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The energy evolution and angular structure of low energy pseudoscalar meson
photoproduction spin observables are analyzed. Nodal trajectories, e.g. plots of
angular nodes versus photon energy, and/or polynomial expansions are shown to
be useful ways to identify effects due to underlying dynamics. Guidelines for the
anticipated, or ‘normal,’ behavior of n photoproduction spin observables are gen-
erated based on several bold assumptions: (1) resonance dominance; (2) a feasible
truncation of multipoles and (3) assuming negligible background effects. Observ-
ables that are particularly sensitive to missing nucleonic resonances predicted by
quark-based approaches, are singled out.

1 Introduction

In a series of recent papers, 1'>3* we have examined the question of how spin
observables for meson photoproduction can be used to extract important dy-
namical features, such as resonances. Our motivation is to get a feeling for
the general features of these spin observables, to classify them, and to be able
to identify their “normal” behavior, in preparation for the plethora of data
expected from TJNAF/CEBAF, ELSA, ESRF, LEGS and MAMI. It is well-
known that spin observables can provide key dynamical information and that
even their general features can provide important insights. For example, in
proton-proton elastic scattering, the early cross-section measurements showed
that, aside from the Coulomb peak.\tbe cross-section is flat, at 32 MeV and
even at 315 MeV, where P-waves were expected to contribute and to cause
distinct angular variation. Various mechanisms were invented to suppress the
P-waves, until the polarization of the final proton was found to be appreciable
and to require P-waves. To explain the flatness of the cross-section, and the
appreciable polarization, it was necessary to have significant P-waves for the
polarization while the cross-section required small P-waves. The answer to this
puzzle was that. in addition to a tensor force, a short-ranged spin-orbit inter-
action is needed, for which the P-waves average out, while they still contribute
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to the polarization via S-P interference. The existence of a strong spin-orbit
interaction of short range, sufficed for G. Breit 3 to predict the existence of
a vector meson way before its discovery. (Vector meson exchange produces a
strong L - S force.) That historical example, sets a challenge to us. Can we
identify characteristics of the spin observables that can be used to identify ba-
sic dynamical characteristics? Our first step is to determine “normal” behavior
of the spin observables.

2 Meson Photoproduction & Spin Observables

To understand the general characteristics of spin observables for pseudoscalar
meson photoproduction, let us recall the definition of the 16 observables. In
addition to the cross section, o(f), we have three single spin observables: the
photon beam asymmetry (L), the target asymmetry (T), and the polarization
(P) of the final baryon. There are also 12 double spin observables: four beam-
target BT, four beam-recoil BR, and four target-recoil TR. We are considering
the meson (M) photoproduction reaction: ¥+ N — M + N’, where the photon
beam can be polarized, the initial nucleon target is usually a proton, which can
also be polarized, and the pseudoscalar mesons considered here are the =, 7, or
K. In the kaon case, the final (recoil) baryon is a A or a £, whose polarization
can be measured via their decay (e.g. they are self-analyzing).

Four of the spin observables require circularly polarized photons; namely,
two BT E, F plus two BR C,:,C;s observables. Four double spin observables
require linearly polarized photons; namely, two BT H, G plus two BR O,, O,
observables. In addition, the photon beam asymmetry, £, requires linearly
polarized photons. For self-analyzing recoil baryons, the BR are feasible ex-
periments; whereas, polarized targets are needed for the BT cases.

In the appendix, a bilinear helicity product classification of the 16 spin ob-
servables is briefly described, along with its use in determining the experiments
needed to fully determine total amplitudes.

2.1 Legendre Classification

An additional way to classify the 16 observables is by their angular dependence.
We refer to this classification scheme as “Legendre class.” All observables de-
pend on the scattering angle as:

Lma: L"lnl
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where we define the “profile function” Q% as the general observable Q@ times
the cross-section function Z(6) = (k/q) o(0). Here a = 1---16 labels the 16
observables. An observable that has m = 0,1, 0r 2 is of “Legendre class " L.
We recall ? that the Legendre classes of the sixteen observables labeled by £,
[:14, Elb. and ﬁg, are:

Lo(Z;E;Cos Lyr), L1a(PyH  Coii Ly, L1o(Ti F00 T2, L2(,G;0,4Tz).
In the above list, the first entry in each class is the cross-section or a sin-
gle polarization observable (Z, P, T, L); the others are all double polarization
observables, which appear ordered as Beam-Target (£, H, F, G), Beam-Recoil
(Cyr,Czr, O, 0;1); with the last entry in each class being the Target-Recoil
observables (L,/, Ly, T/, T/). From the sin™ 8 factor, we see that all but the
Lo observables vanish at the 0° & 180° endpoints; the £; class observables also
have zero derivatives at the endpoints.

2.2 Nodal Trajectories

In the previous section, observables were classified by Legendre class with the
general profile form Q% = sin™ § P, where P* = a§ +af cos § +a§ cos? 6+ -
is a polynomial that can be truncated for sufficiently low final state momen-
tum g¢. Photoproduction is an exothermic reaction and thus the underlying
multipoles fall off as (¢ x range)!, where £ is the final meson-baryon orbital
angular momentum and the “range” is typically the inverse mass of the lowest
t-channel exchanged meson.

The polynomial coefficients a§, which can be extracted from experiment,
receive contributions from the electric and magnetic multipoles Ef, Mf, where
the total angular momentum is J = € £ 1/2. The N* & A resonances, which
have definite J & £ quantum numbers, feed into these multipoles and deter-
mine the strength and energy-dependence of the polynomial coefficients. Since
each meson photoproduction reaction is characterized by a set of contributing
resonances, the polynomial coefficients af, for each observable a, also have
distinct behavior. We seek to identify characteristic signatures of underlying
resonances, using the above polynom?al structure.

One particularly important signature is the existence of nodes in an ob-
servable?® and their associated energy dependence. Thus we consider the idea
of nodal trajectories, 2 which is defined as a plot of the nodal angles 8, for
which P(8) = 0, versus beam energy. Some sample nodal trajectory plots are
shown in Fig. 1, where the 3D plots of an observable versus angle and energy
are projected down to the £ —f plane. We have found nodal trajectories where:
(1) a resonance drives the nodal angle to vary rapidly; (2) a bifurcation occurs,

baside from the requisite behavior at the endpoints
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Fig. 1. Typical energy and angular dependence of:(a) the £g class BT
double polarization observable £ for kaon production, which demonstrates a
bifurcation of nodes to satisfy the requirement that E have an even number
of nodes. Double nodes appear because the P13(1720) resonance enhances
the a, coefficient; (b) the £, class photon polarization asymmetry ¥ for kaon
production, which displays a single node that moves rapidly from 180° toward
0° driven by a rapid variation of a; due to the Py3(1720) resonance. A pair of
nodes appears above 1.4 GeV, with increased a, due to J = 3/2, t—channel
exchange for models without an explicit J = 5/2 resonance. The SALY®
dynamical model is used for these illustrations.
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which means that nodal pairs appear and evolve—often in order to satisfy
odd/even node theorems.!:? In addition, we have found cases where unexpected
bifurcations occur at low energies driven by t—channel exchange mechanisms. ?

Although the nodal trajectories can be used to identify particularly dra-
matic underlying dynamics, they are only part of the full information contained
in the polynomial coeflicients af.

3 Multipole Expansion for the Target Polarization

Let us consider a particular observable, the target asymmetry T', as an example
of the electric and magnetic origins of the polynomial coefficients. The profile
function T'(6) is of Legendre class £5 and hence has the general form: T(8) =
sinf 37 _,6L cost 8. The polynomial coefficients are given by the following
imaginary parts of bilinear products of the electric, E;°, and magnetic, Mf,
multipole amplitudes, where we are assuming that it is valid to truncate at

¢£<3and J <5/2

a9 =Im {3EF[-Ef + M — E5 - M7]" -3M[[E; + My + Ef — M}
+EF[-6E; —27/2Ef]" + M [-6 My +15/2EF + 6 M} " + E;
6 E5 —15/2M;]" —27/2 My My" +27/2Ef E3* +27/2MF M;"}

ap =Im (3/2){2Ef[E; + My —4E] +4MF|" +2M[(Ef ~ M +4E3
+4MT]T —3EFI0E; + M7]" + MT[2E; —25 M7 ]" +8EFY M-
FET[2ES w2 M +3My [ Ef + 10 M "+ 8 EF M; "
~18EFMS" +36|E;|°+18|M7|P - 18E5 M5" }

a; =1Im (3/2) {10EF{E5 + Mg )" + 10M[ES - M{|" +3Ef[4Ey - EY
+10 M7 + MF[12 My - 25 EF —2MF)"+ ES[-2E7 + 25 M|
+3M;[-10E; — MJ|" = 162EF E;~ - 162 M5 M7™ )}

as = Im (45/2){ EF[4E; + M7 +3M} M;7" -3E; EF”
+MSEFT —aMFT + 6 ET M —4|E5 P+ 2|M7 P +6E7 M7}

ag = Im (675/2) {ET E7~ + M} M7 ).

(2)



Expressions for all other observables for £ < 2 are available® and for £ < 3 and
J <£5/2 will be reported elsewhere 7.

It is worthwhile to analyze the structure of these expressions, where we are
particularly motivated by the connection between: resonances, their associated
multipoles and their influence on the polynomial coefficients, which finally
affect the energy evolution and nodal structure of 7.

Under these assumptions, note that the ag term is driven by SP’, PD,
PD', ... interference, where we have invoked a simple notation that § = Eg',
while P’ denotes the P—wave J = 3/2 (E}, M{t) multipoles, P denotes the
P-wave J = 1/2 (E], M) multipoles. Similarly, D’ denotes the D—wave
J = 5/2 (EF, M) multipoles, D denotes the D—wave J = 3/2 (E7,M7)
multipoles, and F stands for the F—wave J = 5/2 (E5, M; ) multipoles. Using
that abbreviated notation, the structures of ag to a4 are described by:

ay - [S|P'® A[D]o P’ P{D]e P'D'0[S[Fo[DJF o D'F.
a1+ P o[DjeDeFe[s|D]s[S|Pe PP e[D|DsPFePF,
a» = PD' o P[D]e PD' o[SJFe[DJFe D'F,

a3 =+ D'©Fa[D]D' @ P'F, ay = D'F,

where single letters denote terms like D — |E7|?, |M;|? or E; M, D —
|EF|?, IMF|? or Ef M)™ and P! — |EF?, [M[)? or Ef M. Terms like SD
continue to represent S — D interferences. Note that the underlying tensor
character of this observable yields the interesting, useful feature that ag, a5 - - -
involve odd parity products, while a;, az - - - involve even parity products, which
restricts how a multipole, and an associated resonance, can feed into the poly-
nomial coefficients.

Another important feature of the above general analysis, is that for 7
meson photoproduction, it is reasonable to start from the experimental 8 and
theoretical ® results on the differential and total cross sections concluding that
S & D amplitudes dominate via the Si;(1535) and D13(1520) resonances. That
makes the above ‘boxed’ terms most important. Thus, for a given scenario
of a set of dominant resonances, it is often possible to make some general
observations about the anticipated polynomial structure. Note that we are
making several bold assumptions: (1) truncation of the amplitudes (which is
valid only near threshold and perhaps near a dominant resonance); (2) that
interference with the background can be neglected (at least qualitatively); and
that (3) resonances dominate and characterize the observables. None of these
assumptions are rigorously true and hence we are dealing with guidelines that
can not replace a full dvnamical treatment.
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For an example of a simple limiting scenario, consider the case where the
S11(1535) and D;3(1520) dominate, Then, we have just S & D terms, e.g.
just the J = 1/2,EF, and J = 3/2, E7, M;, multipoles. Indeed, fits to the
differential cross section for n meson photoproduction indicate that about 85%
S- and 15% D-—wave suffice. In that case we see that ag = a2 = a3 = a4 =0,
using our truncation. Then all the strength feeds into a; = D & SD. The
resultant sin@ x cos @ structure then indicates that a 90° node would exist in
T for this particular resonance dominance and truncation scenario.

Another scenario is for a P, e.g. a P;; Roper and/or P;;(1700), amplitude
to play a small, but detectable, role in addition to the above § & D. In that

case, ag — P@ involves having the D,3 magnify the P contribution to ag,

while a; — @@ remains dominant and a; to a4 are still zero. In that
case, T should have one node whose non-90° location is determined by the PD
interference. Of course, the D and SD terms in a; could interfere destructively
and/or a P resonance could occur to eliminate such a single node. Experiment
will provide those insights.

If experiment indicates the need for a nonzero a; term, then under the
SPD dominance and truncation scenario, we would be seeing a a; — P’'D
contribution, wherein the D magnifies a P’ or P;3 effect.

Recent data from Bonn !° on the y5 — np provide angular distributions
of the polarized target asymmetry T at six energies from roughly threshold up
to 1 GeV. These are the first set of beneficial n photoproduction polarization
data. Hence, we have applied our nodal structure approach to these data. The
behavior of the polynomial coeflicients show clearly that, in addition to the
dominant $11(1535) and D;3(1520), these data require contributions from P;3
and Dy resonances and do not exclude the presence of the Py, resonance(s).
We also explain why just the available cross-section data are not well suited for
investigating (small) contributions from resonances other than the S;;(1535)
and D;3(1520). Moreover, we confirm the presence of the P;3 and D5 reso-
nances in the dynamics by fitting the T-asymmetry data via a simple dynamical
approach, where electric and magnetic multipole amplitudes are expressed in
terms of various isospin-1/2 nucleonic resonances (described by “relativized”
energy-dependent Breit-Wigner forms), plus a smooth background including
S- and P- waves. That data!® and our associated analysis!! will be published
soon.

The n photoproduction is especially interesting in searching *!! for the
missing or undiscovered nucleonic resonances, which constitutes a crucial test
of descriptions of baryon spectra. !2:!3 The best observables to look for some
of these resonances. as well as for manifestations of the Roper resonance, have
been singled out. !t
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Finally, we have investigated the underlying dynamics in the pion and kaon
photoproduction reactions, ** our main findings are summarized below.

For pion photoproduction, our approach incorporates® some of the estab-
lished facts; namely, that the reaction is dominated by the A3 resonance with
non-negligible contributions from other spin 1/2 and 3/2 resonances. We also
ascertained that the single and the double beam-target observables requiring a
linearly polarized beam are the best observables for investigating the suspected
contributions of spin 3/2 resonances.

We have also examined the strangeness photoproduction reaction, which
has a rather complicated reaction mechanism. Based on our approach, we
explain * the dynamical content of the phenomenological models. 14 Moreover,
a clear manifestation? of the duality hypothesis in the strangeness sector has
also been obtained.

4 Conclusions

We conclude that the angular structure of selected spin observables, especially
for the n meson can be used to reveal amplitudes that might be resonances.
Also the general structure of spin observables can be used to select the “best
bet” observables for revealing hidden resonances. We hope that our general
and qualitative discussion of spin observables and their angular dependence
and energy evolution is a useful guide to both experiment and theory. We
advocate that extraction of the polynomial coefficients is a useful guide and
that the nodal trajectory analysis provides a particularly interesting way to
track the appearance of resonance and other dynamical effects.
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Appendix
Bilinear Helicity Product Form

In classifying spin observables, it is useful to describe the 16 profile functions
Q° as combinations of bilinear products of helicity amplitudes. The mixture
of these bilinear products, HY H; ¢,j = 1---4, needed to form these profile

8



functions are a complete set of hermitian 4 x 4 '® matrices. We have: !%

——E:HF°H" < H|T°|H > . (3)

The I'* matrices are hermitian since the spin observables are real. This bilinear
product form ( BHP) allows us to map the algebra of the 16 observables and the
4 complex helicity amplitudes over to the well-known properties of hermitian
versions of the standard 16 I'* matrices. The BHP for a general reaction with
N amplitudes would map over to the N? complete set of N x N matrices,
which could be view as a mapping of the N? observables over to an N x N
Clifford algebra. For pseudoscalar photoproduction, N = 4 we have 4 helicity
amplitudes.

Known properties of the 4 x 4 matrices can now be invoked as a short-cut
to obtain relationships between observables. For example, consider the Fierz
relationship (modified to apply to hermitian matrices)

e r‘i-zc rér7 (4)

where C5f = LTr(I°r°r"ré).
Applying the Fierz transformations to the BHP forms for spin observables,

yields the following set of relations between observables:

Qe Qf = Z Cf,,ﬂ Qlan, (3)
én

where we have used Q% = Q°Z to reintroduce the observables Q. Note that
these relations hold true at all energies and all angles.

There are 16 x 16 = 256 choices for the pair o , §; however, due to symme-
tries and since many of the resulting equations are redundant, we can reduce
the Fierz results to the 37 equations™ These equations and evaluation of the
coefficients C;’f , from trace rules are given in reference [15].

These 37 equations for the observables % o = 1---16 translate to the
notation (¢, %, -T,P)S; (G, H,E,F)BT,; (0;,-0.,-C:,-C.) BR;
(=T¢.=T;, Lz, L;) TR, using the order o = (1, 4,10,12);(3,5,9,11);
(14.7,16,2); (6,13,8.15).1¢

Assuming that all Type S observables Q1012 are measured, these 37 con-
straints are used in reference % to show that 8 carefully selected pseudoscalar
meson photoproduction observables, rather than 9,7 suffice to determine the
4 complex transversity total amplitudes free of discrete ambiguities.
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The above analysis maps the algebra of the 16 observables to an SU(2) x
SU(2) or SU(4) algebra. For the 12 complex vector meson photoproduction
amplitudes, this BHP procedure generalizes to a SU(4) x SU(3) algebra, as
demonstrated in reference'® e.g. one has ['* — '@ xw?, wherew? B=1...9
is a3 x 3 basis.
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