
re
i. These
ir angle
res of

pre-

PHYSICAL REVIEW C JANUARY 1996VOLUME 53, NUMBER 1

0556-281
Nodal trajectories of spin observables and kaon photoproduction dynamics
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Spin observables for the reactiongp→K1L are examined using three recent dynamical models and a
compared to the general features of such observables deduced earlier by Fasano, Tabakin, and Sagha
general features, such as the energy dependence of spin observables and the location of nodes in the
dependence, are realized. Several instructive surprises, which occur in this comparison to the conjectu
Fasanoet al., are then discussed. The sensitivity of spin observables to isobar andt-channel dynamics is
analyzed and suggestions for selecting experiments which provide important dynamical information are
sented.

PACS number~s!: 24.70.1s, 25.20.Lj, 13.60.Le, 13.88.1e
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I. INTRODUCTION

The measurement of almost complete sets of spin obse
ables has become technically feasible because newly de
oped polarized electron or photon beams and polarized
gets offer high enough luminosity to permit measurement
the relevant observables. The reactiong1p→K11L is par-
ticularly advantageous, since the angular asymmetry in
parity nonconserving weak decayL→p1p2 provides a di-
rect measurement of theL ’s polarization. If theL ’s spin
state is measured along with the polarization of the be
(g) or target (p), then spin transfer and spin rotation obser
ables can be measured. Such spin-rich experiments are
derway at ELSA@1# and planned at CEBAF@2# and GRAAL
@3#.

In an earlier publication@4# ~FTS!, the general structure of
the full set of 16 observables forK1 photoproduction was
examined. In that discussion, helicity amplitudes proved
be particularly useful for deducing general rules concerni
the angular structure of the 15 spin observables. The 16
servables~the cross section plus 15 spin observables! were
found to fall into four ‘‘Legendre classes,’’ with four mem
bers in each class. The observables in each class have sim
‘‘nodal structure’’ possibilities, e.g., their values at 0° an
180° and their possible intervening nodes are of related
ture. ~That classification procedure, along with the adva
tages of transversity amplitudes, has led to a reformulation
the general problem of determining which experiments co
stitute a complete set of measurements. A generalization
many reactions, including electroproduction and photop
duction of vector mesons, will be published separately@5#.!

In addition, FTS used various truncations, both in a hel
ity basis and in a multipole representation, to deduce ru
concerning the nodal structure and energy evolution of all
spin observables. In this paper, those FTS rules are c
fronted with specific dynamical models. The consider
models@6–8# are all based on an isobaric approach usi
diagrammatic techniques. These models include exten
Born terms and a very limited number of resonances insand
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u channels supplemented by contributions from thet chan-
nel; namely, byK* (892)(12) andK1(1270)(11) as well as
K1 meson exchanges.

We now comment briefly on each model and give th
relevant baryonic resonances. To aid in comparing the re
tion mechanisms of each dynamical model we present th
exchanged particles, isobars, and associated coupling c
stants in Table I. First, the model of Adelseck and Sagh
~AS! @6# is used to calculate the spin observables. The
model, which represents a good fit (x2/NDF.1.4), to the
existing data up to Eg

lab<1.5 GeV, uses the
N* (1440)1(1/21) and L* (1670)0(1/22) baryon
resonances.1 In addition, SU~3! constraints, based on their
success in strong interaction dynamics, are used to limit
otherwise oversupply of possible fits to the data. Then, w
also study the work of Williams, Ji, and Cotanch~WJC! @7#,
who examined electromagnetic production processes w
photons~real and virtual! energies up to 2.1 GeV. That group
included the N* (1650)0(1/22), N* (1710)1(1/21), and
L* (1405)0(1/22) baryon exchanges, plus a significant in
corporation of crossing symmetry requirements.

The third dynamical model considered here is a ne
model from the Saclay-Lyon Group called SALY@8#, which
also gives good agreement with photoproduction data up
2.1 GeV and satisfies broken SU~3! symmetry requirements.
The SALY model includes all of the above AS baryon reso
nances plus theN* (1700)2(3/22), N* (1720)1(3/21), and
L* (1600)1(1/21) baryon resonances. We emphasize th
the first two models~AS and WJC! include only spin-1/2
baryonic resonances, while the third one~SALY! also in-
cludes spin-3/2 nucleonic resonances. Spin-5/2 resonan
are not included in any of these models.

Among these three models, the WJC model has the we
est kaon exchange~t-channel! contributions, while AS has
the strongest. The WJC model produces weakt-channel ex-

1The quantum numbers of the baryons are indicated
l KL(J

p).
66 © 1996 The American Physical Society
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TABLE I. Exchanged particles, isobars, and coupling constants of the three dynamical models: AS@6#,
WJC @7#, and SALY@8#.

Particle l (Jp) Coupling AS WJC SALY

L gKLN /A4p 24.1760.75 22.38 23.1660.03

S0 gKSN /A4p 11.1860.66 10.27 10.7960.03

K* ~892! ~12! GV /4p 20.4360.07 20.16 20.1960.01
GT /4p 10.2060.12 10.08 10.1660.03

K1~1270! ~11! GV1 /4p 20.1060.06 10.02 20.1060.02
GT1 /4p 21.2160.33 10.17 20.5460.05

N* ~1440! 1~1/21! GN* /A4p 21.4160.60 10.0860.14

N* ~1650! 0~1/22! GN* /A4p 20.04

N* ~1710! 1~1/21! GN* /A4p 20.06

N* ~1700! 2~3/22! GN*
a /4p 10.3260.08

GN*
b /4p 10.1360.04

N* ~1720! 1~3/21! GN*
a /4p 20.0460.01

GN*
b /4p 20.0360.03

L* ~1405! 0~1/22! GL* /A4p 20.07

L* ~1600! 1~1/21! GL* /A4p 22.7660.11

L* ~1670! 0~1/22! GL* /A4p 23.1760.86 20.5460.07
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change because their main coupling constants (gKLN and
gKSN) were not subject to SU~3!-symmetry constraints and
in fitting data they generate quite small values of both thet-
channel andgKLN ,gKSN couplings compared to those pro
duced in the AS and SALY fits. Thet-channel coupling con-
stants come out to be smaller in SALY than in AS. Th
feature arises since the SALY model includes spin-3/2 ba
onic resonances and hence the need for thet-channel ex-
changes is reduced, in line with duality ideas@9#. The role of
duality ~the interplay between s- andt-channel strengths! and
its effect on spin observables is discussed in Sec. III A 2.

Can the general rules for spin observables conjectured
FTS and summarized in Sec. II be seen in the dynami
results? What is the behavior of spin observables at low
energies and what role is played by particular baryonic re
nances and by kaon exchanges? How do the specific iso
and t-channel dynamics of the three models affect spin o
servables? Are some spin observables particularly sensi
to interesting dynamics and are therefore particularly imp
tant to measure? Those questions are addressed in Sec
and IV.

II. GENERAL RULES REVISITED

The general rules for the 16 observables are describe
detail in FTS@4#, which also includes the derivation of suc
observables from a density matrix approach. Here we sim
highlight and confront those rules. For convenience, the de
nition of the 16 observables are recalled in Appendix A.

A. The helicity rules

The Legendre classes of the 16 observables, which
labeled byL0 , L1a , L1b , andL2 are
-
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L0~I ;Ê;Ĉz8;L̂z8!,

L1a~ P̂;Ĥ;Ĉx8;L̂x8!,

L1b~ T̂;F̂;Ôx8;T̂z8!,

L2~Ŝ;Ĝ,Ôz8;T̂x8!.

These observables, which are defined as the product of
usual spin observable and the cross-section functionI , are
called profile functions@4#. The profile functions are propor
tional to bilinear products of amplitudes.2 In the above list,
the first entry in each class is the cross section or a sin
polarization observable (I ,P̂,T̂,Ŝ); the others are all double
polarization observables, which appear ordered as be
target (Ê,Ĥ,F̂,Ĝ), beam-recoil (Ĉz8,Ĉx8,Ôx8,Ôz8); with the
last entry in each class being the target-recoil observab
(L̂z8,L̂x8,T̂z8,T̂x8). The angular dependence of the above o
servables are determined by expressing the four helicity a
plitudes Hi(u)( i51, . . . ,4) in terms of Wigner rotation
functions, with u denoting the produced kaon’s center-o
mass angle. It is then simple to deduce thatLm class observ-
ables are to be expanded in the associated Legen
Pl m(cosu), functions. Thus,L1a and L1b involve sums
SPl 1 , which vary as sinu. Hence,L1a andL1b vanish at
0° and 180°. Similarly, classL2 spin observables involve

2The classL2 observables are determined by the real and ima
nary parts of the bilinear combination of helicity amplitude
(6H1*H46H2*H3); for classL1a observables by the real an
imaginary parts of (6H1*H36H2*H4); and for classL1b observ-
ables by the real and imaginary parts of (6H1*H26H3*H4). Fi-
nally, the classL0 observables are determined by the four com
nations of the magnitudes6uH1u26uH2u26uH3u26uH4u2.
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sumsSPl 2 , which vary as sin2u and hence vanish more
sharply at those ‘‘end points.’’ TheL0 class observables are
not necessarily zero at the ‘‘end points.’’ However, all oth
spin observables must vanish at 0° and 180°.

Following this helicity amplitude procedure, FTS deduce
several rules.

@h1# The observablesCz8(u) andLz8(u), as functions of
the scattering angleu, must have an odd number of sign
changing~SC! nodes, if they are nonvanishing observables3

@h2# The observableE(u) can be nodeless or have a
even number of sign-changing zeros.

@h3# If the final-stateJ>3/2 amplitudes vanish, then the
following relations must hold at all angles:4

E'11, Lz852Cz8, Lx852Cx8, P52H.

These conditions are expected to occur near threshold an
rapidly change as theJ53/2(K1L) P waves turn on. Note
that these observables are nonzero even when theJ>3/2
amplitudes vanish. These properties follow directly fro
Eqs.~4.1!–~4.6! of FTS @4#, since onlyH1 andH3 vanish if
there are noJ>3/2 amplitudes.5

@h4# The Legendre classL1a profile observables can have
no more than (2Jmax21) intervening nodes~i.e., not count-
ing the end-point nodes!. Here,Jmax is the maximumJ value
expected at a particular energy. Near threshold, these obs
ables are thus expected to be nodeless, with a node deve
ing as theJ53/2 amplitudes turn on, but no more than
nodes being possible, untilJ.3/2 states appear. Note tha
the L1a class observables are all nonzero even ifJ>3/2
amplitudes vanish.

@h5# TheL1b class observables were expected to be sm
near threshold, with nodes developing only at higher en
gies, since theJ>3/2 amplitudes are expected to be sma
near threshold and these observables depend on interfer
betweenJ51/2 andJ>3/2 amplitudes.

@h6# TheL2 class observables should be small and nod
less at lower energies. These observables also depend
interference betweenJ51/2 andJ>3/2 amplitudes.

We shall refer to the above statements as FTS ru
h1, . . . , h6.

These remarks are summarized in Table II of FTS. O
interesting observation is that ‘‘ifĈz8 or L̂z8 assume an even
number of intervening zeroes@sic#, then at least one of these
zeroes@sic# would be of non-sign changing’’~NSC! type.
This feature, which will be examined in our later compariso
with dynamical models, is a consequence of the requirem
that both Ĉz8 and L̂z8 have an odd number of SC nodes

3When a function passes through zero we call it a node or m
explicitly a sign-changing~SC! zero. If it touches zero without
passing through zero we also call it a node or a nonsign-chang
~NSC! zero.
4A sign misprint forE andH in Ref. @4# is corrected here. Also,

theL1a theorem in Sec. IV of FTS is incorrectly stated as havin
T5H for no J53/2 amplitudes; the corrected version is tha
P52H, when there are noJ>3/2 contributions.
5The following relations can be used to deduce the
rules: L̂z81Ĉz85uH3u22uH1u2;L̂x81Ĉx8522 Re@H1H3* #; P̂1Ĥ
522 Im@H1H3* #.
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which follows from basic parity requirements. Similar re
marks can be made aboutÊ, which must have an even num-
ber of SC nodes; hence, an odd number of zeros means
there must be an odd number of NSC zeros. Examples
these cases will be discussed later, when bifurcations app
in the nodal trajectory plots.

Since there are only 4 amplitudes for pseudoscalar mes
photoproduction, only 7 measurements of the 16 observab
are needed to extract unique amplitudes~one overall phase is
arbitrary!. Some observables provide redundant informatio
and thus one needs to consult the known rules@10# for se-
lecting seven independent experiments. That issue is not c
sidered in this paper, see Ref.@5#.

B. The multipole rules

Additional rules concerning spin observables were di
cussed by FTS, based on the possible truncation of multip
amplitudes. The advantage of expanding theK1 photopro-
duction amplitudes into multipolesEl

6 ,M l
6 is that the orbital

angular moment,l , of the final (K1L) state can be used to
reduce the number of amplitudes, based on the existence
centrifugal barrier. Of course, this truncation does not i
clude the possibility of dynamical effects, which could mag
nify selected orbital states. For example, a resonance co
emphasize a particular partial wave or competing effec
could attenuate selected waves. However, it is just the dev
tion from ordinary centrifugal-dominated behavior of spi
observables that we hope will serve as the best indicator
such dynamical effects.

Several additional features of the 16 kaon photoprodu
tion observables were conjectured in FST, based on the s
pression of higher orbital angular momentum states. The
include the following.

@m1# A cross-section peak at 0° implies that the combin
tion of theP waves defined by

cP
~1![3E1

11M1
12M1

2

~called type-1 splitting! and theSwave amplitudeE0
1 have a

relative phase angle of less than 90°; provided that~1!
l >2 amplitudes are negligible and~2! ucP

(1)uÞ0. That is, to
get a cross-section peak one needs not onlyP waves to in-
terfere with theSwave multipole, but also theP waves must
have a nonzero~type-1! splitting.

@m2# A second type ofP-wave splitting is defined by the
linear combination ofl 51 multipoles:

cP
~2![3E1

11M1
112M1

2

~called type-2 splitting!. If l >2 waves can be neglected and
there areP waves, but they have zero type-2 splitting, e.g
cP
(2)→0, then~1! the spin observableT̂z8→0 at 90° and~2!

P̂ and Ŝ are zero at all angles.
@m3# The type-2 splitting also leads to the following pos

sible P̂ behavior. In order for the finalL polarizationP̂ to
have nodes, there must be nonzero type-2P-wave splitting,
cP
(2)Þ0, andcP

(2) must not be collinear withM1
2 , unless

l >2 multipoles contribute significantly. Furthermore, if th
type-2 P wave splitting is nonzero and collinear with the
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E0
1 multipole, then, in the absence ofl >2 amplitudes, the

polarizationP̂ has a SC node at 90°.
@m4# Based on a scattering length expansion, it was a

ticipated thatŜ andĜ are small and nodeless near thresho
with nodes developing only ifl .1 amplitudes contribute.

@m5# The beam-recoil observableÔz8 and the target-recoil
observableT̂x8 are both zero at all angles, unless there a
l >1 multipoles and the stretched electric and magne
multipoles are unequal, e.g.,E1

1ÞM1
1 in magnitude and

phase.
@m6# The observablesOz8 andTx8 are both of Legendre

classL2 and are complementary in their nodal behavior, s
Eqs. ~5.21! and ~5.23! of FTS @4#. By complementary we
mean that if one tends to have a node, the other does no
tend.

@m7# For T̂ and F̂ to have SC nodes, type-2P wave
splitting must be nonzero, untill >2 waves contribute sig-
nificantly.

@m8# If the Legendre classL1a observablesCx8 andLx8
have zeros then, as the momentum increases, these z
tend to be placed symmetrically about 90°.

@m9# Near threshold, the classL0 spin observableCz8 has
a SC node at 90°.

@m10# Near threshold, the classL0 spin observableLz8
has a SC node at 90°.

We shall refer to the above statements as FTS rul
m1, . . . ,m10. We are now ready to confront these FST rul
with the spin observables found using three different d
namical models.

III. THE DYNAMIC RESULTS

The kaon photoproduction observables are shown for
Adelseck-Saghai~AS! @6#, Williams, Ji, and Cotanch~WJC!
@7#, and SALY@8# models in Fig. 1 forEg

lab50.920 GeV, and
in Fig. 2 for Eg

lab51.40 GeV. The observables versus ang
u, not the profile functions, are presented in Figs. 1 and 2.
emphasized in the Introduction, these models are based
selected baryon resonances and exchanged mesons, wit
physical basis for these models presented in Refs.@6–8#.
Here we simply compare these recent dynamical mod
with the FTS rules h1,. . . , h6 and m1, . . . ,m10.

Note that these plots are organized with observables o
given Legendre classes (L0 ,L1a ,L1b ,L2) in columns,
with the first row giving the cross section and the single sp
observablesP,T, andS. The second row of plots in Figs. 1
and 2 gives the beam-target (E,H,F,G); the third row of
plots shows the beam-recoil (Cz8,Cx8,Ox8,Oz8). The fourth
row of plots gives the target-recoil (Lz8,Lx8,Tz8,Tx8) double
spin observables.

To facilitate comparison with the FTS rules, the c.m
nodal angles~in degrees! for the three models are plotted
versus the incident photon laboratory energy in Fig. 3. W
call these ‘‘nodal trajectory’’ plots. These curves have be
calculated in the appropriate energy domain for each mod
i.e., Eg

lab<1.5 GeV for AS andEg
lab<2.1 GeV for WJC and

SALY. The nodal angles are the angles at which a spin va
able has a sign-changing~SC! zero. A single node which
moves with increasing beam energy appears as a sin
curve. A bifurcating curve shows the energy evolution of
n-
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nonsign-changing zero into two SC nodes~see the observ-
ableE for a clear example!. These nodal plots are organized
by Legendre class and also as single spin observable~top
row!, double-spin beam-target~second row!, beam-recoil
~third row!, and target-recoil~bottom row!. Examination of
Figs. 1–3 allows one to confront the three dynamical resu
with the FTS rules.

A. Helicity rules

The observables of the Legendre classL1a ,L1b, and
L2 are all seen to vanish as expected at the end points~0°
and 180°). Only the setL0(I ;Ê;Ĉz8;L̂z8) are nonzero at
both of these end-points. Also note that theL1a,1b class ob-
servables approach the end-point angles with nonzero slop
whereas, theL2 class observables approach the end-po
angles with zero slope. Thus theL1a,1b}sinu, and L2
}sin2u properties are clearly seen in Figs. 1 and 2.

1. Near and above threshold results

Spin observables for the three dynamical models are n
examined at two energies,Eg

lab5 0.920 GeV and 1.4 GeV for
the purpose of testing the FTS rules. The spin observa
asymmetries atEg

lab50.920 GeV, which are near the
(g,K1) threshold ofEg

lab50.911 GeV, are shown in Fig. 1.
The case ofEg

lab51.4 GeV is shown in Fig. 2.
At 0.92 GeV, bothCz8 and Lz8 display the anticipated

sign-changing nodes, see the FTS rules h1, m9, and m
The functionE is nodeless at low momenta and falls slightl
below 1 for all three models, which indicates that only sma
J53/2 amplitudes are in effect, see rules h2 and h3. Thu
the FTS suspicion thatE(0°)'1 is an indication of small
J53/2, alignedP waves is realized near threshold in thes
models. Note the enlarged scale for theE plot in Fig. 1.

The consequences of assuming small alignedP wave am-
plitudes, e.g.,Lz852Cz8 ~rule h3!, are realized for all three
models at 0.92 GeV. For example, we also see th
Lx852Cx8 and P(u)52H(u) in Fig. 1. Thus rule h3 is
fully realized near threshold. Indeed, the small deviatio
from these FTS rules can be used as a measure of the spe
sensitivity of each spin observable near threshold
J53/2, alignedP wave amplitudes.

Assuming that at 0.920 GeV theL1a observables are
dominated byJ51/2, Fig. 1 shows that the AS model ha
J51/2 amplitudes of the largest magnitude, that the WJ
amplitudes are smaller, and the SALY model gives in gene
the smallestJ51/2 contributions. TheL0 observableE also
shows this 1/2 strength pattern. This behavior is consiste
with the coupling constants@8# of the three models. Note that
the fact thatP andH are small compared toCx8 and Lx8
indicates constructive interference between the helicity a
plitudesH1 andH4 , e.g., they tend to be parallel near thresh
old.

The next FTS rule h4, which is based on general helici
amplitude considerations, concerns the maximum nu
ber of nodes for observables in Legendre cla
L1a( P̂;Ĥ;Ĉx8;L̂x8). For justJ51/2 amplitudes, this class of
observables should be nodeless near threshold, which is
deed the case at 0.920 GeV, see Fig. 1. As theJ53/2 ampli-
tudes turn on, due to either alignedP waves~1 1 1/25 3/2!
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FIG. 1. The 16 observables for kaon photoproduction processgp→K1L, for the AS~dashed!, WJC ~dotted!, and SALY~solid! models
are presented versus kaon c.m. angleu in degrees. The photon laboratory energy isEg

lab50.920 GeV, which is just above the kaon productio
threshold of 0.911 GeV. Observables of Legendre classL0 , L1a , L1b , andL2 are presented in each column. The first row gives th
differential cross section and the single spin observables; the next rows are the beam-target, the beam-recoil, and the target-recoil d
observables.
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or unalignedD waves (221/253/2), theL1a observables
could develop intervening nodes, but not more than tw
until the J.3/2 states turn on.

Indeed, at 1.4 GeV someL1a spin observables do de-
velop nodes, see Fig. 2. In particular, the observablesP and
H, each develop one SC node for the SALY model. For t
SALY and WJC modelsLx8 develops two nodes, while for
AS, Lx8 stays at one node at 1.4 GeV. These results com
with the FTS restriction h4 thatL1a observables have no
more than two nodes untilJ.3/2 amplitudes are strong
Hence, at 1.4 GeV theJ.3/2 amplitudes are not explicitly
seen in the nodal structure of theL1a observables. The
double nodal structure ofLx8 is a possible indication of in-
terestingJ53/2 dynamics in the proton toL spin rotation
function (DLS

pL , see Appendix A!.
For the L1b observables (T;F;Ox8;Tz8) at 0.92 GeV

~Fig. 1!, two are nodeless (T,F) and two (Ox8,Tz8) have
nodes in the vicinity of 90°. Thus the node part of rule h
works for T,F, but not forOx8,Tz8. TheL1b observables
depend on interference betweenJ51/2 andJ53/2 ampli-
tudes; hence, we can conclude that theseOx8,Tz8 nodes near
90° yield important 1/233/2 interference information for all
three models. The reason for these nodes is presented la

For theL1b observables at 1.4 GeV~Fig. 2!, T acquires
one node for WJC and SALY, while the AS model remain
nodeless. The observableF stays nodeless for all three mod
els at 1.4 GeV. Double nodes appear inOx8 for the SALY
o,

he

ply

.

5

ter.

s
-

and WJC results, while AS stays at one node. The abo
double nodes seem to be located symmetrically above a
below 90°. ForTz8 SALY gets three, while AS and WJC stay
with one node each, near 90° and 0°, respectively. T
mechanisms for these changes with energy are more rea
understood by examination of the nodal trajectory plots
the next section.

TheL2 observables (S;G,Oz8;Tx8) at 0.92 GeV~ Fig. 1!
comply with rule h6; they are all nodeless and all, exce
perhapsTx8, are small. These observables, as in theL1b
case, depend onJ51/233/2 interference, which is why they
are expected to be small near threshold. At 1.4 GeV~Fig. 2!,
S acquires an even number of nodes~2! for AS and WJC,
while S remains nodeless for SALY. AlsoG andOz8 each
acquire one node, but only for the SALY model. The obser
ableTx8 remains nodeless at 1.4 GeV for all three mode
but with much angular structure. All of these features agr
with rule h6. However, the acquisition of an even number
nodes inS for some models at and below 1.4 GeV is
surprise, as will be discussed later.

Now let us return to theL0 observables. At 1.4 GeV~Fig.
2!, theL0 spin observables vary considerably with angle an
some have nodes. The rules thatE(u) must have an even
number of nodes~h2! andCz8 and Lz8 an odd number of
nodes~h1!, are clearly satisfied. However, the three mode
manage to satify these theorems in different ways, especia
in the number of nodes. This suggests that their ‘‘nodal stru
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FIG. 2. Same as Fig.1, but for a photon energy ofEg
lab51.4 GeV.
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ture’’ and the evolution of nodes with energy, is a source
specific dynamical information.

All of the models display nodal structures consistent wi
the h1, . . . , h6rules. To understand how these nodes d
velop with increasing energy, and the underlying reasons
the nodal structure of spin observables, it is more conveni
to examine ‘‘nodal trajectory’’ plots. We shall consider con
sequences of having a limited number of multipole amp
tudes later.

2. Nodal trajectories

To follow the detailed development of nodes with increa
ing energy we now examine the ‘‘nodal trajectory’’ plots o
Fig. 3. The nodal angles~e.g., angles at which SC node
occur! are plotted versus the photon’s laboratory energy.

a. Single spin observables. Let us start with the single
spin observables (P,T, andS), which are presented in the
top row of Fig. 3.~The cross section, and henceI , is node-
less.! The recoilL polarization,P in Fig. 3, has no nodes for
the AS model; one node starting at 180° at 1.47 GeV for t
WJC case; and an early node starting at 180° at 0.96 GeV
the SALY model. Both AS and WJC models do not hav
spin-3/2 resonances, in contrast to the spin-3/2 isobar tha
part of the SALY model~see Table I!. That isobar accounts
for the dramatic difference in the observableP; namely, the
early 180° node for the SALY model and the subseque
strong energy dependence of its single node is a reflection
the 3/2, l 51 resonanceN* (1720)1(3/21) at about
Eg
lab51.1 GeV, corresponding to the total energy o

As51.716 GeV in the center-of mass frame. The other mo
of
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els rely ont channel exchanges for theirJ53/2 strength at
low energies.

Similar reasoning applies to the observableT in Fig. 3,
which also has an early 180° node for the SALY model. F
WJC, the target polarizationT has a node due toJ51/21

strength, but the node displays smooth nonresonant evolu
since the WJC model has noJ53/2 resonances. Thus, th
nodal structure ofP andT are sensitive to explicits-channel
spin-3/2 resonances, but are not so revealing concernint-
channel contributions. The curvesP and T for SALY are
therefore good examples of resonance-driven nodal traje
ries and show how such plots can be used to extract deta
resonance dynamics.

The same SALY-3/2 resonances drive the spin observa
H, which has a particularly dramatic nodal trajectory as se
in Fig. 3. This case will be discussed in the beam-tar
section.

For the photon asymmetry observableS the bifurcating
behavior seen in Fig. 3 for the AS and WJC models is un
pected. This observable isnot requiredto have an even num-
ber of nodes.~In contrast,E is restricted to an even numbe
of nodes, which is the reason for its bifurcating nodal traje
tory.! To get two nodes inS, especially at low energies there
has to be some J55/2 amplitude strength.That strength is
apparently not due to any 5/2 resonances, since none of
models have explicitJ55/2 resonances. Instead, theJ55/2
strength at low energies arises from at channel mechanism

The polarized beam asymmetryS shows this unexpected
double nodal structure for the AS model at lower energ
and at higher energies for the WJC model. For the SA
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FIG. 3. The nodal trajectory plots for the spin observables of Legendre class:~a! L0 , ~b! L1a , ~c! L1b , and~d! L2 . The c.m. kaon
angle at which a sign-changing zero occurs for a given spin observable is plotted versus the incident laboratory photon energy. T
spin observables are presented in the top row, while the beam-target, beam-recoil, and target-recoil double spin observables are loc
second, third, and bottom rows, respectively. Again the curves are displayed as AS~dashed!, WJC ~dotted!, and SALY~solid!.
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model, a single node appears at 180° and moves rapidly
0°; two nodes appear at higher energy and evolve smoot
In the region that SALY has one node, this single node a
its rapid motion can be accounted for by itsJ53/2 reso-
nances. The double node at higher energy for SALY occ
when it picks upJ55/2 strength, probably fromt-channel
effects. The general form of theŜ observable is
sin2u(a1b cosu1c cos2u), where the termsa and b arise
from interference betweenJ> 1/2 states, while the termc
arises only ifJ>5/2 states contribute; for example,c arises
first from a 3/235/2 amplitude interference. Therefore, t
get the double nodal structure seen for the AS model n
threshold, one needs a sizablec term or, equivalently, at least
J55/2 multipoles. It is also clear from this general form th
for small 5/2, but sizable 3/2, amplitudes, the termb arises
first from interference between 3/233/2 and hence can give
only one node.6

TheJ55/2 amplitudes could arise from a mechanism th
boosts the orbital angular momentum to higher values. T
striking of a virtualP-wave meson by a polarized inciden
photon (t-channel exchange! provides such a mechanism
For example, if a virtualK1or K* kaon peals off from the

6To generaten SC nodes, an observable needs to be described
sinmu times a polynomial of ordern in cosu. Herem50,1,2 de-
pending on the Legendre classLm .
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nucleon in aP wave, it can receive an extra orbital angula
momentum boost when it is struck by the incident photo
The kaon then boosts to anl 52 state, which, when added to
theL ’s 1/2 spin, generates 5/22 and 3/22 strength, even at
low energies, without an explicit 5/2 baryon resonance. Thu
we learn thatt channel, or kaon exchange provides 5/22 and
3/22 strength and therefore contributes to th
(E2

1 ,M2
1)5/22 and (E2

2 ,M2
2)3/22 multipoles.7

This mechanism is illustrated in Fig. 4. The AS model ha
particularly strongt-channel couplings, which are generated
in a duality sense, to make up for the absence of the 3
resonances contained in the SALY model. The WJC mod
which has weaker coupling in thet-channel processes, doe
ultimately also reveal a similar bifurcation in theS observ-

as

7In principle, allu andt channel resonances contribute to all mu
tipoles. However, for the dynamical models considered here so
higher multipoles receive their major contribution fromt-channel
exchange~see Fig. 4!, in line with the duality hypothesis. This
behavior was determined by numerical investigation of these d
namical models~see also Sec. III B!. For example, for the simplest
model~AS!, thel52 to 4 multipoles are changed most dramaticall
when t-channel resonances are omitted, than when we dropped
dividual u and t channel terms from the AS model and then fitte
the same database and extracted the correspondingl50 to 4 mul-
tipoles.
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able, but not until higher energies of about 1.4 GeV.
Although the SALY model has strongert-channel strength

than does the WJC model~see Table I!, it does not display
the bifurcation one might expect, because even at low en
gies theJ53/2 resonances play a non-negligible role. For t
SALY model the above role fort-channelJ55/2 amplitudes
is not seen. Instead, in Fig. 3, theS for SALY has a 180°
node which travels rapidly toward 0° in the region of th
J53/2 resonances of this model. This property is related
the resonance-driven evolution of the single node in the o
servablesP,T, andH for the SALYmodel. In theS case, the
3/2 resonance increases the size of thebcosu term and the
rapid variation ofb with energy and its sign change explai
how the 3/2 resonance causes the rapid 180°→0° nodal evo-
lution. At higher energies the SALY model does acquire 5
strength and thus a nonzero quadratic term,ccos2u, permits
the appearance of two nodes, as seen in Fig. 3. Thus, a
the S curves arise from resonance and/ort-channel mecha-
nisms.

We conclude that the observableS provides a particularly
sensitive test of resonances and ofJ55/2 amplitudes and
thereby oft-channel or meson exchange processes. The b
idea of duality, which equates a sum over allt-channel pro-
cesses with a sum over alls-channel resonances, shows th
there is a close relationship between a dynamical mode
content with respect to assumed resonances and the co
sponding strength of thet-channel exchanges needed to fi
the data. Thus, another way to describe the significance
S is that it tests the duality structure of the dynamics. Th
result and the enhanced role ofJ55/2 amplitudes were not
anticipated by FTS.

b. Beam-target spin observables. We now discuss the
nodal trajectories for the beam-target observables, which
given in the second row of Fig. 3. For the observableE, a
bifurcation of nodes appears in Fig. 3. Recall thatE is re-
stricted to an even number of nodes by rule h2. Therefore

FIG. 4. Thet-channel or kaon exchange mechanism. The virtu
kaon (K1 or K* ) is typically emitted in aP wave. The incident
photon can boost the virtual kaon to al K1L52 state. Then the
final-state angular momentum is obtained by adding in theL spin as

2W 11/2W→3/22,5/22; the negative parity arises from the rule
(21)l . This mechanism feeds into the (E2

2M2
2)3/22 and

(E2
1M2

1)5/22 multipoles. It is also possible for the incident photo
to lower l K1L to zero, which could affect theE0

11/22 amplitudes;
this multipole is already large so the major effect is the one illu
trated here. If the kaon is left in aP wave after the photon is
absorbed, then the abovet channel can contribute to the 3/21M1

1

and 1/21E1
2 ,M1

2 states; however, these multipoles are usua
dominated bys channel contributions. If the virtual kaon is theK1,
it is produced mainly in anS wave and therefore yields
l K1L51,0, or J51/21,3/21 or 1/22 states, which are usually
dominated bys-channel contributions.
er-
he

e
to
b-

n

/2

ll of

asic

at
l’s
rre-
t
of
is

are

, if

a ~NSC! zero develops in this observable and with increasin
energy this vanishing extremum acquires a nonzero val
then it must produce two SC nodes: that is what we mean
a bifurcation. Insight into this rule is gained by noting@4#

that Ê has the forma1bcosu1ccos2u. The coefficientc is
determined by amplitude products of the form 3/2133/21

and interferences 1/2133/21. Thus c can exist either by
having a 3/2 resonance~as in SALY! or by enhancedt chan-
nel 3/2 strength, without invoking 5/2 terms. Hence, the qu
dratic form can be realized for those two reasons by all mo
els. Indeed, all models~Fig. 3! display a bifurcation at about
the same photon energy; for AS and WJC the term c is ge
erated by the kaon exchange process; whereas, for the SA
case it is generated by the underlying 3/2 resonances. Th
are no nodes inE until about 1.2 GeV, even though the
a1bcosu would seem to allow for low energy nodes. How
ever, thea term is dominated byuE0

1u2, while b depends
only linearly on E0

1’s interference withl 51 multipoles.
Thus, thea term dominates and without a sizable contribu
tion from bcosu, single nodes are prevented and one go
directly to double nodes at higher energies.

The beam-target observableH is related to the single spin
observableP which was discussed in the previous sectio
The rapid variation of the nodal location ofH for the SALY
model is due to the 3/2 resonance, but in a more drama
fashion than forP, see Fig. 3. Thus the double spin observ
ableH has enhanced 3/2-resonance dependence. This is
other good example of nodal structure generated by re
nances. The relation between the nodal trajectories forP and
H is particularly instructive. We know thatP̂1Ĥ
522 Im(H1H3* ), where theH1 andH3 helicity amplitudes
are zero unlessJ>3/2 amplitudes exist. Thus, in the absenc
of J>3/2 amplitudes, we recover the theoremP52H of
rule h3. In the case of the twoJ53/2 SALY resonances, the
difference betweenP and H is determined by Im(H1H3* )
and therefore by the associated amplitudes interference. T
two SALY resonances drive bothP andH in a very reveal-
ing manner. Note that for the WJC model there are n
J53/2 resonances and consequently nodes for that case
velop at higher energy and move from 180° to smaller ang
smoothly for bothP andH. This is an example of a non-
resonant driven nodal evolution, where theJ53/2 strength
probably arises first fromt-channel effects.

Hence, observation of bothP and H could reveal the
presence or absence of resonance dynamics. One would n
to measure the polarization of the finalL via its decay and
also measureH which requires a linearly polarized photon
plus a proton target polarized in thex̂ direction. In the
present case we are dealing with two nearbyJ53/2 reso-
nances albeit of different parity; it would be of interest t
explore the nature of nodal trajectories for isolated and/
dominant resonances such as are thought to occur inh me-
son production@11#.

For F we see no nodes until higher energies~above 1.4
GeV! for all models. The AS develops two nodes, followe
by WJC with two nodes, and then SALY comes on with thre
nodes in the 1.8 GeV region. This is clearly not driven b
any of the resonances, they occur at lower energies. T
form of F is sinu(a1bcosu1ccos2u1dcos3u), where from
Eq. ~D6! of FTS thea term is enhanced by the largeE0
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multipole, which makes it difficult for theb and c terms,
needed to generate nodes, to play a role. But this amplifi
tion of thea term is also true for the observablesP andT
and they do exhibit nodes; whereas, forF there is a delay in
the appearance of nodes. Theb term for F must therefore
conspire to be smaller than for these earlier cases; it migh
characteristic of the observableF not to have nodes only
after a critical energy is reached. When double nodes do t
on in F for the AS model, it is becausea andc are compa-
rable; we need to invoke cos2u terms to get double nodes. To
generatec, the AS model must use its considerable 5/2 am
plitudes, so again this suggests at-channel mechanism. The
same reason explains the later appearance of two nodes
the WJC model, which is weakest int-channel strength. The
SALY model is the first to develop three nodes inF, which
means thed term is effective, but not until higher energie
whereJ>5/2 strength can be generated in several ways.

The observableG has a single node for only the SALY
model, as seen in Fig. 3. This observable is of the fo
sin2u(a1bcosu), wherea depends onP-wave interferences
of the type (1/2133/2113/2133/21), and alsoS- andD-
wave interferences. Theb term, which is needed to generat
a single node, depends onP- andD-wave interference; in-
deed, inb theD waves (5/22 and 3/22 multipoles! appear
multiplied by P-wave amplitudes (3/21 and 1/21 multi-
poles!. Even above the resonance region,P-wave amplitudes
(3/21 and 1/21) interfere withD waves sufficiently to gen-
erate ab that is comparable toa only for the SALY model,
which yields the single node inG seen in Fig. 3. For the AS
and WJC models, theb term does not have sizableP-D
wave interference; also, theS- and D-wave interference
keepsa large enough, due to largeS waves, to make it dif-
ficult in general to generate nodes inG. A single node inG
provides evidence for significantP-D wave interference and
possibleP-wave enhancement.

In many cases, especially at low energies, nodal trajec
ries are seen to reveal either resonance ort-channel effects,
and/or enhancements due to dominance of thel 50 multi-
pole.

c. Beam-recoil spin observables. Now consider the nodal
trajectory plots forĈz8,Ĉx8,Ôx8,Ôz8.

At first glance,Ĉz8 in Fig. 3 seems impossible to under
stand, but it does have some simple features. All mod
have a 90° node near threshold. This property can be und
stood from the general form for this observab
Ĉz85a1bcosu1ccos2u1dcos3u, where near thresholdb is
dominated byuE0

1u2, while a depends linearly onE0
1’s in-

terference withl 51 multipoles. Thus near threshold th
cosu term dominates and gives the 90° node near thresho
The SALY-3/2 resonances show up inCz8 by rapidly moving
that 90° node first to smaller and then to larger angles. In
general form of the observableĈz8 the cubic termdcos3u,
appears even when a truncation tol <1 is used. Thed term
involves interference between the alignedJ53/2 amplitudes.
Therefore, in addition to explaining the rapid motion of th
lower energy node by 3/2 resonances, at'1.31 GeV there is
enough off-resonant 3/2 strength in the SALY amplitudes
invoke the cubic term and hence yield the three nodes see
Fig. 3. Similarly, at' 1.23 GeV the AS model has consid
erable 3/2 strength, not by a resonance, but byt-channel
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enhancement. Thus, it exhibits a smooth~nonresonant! evo-
lution of its low energy node, followed by an early turn-on o
three nodes. This early turn-on of 3/2 amplitude appeare
earlier in the bifurcations seen inS andE. For WJC, there
are only small 3/2 amplitudes~it has no 3/2 resonances and
its kaon exchange is small!; therefore, it exhibits a smooth
evolution of the 90° node toward zero angle,

For Ĉx8~Fig. 3! we note an absence of nodes until ener
gies above 1.4 GeV. The AS and then the SALY model ex
hibit one simple node, while WJC turns on with three abov
1.61 GeV. The prevention of early nodes is understood fro
Eq. ~D9! of FTS, wherein the leading sinu3a term is domi-
nated by theS-wave multipoleuE0

1u2.8

The spin observableÔx8 has a complicated nodal struc-
ture that can be understood from its general form
Ôx85sinu(a1bcosu1ccos2u), where near thresholdb is
dominant since it depends linearly onE0

1’s interference with
3/21 multipoles; whereas,a involves only l >1 waves.
Thus a 90° node near threshold occurs for all three mode
which although not required by FTS rules, arises from dy
namical dominance ofS waves near threshold. That node
moves most rapidly for the SALY model, due to its 3/2 reso
nances; the SALY model is also able to turn on thec term to
generate two nodes above 1.26 GeV due to off-resonan
3/21 strength. The AS model displays a smooth evolution o
the low energy 90° node because it lacks a 3/2 resonan
The WJC exhibits structure in the evolution of its 90° nod
and also acquires two nodes above 1.2 GeV. This WJC ev
lution arises perhaps from the energy dependence of theS-
wave amplitude and the onset of 3/21 strength and interfer-
ence with 1/21 amplitudes

For Ôz8, only SALY and WJC exhibit single and
smoothly evolving nodes. Its general form
Ôz85sin2u(a1bcosu), hasa dominant because it involves
the S-waveE0

1 multipole, which accounts for the delay in
the onset of nodes, which do occur when the 3/21 P waves
allow b to compete witha.

d. Target-recoil spin observables. Now consider the nodal
trajectory plots in Fig. 3 forL̂z8,L̂x8,T̂z8,T̂x8.

For L̂z8, recall that FTS h3 indicates thatLz852Cz8 if
J>3/2 amplitudes vanish. Similar nodal structure for thes
two observables is then expected for models with small 3
amplitudes; this holds true for the AS case and, to a less
extent, for the WJC model.

For L̂x8, the S wave dominance of the sinu3uE0
1u2 term

prevents low energy nodes. By the timeP waves enter they
are strong enough to invoke quadratic terms and gener
double nodes; hence the bifurcation for all nodes is see
This is similar to theE case, except there is no even nod
L̂x8 theorem.

The form of T̂z8 is sin
2u(a1bcosu1ccos2u); we have an-

other case where theS-wave dominance of theb term pro-
duces 90° nodes for all models near threshold, followed by
rapid variation for the SALY case due to its 3/2 resonanc

8Several such cases occur where the multipoleuE0
1u2 dominates

the a andE0
1 enters linearly in thebcos terms in the polynomial.

That structure prevents nodes until higher energies.
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FIG. 5. Argand plots of the electric and magnetic multipoles for the AS, WJC, and SALY models for~a! l <1 and~b! l 52. TheS-wave
multipoleE0

1 starts at a nonzero point along the real axis and then evolves with energy. All other multipoles start at the origin and
the trajectories shown as energy increases. For resonant states the Argand plot exhibits the usual looping. The scale in~a! is kept fixed, but
it varies with model in~b!. Note the role of these amplitudes in observables is typically weighted by 2J11 factors; henceD-wave effects can
be magnified.
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Once the 3/2 amplitudes turn on at higher energies, in p
from t-channel effects, then thec term enters and double
nodes appear. This is similar to theCz8 case.

Finally, with the form T̂x85sin2u(a1bcosu) the S wave
makesa dominant and nodes are therefore postponed u
high energies~1.5 GeV! for WJC and AS~just barely seen,
since this is the end of its region! and at 1.55 GeV for the
SALY model.

Many of the characteristics described above are de
mined by the dominance ofS waves and the subsequen
appearance ofP waves. The most interesting cases are tho
that arise from isobar resonance and/ort-channel effects.

B. Multipole rules revisited

Each multipole includes reference to the final K1L or-
bital angular momentum. Hence, explicit truncations are su
gested and additional rules m1,. . . , m10 can bededuced
for observables near threshold. The assumption involved
deducing these additional rules is that centrifugal barrier s
pression of amplitudes dominates the dynamics, and t
resonance or other special dynamic effects can be neglec
However, dynamical models do include baryon resonan
and particulart-channel exchanges and therefore it is e
pected that the FTS m1,. . . , m10rules will be broken. In
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contrast, the helicity rules based on general symmetry pri
ciples are not and should not be broken.

To facilitate comparison of the dynamical results of AS
WJC, and SALY to the rules offered by FTS, it is best to
examine the Argand plots of multipoles~Appendix B! for the
AS, WJC, and SALY models. TheS- andP-wave multipoles
are displayed in Fig. 5~a!, while theD waves are in Fig. 5~b!.
Note the scale is fixed in Fig. 5~a!, but varies with model in
Fig. 5~b! with the AS having the smallest scale. For conve
nience, the multipoles are phase rotated to give a realE0

1

multipole at threshold. Only thatS-wave multipole is non-
zero at threshold; all others start at zero and evolve asql ,
where q is the K1L linear momentum. The WJC model
displays a rapid variation inE0

1 due to itsN* (1650)1/22

isobar ~see Table I!; the two other models haveE0
1 multi-

poles that decrease without resonance~counterclockwise
looping! structure. Structure due to theN* (1710)1/21 of
WJC is seen in the energy evolution of itsM1

2 multipole,
with all of its other multipoles evolving nonresonantly. The
AS displaysM1

2 structure from itsN* (1440)1/21 isobar.
The M1

1 multipole has nonresonant structure in the AS
model. For the SALY case, that multipole displays resonan
looping due to the addedN* (1720)3/21 isobar, which also
introduces someE1

1 structure in the SALYmodel. The SALY
model’sM1

2 also acquires resonant structure apparently du
to its L* (1600).
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TABLE II. The multipoles for the three models listed in order of their maximum size from threshold
the maximum energy range of the corresponding model, based on Fig. 5. The boldfaced multipoles d
counterclockwise resonance looping. The multipoles marked by a dagger receive strength fromt-channel
exchange.

AS E0
1(1/22) M1

2
„1/21

… E1
1(3/21) E2

2(3/22)† E2
1(5/22)†

M1
1(3/21) M2

2(3/22)† M2
1(5/22)†

WJC E0
1
„1/22

… E1
1(3/21) M1

2
„1/21

… E2
1(5/22)†

E2
2(3/22)† M2

2(3/22)† M2
1(5/22)†

M1
1(3/21)

SALY E0
1(1/22) M1

1
„3/21

… M1
2
„1/21

… M2
2
„3/22

… M2
1(5/22)†

E1
1
„3/21

… E2
1(5/22)†

E2
2
„3/22

…
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TheD-wave multipoles@Fig. 5~b!# are quite different for
the three models. Only the SALY model has explicitD-wave
isobars and consequently that model displays resonantM2

2

andE2
2 3/22 looping. The 5/22 multipoles (E2

1 ,M2
1) evolve

smoothly from zero. The small ASD-wave multipoles have
some interesting structure, which does not arise from expl
D-wave isobars. For the WJC model, there are noD-wave
resonances and the multipoles evolve without structure. N
that the t-channel mechanism illustrated in Fig. 4 feed
mainly into the 3/22 and 5/22 multipoles. Thus, aside from
the SALY case, theseD wave multipoles are connected to
that mechanism.

The main properties of the Argand plots of Fig. 5 are th
relative strengths of thel <2 multipoles and their relation to
their input resonances and the strength of theirt-channel
mechanisms. Thel 50 multipoleE0

1 is naturally dominant
near threshold. It decreases smoothly for the SALY and A
models, but due to the isobars in the WJC model, theirE0

1

multipole has a rapid looping at low energies. Several ch
acteristics are worth noting.

In the AS model:~1! the (E0
1)1/22 multipole is driven by

the nucleons-channel term and aL(1670) resonance;~2! the
(E1

1 ,M1
1)3/21 multipoles are not driven by a resonance n

by t-channel exchange;~3! the (M1
2)1/21 multipole is driven

by oneN(1440) resonance;~4! the (E2
2 ,M2

2)3/22 multi-
poles are driven byt-channel exchange;~5! The 5/22 multi-
poles (E2

1 ,M2
1) receivet-channel contributions.

In the WJC model:~1! the (E0
1)1/22 multipole is driven

by the nucleons-channel term and theL(1405) plus
N(1650) resonances;~2! the (E1

1 ,M1
1)3/21 multipoles are

not driven by a resonance nor byt-channel exchange;~3! the
(M1

2)1/21 multipole is driven by oneN(1710) resonance;
~4! the (E2

2 ,M2
2)3/22 multipoles are driven byt-channel

exchange; ~5! the 5/22 multipoles (E2
1 ,M2

1) receive
t-channel contributions.

In the SALY model:~1! the (E0
1)1/22 multipole is driven

by the nucleons-channel term and by theL(1670) reso-
nance; ~2! the (E1

1 ,M1
1)3/21 multipoles are driven by

N(1720) resonance;~3! the (M1
2)1/21 multipole is driven

by the two N(1440),L(1600) resonances;~4! the
(E2

2 ,M2
1)3/22 multipoles are driven by anN(1700) reso-

nance and byt-channel exchange;~5! the 5/22 multipoles
(E2

1 ,M2
1) receivet-channel contributions.
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Using these Argand diagrams we can now discuss the F
multipole rules. The cross-section peaking rule of FST, und
the neglect ofl 52, requires thatcP

(1) and E0
1 be within

90° when viewed as vectors in the complex plane. When o
plots cP

(1) and compares it toE0
1 , it is seen that rule m1

holds true. Although many FTS multipole speculations d
not occur because of thet-channel mechanism, rules m9 an
m10 are true at low energies, sinceE0

1 dominates andCz8
andLx8 do have SC nodes at 90°. Other rules that hold tr
are m6, which does get realized in the complementary nat
of the nodes; namely,Oz8 has, whileTx8 does not have nodes
at least below 1.5 GeV. The other FTS multipole rules are n
realized, because the FTS truncation assumptions did
take into account thatt-channel exchange can introduc
higherJ amplitudes.

Using Fig. 5 we can classify the relative roles of the mu
tipoles for each model. For the three models, the relati
importance of the multipoles, based on the maximum size
the multipole over the full energy range, is given in Table I
The resonant multipoles and those that receive strength fr
t-channel exchange are also indicated. The enhanced role
D waves is generated by one or another of these mechani
depending on the dynamics of the model.

These multipole strengths are consistent, of course, w
the driving resonances and thet-channel strengths of each
model.

The big surprise for FTS is the importance ofl 52 mul-
tipoles in the 3/22 and 5/22 states, due to kaonic exchanges

IV. SUMMARY AND CONCLUSIONS

Based on general symmetry requirements, FTS@4# de-
duced general rules for the 15 spin observables in the p
toproduction of pseudoscalar mesons. These rules, sup
mented by assumptions of smooth energy evolution a
centrifugal barrier dominance can be used to define the ‘‘no
mal’’ behavior of spin observables. Deviation from some o
these rules indicate a serious violation of a symmetry, su
as parity violation. Deviations due to nonsmooth energy ev
lution, or dominance of selected states, are of dynamical o
gin, as in the case of underlying hadronic resonances. A
prelude to analysis of future experimental results we ha
confronted the FTS analysis with three current models@6–8#
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of the photoproduction ofK1 mesons.9

All of the predictions based on parity and angular m
mentum conservation are realized in these models, includ
statements about the even or odd number of sign-chang
nodes. The only deviations noted are those possibly att
uted to special dynamics, such as underlying resonances
deed, an important conclusion is that observation of t
nodes of spin observables, as they unfold with energy, off
a powerful way to extract specific dynamical resonance
formation.

This conclusion is realized by addressing two cruci
questions:(1) what can the nodal structure of theforthcom-
ing polarization datareveal about the highest spin of th
intermediate state baryonic resonances required by the re
tion mechanism?:(2) in dynamical models, how can we dis-
entangle the contributions due to genuine baryonic re
nances from those mimicked by the kaonic exchanges in l
with the duality hypothesis?

To summarize our findings, and in view of the envisione
polarization measurements@1–3# we single out our most sig-
nificant results on the reaction mechanism deduced by c
fronting the FTS rules with specific models.

TheL2polarization asymmetry is technically the easie
to measure. Here, the nodal structure ofP ~and alsoT! is
mainly of resonance-driven nature and hence is sensitive
explicit s-channel spin-3/2 resonances. The beam-asymme
S proves to be an appropriate observable in testing the
lidity of the duality hypothesisin the strangeness sector. Thi
duality hypothesis is verified by investigating the underlyin
dynamics of three models; wherein, 5/2 amplitude streng
influences spin observables via 3/235/2 and/or 5/235/2 in-
terference, even though explicit 5/2 resonances are not
cluded in the models. The 5/2 strength arises fromt- rather
than froms-channel dynamics. The beam-asymmetry obse
able is also very suitable in investigating the role ofexplicit
spin-5/2 resonances in the reaction mechanism.

The beam-recoil asymmetries are found very attracti
mainly with respect to their sensitivity toJ53/2 resonances.
The richest information is embedded in theCz8 observable,
obtained using a circularly polarized beam. The odd numb
of its nodes are produced throughdifferent and
distinguishablemechanisms according to the dynamical in
gredients of the models, e.g., the explicit presence of sp
3/2 resonances versus the manifestation of the dua
through thet-channel exchanges. This property is also tr
for the beam-target observableE. In addition, the cubic term
in cosu arises through the 3/2 amplitudes interferences. T
other beam-recoil observable (Cx8) with circularly polarized
beam shows high sensitivity to theJ53/2 alignedP waves
producing anexplicit signal for theJ53/2 resonances. The
asymmetriesOx8 andOz8 corresponding to a linearly polar-
ized photon beam contain important information o

9We have not included the oft-quoted work of Ref.@12#, since we
found a serious error in their code; namely, theirQl functions are
wrong. As a consequence, their spin observables display a large
incorrect number of nodes near threshold@13#. We appreciate re-
ceiving a copy of their code from C. Bennhold. This was a ca
where the general FTS threshold rules@4# served to detect an error
and shows one way these rules can be useful.
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1/233/2 interferences. Even at low energies, theOx8 observ-
able shows deviations from FTS rules for the three mode
because ofdynamicaleffects.

The next double polarization family, beam-target, con
tains some common features with the above asymmetri
Namely, the observables connected to the circularly pola
ized beam,E andF, have behavior comparable toCz8 and
S, respectively. For the linearly polarized beam observab
the situation is slightly different. TheH asymmetry mani-
fests characteristics similar to those ofP, with s-channel
spin-3/2 resonance effects amplified because of an enhan
ment due to a largeE0

1 multipole in the cosu term, while the
nonresonant driven nodal structure due to duality induces
very different evolution. TheG asymmetry is driven by a
spin-rich interference between 1/2, 3/2, and 5/2 term
Hence, the appearance of a single node in this observa
provides evidence for significantP3D wave interference
and possibleP wave enhancement.

The last set of observables, target-recoil asymmetries,
characterized by the dominance ofS waves and the subse-
quent appearance ofP waves arising from isobar resonanc
and/ort-channel effects, similar to the cases seen already
observables within other families. This redundancy in info
mation content is of course expected@10# from analysis of
the number of independent experiments.

Nodal angle versusEg trajectories, based ondirect experi-
mental information, rather than specific dynamical models
should provide a powerful tool in pinning down the reactio
mechanism of the strangeness electromagnetic produc
processes and, hopefully, in the search for missing re
nances@14#.
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APPENDIX A: SPIN OBSERVABLES RECALLED

The definition of the various spin observables are pr
vided in the literature@4#. For convenience we present a brie
discussion of the 16 observables.

The differential cross section is defined by

s~u!5
q

k
I ~u!,

with q the final andk the initial c.m. momenta. Here we
extract the angle dependent functionI (u), which is used in
FTS to define ‘‘profile functions.’’ These profile functions are
denoted byX̂5I3X, for any spin observableX. The profile
functions are determined by bilinear products of amplitud
and therefore are useful for extracting amplitude inform
tion.

Of the 16 observables, one is~1! the cross-section func-
tion I ; three aresingle spin observables; ~2! the polarization

and

se
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of the producedL, P̂; ~3! the polarized target asymmetry
T̂; and ~4! the photon polarization asymmetryŜ.

The remaining 12 spin observables aredouble spin ob-
servables. These are further classified as involving~BT! po-
larized beam, polarized target;~BR! polarized beam, polar-
ized recoilL; ~TR! polarized target, polarized recoilL. Each
of these three types of double spin observables have f
members. The~BR! type is also called a spin transfer observ
able. The~TR! type is also called a spin depolarization ob
servable, often denoted by the symbolD; for example, the
depolarization spin transfer variable where the incidentp and
the finalL spin directions are normal (N) to the scattering
plane is usually calledDNN . In the notation of FTS that spin
variable is calledCy,y8

p,L . Their notation is based on the spi
correlation description, where the superscript indicates
two particles involved~e.g., the BT, BR, or TR classification!
and the subscript indicates direction. These directions
denoted by either the initial unit vectors,x̂,ŷ,ẑ, or the final
unit vectors,x̂8,ŷ8,ẑ8. Another convention used is that o
normal N, sideways S, and longitudinal L directions:
x̂[S,ŷ[N,ẑ[L.

The relations between these spin-correlation~double spin!
observables and the conventional set used here is for BT

Ê5Cz,z
g,p , Ĥ5Cy,x

g,p ,

F̂5Cz,x
g,p , Ĝ5Cy,z

g,p ;

for BR:

Ĉz85Cz,z8
g,L , Ĉx85Cz,x8

g,L ,

Ôx85Cy,x8
g, LÔz85Cy,z8

g,L ;

and for TR:

L̂z85Cz,z8
p,L , L̂x85Cz,x8

p,L ,

T̂z85Cx,z8
p,L , T̂x85Cx,x8

p,L .
,
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The Cartesian components refer to the spin axis for the ba
ons; for the photon they indicate either linear or circula
polarization states~see Ref.@4# for a discussion!.

APPENDIX B: PROJECTION OF MULTIPOLES

Argand plots of the electricEl
6 and magneticM l

6 multi-
poles are obtained from theCGLN amplitudesF1 ,F2 ,F3 ,
andF4 by the following projection integrals:

El
15

1

2~ l 11!
E

21

1

dxS F1Pl 2F2Pl 11

1
1

l 11
~12x2!F3Pl8 1

1

l 12
~12x2!F4Pl 118 D ,

El
25

1

2l E21

1

dxS 2F1Pl 1F2Pl 211
1

l
~12x2!F3Pl8

1
1

l 21
~12x2!F4Pl 218 D ,

M l
15

1

2~ l 11!
E

21

1

dxS F1Pl 2F2Pl 11

2
1

l ~ l 11!
~12x2!F3Pl8 D ,

M l
25

1

2l E21

1

dxS 2F1Pl 1F2Pl 21

1
1

l ~ l 11!
~12x2!F3Pl8 D . ~B1!

Here x5cosu, Pl are the Legendre polynomials, and the
CGLN amplitudes are given in Refs.@6,7#, where they have
been calculated using diagrammatic techniques in an isoba
approach.
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