducing t
off-shell effects is to cure an undesirable increase in the p
dicted photoproduction total cross section above roughly
GeV. By examining the nonpole partPi j

NP of the amplitudes
in Appendix B, one finds5 that for the off-shell parameter
XÞ21/2 andZÞ0, there are contributions to the invaria
amplitudes which rise linearly as a function of thes variable
~observe thatY does not participate in this matter!. Hence,
the cross section increase stated above might be due to
XÞ21/2 and ZÞ0 values, as obtained from the prese
minimizations~Table I! exploiting the available data.

The authors of Ref.@5# have discussed extensively diffe
ent ‘‘choices’’ of these free parameters, and especially fix
two of them, as reported in the literature@22#. They conclude
that there is no physical basis to attribute fixed values to
of these off-shell parameters.

However, to numerically estimate the consequences
eliminating the undesirables-dependent terms by imposin
X521/2 and Z50, we have performed a minimizatio
within the context of model B. The results for the couplin
constants and the only adjusted off-shell parameter (Y) are
given in Table I as model D. We see that the only significa
variation compared to model B concerns theY parameter.
Notice that for model B we had alreadyZ'0. Hence, de-
creasing the magnitude of theX parameter by roughly a fac

5From Eqs.~B10! and ~B12! in Appendix B, we see that only
three of the nonpole coefficients (P11

NP , P21
NP , andP23

NP) depend on
the s variable and that this dependence is linear. We write he
Pi j

NP5ai j s1bi j , where the coefficientsai j andbi j are functions of
only off-shell parameters and baryon masses. Then one can re

derive the expressionsa11}(Z̃21/2)(2Ỹ21); a21}(Z̃21/2)

1X̃@122Z̃(MY /MR12)#; a23}X̃(Z̃21/2). All these coefficients

vanish atX̃50 andZ̃51/2 ~i.e., X521/2 andZ50).
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tor of 2 ~between models B and D! leads to an increase o
about 20% of the magnitude of theY parameter. In Fig. 8 the
photoproduction total cross section and the electroproduc
ratio R(t)5dsL /dsU are depicted for both the B and D
models. In both cases the results from the two models
quite close and the photoproduction total cross section co
out to give slightly higher values using thead hoc fixed
values forX andZ @Fig. 8~a!#. Other observables discusse
in this paper show similar behaviors while comparing mo
els B and D. The closeness of the predictions for the obs
ables can be understood by noticing that theZ parameter in
model B has a value compatible with zero, and the contri
tions due to theY-dependent terms dominate numerica
over those coming from theZ-dependent ones.

In the case of pion photoproduction, the RPI group@6#
found that imposingX521/2 andZ50 leads to a signifi-
cant increase of thex2. This is not the case with the prese
investigation~Table I!. The reason is that the pion photopr
duction was studied in theD33 resonance region, where th
reaction mechanism is dominated by this spin-3/2 resona
while in the case of strangeness production none of the r
nances has a paramount role. Moreover, we recall that m
B ~C! studied here contains one~two! spin-3/2 resonance an
five spin-1/2 resonances.

To our knowledge, there area priori no bounds on the
values of the off-shell parameters. However, remembe
that the off-shell freedom comes in only from the nonpo
terms, and that the principal contribution from a given re
nance must correspond to the propagation of its proper s
we expect that the corresponding nonpole parts might
dominate the pole part. This would give reasonable upp
bound to which valuesX, Y, andZ may take. This expecta
tion was verified in the case of the models reported here

Finally, in the case ofL8 hyperonic resonance~model C!,
very small values of the off-shell parameters, as well as th
of coupling constants resulting from the minimization e
dorse our previous affirmations: contributions from this re
nance are not required by the existing data base, and
smallness of the relevant free parameters explains why
inclusion in the underlying dynamics does not have sign
cant consequences, neither onx2 nor on the predicted ob
servables.

FIG. 8. ~a! Total cross section for the reactiongp→K1L as a
function of photon energy.~b! Longitudinal to transverse differen
tial cross sections ratioR(t)5dsL /dsU for the reaction ep
→e8K1L. The curves are from models B~solid! and D ~dashed!.
Model D has been obtained in the same conditions as mode
except that the off-shell parametersX andZ were fixed at20.5 and
0.0, respectively~see Table I!.
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D. Comments on unitarity

The constructed amplitudes do not embody unitarity
any of the reported approaches~including this work!. This
aspect has been considered in the case of pion photopro
tion @6#, where different unitarization methods have been
vestigated to take into account the absorptive corrections
going hence beyond the tree approximation. In that work,
effects of the higher order diagrams on the observables
found to be less than 10%. Such an effort in the case of pi
is justified and fruitful because on the one hand the reac
mechanism is almost under control, and on the other h
there are copious and accurate enough data for both ph
production channel and thepN interactions and hence, th
pN phase shifts.

For the two other pseudoscalar mesonsh and K both
theoretical and experimental situations are less advanced
the main effort at the present time is focused on improv
the ingredients of the tree approximation. However, there
recently been some attempts to unitarize the amplitude in
associated strangeness photoproduction process. Luet al.
@23# have performed a‘‘feasibility study’’ within a chiral
color dielectric model adopting a simple two-channel ca
and using theK1N phase shifts to approximate theK1L
elastic scattering in the final state. Kaiseret al. @24# have
developed an SU~3! chiral dynamics with an effective
coupled-channel potential. Thiss-wave approximation ap-
proach is limited to the near threshold region. These wo
put forward some indications on the effects from the uni
rization, but they do not offer a definitive conclusion abo
the importance of the final state interactions.

Note also that there has not been any unique way to c
on the unitarization. We thus believe and hope that, since
finite widths of the resonances are included, some parts c
tributing towards unitarization have been effectively i
cluded in the models discussed in this paper. Finally,
would like to mention that there are some works in progr
@25# attempting to embody unitarity in the reactions studi
here.

V. SUMMARY AND CONCLUSIONS

In the present paper, focusing on the electromagnetic p
duction of strangeness, we were concerned with the impro
ment on the effective hadronic Lagrangian approaches
incorporating the correct spin-3/2 resonances propaga
and what is called off-shell effects entering the vertices c
nected to these resonances. The work presented here a
us to preserve the gauge invariance of the formalism, to
sure that each propagator associated with a spin-3/2
changed baryon has an inverse, and to include simu
neously bothN* andY* spin-3/2 resonances. Applying ou
approach to theKL channels observables investigated in R
@1#, we emphasized that the photoproduction and electrop
duction of K1L observables show significant sensitivity
the off-shell effects, while these effects do not lead to m
surable manifestations in theK2p radiative capture branch
ing ratio with stopped kaons.

The numerical results reported here are of course hea
based on the existing data. Given the inconsistencies@11#
within the present data, the dynamical content of the mod
reported here will very likely evolve with the forthcomin

B,
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high quality data from several experiments, both ongo
and planned. Hence the presented numerical results sh
be considered as guidelines for relative effects. The effort
refining the phenomenological approaches are then mea
provide us with appropriate tools to interpret the upcom
data.

Applying the formalism derived in this paper to the ava
able database, our results show that the photoproduc
data, especially polarization asymmetries, are crucial in p
ning down the role of off-shell effects. Once these effects
under control, the electroproduction channel can be inve
gated in studying the electromagnetic form factors of
baryons, kaon, and their resonances@26#. These conclusions
were reached for theKL channels and we are currently in
vestigating the complementaryKS processes. The associate
strangeness production sector using electromagnetic pr
is also being investigated within more fundamental a
proaches such as Chiral perturbation theory@27#, limited to
the threshold region, or chiral quark models@28# where the
electroproduction process is rather hard to deal with. C
cluding, the complementarity between the Effective L
grangian approach and other promising investigati
@23,24,27,28#, provide us with powerful theoretical means
interpret the copious and high quality data to come.
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APPENDIX A: CGLN AMPLITUDES

The well-known Chew, Goldberger, Low, and Namb
~CGLN! amplitudes entering into the expressions of the p
toproduction and electroproduction observables~see for ex-
ample Ref.@1#! are related to theAj invariant functions as
follows:

F15~As2M p!A12pg•ppA32pg•pYA42pg
2A5 ,

~A1!

F25
upguupKu

~Ep1M p!~EY1MY!
@~As1M p!A11pg•ppA3

1pg•pYA41pg
2A5#, ~A2!

F35
upguupKu

~Ep1M p!
@22pg•ppA21~As1M p!A41pg

2A6#,

~A3!

F45
upKu2

~EY1MY!
@2pg•ppA21~As2M p!A42pg

2A6#,

~A4!

F55
upgu2

~Ep1M p!
@2A112pg•pYA21~As1M p!~A32A5!

1~pg•pY2pg•pp2pg
2!A6#, ~A5!
g
uld
in
to

g

on
-
e
ti-
e

es
-

-
-
s

-

-

F65
upguupKu

~EY1MY! F22pg•pYA21~As2M p!A3

2~pg•pY2pg•pp2pg
2!A6

2
1

Ep1M p
$pg0A11pg•ppA31pg•pYA4

1pg0~As1M p!A5%G . ~A6!

The only differences between these and the relations give
Appendix D of Ref.@1# appear in the amplitudesF5 andF6
~contributing only in the electroproduction observable!
where we have the following extra term inside the brac
2(pg•pp1pg

2)A6 .

APPENDIX B: INVARIANT AMPLITUDES FROM AN
s-CHANNEL SPIN-3/2 RESONANCE

Here we present the concrete form for the invariant a
plitudes decomposed into the pole (P) and nonpole (NP)
parts as discussed in Eqs.~2.16!–~2.18!. The calculation has
been done both manually and by usingMAPLE to confirm the
validity of the former.

To begin, we first introduce several coefficients as well
a few Lorentz scalar products which enter the expressions
the amplitudes:

A52
1

6MR
2 ~MY

21MR
22MK

2 2MRMY!, ~B1!

B~ Z̃!5
122Z̃

6MR
2

, ~B2!

C5
1

12MR
2~pg•pY2pg•pp!

3@2MRM pMY2~MY
21MR

22MK
2 !~2M p23MR!#,

~B3!

D~X̃,Z̃!5
1

12MR
2~pg•pY2pg•pp!

3@~2M p2MR!22~MR12MY12M p!Z̃

22MRX̃14~MY12MR!X̃Z̃#, ~B4!

E5
1

12MR
@MK

2 2~MY1MR!2#, ~B5!

F~X̃,Z̃!5
1

12MR
2 @MR22MRZ̃22MRX̃

14~MY12MR!X̃Z̃#. ~B6!

The dot products are given by



tie

-
g
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pg•pp5
1

2
~s2M p

22pg
2!, pg•pY5

1

2
~MY

21pg
22u!.

~B7!

Using the relations1t1u5M p
21MY

21MK
2 1pg

2 , we obtain

pg•pY2pg•pp5
1

2
~ t2MK

2 2pg
2!. ~B8!

With this preparation above we first present the quanti
P1 j

P,NP ( j 51, . . . ,4) for thephotoproduction coming from
the G1 coupling

P11
P 5S 1

6

M p
2

MR
2

2
1

3

M p

MR
2

1

2D MY
2

1S 2
1

6

M p
2

MR
2

2

3
M p2

1

2
MRD MY

1S 2
1

3
2

1

6

MK
2

MR
2 D M p

21S 2
1

3
MR1

1

3

MK
2

MR
D M p1

1

2
t,

P12
P 51,

P13
P 5

1

3

MY
2M p

MR
2

1S 2
1

3

M p

MR
21D MY

1S 1

3
2

1

3

MK
2

MR
2 D M p ,

P14
P 52~M p1MR!, ~B9!

P11
NP5

2

3

~s1MYM p12MRMY12MRM p!ỸZ̃

MR
2

2
1

3

~s2MY
21MRMY1MRM p1MK

2 !Ỹ

MR
2

1
1

3

~2s22MRMY1M p
222MRM p!Z̃

MR
2

2
1

6

2s1MY
22MRMY1M p

222MRM p2MK
2

MR
2

,

P12
NP50,

P13
NP 4

3
5

~MY12MR!ỸZ̃

MR
2

2
2

3

Ỹ

MR

1
2

3

~2MY1M p22MR!Z̃

MR
2

2
1

3

M p2MR

MR
2

,

P14
NP50. ~B10!

Those coming from theG2 coupling, viz.P2 j
P,NP ~j51, . . . ,4!

are
s

P21
P 52E~MR

22M p
2!,

P22
P 5

1

2
~M p2MR!,

P23
P 52

1

6

~MY12MR!~M p2MR!MY

MR
1

1

2
M p

2

1
1

6

~MK
2 2MR

2 !~M p12MR!

MR
2

1

2
t,

P24
P 52

1

2
~M p

22MR
2 !, ~B11!

P21
NP52E2F~X̃,Z̃!~s2M p

2!,

P22
NP50,

P23
NP5

2

3

~2s1MYM p22MRMY12MRM p!X̃Z̃

MR
2

2
1

3

~2s1MY
22MRMY1MRM p2MK

2 !X̃

MR
2

2
1

3

~2MY1M p!Z̃

MR
1

1

6

M p22MR

MR
,

P24
NP5

1

2
. ~B12!

The parts forj 51, . . . ,4 contributing to the electroproduc
tion @see Eq.~2.18!# are as follows. Those related to couplin
G1 :

R11
P 5A, R12

P 5
2A21

2~pg•pY2pg•pp!
,

R13
P 5R14

P 50,
~B13!

R11
NP5B~ Z̃!, R12

NP5
B~ Z̃!

pg•pY2pg•pp
,

R13
NP5R14

NP50.

Those related to couplingG2 :

R21
P 5E, R22

P 5C,

R23
P 522A, R24

P 52
1

2
,

~B14!

R21
NP5F~X̃,Z̃!, R22

NP5D~X̃,Z̃!,

R23
NP522B~ Z̃!, R24

NP50.

For j 55,6 ~contributing solely to the electroproduction! the
Ei j coefficients coming fromG1 are



n,
.

s
tio
q

p

s.
e
at

pin-

s
,

uite
ly

t

PRC 58 89OFF-SHELL EFFECTS IN THE ELECTROMAGNETIC . . .
E15
P 522A~MR1M p!, E16

P 5
2Apg•pp2pg•pY

pg•pY2pg•pp
,

E15
NP52

1

3

M p

MR
2

1
2

3

~2MY2MR1M p!Z̃

MR
2

2
1

3

Ỹ

MR

1
2

3

~MY12MR!ỸZ̃

MR
2

,

E16
NP5

2B~ Z̃!pg•pp

pg•pY2pg•pp
, ~B15!

while those coming fromG2 are

E25
P 52Apg•pp , E26

P 52Cpg•pp ,

E25
NP52B~ Z̃!pg•pp , E26

NP52D~X̃,Z̃!pg•pp . ~B16!

APPENDIX C: VERTICES ADOPTED BY ADELSECK et al.

Here we show how the vertices Eqs.~2.12! and ~2.13!
may be reduced, by some assumption and approximatio
the ones used by Adelsecket al. @3#. As discussed in Ref
@5#, the propagator adopted by Adelsecket al. Eq. ~2.21!
may be rewritten~in the limit of zero width! as

Pmn
A ~q!5

q”1As

s2MR
2
P mn

3/2~q!, ~C1!

whereP mn
3/2(q) is the projection operator for spin-3/2 state

Thus this choice of the propagator cuts out the propaga
of spin-1/2 states. With this the scattering amplitude E
~2.11! reads

M f i
~s!5ŪY~pY!V m~KYR!

q”1As

s2MR
21 iGRMR

3P mn
3/2~q!V n~Rpg!Up~pp!. ~C2!

For an on-mass-shell positive energy resonance the s
3/2 projection operator may be written as

P mn
3/2~q!5( Um~q!Ūn~q!, ~C3!

where the summation is implied over the spin eigenstate
By assuming that the propagating spin-3/2 resonanc

approximately on-mass-shell, and in a positive energy st
we find

M f i
~s!'( ŪY~pY!V m~KYR!Um~q!

As1MR

s2MR
21 iGRMR

3Ūn~q!V n~Rpg!Up~pp!. ~C4!

In the above expression the equation

~q”2MR!Um~q!50, ~C5!
to

.
n
.

in-

is
e,

has been used. So by this assumption~or approximation!, we
have only to find out the structure of~by suppressing the
index for spin eigenstates! the following matrix elements:

ŪY~pY!V m~KYR!Um~q!, ~C6!

and

Ūn~q!V n~Rpg!Up~pp!. ~C7!

First, by disregarding the off-shell freedom, theKYRver-
tex in Eq.~2.12!, sandwiched between two spinors Eq.~C6!,
becomes

ŪY~pY!V m~KYR!Um~q!5
gKYR

MK
pY

mŪY~pY!Um~q!,

~C8!

which results from

qmUm~q!5~pK1pY!mUm~q!50. ~C9!

This is a consequence from one of the constraints for s
3/2 fieldRm , recall Sec. II A:]mRm50. Thus by introducing
g̃KYR as

g̃KYR

MR
[

gKYR

MK
, ~C10!

we may identify theKYRvertex of Adelsecket al. as

V m~KYR!'
g̃KYR

MR
pY

m . ~C11!

We now look at theRpg vertex whose matrix element i
defined in Eq.~C7!. With no off-shell freedom implemented
the vertex Eq.~2.13! reads

V n~Rpg!5F eg1

2M p
~enp” g2pg

ne” !

1
eg2

4M p
2 ~e•pppg

n2pg•ppen!G ig5. ~C12!

The second term in the large bracket can be handled q
easily: even without taking its matrix element, we can simp
define the coupling constantgb as

gb

~MR1M p!2
[

eg2

4MK
2

. ~C13!

Next, to find ga we take the matrix element of the firs
term in the large bracket of Eq.~C12!, that is proportional to
g1 . This reads

i
eg1

2M p
Ūn~q!~enp” g2pg

ne” !g5U~pp!. ~C14!

Then we exploit the following relations:

pg5q2pp , ~C15!
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p” gg5U~pp!52M pg5U~pp!, ~C16!

Ūn~q!q”5Ūn~q!MR . ~C17!

Then Eq.~C14! may be rewritten as

eg1

~MR1M p!

2M p
Ūn~q!Fen2

pg
n

MR1M p
e” G ig5U~pp!.

~C18!

Thus by definingga through

ga

MR1M p
[

eg1

2M p
~C19!

Eq. ~C18! reads
ys

-

8.
C

o-

n,

ng

s
n

d

s

an

.

Ūn~q!gaFen2
pg

n

MR1M p
e” GU~pp!. ~C20!

Then with everything put together, theRpg vertex becomes

V n~Rpg!' i FgaS en2
pg

ne”

MR1M p
D

1gb

1

~MR1M p!2
~e•pppg

n2pg•ppen!Gg5.

~C21!

The problem with this form is that it does not respect gau
invariance. Thus in Ref.@3# the replacementMR→As was
made, which eventually leads to Eq.~2.23!.
,
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