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We investigate 7 photoproduction in the N*(1535) resonance region within the effective La-
grangian approach (ELA), wherein leading contributions to the amplitude at the tree level are
taken into account. These include the nucleon Born terms and the leading t-channel vector meson
exchanges as the nonresonant pieces. In addition, we consider five resonance contributions in the s
and u channels; in addition to the dominant N*(1535), these are N*(1440), N*(1520), N*(1650),
and N*(1710). The amplitudes for the #° and the 5 photoproduction near threshold have signifi-
cant differences, even as they share common contributions, such as those of the nucleon Born terms.
Among these differences, the contribution to the  photoproduction of the s-channel excitation of
the N*(1535) is the most significant. We find the off-shell properties of the spin-3/2 resonances to
be important in determining the background contributions. Fitting our effective amplitude to the
available data base allows us to extract the quantity /xT'yA:/2/T'1, characteristic of the photoex-
citation of the N*(1535) resonance and its decay into the n-nucleon channel, of interest to precise
tests of hadron models. At the photon point, we determine it to be (2.2 £0.2) x 10! GeV ™! from
the old data base, and (2.2+0.1) x 10™! GeV ™! from a combination of old data base and new Bates
data. We obtain the helicity amplitude for N*(1535) — yp to be A;/2 = (97 +7) x 1073 GeVv~—1/2
from the old data base, and A;/; = (97 = 6) x 10™° GeV~/2 from the combination of the old
data base and new Bates data, compared with the results of the analysis of pion photoproduction
yielding 74 & 11, in the same units. The observed differential cross section is not very sensitive
to either the nature of the #-nucleon coupling or to the precise value of the coupling constant; we
extract a broad range of values for the VN pseudoscalar coupling constant: 0.2 < g, < 6.2 from
our analysis of all available data. We predict, in our ELA, the angular distributions for a critical
series of experiments at Mainz, and find them to be in good agreement with the preliminary Mainz
data. Finally, we discuss implications for future experimental studies with real photons at the Con-
tinuous Electron Beam Accelerator Facility (CEBAF) and other emerging medium-energy electron
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accelerators. Polarization observables, in particular, invite spécial scrutiny at high precision.

PACS number(s): 13.60.Le, 12.39.—x, 25.10.+s, 25.20.Lj

I. INTRODUCTION

In recent years there has been considerable interest [1],
both theoretical and experimental, in the study of the n
meson and its interactions with the nucleon. Suggestions
[2] have been made for using the 7 to probe s5 quark com-
ponent in the nucleon wave function. Also there is rising
interest in the measurement of rare and forbidden decays
of 1 [3] as a test of physics beyond the standard model.
In the present work, the focus is on photoproduction of
the 17 meson and the role of production and decay of the
N*(1535) resonance [the so-called S71(1535) in the pion-
nucleon phase-shift analysis] of spin 1/2 and odd par-
ity. This resonance has a remarkably large nN branch-
ing ratio, a fact that needs explanation in the theories
of hadron structure based on quantum chromodynam-
ics (QCD). It lies only 48 MeV above the nN threshold,
and is the dominant contributor to the photoproduction
amplitude even at threshold. In contrast with the low en-
ergy mIN and K N interactions, where values of scattering
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lengths imply a repulsive interaction [4], the NV scatter-
ing length obtained in the analysis [5] of #~p — nn sug-
gests an attractive interaction between 7 and N. More
recently, the analysis of the pp — ppn near threshold
suggests a possibility of an attractive /NN interaction
and may also lead to the formation of “bound” 7-nucleus
states [6]. An ideal tool for the study of the N*(1535) is
through electromagnetic processes, as we demonstrate in
this work.

The 7 meson is a member of the ground state SU(3)
meson nonet. Thus, the study of n photoproduction, the
subject of this paper, shares many of the fundamental
motivations of the extensive study of pion photoproduc-
tion over the past 20 years or so, including those done at
RPI, both theoretically [7-11] and experimentally [12].
These and other related studies have provided an impres-
sive amount of information about the dynamical prop-
erties of the A(1232) as an isolated quantum mechani-
cal system, and its behavior inside the complex nucleus.
Above this resonance region, however, large background
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contributions [13], and the overlapping of higher reso-
nances make studying one specific resonance by pion pro-
duction mechanisms very difficult. Just as the dominance
of the A(1232) in the (y,n) processes has allowed the
extraction of quantitative information on its electromag-
netic transition amplitudes, we hope to extract similar
information on N*(1535) via the (v, n) process [13]. This
is an important focus of this paper. These photocoupling
amplitudes provide useful tests for realistic hadron mod-
els inspired by QCD.

Most of the older data on photoproduction of the n me-
son on protons come from the experiments done in the
late 1960s and early 1970s [14-22]. These have been re-
viewed by Genzel, Joos, and Pfeil [23], and Baldini [24].
The existing older experimental data are neither very
consistent nor complete in kinematic coverage. There
are large ranges of photon energies and scattering an-
gles, where no data on differential cross section exist at
present. The available old data base on differential cross
section on photoproduction [14-22] contains 137 points,
most of which are for center of momentum (c.m.) en-
ergy below 1.6 GeV. Only one polarization observable,
the recoil proton polarization, has been measured [25],
but it is too poor (seven data points, of which five are at
90°) to be of much theoretical value. To this, some more
data, of limited quantity (15 differential cross-section
data points), have been added by Homma et al. [26] cov-
ering the photon lab energy region from 810 to 1010 MeV.
This data set has large energy uncertainties of the order
+ 20 MeV and the angular resolution is ~ +10°. More
recently, members of the Pittsburgh-Boston-LANL Col-
laboration at Bates [27,28] have been able to measure
the angular distribution for the (v,7n) reaction at pho-
ton lab energies of 729 and 753 MeV at six angles each.
To summarize, the data base for the n photoproduction
have not reached the relatively high level of accuracy
known for pion photoproduction in the A(1232) region.
An equivalent multipole set, crucial in constraining the-
oretical models, does not erist.

With the advent of high-duty cycle electron accel-
erators, such as the recently upgraded machines at
the Bates (MA), Bonn, Mainz, NIKHEF, and particu-
larly, the Continuous Electron Beam Accelerator Facility
(CEBAF), just coming on line, systematic and precise
studies of the n photoproduction over a wide range of en-
ergies, angles, and momentum transfers should become
routine.

The first round of experiments at the Mainz Microtron
has been completed, and 45 new data points, as yet pre-
liminary, have been added [29] to the data base, covering
the photon lab energies from 722 MeV to 783 MeV. This
data set has the potential to make the existing data base
almost irrelevant in future, because of better energy and
angular resolutions, and statistics.

Existing theoretical analyses for the yp — np reaction
are either based on a Breit-Wigner-type parametrization
[26,30,31] or coupled channel isobar model [32,33]. How-
ever, it is not clear how to interpret the couplings ex-
tracted in the latter work, as they yield “bare” couplings
that cannot be related to the observable or physical cou-
plings. Most of these models have not only suffered

from the crudeness of the data, but also from the lack
of enough theoretical constraints in restricting the num-
ber of parameters fitted, 24 or more.

Recently, there was considerable excitement over the
experiments at Saclay [34] and Mainz [35] on the #° pho-
toproduction near threshold. The results first seemed
to indicate a dramatic discrepancy between the experi-
mentally determined threshold amplitude [36] Eoy and
the theoretical prediction [37] based on approximate chi-
ral symmetry [implying a useful low energy theorem
(LET)]. This triggered a considerable amount of work
[38,39,40,41,42] on possible corrections to the LET. How-
ever, careful reanalyses [7,44,45] concluded that there
were no significant deviations from the LET prediction
for the multipole Eg4. Given this intense theoretical dis-
cussion on the 7° photoproduction, the 1 photoproduc-
tion has taken an added interest [13], in view of the large
chiral symmetry violation in the case of the n meson.

After the Letter by two of us [13] on the 5 photoproduc-
tion appeared, Tiator, Bennhold, and Kamalov [33] used
a tree-level scheme motivated by our work. But there are
important differences between our approach and theirs.
First, these authors ignore the complexity of the spin-
3/2 particles [80], u-channel resonance exchanges [13],
etc. Thus, their treatment of the background is quite
different from ours. Second, they have focused on the
extraction of the n-nucleon coupling constant. However,
we do not agree with their primary conclusion that the n
photoproduction data determines the n-nucleon coupling
quite accurately. This difference is not surprising because
of the point (1). As we show below, the n-nucleon cou-
pling constant is not well determined from the data base
that we have. We, instead, address here the physics of
the N*(1535). Finally, because of the multiple scatter-
ing effects, Tiator et al. get bare couplings of the meson-
baryon or photon-baryon vertices that cannot be directly
compared to hadron model predictions, or to those we
extract in our paper.

The main objective of this paper is to study photo-
production of the 7 meson on protons from threshold
through the N*(1535) resonance region in the effective
Lagrangian formalism, with a view to extract the prod-
uct of the N*(1535) <+ p electromagnetic transition am-
plitude and the amplitude for the decay of the N*(1535)
via the n-nucleon channel, from the existing data. The
remainder of this paper is organized as follows. Section
II is concerned with the formalism of photoproduction of
the 7 meson. Kinematics, invariant amplitudes, and mul-
tipole expansion are reviewed. Section III introduces the
effective Lagrangian formalism and the amplitudes aris-
ing from various particle exchanges are given in the tree
approximation. This section is devoted to the photopro-
duction mechanism. Some important theoretical issues
associated with the treatment of the spin-3/2 baryons
are also examined in this section. Results, followed by
a comparison between 7° and 7 photoproduction near
threshold, are given in the Sec. IV. Section V summarizes
our conclusions and poses some future research problems
in this area. Appendices provide some details of the the-
ory, helpful for further understanding of the formalism.

In brief, this work explores the tree-level structure of



the 17 photoproduction in the N*(1535) region. The over-
whelming dominance of the N*(1535) resonance, demon-
strated below, should make the main results obtained in
this paper substantially immune from the unitarity cor-
rections, ignored here. The reason for this optimism is
that the Breit-Wigner form of the N*(1535) is already
unitary, and other contributions are too small to be of
any great consequence in the unitarity violation.

II. GENERAL FORMALISM

In order to fix the notation and the convention [46]
basic formulas for kinematics, invariant amplitudes, dif-
ferential cross section, and other observables are reviewed
in this section.

A. Kinematics

In this work, the following reaction of photoproduction
of the n meson on a nucleon is considered:

(k) + N(p:) = n(q) + N(ps), (1)

where for each particle we have indicated the four-
momentum in parentheses.

Use is made of the usual invariant quantities (Mandel-
stam variables)

s=(k+p:)? = (q+p5),
u=(k—ps)?=(q—-pi)? (2)
t=(¢—k)?=(pi —ps)?

subject to the constraint s + ¢t + u = 2M?2 + p? + k2,
where M and p denote the masses of the nucleon and
the n meson. It is easier to work in the c.m. frame of the
final nucleon and the 7 meson where the experimental
observables are calculated. The relations (2), in the c.m.
system, become

s =W? = (E; + ko)?, (3)

u=M?+k?—2ko E; — 2|q| |k|z, (4)

t=p’+k*>—2kow+ 2|q| K|z, (5)
q-k

T =cosf = ——, 6
i ©

with 6 being the c.m. scattering angle and W, the total
c.m. energy. It is straightforward to derive the following
energies and momenta, in terms of W and k?2:

W24 k- M? W2 — k2 + M?

ko-———‘T;V——, Ei:T’ (7)

w_Wz_F#z_Mz
- 2w

Vw? —
VIIW — M)? — 2][(W + M)? — p?]

- =2 .

Wz—ﬂ2+M2

lps| = |l

51 EFFECTIVE LAGRANGIAN APPROACH TO THE THEORY OF 7. . . 3239

Ipal = k| = /43 — k2

VIW — M)? — E2|[(W + M)? — k7]
2w ’

(10)

where

k= (ko k), pi = (Ei,—k), g=(w,q),
ps = (Eg,—q). (11)

For photoproduction, k2 = 0, and the relation between
the energy E, of the photon in the lab frame and the
c.m. energy is

W2_M2

By = "%

(12)
The threshold for the photoproduction of the 7 meson is
at the photon lab energy of 709.3 MeV, corresponding
to a W of 1487.1 MeV. These contrast with the corre-
sponding values for the neutral pion of 144.7 and 1079.1
MeV.

B. Invariant amplitudes

The S-matrix elements for the elementary processes
(1) can be written as [48]

R [ Mz

The invariant matrix element :My; can be decomposed
as

My = ﬁ(Pf)euOMU(Pi)a (14)

where U(p;),U(ps) are the Dirac spinors for the initial
and final nucleon, respectively; O* describes the current
operator produced by the strongly interacting hadrons,
and ¢, is the photon polarization vector.

The spin dependence can be made explicit by decom-
posing the hadron current operator O* in terms of eight
most general Lorentz covariant pseudovectors:

8
O* =" Bj(s,t,u,k*)N¥. (15)

i=1
Because of the pseudoscalar nature of the n meson, the
only Dirac matrices that enter in (15) are +s, v57y,, and

¥5YuYy- Taking into account the Dirac equation for the
incoming and outgoing nucleon, both on shell,

v -piU; = MU;, (16)
and conservation of the four-momentum (p; + k£ = ps +

q), one can form eight Lorentz pseudovectors U fN]’-‘ U;,
where N} are

N{‘:’YSP”, N;:75qu7 N;Z’Ysk#,

N = ysy*, NE =5y -kP*, Ni =nvsy-kg*, (18)
N¥ = ~vgy - kk*, N§ = sy - ky*,
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where P* = %(pl +ps)*. Any other pseudovector can be
reduced to a linear combination of the NV J‘L . The current
conservation (gauge invariance) condition k,j* = 0, and
the identity k? = 0 reduce the number of independent
amplitudes to four for photoproduction [49], where j*
is the electromagnetic hadron current. These yield the
well-known Chew-Goldberger-Low-Nambu (CGLN) [50]
amplitudes. The matrix element iM¢; is expanded as

4
iMygs =Us(ps) Y Aj(s,t,u, K M;Us(pi), (19

j=1
where
M, = —%vsmﬂuF‘“’,
My = +2+v5P, — 1k, Frv,
2 + s u(QV 2 ) (20)
Ms = —vsyuq F*,
M, = -—275’)’#qu‘“’ - 2MM17
with the electromagnetic field tensor
FH = eglk” — eVkH. (21)

For electroproduction of 7, the sum in Eq. (19) is ex-
tended to include M5 and Mg, given by

M5 = ’Yskuunu’V N

Ms = —’}’5’6“’ny“” . (20’)

The above particular form of the invariant ampli-
tudes exhibits simple properties under crossing symme-
try, when the initial and final nucleon are interchanged
[48,51]. For the processes under consideration, the cross-
ing (i.e., exchange s > u) properties of the A’s can be
readily deduced [48,51]:

A]-(s,t,u, kz) = —l—A]-(u,t,s,kz) (] =1 2,4), (22)
Aj(s,t,u,k?) = —A;(u,t,s,k%) (j=3,5,6

where we have included also the electroproduction case.
The isospin decomposition of the amplitudes is accom-
plished in the following way. The photon interaction has
an isovector part and an isoscalar part, assuming that it
has no isotensor part [52]. The vector part leads to isovec-
tor amplitudes A;/ and the scalar part gives isoscalar am-

plitudes Af . Since the 1 meson is isoscalar, only isospin %
final states are allowed. Thus, the isospin decomposition

of the amplitudes has the simple form

Aj=A5+ A7,  j=1,..,6, (23)

where the two physical amplitudes are given by

o~ mp: AY = A7 + AY,
(24)
yn = nn: A} = A§ — AY.

C. The CGLN amplitudes

It is convenient to reexpress the invariant amplitudes
in terms of amplitudes corresponding to a definite parity

and angular momentum state. The matrix elements ap-
pearing in Eq. (19) are first written in a two-component
form by expressing the y-matrices in terms of the Pauli
o-matrices, and the Dirac spinors in terms of the two
component spinors:

Mysi = ——x:Fxi, (25)

where the x;, xs are the initial and final nucleon Pauli

spinors and the factor 47W pas been introduced as a
definition of the F.
form [51]

It can be written in the familiar

F = ic-bFi+0-§o- (k xb)F; +io - ki bF;
+io - qq - bFy,

(26)

with b = € for photoproduction. For electroproduction,

e-k N k q

by=¢e,— —k, k=—, q=—, (27

O :

and two extra terms are to be added to F in Eq. (26).
This extra piece is

—i0 - (ibof5 — 0o - f(b()]'—ﬁ.

Note that b -k = 0, so that b, has no longitudinal com-
ponent. The relations between the F’s and the A’s is de-
rived by reducing Eq. (19) into two-component spinors.
One obtains

ab
Fi= g {W = M)A + (W — M)*As + ¢ - kAsa},
Fo= g =W+ M)A+ (W + M)*4,
+q - kAss},
_ gkb 2 _ ag2
Fs = g {(W? = M?) Ay + (W + M) Asa},
2
Fam L0 (W2~ M)y — (W — M)das),  (28)
where

A34 = A3 - A4.

For electroproduction, F;, F, will have the following ex-
tra terms inside the curly brackets: —k2A4q, and F3, F,
will have —k2A45/2 + k?As. And there will be extra am-
plitudes F5, Fg given by

Fs = — g {(Bs = M)[ A1 = (W + M) Asg]
+lg-k—w(W — M)]Azs — A5},
Fo= g 0B+ M)[As + (W — M) Aao]
—lg-k—w(W + M)]|Azq — Azs}, (28)
where

Aszs = [q-k(Zko — 2W) + [k|*(W — 3w)]|4:
—(u)lc2 — kog - k)As,
A46 = A4 - A6.
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Here the notation k£ = |k|, ¢ = [q| has been adopted and
the definitions a = E; + M and b = /Ef + M have
been used. By a tedious but straightforward manipula-
tion [53], one can relate F; to the multipoles, which are
classified according to the nature of the photon and the
total angular momentum J = £+ 7 of the final state. The
transverse photon states can be electric EL, with parity
(—)%, or magnetic ML, with parity (—)%*?, where L is
the total angular momentum of the photon, L > 1. The
scalar (or longitudinal) photons are relevant for the elec-
troproduction of mesons: the corresponding multipoles
are SL, with parity (—)Z. The N*(1535) resonance with
spin J = % and negative parity, corresponding to £ = 0
of 7N final state, can be excited, with real photons, by
the E'1 radiation. The corresponding multipole would be
Eg4. For the electroproduction of etas, we would addi-
tionally have the scalar multipole So,. In Sec. III, we
shall discuss the nonresonant (Born) and the s-channel
N*(1535) contributions to this multipole, and its differ-
ence with that in the case of the 7° photoproduction.

III. PHOTOPRODUCTION OF THE n» MESON

The effective Lagrangian approach [8,54,55] helps us
sort out the tree-level structure (Fig. 1) of the n pho-
toproduction amplitude by considering the leading ex-

/ /
/

(2) (b)

(e) (f)

FIG. 1. Feynman diagrams for the n photoproduction. (a),
(b) The direct (s-channel) and crossed (u-channel) PS nucleon
Born contributions; (c) the equivalence breaking contribution;
(d) the t-channel p® and w vector meson exchanges; (e), (f)
the s- and u-channel nucleon resonance excitations.

changes in the s, ¢, and u channels. The procedure is ex-
actly parallel to the pion photoproduction. The leading
s- and u-channel nucleon Born terms, along with vector
meson in the ¢ channel, are added to the contribution of
nearby resonances in the s and u channels.

A. Nucleon Born terms

In pion photoproduction, the 7NN strong interaction
vertex is treated phenomenologically using an effective
Lagrangian [55]. The two standard ways of introduc-
ing the pion-nucleon interaction are via the pseudoscalar
(PS) or pseudovector (PV) couplings. For elementary
fields, without anomalous magnetic interactions, the PS
and PV Lagrangians are equivalent, in the lowest or-
der in strong coupling constant. Anomalous magnetic
moments of the nucleon are the reason for the break-
ing for this equivalence, as discussed below. It is well
known that the amplitudes derived from the PV cou-
pling are in accord with the low energy theorem (LET)
based on gauge invariance and (approximate) chiral sym-
metry [37]. However, because of the relatively large n
mass and big breaking of the chiral SU(3) xSU(3) symme-
try [56—-59], compared to chiral SU(2)xSU(2) one [60,61],
there is no compelling reason to choose the PV form of
the nINN coupling. The Feynman diagram for PV am-
plitudes are shown in Fig. 1(a)-1(c), where (a) and (b)
represent the usual PS amplitudes and (c) is the seagull
diagram (proportional to the nucleon anomalous mag-
netic moment) for the equivalence breaking term, not to
be confused with the traditional PV seagull term. There-
fore the difference between the PS and the PV coupling
at the tree level arises from the fact that the nucleon is
a composite particle. Since 7 is a neutral hadron, the ¢-
channel 77 exchange and the PV seagull contribution are
absent. The effective n/NN interaction Lagrangian can
be written as [62]

1

LyNN = gn [—iCN’Yan+ 1-¢) Y0

NvuvsN 6“71] ,
(29)

M being the nucleon mass, the two limiting cases being
¢ =0 (PV) and 1 (PS), and the coupling g, for the nNN
vertex is not very well known [4] and several methods
have been used to determine its magnitude. In the SU(3)
flavor model, the value of g,,, where 73 refers to the pure
SU(3) octet n meson, is related to the well-known 7NN
coupling constant g, through the relation [4]

1
Gns = E(3 — 40p)gn,

where a, = D/(D + F) with D and F being the two
type of SU(3) octet meson-baryon couplings. It should
be remembered that s does not accurately represent the
physical 7, which, though predominantly in an SU(3)
octet, contains an admixture of the SU(3) singlet con-
figuration. Since the admixture is small [63,64], we shall
ignore it to estimate here the g,, to be taken as g,,. Val-
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ues for o, range between 0.59 and 0.66 [65,66], which
give g2/g2 between 0.043 and 0.14. Other methods of its
determination, such as the ratio of the backward angle
cross sections of the reactions 77 p — nn and 7~ p — 7°n
(or K~p — nA and K~ p — 7°A), have given a range of
0.18 to 0.45 for g2 /g2 [65]. The 7 meson coupling has also
been determined from fits to low energy nucleon-nucleon
[67] scattering in the one boson exchange models, yielding
g2/9% ~ 0.35. Finally, the SU(6)w [68] symmetry gives
gn = V/3gx/5, which implies g2/g2 = 3/25, comparable
to the SU(3) value given above. Taking g2 /47 = 13.4, a
conservative range of values for g, is

0.6 < g2/4m < 6.4. (30)

Thus, the coupling for the nINN vertex is uncertain, but
significantly smaller than the 7NN coupling. In our
work, the NN coupling will be allowed to vary within

J
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a range of values bounded by zero and 6.4, unless stated
otherwise.

The yNN interaction Lagrangian is well determined
within the framework of the quantum electrodynamics

(QED):

Lynn = —eNv,

(1-;’7'3)NAu

[ J——

+WN(k’ + k¥73)0,, NF*. (31)
a = e?/4w ~ 1/137, N,n, A* are the nucleon, n, and
photon fields, k* and kv are the isoscalar and isovec-
tor nucleon anomalous magnetic moments, k° = %(kp +
kn), k° = 1(kp—ky), with k, = 1.79 nuclear magnetons
(nm) and k, = —1.91 nm, F* = §¥A* — 9*A”. To a
first order in e and g,, the interaction Lagrangians (29)
and (31) yield, for the PS coupling (¢ = 1), the nucleon
exchange amplitude:

PSS _ v-(pi+k)+ M
1Mﬁ = egyUy [’Ys 5 — M2

(1 +’7'3)
2 Y

(1+73)
+( 2 Y€+ Y

whereas for the PV case (¢ = 0), 5 should be replaced
by 757 - ¢ in the above expression. The first term on the
right-hand side of Eq. (32) is because of the s-channel
diagram, Fig. 1(a), while the second one corresponds to
the u-channel diagram, Fig. 1(b). In the case of a neutron
target and the reaction (yn — nn), the charge terms
proportional to (1 4 73) vanish.

An alternative way to introduce PV coupling is to
transform the original PS interaction Lagrangian by re-
defining the nucleon field through the chiral rotation op-
erator U = exp(izg;vsn) [69]. To first order in gy, in the
tree approximation, modifying the nucleon field in the
total PS Lagrangian (including the free one) by

; 9n_
N—)N+12M757]N, (33)

leads to

. € (1.8 v
CPV — PS4 zﬁ%N(k + k¥73)0,, s NF*n,  (34)

where f, /1 = g,/(2M). The last term on the right-hand
side of Eq. (34) is the equivalence breaking term (also
known as the “catastrophic” term [69]) and is depicted
in Fig. 1(c). Its corresponding amplitude is given by

iMFP = ;/I—f;'fff(’cs + k¥73)y - ey - kvsUs. (35)

It is straightforward now to determine the A’s appearing
in Eq. (19),

1 1

APS=
N P v v v

(36)

(ks + kv’7'3)
5+-—2M v-ky-e€

(k* + k”'rs),y -k - 5> %75] U, (32)
[

AP = 2eneq Mz)l(u 37 (37)

437 = 'eg”'z]% [s —1M2 T —le] ’ (38)

APS = —egnzk—;; [S _1M2 + o _le] , (39)

and according to Eq. (34), the PV A’s are given by

k
ATV = ATS + egq oo, (40)

APV = AFS, =234, (41)

where ey = e, = +1,ky = k, for protons and ey =
e, = 0,kny = k, for neutrons. The CGLN amplitudes
can now be determined using Eq. (28), which lead to the
multipoles [given in Eq. (B10)].

There are a few remarks concerning this part of the
theory: (1) The nucleon Born terms will project in all
the multipoles, including the dominant multipole Eo4;
(2) the equivalence breaking term contributes only to
FEo4+ and M;_, and therefore the difference between the
PS and PV couplings would only appear into these mul-
tipoles; (3) in our phenomenological fits, the parame-
ter g, is allowed to vary, while ( is fixed to either 1 or
0, corresponding to PS or PV cases; and (4) in princi-
ple, one should attach form factors at various vertices
in Fig. 1(a)-1(b), since the intermediate nucleon is off
shell. This, in general, may not preserve gauge invariance
[70] and a special procedure needs to be implemented to
maintain gauge invariance. Given the poor quality and
scarcity of the data, and the general agreement with data,
as discussed later, form factors are not introduced at the
nucleon vertices.



B. Vector meson exchanges

Though the inclusion of the t-channel exchanges, to-
gether with the contributions from other channels may,
in general, clash with the ideas of duality [71], their role
is unmistakable in the dispersion theory [51]. The role
of the t-channel vector meson exchange in neutral pion
photoproduction [8,54] is clearly indicated. Thus, they
would be included here to see if these contributions in-
fluence our ability to extract the nucleon to N*(1535)
electromagnetic amplitude. The strong and electromag-
netic vertices involving the vector meson [Fig. 1(d)] are
described by the Lagrangians [54]

Lynn = —go Ny NV# + ﬁd—ﬁawqu, (42)
el
Lyny = —‘lzvfwkaF Wy ATy, (43)

with the vector meson field tensor V,, = 8,V,, —8,V,, p
being the 7 mass. In this energy region, it is enough to
consider p and w mesons. The role of ¢ meson is found to
be unimportant (less than two percent of the p + w con-
tribution at threshold), not surprising in the light of the
Okubo-Zweig-lizuka suppression. Exchanges from heav-
ier mesons are expected to be negligible, because of their
smaller yn decay widths and larger masses. Since the
7 meson is a neutral particle, in the lowest order, the
t-channel 7 diagonal exchange contribution is zero. Con-
tribution arising from anomalies and connected with the
process 11 — 2+, is small and is neglected. Some prop-
erties of the vector mesons, pertinent to this work, are
summarized in Table I. The vector and tensor couplings
(see Table I) of the vector meson-nucleon vertex are taken
from analyses of strong interaction processes such as 7N
and NN scattering using dispersion relations [72,73]. Us-
ing the Lagrangian Ly, it is straightforward to calcu-
late the decay width V' — 7, which is related to the
radiative coupling Ay by

a(MP — p?)? 2

24203 TV (44)

Lvosyn =

From the study of radiative decays [74], extracted pa-
rameters, given in Table I, yield

A, =1.06+0.15, A, = 0.31 = 0.06, (45)

in good agreement with quark model calculation [75]
which predicts A, ~ 3\,

51 EFFECTIVE LAGRANGIAN APPROACH TO THE THEORY OF 7 . . . 3243

The p and w contributions to the amplitude of Fig.
1(d) is

eX, t€upapk”qe”

MG, = e e

<Oy {oer® - SerioP(a = ks [ i (40)
iMy; = —e)‘fi_—e";aflj\g%#

xUs {g;‘,"yﬁ - ig—;\%iaﬁ‘s(q - k)g} U;. (47)

The p contributes to the isovector amplitudes, while w
contributes to the isoscalar amplitudes, Eq. (23). Be-
cause of near degeneracy of the p and w masses, one can
combine their amplitude for the proton target into one
effective coupling with the following set of coupling con-
stants:

Ap92 + Aug¥ = 5.93 +0.82, (48)
Apgf + Awgy = 17.50 £ 2.57. (49)

We note here a remark made by Bernard et al. [61], who
point out that the tensor coupling is absent if chiral sym-
metry is insisted upon. However, in our effective La-
grangian approach, this coupling enters to mimic chiral
symmetry violation. This is true also of other effective
theories [43].

Expanding the matrix elements in Eqs. (46) and (47)
in terms of the invariant amplitudes M; of Eq. (19) yields

V_e/\v gtv t

Ar = m 2Mt—1\4‘2,’ (50)
\4

v e\y g, 1
=— 51
43 p 2Mt— MZ’ (51)
AY =o, (52)

v edv vy 1
=——g) ——— 53
A4 w 9. t‘—M‘%, ( )

for the proton target with V being either p or w. For the
neutron target the p amplitudes are to be multiplied by
-1.

An important theoretical issue here is the role of a form
factor at the VNN vertex. Brown and co-workers [76]
have used a form factor of the type

A2 — M2

F)= 33 >

(54)

TABLE I. Coupling constants of vector mesons considered in this work [72-74]. T is the full
width. The mass of the vector meson is shown in parentheses.

Vector meson I'(MeV) T'v_ny(keV) gv gt
p(770 MeV) 153+ 2 62 + 17 2.63 +0.38 16.05 £+ 0.82
w(782 MeV) 8.5 +0.1 6.1+ 2.5 10.09 4+ 0.93 1.42 +1.99
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preferring a value of A2 ~ 2MZ. The nucleon-nucleon in-
teraction studies [62,67] prefer a value of A% ~ 2.0 GeV?2.
Both values are used in this work, and fixed during the fit-
ting procedure. The gauge invariance is preserved, when
a form factor is introduced at the VNN vertex, since the
photon couples through F#¥, as shown in Eq. (43).

C. Nucleon resonance excitation

The s- and u-channel resonance exchanges [Fig. 1(e)
and 1(f)] complete the tree-level amplitude for the pro-
cess (1). Here there are two simplifications. First, since
the 7 meson has zero isospin, only isospin 1/2 nucleon
resonances are allowed. Second, below 2 GeV c.m. en-
ergy, only two nucleon resonances have significant decay
branching ratio into the n/N channel [77-79]: these are
the N*(1535) and N*(1710) resonances, with the respec-
tive 7V branching ratios being 50% and 20-40%. The
other three resonances that were considered in this work
are N*(1440), N*(1520), and N*(1650). The last two
have 0.1% and 1% as respective branching ratios into the
7N channel. The Roper resonance N*(1440) lies below
the nN threshold of W = 1487 MeV and can couple to
the 7 channel only because of its large width. Its nN
coupling is unknown [79]. Since the region around c.m.
energy 1535 MeV is the primary interest of this work,
other resonances will have small contributions, mainly
because they have large masses and small couplings to the
nN channel. Therefore, in the present investigation, the
resonances included are N*(1440), N*(1520), N*(1535),
N*(1650), and N*(1710). A summary of some of the
properties of these resonances as given by the Particle
Data Group in the 1990 edition [79] is shown in Table II.
The more recent values as given in the 1992 edition [79]
are also considered here. They are also summarized in

Table II. The masses and widths of the resonances con-
sidered here are more or less the same in both editions,
with the following exceptions: (1) The nominal value of
the decay width of N*(1440) is now 350 MeV; (2) the
branching ratio for the process N*(1710) — 5N is not
very precisely known: it can vary between 20 to 40%.

1. Spin-1/2 resonances

For a spin-1/2 nucleon resonance the vertex factors
are similar to those of the nucleon Born terms discussed
earlier. However, it differs at the YNN* vertex in that
the coupling of the type given by the first term on the
right-hand side (RHS) of Eq. (31) is absent, since its
presence violates gauge invariance, given the inequality
of the masses of the N* and N. Analogous to Egs. (29)
and (31), the spin-1/2 interaction Lagrangians are

Ly r = —igunrRNT Ry + Hec,, (55)
LRV = fﬂ/_lj_RNr,‘Ra“n +He., (56)
e —
LoNR = = R(k% + k%73)T . NF* + H.c.
+NR 2(MR+M) ( R+kRT3) MNF + H.c., (57)

where R is the generic notation for the resonance, Mz
its mass. The transition magnetic couplings for the pro-
ton and neutron targets are respectively k% = k% +
k% and k% = k% — k%. The operator structures for the
LT, and I',, are

=1, Tyu=79., Tu=7v0u, (58)
I'= Y5, Fu = Yu7s5, Fuv = Opuv, (59)

where (58) and (59) correspond to nucleon resonances
of odd and even parities, respectively. Note that differ-

TABLE II. Summary of the properties of the baryon resonances considered in this work. J™
is the spin parity, I" is the total width. The numbers in parentheses as well as the ones in the
last column correspond to the nominal values used by the Particle Data Group [79]. The first row
corresponds to PDG 1990 (PDG90) and the second to PDG 1992 (PDG92). We use the notation
Lzprs used in N scattering: the resonance, once produced, decays into N with a relative orbital
angular momentum L, isospin I, and total angular momentum J.

Resonance J7 Lang Mass (MeV) I' (MeV) T'n+nn (MeV)
N*(1440) 1/2+ Py 1400 — 1480 120 — 350 (200) Not given
1430 — 1470 250 — 450 (350) Not given
N*(1520) 3/2 D13 1510 — 1530 100 — 140 (125) ~0.125
1515 — 1530 110 — 135 (120) ~ 0.12
N*(1535) 1/2- Su1 1520 — 1560 100 — 250 (150) 67.5 — 82.5
1520 — 1555 100 — 250 (150) 45 — 75
N*(1650) 1/2- S11 1620 — 1680 100 — 200 (150) ~ 2.25
1640 — 1680 145 — 190 (150) ~ 1.5
N*(1710) 1/2+ Pn 1680 — 1740 90 — 130 (110) ~ 27.5
1680 — 1740 50 — 250 (100) ~ 20 — 40




51 EFFECTIVE LAGRANGIAN APPROACH TO THE THEORY OF 7. . . 3245

ent parity states are accounted for by inserting s ma-
trix in the appropriate place. In Egs. (55) and (56) the
ambiguity in the meson-nucleon-resonance coupling calls
for the pseudoscalar (PS) or the pseudovector (PV) op-
tions. As shown in Sec. IIT A, the PV coupling could also
be introduced through a unitary transformation of the
nucleon field [Eq. (33)] to first order in the strong cou-
pling. In the present case one needs to redefine not only
the nucleon field but also the resonance field in the total
PS Lagrangian (Lgree + EEISV r+ Ly~nr). The appropriate
transformations are

NN+ im%’;’:imn,n, (60)
R—>R+i(—ATg§Il—RmF,,N, (61)
which give
£7Y = 078 i PN Nk + Kr) sV,

(62)

the upper sign corresponding to even parity resonance.
I' is given by Egs. (58) and (59) and

faNR _ GnNR
NE N (63)

To first order in eg,nRr, the v N - R — 7N matrix
elements for odd parity resonance in the PS coupling are

. PS,R — €dnNR 77 k3 kY
ZMf‘l (M + MR) Uf{( R + RT3)}
v (pi + k) + Mg
-k
[ 5 — M}zz v5Y - RY €
) v-(ps —k)+ Mg} .
+ sy -kvy-€ W= MZ U,. (64)

For the PV case one can either start from the PV La-
grangian or add the equivalence breaking term given by
Eq. (35), with the appropriate couplings, to PS matrix
elements. The matrix elements of the even parity reso-
nances are deduced from the odd parity ones with the
correspondences

iME(I™ =1/2%) = —iMF(J" =1/27, Mg = —MR),

(65)
leaving the term (M + Mg) in the denominator intact.
This can be easily checked by considering the nucleon
as the intermediate state and comparing the result with

Eq. (32). The amplitudes resulting from the spin-1/2
resonances in the PS coupling are:

R_ . €9nNRKR o0 a0 1 1
A i(M+MR)( R) s—Mlzi+u—-M§,_ ’
(66)
AR —o, (67)
R _ eg,,NRkR 1 _ 1 68
A3_i(M+MR) [s—MIZi u—ME|’ (68)

TABLE III. The strong decay widths and the helicity amplitudes as given by the PDG92, com-
pared with the constituent quark model (QM) calculations. For each N* the first row corresponds
to the calculation of Koniuk and Isgur [87], the second row to the calculation of Capstick and

Roberts [88].

VTn (MeV'/?) A%, (107° GeV'/?) A%, (1072 GeV'/?)

PDG QM PDG QM PDG QM

N*(1440) —— +small —68+5 —24 - ——
— 0.0%3:3 4 —_ —
N*(1520) +0.35 +0.4 -23+9 —23 +163 +8 +128
+0.472% —-15 +134

N*(1535) 6.7 — 8.7 +5.2 +74+£11 +147 —— ——
14.6197 76 —_— -

N*(1650) —1.22 -1.5 +48 + 16 +88 —— -
-7.8%01 54 — -

N*(1710) 4.47 — 6.32 +2.9 +5+16 —47 - -
5.7+0.3 +13 —— ——
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AR — egnNRrRER 1 1 69 eters but none has been successful. There have also
4 =% (M + Mg) | s — M3 + u— M3|’ (69) been some claims [83], based on field theoretic arguments

with + (—) sign corresponding to negative (positive) ex-
cited state and kg = k% + k%. The amplitudes due to
the PV coupling can be obtained as indicated in Egs. (40)
and (41) with the appropriate coupling.

2. Spin-3/2 resonances

The spin-3/2 excited state involved in this energy re-
gion is the odd parity isospin-1/2 N*(1520) resonance.
Even though its N coupling (see Tables II, III) is very
small, its off-shell effects could be important. We have
here important differences with the recent work of Tiator
et al. [33], who have ignored these effects. We discuss the
spin-3/2 propagator problem in Appendix D.

In studying pion-nucleon scattering and pion photo-
production from nucleon at low energies, it is necessary
to include, in the theoretical calculations, the contribu-
tion of the A(1232) resonance. The question then arises
as to how to treat the yNA and mINA vertices, which,
in the usual approach contain off-shell terms. These in-
teractions have been discussed extensively in the liter-
ature [80]. In the present case, the strong and electro-
magnetic three-point functions are constructed in anal-
ogy with those of the A(1232) resonance [8,54,81], apart
from taking care of the isospin factors and the odd parity
of the N*(1520). These are

Long = le’;’ﬁR#o‘,.,(Z)sza"n +He, (70)
Livr = 5oz R0 (Vma (ke ® + K Or) NFY + Hee,,
(71)
e D 8 v v
Ling = _WR#G#V(X)(kR(z) +kp P 75) (AN)F>
+H.c. (72)

Here, R* is, for example, the N*(1520) vector spinor,
and

0 (V) =gu + 31+ 4V)A+ V]vy, V=X)Y,Z

(73)

Here A is an arbitrary parameter defining the so-called
point transformation [see Appendix, Eq. (D4)]. The in-
teraction Lagrangians above have been constructed in
such a way that they are invariant under the same point
transformation as the free one. The form of 8,, gives
the most general interaction, limited to the number of
derivatives appearing in the Lagrangians in Eqs. (70)—
(72) preserving the symmetry of the free Lagrangian. As
a result, the physical scattering amplitudes will be inde-
pendent of A, according to a theorem proved by Kame-
fuchi, O’Raifeartaigh, and Salam [82]. We choose 4 = —1
for algebraic simplicity. The parameters X,Y, Z, often
referred as off-shell parameters, are arbitrary, and will
appear in the physical amplitudes. There have been
many theoretical attempts [55,83] to fix these param-

originally formulated by Fierz and Pauli [84], that the
second coupling term [Eq. (72)] should be absent and
a special choice of values for the parameters Z and Y
is required. The choice is Z = %,Y = 0, kg) = 0.
One curious consequence of this, arising from the ab-
sence of the gauge coupling kg), is that the dynam-
ical freedom of two independent electromagnetic mul-
tipoles at the yNN* vertex is lost. Thus, the mag-
netic quadrupole (M2) to the electric dipole (F1) am-
plitude ratio for the N*(1520) radiative decay is fixed
kinematically, rather than dynamically, yielding the ra-
tio M2/El1 = (Mg — M)/(83Mgr + M) ~ 11%. Available
analyses [79] give 31% < M2/FE1 < 56%, inconsistent
with lcR2 ) = 0 for the transition. Similar results would
follow for the A(1232) and other spin-3/2 baryons and
are discussed in Ref. [80] along with various choices for
the off-shell parameters available in the literature. The
approach followed by Refs. [8,54] to fit these off-shell pa-
rameters to the data will be adopted here.

The scattering amplitudes for the spin-3/2 odd parity
resonance excitation in the s channel are

iMEPE = C1U;#6,,(2)vs P> (p)0ro ()

x(vy-ek? — ey - k)U;, (74)
iMPR = C0%0,,(Z)vs P (9)02r0 (X)
X (p; - ke” — p; - ek?)U;, (75)
C, = _ekg'{l)anR C. = _ekg)anR
! 2Mpy aMzy

where k) = k3% + k%9 with + (=) corresponding to
the proton (neutron) target. As a check, the even parity
spin-3/2 exchange [such as A(1232), apart from isospin]
scattering amplitudes are obtained by noticing that

’YSPV)\(pa MR) = - vk(pv _MR)'YS' (76)
Therefore,

iME)R(3/24) = —imE)F(3/27, Mp — —Mg), (77)
iMPP(3/2%) = iMP R (3/27, Mg - —Mg).  (78)

For the u channel, the strong and electromagnetic ver-
tices need to be interchanged. The expressions for the
invariant amplitudes are lengthy and are collected in the
Appendix E for convenience.

3. Resonance couplings

The two independent coupling constants of each spin-
1/2 resonance can be combined into one effective con-
stant kg ,~ngr. The three independent couplings of the
spin-3/2 resonance can be grouped into two effective cou-
pling constants k’}’z(l) fanr and k%(z) faN R, representing
the two independent interactions at the electromagnetic



vertex. It is more useful to express these couplings in
terms of the experimentally observable quantities such
as partial decay widths. For illustration, the dominant
resonance N*(1535) case will be discussed in detail, and
a similar procedure can be applied to the remaining res-
onances.

From the Lagrangian density (57), the S-matrix ele-
ment for the process N*(1535) — yp may be written as

;[ M 5*pp+k—pr)
Spi =t 2kE,  (2m)/2 Mii, (79)

ek%,
(Mg + M)

where

Mfi = [7,,’)’ . k’)’ . 6’)’5UR. (80)

Here E, = v M?2 + k2 and k are the energies of the proton
and the photon, respectively, defined in the frame where
Pr = 0. Upon integrating over the phase space and
averaging over the initial spin and summing over the final
spins, one obtains the radiative width

He VORI

I‘N'(1535)—)‘71’ = (MR M o Mg

Alternatively, it may be expressed in terms of the more

familiar helicity amplitude A% /2 [85] through

k2 M
T ne(1538)—vp = ?X/I—RIAI;/ZIZ' (82)

Comparing the two expressions, one can easily deduce

ek% )2 (M}22 —MZ)‘ (83)

AP 2 _

| 1/ 2| (M rR+M 2M
For the strong coupling, one can use either (55) or (56).

The two Lagrangian densities lead to the same result, as

they should for an on-shell resonance state. The S-matrix
element is

. [ M §*(pn+q—pr)
Sy = N\ 2wEN (2m)1/2 My, (84)

. N 7
My = —zf—”fUNV - qUR,

with

—iﬁlﬁiﬁ(MR - M)ﬁNUR = —ig,,NRUNUR. (85)

Here Ey = 4/M? + g2, and w and g being the energy
and momentum of the n meson. The nN partial decay
width is given by

92nr 9(En + M)
4 MR

Cne(1535)nN = (86)

W=Mpg

At this stage, it is important to show the relationship
between the resonance couplings and the experimentally
extracted multipoles or helicity elements describing the
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process v + N — N* — 5+ N. These relations are
already known for pion photoproduction. Signs arising
from the N* — 7w+ N decay are involved . Following the
prescription given by the Particle Data Group (PDG-76)
(791,

Apr = FSxCknAi 2, &)
16 vz
B, = 18
o = E5x ((2J —1)(2J + 3)) CxnAszjz,  (88)
Cexr = FSxC%nS1/2- (#9)

Sx describes the decay of the resonance into X N, where
X is either 7 or 7, and is given by

1 kr M Tx\?
Sy =(— SR -X . 90
* ((2J+1)rq§MRF2) (90)

Here kg, ¢¥ are the photon and meson momenta, respec-
tively, in the c.m. frame and evaluated at W = Mg and
k? = 0. C4y is a Clebsch-Gordan coefficient related to
the isospin coupling in the outgoing channel. As an ex-
ample, let us consider the amplitudes for the 7%p and np
production via the N*(1535) resonance:

7© 1 1
A0+P = —S1r (—\/;) A1/2 = +\/;S”A1/2, (91)
Agl = =5y A1)z (92)

It is clear that the Ag:_” has the same sign as A;/,
and according to Table III, it is positive, consistent with
Walker’s analysis [86]. Now, since the relative sign be-
tween the 7 and 7 strong vertices is positive (see Table
IIT), and the electromagnetic vertices are the same, one
then expects that the Agﬂ is also positive. Therefore, the
sign appearing in Eq. (92) is misleading. One has to take
into account the isospin convention used and the relative
sign between the couplings of N* —» nN and N* — «wN.
Table III gives the helicity amplitudes and the partial
decay width to 7V including the relative sign to 7NV,
as estimated by PDG92 [79], for the resonances consid-
ered in this work. The corresponding quantities are also
given in the constituent quark model calculations of Ko-
niuk and Isgur [87], as well as Capstick and Roberts [88].
There is agreement in sign between the quark model ap-
proaches and the PDG for the N*(1520), N*(1535), and
N*(1650) resonances. Being below 7N threshold, the
Roper resonance N*(1440) N coupling is not very well
determined, but the quark model calculation [88] indi-
cates a small coupling with positive relative sign to the
7N coupling. The sign for the yp — N*(1710) — np am-
plitude is not determined from phenomenological studies
[78], but the quark model calculations [88] prefer a neg-
ative sign. Therefore, the sign for this amplitude will be
allowed to change during the fitting procedure.

4. Approzimate unitarization of resonant amplitudes

We now give an approximate unitarization procedure
for the resonance excitation amplitudes. We assume a
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two-channel K matrix, where the channels are IN —
N* — JN with I,J = w,n. This yields, using the PS
coupling of meson-nucleon resonance, the expression for
the amplitude to excite N*(1535):

ERPS _ __ egnNRKP  aby(W — M)(W + Mpg)
o+ 87W (Mg + M) W2 — M3 + iMglr (W)’
(93)
with
W + M)? — m? W + M)?
b2(W) = ( 21/1)1 , a’= ( ST ) , (94)
W + Mg bf(W) q; .
Lr(W) = (W) Z (m&‘?rz y =T,
(95)

I'; is the partial decay width of S1; into (¢N), R being S11

here, g;’s are the c.m. momenta of the meson ¢. Again,
we have, for Sii,

47TMR ) 1/2

= 96

el = (st (96)

Similar expressions for other resonances can be given.

IV. RESULTS AND DISCUSSION
A. Fitting strategy

Previous attempts [26,30,31] at the analysis of  pho-
toproduction data, before the work of Benmerrouche and
Mukhopadhyay [13], have not only suffered from the
crudeness of the data, but also from the lack of enough
theoretical constraints in restricting the number of pa-
rameters fitted, 24 or more. The effective Lagrangian
approach provides us with a tremendous reduction in the
number of free parameters, eight in our case. These are
gn, four parameters associated with the spin-1/2 reso-
nances, and three parameters associated with N*(1520).
The resonance masses and widths are taken from analy-
ses of strong interaction processes in order to reduce the
number of parameters. Four sets of resonance parame-
ters are used and are given in Table IV. Koch and Cutk
parameters are determined through the analyses of 7N
scattering by Koch [89] and Cutkosky [90], respectively.
They differ drastically on the widths of the Roper and
N*(1535) resonances. Bakr parameters are taken from
analysis of 7~p — nn by Baker et al. [78]. Earlier anal-
ysis [77] of the same reaction did not include the whole
data set; therefore, parameters from Ref. [77] will not
be considered here. PDG92 refers to the nominal values
estimated by the Particle Data Group in the 1992 edi-
tion [79]. The off-shell parameters «, 3, § associated with
the spin-3/2 field are not well established theoretically.
The parameter «, which appears at the strong interaction
vertex, should, in principle, be determined from strong

TABLE IV. The masses and widths (in MeV) of the baryon
resonances considered in this work. Koch and Cutk reso-
nance parameters are determined from # N — 7N scattering
in the analysis by Koch [89] and Cutkosky [90], respectively.
Bakr refers to Baker analysis [78] of the data on the reac-
tion 7~ p — nn. PDGY92 are the nominal values given by the
Particle Data Group (1992).

Koch Cutk Bakr PDG92
N™(1440) 1410, 135 1440, 340 1472,113 1440, 350
N*(1520) 1519,114 1525,120 1520,183 1520,120
N*(1535) 1526,120 1550, 240 1517,180 1535,150
N*(1650) 1670, 180 1650,150 1670, 200 1650,150
N*(1710)  1723,120  1700,90  1690,97  1710,100

interaction processes such as #~p — nn. From pion pho-
toproduction analysis in the A(1232) [8], there is some
indication that o should be between zero and two, but
all off-shell parameters, in general, are not known. In
the present analysis, a will be varied from —1 to 3 and
the other two parameters (3,§) will be determined from
the fit to the data. Also, varying the glf,z) electromagnetic
coupling of the D3 has not improved the fit considerably
and therefore the ratio g,(,z) / gé,l) is fixed to the PDG value
of 0.69. An improved version of the CERN fitter routine,
MINUIT is used to minimize the weighted least-squares
function x?

2 [X; — Yi(as,...,an)]?
LT AT e

where X; represent the experimental observables, ox, are
their standard deviations, and Y;(a4,...,a,) are the the-
oretical predictions with a’s being the parameters of the
theory. In the present case, the observables are the dif-
ferential cross section and the recoil nucleon polarization,
and the summation is over the energies and angles.

B. Analysis of the older data base

The older data base for the differential cross section
[14-22] for E, between 725 and 1200 MeV contains
137 data points (including the recent measurement by
Homma et al. [26]). The old polarization measurements
[25] (seven data points, of which five are at 90°) for E,
between 725 and 1100 MeV are also included in the fit.
We use this data base to generate the first series of fits,
called Fit A. Results of this fit are summarized in Tables
V to IX. Note the effect of the off-shell parameter at the
strong vertex: for a given set of inputs for resonances,
the effect of this parameter is not large. There is also
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some influence of the vector meson form factor through
its cutoff parameter on the fitted results.

Below we discuss in detail our analysis of the old data
base. Our comments on the new data will supplement
these observations.

1. Resonance characteristics

In Tables V to XI, all but the last two relevant to
the old data base, the resonances have been renamed for
brevity: for example, S; denotes the N*(1535), P; the
Roper resonance, etc. The total x? is given separately for
the differential cross section (XS) and the recoil nucleon
polarization (pol). The total x2 per degree of freedom
is denoted by x%or/Npr. 4/TnAi/2,3/2 has been mul-
tiplied by 1000 and the helicity amplitudes A, /5 3/, are
expressed in the standard units of 1073 GeV~1/2, As
there are large differences in the masses and widths of
the resonances in various analyses, we have investigated
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here how the results of our fitting are affected by a partic-
ular choice of those parameters. One important finding
is that the quantity £, characteristic of the photoexcita-
tion of the N*(1535) resonance and its decay into the
n-nucleon channel, defined as

£€=VX'TyAy/TT,

where x' = Mk/qMpg, k and g to be evaluated at W =
Mg, is not sensitive to uncertainties of the resonance
parameters and other details of the effective Lagrangian
approach. Taking a simple average over the new results
from PDG92 fits gives a rather precise determination of

¢ [91]:

(98)

€=(224£02)x107" GeV L. (99)
This quantity should be of fundamental interest to a pre-
cision test of hadron models. Another important fea-
ture of this analysis is that the product [,/T'yA;/2]s1 ex-
tracted from the data does not depend on the details

TABLE V. Couplings obtained by fitting the old data base for  photoproduction, using different

sets of masses and widths of the resonances.

The cutoff used for the vector meson form factor

[Eq. (60)] is indicated by A%. The off-shell parameter at the strong vertex is fixed to a = —1.
There are 137 differential cross sections and seven polarization data points below E, = 1.2 GeV in
the old base. Eight parameters are fitted. The /NN and nINN™ couplings are pseudoscalar. The
corresponding helicity amplitudes are listed in units of 1073 GeV'/2. The quantity ¢ characteristic
of the photoexcitation of the dominant resonance N*(1535) and its decay into the nN channel is

also given in units 10™* MeV 1.

PDG92 Koch Bakr
A%(GeV?) 2.0 1.2 2.0 1.2 2.0 1.2
gn 2.6 4.1 6.8 5.8 4.2 4.1
[v/Trndi/2)s1 26.6 26.2 20.0 20.3 26.7 26.3
[A1/2]s1 97.0 95.6 81.7 82.9 104.9 103.3
[v/TnAi2]s2 —-6.9 -7.0 -3.8 -4.1 -17.3 -14.3
[A1/2]s2 179.4 180.9 72.4 78.5 315.4 260.8
[v/TrA1,2]p1 -3.8 —0.08 0.03 0.03 -0.1 —-0.2
[A1/2]P1 ~17.4 -0.4 0.1 0.1 -1.6 -2.6
[v/TrAi1/2)pP2 3.9 2.9 4.1 5.0 4.3 3.4
[A1/2])p2 22.7 16.7 23.7 28.9 27.6 22.0
[v/TnA1/2)D1 -0.1 -0.1 -0.2 —-0.2 —0.07 —0.09
[A1/2]D1 -9.5 -9.3 -15.2 —-16.9 -5.3 —6.5
(v/TnAs/2)D1 0.8 0.8 1.2 1.4 0.5 0.7
[As/2]D1 72.4 70.4 116.1 128.9 40.3 49.3
B 1.4 0.9 1.0 1.0 1.1 0.8
5 1.4 1.0 14 1.3 1.4 1.3
x2(XS) 239.8 226.9 295.0 266.5 259.8 242.1
x2(pol) 30.5 12.2 12.1 13.8 29.6 16.6
X2t/ NpF 2.0 1.8 2.3 2.1 2.1 1.9
£ 2.22+0.15 219+0.15 2.19+0.18 2.23+0.17 2.07+0.14 2.04+0.14
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TABLE VI. Same as Table V, with a = 1.
PDG92 Koch Bakr

A%(GeV?) 2.0 1.2 2.0 1.2 2.0 1.2

gn 5.8 4.1 6.3 5.1 6.1 4.1
[v/TnA12]s1 25.8 26.1 20.2 20.8 26.0 26.6
[A1/2]s1 94.1 95.5 82.5 84.9 102.0 104.5
[\/TnA1/2]s2 —6.1 -7.0 -5.5 —6.7 —-13.3 -15.1
[A1/2]s2 156.7 180.3 105.9 128.9 243.0 275.7
[v/TnA1/2]P1 1.4 1.4 -2.3 0.03 —0.06 -0.3
[A1/2]P1 —6.2 —6.4 —-7.4 0.1 -0.7 —-3.6
(v/TnA1/2lP2 3.8 3.9 7.7 7.1 3.3 3.4
[A1/2] P2 22.2 22.6 44.4 41.0 21.4 21.9
[v/TnA1,2]01 —0.2 -0.2 -0.3 -0.2 -0.2 -0.2
[A1/2]D1 —17.6 —14.8 —24.2 —20.4 —-14.1 -11.7
[v/TnAs/2]D1 1.5 1.2 2.0 1.7 1.4 1.2
[As/2]D1 133.6 112.6 184.8 155.6 106.7 89.2

B —-0.3 0.09 -0.3 —0.06 —-0.3 0.2

4 -3.0 —-1.5 —4.0 —2.6 -1.5 0.8
X*(XS) 229.2 221.0 254.7 258.4 244.0 235.7
x*(pol) 14.4 12.5 16.2 17.3 15.6 13.7
XZot/NpF 1.8 1.7 2.0 2.0 1.9 1.8

13 2.16 £0.15 2.194+0.15 2.22+4+0.18 2.28+0.17 2.02+0.14 2.074+0.14

of the background (given a set of resonances). Given Ayjp = (97 +7) X 1073 GeV~Y/2, (104)

a particular choice of resonance parameters, indicated
in parentheses, we find the following parameters for the
N*(1535), using the old data base:

Mpg(MeV),T'z(MeV)A; /5(1072 GeV~1/2)

1535,150 (PDG92) 97+7, (100)
1526,120 (Koch) 876, (101)
1517, 180 (Bakr) 104+6 , (102)
1550, 240 (Cutk) 173+9 . (103)

Here the agreement between the first three sets of num-
bers is reasonable, while the figures for the Cutk do not
agree with the previous ones. Given the large difference
in the total width for the N*(1535) between the Cutk set
and the others, this is not surprising. However, the fit
with Bakr falls short of the experimental data (Figs. 4
and 5). This may be due to the unusually low value of
the nN branching ratio (36%). We refer the reader to a
recent analysis by Manley and Saleski [92], who have ex-
tracted resonance parameters using the isobar model to
analyze the data for the 7N — 7w N. Their inferred mass
and width of the N*(1535) agree well with the PDG92
nominal values.

We thus obtain, from the old data base, and using
inputs from the PDG92,

for the proton. This lies in between the predicted ex-
tremes of recent theoretical estimates in the quark model
[87,93-95] ranging from 54 to 162, in the same units. The
latest of these is from Capstick [88], who has obtained a

value Aj;, = 76 x 103 GeV~/2, The corresponding
value, reported by the PDG92, extracted from the pion
photoproduction data is 74 £ 11 [79]. The origin of the
disagreement between the resonant amplitudes extracted
from 7 and pion photoproduction data is not understood
at present. The quark model estimates are still too crude
to be definitive in testing the model. The issues of the
truncation of the model space and the lack of current
conservation [96] are just some of many unresolved is-
sues. Much work remains to be done here.

As far as the helicity amplitudes of the other reso-
nances are concerned, the old data set does not permit
an accurate extraction, except to allow the conclusion
that they are consistent, in general, with the results ex-
tracted from pion photoproduction analyses. The results
obtained for each resonance will now be briefly discussed.

(1) Assuming a branching ratio to nN of 1%, the
N*(1650) photocoupling can be as large as four times
that obtained by pion photoproduction analysis and by
the quark model calculations. This might be because of
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TABLE VII. Results of fitting the old data base using the pseudovector /NN coupling, with the
pseudoscalar nNN* couplings. Only the values of « that give the lowest x*>/Npr are shown. In the
fit, the value of « is fixed. Other notations are the same as in Table V.

PDG92 Koch Bakr
A%(GeV?) 1.2 2.0 1.2 2.0 1.2 2.0
gn 4.4 3.4 5.0 6.2 4.3 4.6
[v/TnAi/2]51 26.1 26.6 20.5 20.1 26.5 26.6
[A1/2]s1 95.2 97.0 83.6 81.9 104.1 104.4
[v/TnAi/2]s2 -7.0 -7.2 —6.5 -5.6 -14.9 —13.9
[A1/2]s2 181.5 185.5 125.3 107.0 271.9 254.2
[v/Tndi/2]P1 -1.8 -2.0 -3.4 -4.3 -0.3 -0.3
[A1/2]P1 —8.4 -9.2 —-10.8 —-13.6 —3.2 -3.2
[v/TnA1/2]pP2 3.8 3.1 8.0 7.9 3.3 3.0
[A1/2]p2 21.9 17.9 46.4 45.7 21.5 19.4
[v/TnAi/2]D1 -0.1 -0.2 —-0.2 -0.2 -0.1 —-0.2
[A1/2]D1 —-11.9 —-18.3 -19.1 —-19.0 -8.4 —18.2
[v/TnAs/2]D1 1.0 1.5 1.6 1.5 0.9 1.9
[A3/2]D1 90.5 138.6 146.1 145.1 64.1 138.5
a 1.0 0.0 1.0 1.0 1.0 0.0
B 0.9 1.3 0.5 0.4 1.2 1.2
5 —10.2 0.04 -9.4 —12.6 —-8.7 0.07
x2(XS) 224.2 230.1 255.6 268.9 240.7 236.0
x2(pol) 13.3 11.3 17.5 19.2 15.8 12.0
XZot/NDF 1.8 1.8 2.0 2.1 1.9 1.8
3 2.18+0.15 2.224+0.15 2.25+0.18 2.20+0.18 2.06+0.14 2.06+0.14

the ambiguity in determining the n/N branching ratio.

(2) The N*(1440) coupling is found to be very small
indicating that this resonance may not be a significant
player in the (v,7) process. Recently, there have been
some speculation [97] that the N*(1440) might be a can-
didate for the lightest hybrid state, consisting of three
valence quarks and one valence gluon. A precise deter-
mination of the N*(1440) photocoupling can provide a
powerful tool to distinguish between different internal
structures for this hadron: ¢3 and ¢3G, where ¢ is a va-
lence quark and G is a valence gluon.

(3) The N*(1520) off-shell contribution is found to be
very important and correlates with the nucleon and the
vector meson contributions. However, this is not so in the
case of Cutk, as can be seen by comparing columns 3 and
5 of Table VIII and Table IX. This conclusion may be
connected with the relatively large width of the N*(1535)
in the Cutk set. The off-shell parameters depend on the
cutoff in the vector meson form factor and the choice
of coupling for the nNN vertex (compare, for example,
Tables VI and VII). The photocouplings of the N*(1520)
are consistent with pion photoproduction studies.

(4) The N*(1710) is poorly determined from the YN —
7N reactions. This resonance photocoupling could be well
determined from the present analysis if there were enough

data around W ~ 1710 GeV. All it can be said is that
our fits favor a positive sign for the product [\/I‘_,,Al /21P2,
in disagreement with the quark model prediction of Ko-
niuk and Isgur but in agreement with the Capstick and
Roberts’ results (see Table III).

2. Measured quantities in the experiments on n
photoproduction

a. Differential cross section. In general, reasonable
fits to the available data on differential cross section are
obtained. The best fit to the data is obtained with the
PDG parameters. Sample fits using PDG, Koch, and
Bakr resonance parameters are displayed in Figs. 2—4 for
the c.m. angle of 90°. The s-channel excitation of the
N*(1535) resonance dominates the differential cross sec-
tion, while the u-channel contribution is found to be neg-
ligible. The three sets are in good agreement with the
data, but start deviating from each other above E, =
1100 MeV. Around this energy region, the N*(1710) is
the dominant resonance contribution because of its large
nN branching ratio.
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TABLE VIII. Fitted couplings from the old data base using Cutkosky (Cutk) resonance param-
eters. The nINN™ coupling is pseudoscalar, while /NN coupling chosen is shown. Only lowest

x?/Npr are given.

A%(GeV?) 2.0 1.2 1.2 1.2
nNN PS PS PV PS
gn 0.06 2.0 0.9 1.7
[v/TnAi/2)s1 45.0 44.2 44.7 44.2
A1/2]51 176.7 173.6 175.7 173.7
[v/TnA1/z2]s2 —-13.1 —-11.0 —-12.8 -11.2
[A1/2]s2 277.0 232.4 269.0 235.5
[v/TnAi/2]pP1 —2.4 -1.9 —-1.3 -3.1
[A1/2]P1 —10.9 —-8.6 —-6.0 -14.3
[v/TrAi )P 1.8 0.6 1.7 0.9
[Al/z P2 12.2 4.3 11.3 5.9
[v/TnA12]D —0.07 —0.04 —-0.07 —0.008
[A1/2]D1 —6.0 -3.5 -6.8 -0.8
[v/TnAs/2]D1 0.5 0.3 0.6 0.06
[A3/2] D1 44.5 26.0 50.5 5.6
a 2.0 1.0 2.0 0.0
Jé] —0.04 -0.09 0.6 0.2
5 5.1 9.9 3.8 9.9
x2(XS) 217.3 220.1 214.9 225.6
x?(pol) 11.8 11.6 11.5 11.6
XZ.t/Npr 1.7 1.7 1.7 1.8
3 2.21+0.11 2.17 £0.12 2.20 £0.11 2.17 £0.12

b. Total cross section. The old data base on the total
cross section [24] suffers from poor photon energy resolu-
tion and counting statistics, and thus limits the quality
of physics extractable from them. The model prediction
is in agreement with the data for the three sets of res-
onance parameters as displayed in Fig. 5. There is one
data point well outside our fit. The Bakr parameters
tend to underestimate the total cross section.

c. Polarization observables. Our predictions for po-
larized target asymmetry and photon asymmetry are also
shown. All three sets show more or less the same behav-
ior for the polarization observables below the photon lab
energy of one GeV, but yield very different predictions
above this energy level. Therefore, polarization observ-
ables should provide a more stringent test of the model.
The meager data on the recoil nucleon polarization are
too poor to be of any quantitative value.

C. Analysis of the Bates angular distribution data

The recent  photoproduction experiment at the Bates
Laboratory by the Pittsburgh-Boston-LANL Collabora-
tion [27] will now be discussed. This group has been
able to measure the angular distribution for (v, 7) reac-

tion at photon lab energies of 729 and 753 MeV at six
angles. These data are more or less flat as a function
of angle (Fig. 6) at E, = 729 MeV, consistent with the
predictions of our effective Lagrangian approach, using
the parameters of the Fit A. However, the data set at
E, = 753 MeV exhibit a deviation from isotropy, in
disagreement with the prediction of the Fit A (Fig. 6).
This suggests some inconsistency between the new Bates
data and the old data set from which the Fit A has been
derived.

We now use the older data set and the Bates data
together for a global fit, Fit B. The resultant resonance
parameters are shown in Table X. This is a compromise
fit between two somewhat incompatible data sets.

Finally, we can, of course, use the Bates data alone and
try to fit the effective Lagrangian parameters. In doing
so, we shall keep the N*(1535), N*(1650), and N*(1710)
parameters fixed at the fit B level, along with the nNN
coupling constant, as this data set, by itself, cannot yield
informations on the properties of all of these resonances,
because of the limited energy coverage. Instead, we use
this data set to explore the nature of coupling of the
nucleon Born terms and the properties of the N*(1440)
and N*(1520) resonances. These fits, called Fit C, are
shown in Fig. 7. The resultant fit still shows dominance
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TABLE IX. Fitted parameters using the old data base and the PV coupling at the nNVN and

nNN* vertices. The cutoff for the vector meson form factor is fixed at 1.2 GeV?.
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PDG92 Koch Bakr Cutk
gn 3.7 5.3 4.4 2.2
[v/TnAi/2]s1 26.0 20.1 25.5 43.3
[A1/2]s1 95.0 82.2 100.2 169.9
[v/TrAi1/2]s2 -9.1 —6.4 —~14.6 -11.8
[A1/2]s2 234.7 122.7 265.7 248.6
[v/TnA1/2]P1 -0.4 -2.3 -0.2 —2.2
[Al/Z]Pl —1.7 "‘7.4 —2.3 —10.0
[\/FnAl/Z]P2 2.0 7.7 3.0 0.7
[A12]P2 11.7 44.4 19.2 4.4
[v/TnA1/2]D1 —0.04 —-0.2 -0.1 —0.007
[A1/2]D1 -3.8 -19.1 —8.6 —-0.6
[v/TnAsz/2]D1 0.3 1.6 0.9 0.05
[As/2]D1 28.8 145.9 65.6 4.5
a 1.0 1.0 1.0 1.0
B 2.5 0.4 0.9 4.7
) -12.9 —-8.6 —6.0 4.2
x3(XS) 228.2 247.3 232.6 229.0
x2(pol) 14.2 16.0 14.2 11.5
XZot/NDF 1.8 2.0 1.8 1.8
£ 2.18 +0.14 2.21 £0.15 1.98 £ 0.12 2.13+0.11

of the N*(1535) in the differential cross section. The pa-
rameters for the resonances change somewhat (Table XI),
compared with what we have obtained from the old data
base. As discussed below in Sec. IVE, the Eoy ampli-
tude, extracted from the Bates data, is not in agreement
with those from the other data sets.

D. A look at the preliminary Mainz data

The results of an exhaustive 7 photoproduction exper-
iment [29] from the Mainz Microtron are available in a
preliminary form, following their presentations at the Tri-
este, Perugia, and Dubna conferences [29]. We emphasize
the word preliminary, as these data are yet to be pub-
lished in a definitive form. The data, presented so far, are
the angular distributions at the photon laboratory ener-
gies of E, = 722.5, 737.5, 752.5, 767.5, and 782.5 MeV,
though the absolute normalizations of these distributions
are yet to be determined. Also available from the recent
Dubna conference are the preliminary Mainz data on the
total n photoproduction cross section, again with the ab-
solute normalization being arbitrary. We compare them
with our predictions from the effective Lagrangian ap-
proach, with parameters determined from the old world

supply of data, Fit A. The shapes of both the angular
distributions and total cross section of the Mainz data
are predicted rather nicely. The arbitrary factor needed
to bring the data of the differential and total cross sec-
tion is the same. We are waiting with anticipation for
the definitive normalizations of these data.

We can get an idea of the importance of the prelimi-
nary Mainz data on the physics of the N* resonances,
particularly N*(1535). The parameter £, in units of
10~! GeV™!, defined earlier, extracted only from the
Mainz data (Fit D) is

£ =2.0+0.1, (105)
for the off-shell parameter oo = —1, and
£=23401, (106)

for the off-shell parameter a« = +1, for the vector me-
son form factor cutoff parameter A2 = 1.2 GeV?. These
compare with the value

£=22+0.2 (107)

from our Fit A of the world’s old data set. Thus, the error
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TABLE X. Fitting the old data base together with the new Bates data [28].

A? 2.0 1.2 2.0 1.2
gn 5.9 4.6 5.9 4.3
[v/TnAi/2]s1 26.2 26.3 26.2 26.4
[A1/2]51 95.5 96.0 95.8 96.2
[v/TnAi/z2]s2 —5.5 —6.8 —6.4 —7.4
[A1/2]s2 142.9 176.7 164.6 192.2
[\/F-,,Al/z]pl 0.7 1.1 0.5 0.2
[A1/2]P1 3.3 4.9 2.5 1.1
[v/TnAi2]p2 2.1 2.8 3.1 3.6
[A1/2]P2 12.1 16.4 18.1 20.7
[‘/I‘,,Al/z}pl —0.09 —-0.1 —-0.2 —0.2
[A1/2]D1 —8.5 —9.6 —15.4 —13.7
[v/TnAs/2]D1 0.7 0.8 1.3 1.1
[Aa/2)p1 64.8 72.6 116.5 104.2
a ~1.0 -1.0 1.0 1.0
B8 1.1 0.9 -0.3 0.1
) 1.7 1.1 —2.7 -1.3
x2(XS) 310.5 284.7 287.4 281.6
x2(pol) 13.2 13.2 14.5 13.2
XZot/NpF 2.2 2.0 2.1 2.0
£ 2.19 £0.15 2.20 £+ 0.14 2.20 £ 0.15 2.21 +0.14

on the £ parameter is somewhat reduced, using the Mainz
data. Taking I';, = 75 MeV, the preliminary Mainz data
yield a value of Ay, in units of 1073 GeV™1/2,

Ay, = 88,101, (108)
for the above two cases, consistent with our results
from the older data set, Eq. (100). It is substantially
larger than the latest results from the quark model [88]
75 x 103 GeV~'/2, and that from the analysis of pion
photoproduction. The results [Egs. (105), (106), and
(108)] are subject to revision, if the Mainz data change
substantially, as they are reanalyzed, but the basic con-
clusion of their importance in determining the { param-
eter should remain valid. For comparison, we quote here
the values of £ and A,/; extracted from the Bates data
under similar theoretical assumptions in analysis:

€=21+0.1,1.8+0.3,

Ay =91, T8 (109)

E. The E,; amplitude at threshold

The threshold 1 photoproduction and its impact on
the determination of the /NN coupling constant is the

last topic we wish to address here. It is particularly in-
teresting to contrast the Ey+ amplitude for the n photo-
production with that for the 7° photoproduction at their
respective thresholds. Table XII demonstrates the real
part of the Eo, amplitude for the n photoproduction off
the proton at threshold, contrasted with the same for the
w0 photoproduction. While there is a clear preference for
the PV coupling at the 7° NN vertex, this is not so for
the n meson, as we have pointed out earlier. Here, we
have given the Ey+ amplitude as determined from the
Fits A, B, C, and D, demonstrating the relevance of dif-
ferent data sets in the context of the Ey+ amplitude. All
fits agree in the dominant role of the N*(1535) resonance.

Interestingly, the value of the NN coupling constant
extracted from the fits is only mildly sensitive to the
choice of the PV or PS coupling at the meson-nucleon
vertex. From fits to all data sets, using the resonance
parameter set of PDG92, we get

0.2 <g,<6.2. (110)

For the n photoproduction, the vector meson contribu-
tions are sizable, but the N*(1535) excitation amplitude
in the s channel stands out, in contrast with the 7° case,
where both the vector meson and the A(1232) contribu-
tions are minor. Another important contribution to 7
photoproduction is from the N*(1520), with its off-shell
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TABLE XI. Fits using the Bates data [28] only.

A? 2.0 1.2 2.0 1.2
9n 5.9 4.6 5.9 4.3
[v/Tnd1,z2]s1 26.2 26.3 26.2 26.4
[A12])51 95.5 96.0 95.8 96.2
[v/TnA1,2]s2 —5.5 —6.8 —6.4 —7.4
[A1/2]s2 142.9 176.7 164.6 192.2
[v/Tndi 2P 0.02 0.02 0.02 -0.8
[Ai/2]P1 0.1 0.1 0.1 -3.7
(v/TrA1/2]pP2 2.1 2.8 3.1 3.6
[A1/2]P2 12.1 16.4 18.1 20.7
[v/TnAi,2]D1 -0.5 —0.5 —0.1 —0.1
[A12]D1 —46.8 —46.5 —9.6 -9.8
[v/TnAs2]D1 3.9 3.9 0.8 0.8
[As,2]D1 355.4 353.3 72.9 74.0
o -1.0 -1.0 1.0 1.0
3 0.7 0.7 8.2 8.6
) -0.3 —0.4 10.0 10.0
x2(XS) 4.8 4.7 5.7 5.8
X2t /NpF 0.6 0.6 0.7 0.7
£ 2.19 2.20 2.20 2.21

effects tending to interfere destructively with the large
contribution of the PS Born terms, or constructively with
the smaller contribution of the PV Born terms.

V. CONCLUSIONS

Given the renewed theoretical interest arising from the
prospect of testing QCD in the nonperturbative domain
by computing hadron properties, and the experimental
possibilities of exploring many of these properties in the
novel electron and/or photon facilities now under de-
velopment, particularly CEBAF, n photoproduction on
the proton has been investigated in the N*(1535) reso-
nance region, with a view to help understand the struc-
ture of the nucleon and its excited states. In this paper,
the goal has been to extract the product of the electric
dipole transition amplitude yp — N*(1535) and the de-
cay amplitude N*(1535) — np, from the existing old ex-
periments and new ones. The dominant tree-level con-
tributions considered here have been computed in the
framework of the effective Lagrangian formalism, proven
to be very successful in describing pion photoproduction
in the A(1232) region. Unlike the n° case, there is no
compelling reason to choose the pseudovector (PV) form
of the nNN (or nNN*) coupling, and we have investi-
gated both the PV and the pseudoscalar (PS) couplings
at the nNN and the nNN* vertices. We have taken

TABLE XII. Contributions to the real part of the Ey+ mul-
tipole, in units of 1072 /m., for the n and 7° photoproduc-
tion at their respective thresholds. For all fits, @ = +1 and
A% = 1.2 GeV? are used. Fits A, B, C, and D are defined in
the text, based on different combinations of data bases.

Contributions Fit A Fit B Fit C Fit D °

Nucleon Born terms —6.05 —6.37 —6.37 —3.47 —2.46
p+w 2.80 289 289 2.89 0.04
A(1232) — - = = 0.35
N*(1535) 12.06 12.16 12.16 12.16 0.03
N™(1440) —0.47 0.08 —0.27 —1.22 0.01
N*(1650) —0.94 —1.00 —1.00 —1.00 0.01
N*(1520) 1.46 1.39 —-6.08 0.43 0.08
N™*(1710) 0.25 0.23 0.23 0.23 0.00
Total 9.21 9.39 1.56 10.02 —1.94
Experiment - —— - —— —=2.0%0.2°

®The reanalysis [44,45] of the near threshold experiment [35]
on w° photoproduction on the proton.

into account various background contributions, and have
attempted to extract information on the excitation and
decay of the N*(1535) resonance. Our conclusions are as
follows.

(1) Unlike the pion, where there is a clear preference
for the PV coupling at the meson-nucleon vertex, seen
in the threshold 7° photoproduction data on the proton,
the present experimental data on n photoproduction do
not distinguish between pseudovector and pseudoscalar
couplings, as contributions from various resonances and
nonresonant background compensate. This is not sur-
prising, as the chiral symmetry is strongly broken by the
n mass. Likewise, there is no strong preference for either
coupling at the nNN* vertices.

(2) The extracted amplitude shows that the 7% and the
n photoproduction processes near threshold have very
significant differences, even as they share the common
contributions, such as the nucleon Born terms, the basis
for the predictions of the low energy theorems (LET’s)
for the pion case. Among these differences, the contribu-
tion to the 7 photoproduction by the s-channel excitation
of the N*(1535) resonance is obvious. The situation is
quite different in the 7° case, where one probes only the
nucleon Born terms, and, through it, the chiral symme-
try [58,103] breaking effects, with minor contributions
from the A(1232) excitation. Thus, the chiral symmetry
breaking effects are hard to quantify in the 7 case.

(3) Many previous attempts at the analysis of 7 pho-
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FIG. 2. Differential cross section and recoil nucleon polarization at c.m. angle of 90° + 9° for the reaction yp — 7p as a
function of the photon lab energy, a typical example from the “old” data set. The data sets of Homma et al. [26] are marked
with circles. The dots correspond to the older data [23]. Fit A, shown by the solid lines, uses the PDG92 resonance parameters.
The dashed curve excludes the N*(1535) contribution. Predicted polarized target and photon asymmetries, for which there are

no data, are also shown.

toproduction data have not only suffered from the crude-
ness of the data, but also from the lack of enough theoret-
ical constraints in restricting the number of parameters
fitted, 24 or more. The effective Lagrangian provides us
with a tremendous reduction in the number of free pa-
rameters, eight in the present work. The data base is
immensely improved with the addition of the Bates and
Mainz data sets, the latter still in their preliminary form.

(4) The Eoy amplitude at the n photoproduction
threshold, inferred from the new Bates data, does not
agree with those extracted from the older data set and
the new Mainz data. However, the conclusions on the
N*(1535) excitation amplitude are similar in analyses of
all of these data sets.

(5) Our analysis yields a precise estimate of the prod-
uct I‘,l,/ %A, J2 for the N*(1535), which is quite insensi-
tive to the uncertainties in the other resonance proper-
ties known thus far. For a given set of these resonance
parameters, it is not sensitive to the detail of the back-
ground, such as the off-shell parameters of N*(1520), the

form factor in the vector meson amplitude, and the type
of the meson-nucleon coupling.

(6) The present experimental situation on photopro-
duction at higher energies (W > 1400 MeV) is not precise
enough to extract any meaningful information about the
contributions from resonances other than the N*(1535).

We should stress that precise data on the polarization
observables are missing and are badly needed. These
would be valuable to test the models for the background
contributions.

As to the future extension of this work, we must men-
tion the prospect for a rigorous investigation of the uni-
tarity effects. The application of unitarity to the » pho-
toproduction process is a very complicated task, because
there are a fair number of channels coupled to the pro-
cess and many of them contain more than two particles
in the final state, as in the case of multipion produc-
tion channels. Therefore, even a modest unitarization
of the amplitude should include at least five channels.
There is no consistent partial wave analysis of the chan-
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FIG. 3. Calculated observables using the Koch [89] resonance parameters. See Fig. 2 for explanations.

nel, N — nN, one of the most important; also, no ex-
perimental information on the nIN — 1N process is avail-
able. A successful understanding of strong interaction
processes will help implement unitarity to electromag-
netic processes. Therefore, the pion-induced 7 produc-
tion, to be studied at facilities such as COSY in Jiilich,
Germany, could help a great deal. These could be in-
vestigated using the Lagrangians for the strong vertices
considered here. Valuable information on the strong de-
cays of the type N* — N7 could be extracted. Existing
treatments of these processes give acceptable representa-
tion of the data, but do not make any precise connection
with hadron models.

An obvious extension of the present analysis is the pho-
toproduction of 7’ meson on the nucleon, which is under-
way [98]. A comparative study of n and n' may lead
to valuable information on how n and 7’ interact with
nucleons and their excited states.

It is also interesting to use the 7 photoproduction am-
plitude as an effective impulse operator to study pho-
toproduction of 1 mesons off nuclei. Such a theoretical
study has been initiated by Doyle [11], and followed by
others [33]. One would like to learn more about the prop-
erties of the N*(1535) in the nuclear medium [99]. One
important task is to use the effective Lagrangian, de-
veloped here, to investigate the photoproduction of the n
meson on the deuteron, where there seems to remain a se-

rious discrepancy between the recent theoretical investi-
gation [100] and photoproduction experiments. This pro-
cess is very crucial in extracting the electromagnetic tran-
sition amplitude of N*(1535) on the neutron, for which
hadron models have clear-cut predictions.

Hopefully, this paper has provided a good motivation
for future work involving physics of  mesons and ex-
cited baryons. Careful studies of electromagnetic as well
as hadronic n production processes are needed to obtain
a more complete picture of the 7N and 7-nucleus interac-
tions. New facilities, such as CEBAF and COSY, would
be good places to explore this subject further. Particular
mention should be made of the superior design capabil-
ities of a device called the CEBAF Large Acceptance
Spectrometer (CLAS): its almost 47 solid angle coverage
and the possible use of polarized targets and beams in
conjunction with it. Our work lays the basic foundation
for theoretical analysis which would be indispensable for
the studies for photo- and electroproduction of 7 mesons
[101,102] with such spectrometers.

Note added in proof. Since the submission of our paper,
the 7 photoproduction data from Mainz and Bonn [J. W.
Price (private communication)] have been presented in
various conferences in extensive form. Our preliminary
examination of these data bases in newer versions does
not alter our conclusions reported here. These two data
sets appear mutually compatible, but differ significantly
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FIG. 5. Predicted total cross section from the Fit A as
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parameters: solid: PDG92, dash: Koch, dotted: Bakr, and
data are from Ref. [78].
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the new Bates 1993 data [28].



ACKNOWLEDGMENTS

We are particularly grateful to R. M. Davidson and L.
Zhang for many helpful discussions. We thank many ex-
perimental colleagues around the world for their strong
interest and input, especially S. Dytman, B. Gothe, B.
Krusche, B. Ritchie, B. Schoch, P. Stoler, and H. Stroe-
her. The research at Rensselaer was supported by the
U.S. Department of Energy, while the research at SAL
has been supported by the Natural Sciences and Engi-
neering Research Council of Canada. One of us (N.C.M.)
thanks D. M. Skopik and E. Tomusiak for their warm
hospitality at SAL.

APPENDIX A: RELATION BETWEEN THE
CGLN AMPLITUDES AND THE HELICITY
AMPLITUDES

In this section, for completeness, we discuss both

photo- and electroproduction amplitudes.
|

A =

1
-5 ;

7

for Ay = %1, and

[ —k? 4 .0 5
Apr = T [COS 55%9; — 2p5sin 562 gf¢6_9f:9i:|

x (205 Fs + 20iF6), (A10)

for Ay = 0, where A = A, — p; and ¢ = —py. By separat-
ing the ¢ phase factor, the following helicity amplitudes

1 ; 0 0 ..
+_2/\_Yez)\~,¢ sin 6 [cos 5691‘,& — 2p5sin 53219”55—9,,9,] (20:Fs + 205 Fa),
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20 ' ‘ ' ' ' In the c.m. system, we quantize the initial and final
_.E;Z My spins along the directions of k and §. We choose the z
==-- E,=753 MeV axis along the photon momentum:
sl I ®E,=753 MeV ]
- k
k=—=(0,0,1
= S S { - i = @0
= S
LT fod
: 1.0 Il S
g =L = in 6, sin ¢ sin , cos 0 Al
5 q_ﬂ—(cosqﬁsm ,sin¢siné, cosf) . (A1)
¥ $ +-
05T /3 The spinors of the initial and final nucleon are
1 0
| B | | | XI=(0),X,+=(1>, (A2)
e 30 60 90 120 150 180
0y (deg) o . o .
. . 1+ cos 3 1 —sin §€_l¢
FIG. 7. Predicted angular distributions from our Fit C for Xf = sin 2ei¢ |’ Xy = cos @ s (A3)
E., = 729 MeV and 753 MeV, compared with the Bates data 2 2
(28). with
from the old data base used in our fit A. The latest Tt T4
Mainz data set of 90 data points gives in our approach o-kx; T =Ex T (A4)
£ = 2.1%0.1, instead of Eq. (106), using the same values L1l +l
for @ and A as in Eq. (106). o-axy T =Exp (A5)

Spin up would correspond, in the c.m. frame, to a nega-
tive helicity and vice versa. Explicitly, for the initial and
final nucleon we have

X1/ = lois = F1/2).

In the case of the virtual photon, we have k - € = 0; the
photon polarization has three independent components.
To be consistent with the photoproduction process [86],
it is convenient to take two of them to be

1
V2

The third vector is chosen, with the normalization - =
1, to be

(A6)

€4 (Ay) = —=(0, =Xy, —3,0) Ay = £1. (A7)

e4(0) = 0,0, ko). (A8)

1
ﬁﬂkl,
Using the relations above and defining [86] A = —iF,
Eq. (26) becomes

0 .0 ..
+ 20;) [COS 5%0s,—0: — 205 sin §ezzgf¢5~e;,—ee] (F1 + 4e50:F2)

(A9)

[
are defined [105] in the usual manner:

H, = e—i¢A1/23/2_—_—\/.Lz.sinﬁcosg(fa'i-}-‘i)a

HZ = A1/2 1/2
= \/ECOS% {(fz - .7:1) + SiIl2 g(f;; - .7:4)} )
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Hy = e %04 4,53, = ﬁ sin 0 sin g(fs — Fa),

H, = e_i¢A—1/2 1/2
= ﬁsin%{(fz+f1)+cosz %(.7:34-.7:4)},
12
H; = A-1/2 —-1/2 = |1ic| COS%(}-S‘*‘}-G)v

—k? sin g(]:g — Fs).

Hg = 6i¢A1/z -1/2 = |k|

(A11)

For photoproduction, hereafter, we shall take A\, = +1,
and the amplitudes Hs and Hg to be zero.

APPENDIX B: MULTIPOLES AND HELICITY
ELEMENTS

1. Helicity elements

The angular dependence of the F; amplitudes, defined
in Eq. (25), can be now made explicit through their
expansion, in terms of the multipoles and the deriva-
tives of the Legendre polynomials Py(z) of the first kind
[51,104,105]:

Fi = My + Eey] Py,
£=0

+[(£+ 1) M, + E[..]Pé_l,

Fo=) [(£+1)Mey +EM, P,
=1

F3 =) [Eer — Mex )Py + [Bee + M- )Py,
=1

Fi= [Myy — Eey — My — E, P}
£=2

(B1)

We note here the extra amplitudes for electroproduction,
Fs and Fg, given by

Fs =) [€Se- — (£+1)S4]P;,
£=1

oo

Fo =Y [(£+1)SetPpyy — £5¢-Pp_y] .
£=0

(B2)

The inverse relations between the multipoles and the c.m.
amplitudes F; involve projections by angular integration
are given by Eq. (B10).

Following Jacob and Wick [106], the angular momen-
|
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tum decomposition of the helicity amplitudes A, (0, ¢)
is written as [107]

Aor(8,0) = Y Ap(2J +1)d],(0)e’ 9%, (B3)
J

where 6, ¢ represent the angular direction of the outgo-
ing meson, p = —py and A = A, — p;, with oy, o; being
the final and initial nucleon helicities and A, the photon
helicity. For transverse photons, A, = %1 leads to four
possibilities for the initial IV state helicity A = :t%, :L-%.
For scalar photons, Ay = 0 and A = :l:%. In total, there
are eight helicity amplitudes A,, but the parity symme-
try [106]

Agr(6,6) = — =024, ,(6,¢),  (B4)
reduces this number to four. Since the functions
V(2T + l)dig(ﬁ)ei()‘_")‘ﬁ, for different values of J, are
mutually orthogonal and normalized to 4w, when inte-
grated over df2, the partial wave helicity amplitudes A‘Q], N
can be readily deduced from Eq. (B3):

A7, = % / QA gx (6, $)d] eI A 0%, (B5)
Here AL{A depends only on the energy and can be com-
bined into four independent partial wave amplitudes,
often called helicity elements (proportional to Ai)\ +

AL o), of good parity and total angular momentum J.
These can be defined as

Ay = ‘%(Af/z,l/zﬁLAium/z),
A+ = %(Af/z,l/z _Ail/z,l/z)»

Bey = ) e‘(—eiz) (A{/z,s/z + A£1/2,3/2)7
Bery- = Y/ [(ei_z) (Af/z,sm - Ai1/2,3/z)»

(BS6)

Coy = _%(Aiuz,—l/z+A{/2,—1/2)v
Clevn)- = ‘\}’E(Aiuz,q/z_A{/z,-nz)a

where ¢+ refer to the two states with n orbital angular
momentum £ and total angular momentum J = £+ 1.
The four helicity elements correspond to transverse pho-
tons with helicity Ay = 4+1. The A, = —1 helicity ele-
ments are simply related to the A, = +1 via Eq. (B4).
The last two helicity elements refer to scalar photons with
helicity A, = 0. Equation (B3) can be rewritten in terms
of the A’s, B’s and the derivatives of the Legendre poly-
nomials of the first kind

0 oo
Ay/2,1/2(0,8) = V2 cos 3 Z(A(l+l)— - Al+)(P(le+1) - Py),

£=0

Y/ o
A_1/2,1/2(0, ¢) = \/§e1¢ Sin —2— Z(A([+1)_ + A[+)(P(I£+1) + Pé),

£=0
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oo

1 ... ]
Ai/2,3/2(0,¢) = 79"1) sin 6 cos 3 Z(B(eﬂ)— — Bey)(Plgg1) — Py)s
2 £=1
1 g . . 0
A_1/2,3/2(0,¢) = :7—2_62’4’ sin @ sin 3 Z(B(H_l), + Bz+)(P(','3+1) + P, (B7)
=1
0 oo
A_1/2,-1/2(0,0) = V2 cos 2 Z(C(l+1)- - C£+)(P(,z+1) - Fy),
£=0
R R
A_1/27+1/2(9, ¢) = ——-\/Ee_'"b sin 5 Z(C([+1)__ + Cg+)(P(Ie+1) + Pé). (B8)
£=0

2. Relations between the multipoles and the helicity elements

The relations between the multipoles and the helicity elements can now be established by substituting Egs. (B1)
and (B2) into Eq. (A11) and comparing the result with relations given by Eq. (B7). Explicitly they are given by

Agp = 3[Mey + (£+2)Epy],

By = Egp — Mgy,

Ay = 5[0+ 2)Mi1)- — £Bp41)-],
Bui1y- = Blegy- + Mgy1y—, (B9)
Cor = —y/3m3(E+1)Ses
Cler)- = 4/ ;&T (€+1)S(e41)--
Equations (B1) and (B2) can be inverted to give the multipoles [51]
+1
Eey = %/ dx [Pe-ﬁ — Pri1Fo+ 5t (Peoy — Prg1) Fs + 555 (P — Pt+2)-7:4] )
-1
+1
B =% [ dz [PF = P Fat 55 (Pes = Pea) Fo + i (Pe— P Fa)
+1
My = 2(1;4.1)/ dx [Pe}-l — Pri1Fy — g7 (Pe—1 — Pe+1)-7'-3] )
" -t (B10)
My_ =% dz [—Pef} + Pp1Fo + ggg (Pe-1 — Pe+1)7:3] )
o
Sey = ﬁ/ dz [Py Fe + Pey1Fs],
-1
+1
S = %/ dx [P[]:G + Pg_1.7'-5] .
-1
[
APPENDIX C: OBSERVABLES FOR THE 7 do _ |q| § \H|? (C1)
PHOTOPRODUCTION e~ 2fk| &
i=
The 1 photoproduction observables can be easily ob- (ii) Polarized photon asymmetry:
tained in terms of the helicity amplitudes defined in do lq| . .
Eq. (A11). They are given by the following standard EZ = Ivk_lRe{HlH‘* — H H3}. (C2)

expressions [86].
(i) Differential cross section: (iii) Recoil nucleon polarization in the direction k x q:
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do lq * *
(iv) Polarized target asymmetry:
do la . .
ZiﬁT = ﬁ[m{Hle + HzH}}. (C4)

APPENDIX D: SPIN-3/2 FIELDS
1. Spin-3/2 propagators

It is useful to discuss some of the important theoreti-
cal issues [108,109,110] associated with the treatment of
the spin-3/2 baryons. First, the free massive spin-3/2
field is well known to be consistently described by the
Lagrangian [111,112]

Leree = T, T, (D1)
with
Apw = [(—iawA + Mg)guv — tA(Yu0y + 7,0u)
—%(3A2 + 24 4 1)7,0* a7
~Mgp(3A% + 3A + 1)] , (D2)

where Mp is the mass of the spin-3/2 baryon and A is
an arbitrary parameter subject to the restriction A #
—1/2. Physical properties, such as energy-momentum
tensor [113] are independent of the parameter A4, chosen
to be real here. This is because of the fact that the
free Lagrangian Eq. (D1) is invariant under the “point”
transformation [114]

T+ — TH  ayy"' T, (D3)

v-p+ Mg
Gu(P) = —S—5
H P2—M12.3

1 A+1

A
3MZ2A 11 [7“”” oAy {§2A+17
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A —2a
A— , D4
1T 4a (D4)

where a # —1/4, but otherwise arbitrary. Using the
Euler-Lagrange equations, the local wave equation for
the spin-3/2 field [115] (see also [116,80]) can be derived
[117,118]:

(18" — MR)¥¥ =0, (D5)

with the subsidiary conditions
7T =0, (D6)
0, ¥* = 0. (D7)

UH is a sixteen-component Rarita-Schwinger vector
spinor. It has a Lorentz vector index yu with a suppressed
spinor index which runs from one to four; thus Egs. (D6)
and (D7) imply a sum over the spinor index :

(Vu)ag ¥4 = . (D8)
There are eight constraints coming from Egs. (D6) and
(D7), reducing the number of independent components
of \Ilg to eight (four spin projections for the particle and
the other four for the anti-particle).

The propagator for the massive spin-3/2 baryon can
be deduced from the equation of motion (see also [119])

Ap ¥ =0. (D9)
It satisfies the equation
AinG(z,y) = 6% (2 — y) g, (D10)

where g, is the metric tensor. In momentum space,

d? .
G (z,y) = / P GA(p)e~iev)P,

1 1 2
Guw = 3 VW — m(wpu - YoPu) — Mpupu

(2m)% "
(D11)
Apx (p)Gf,‘ (P) = Guo-
Solving for G,
A+1 AMp
P oAt } 7“7"] ' (D12)

The physical properties of the free field are independent of the parameter A, and we take A = —1. This yields the

expression for the spin-3/2 propagator:

_Y'p+Mpg 1
P, = m Guv — g’m’)’u—

i ( ) 2
3Mz YuPv — YvPu 3M12{pup” .

(D13)

We refer the reader to a discussion [80] of erroneous choices of the spin-3/2 propagators adopted by some recent

works.
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2. Spin projection operators for spin-3/2 field (Pa/z)‘w + (Plll/z)l“/ + (lez/z)#’/ = G- (D16)
The spin projection operators are given by [116,80] The following properties are also useful:
/2 1/2
1 1 ¥ -pPil‘ ==xP, /"y p, D17
(P*?)uw = Guw = 3% = 555 (Y PYuPu + Py D), L (D17)
P v-pP%? = P3/%y.p, (D18)
pl/2 _1 _ PuPv .. L,
(P )pw = 3 P2 where + for i = j and — for 7 # j.
1
t3p7 (- PYuPv + Pu1uY * P)s
1/2 _ PuPv D14
(Paz v = ot (D14) APPENDIX E: SPIN-3/2 ISOSPIN-1/2 ODD
y 1 PARITY CONTRIBUTION TO THE INVARIANT
12y _ 1 o :
(P v = Tp? (PuPe =V DY), AMPLITUDES
1 . . .
pL/2 v = ——(7 - PYuPu — Pubv)- The invariant amplitudes for the s-channel C; and C;
(Pa1)n V/3p? ( # upv) couplings can be expressed in the form
These satisfy the orthonormality conditions Ai=Aip+ Ainp. (E1)
I J\Av _ sIJs (plyv
(Pig)ur(Pia)™ = 878k (P (D15) The pole (P) and the nonpole (N P) terms for C; cou-
and the sum rule for the projection operators pling are given by
J
C, [ aM? 2 2 4M 2 2 2
= 4t Mg - M - — (Mg —M*+2
C1
A, p= ———[-8],
“P = 8o M) )
(o [ 4M? 2M 2 2 2
Asp= "< |-2M +4Mp — —— Mg — 2M* + 2 ,
3P 8(s - M2) | + AR 3MR+3M§( R w)
C: [ 4M? 2M 2 2 2
=—"— |6M —-4Mp — —— + —5 (Mp —2M~“ +2 ,
Asp 8(s — MZ) | B 3MR+3M§( R +2)
(E2)
C
Ainp = 5 [2M(M — Mg) + B(a — 1)(s — M?) — 24°8],
12M%
Az np =0,
Cy
AsNp = 1202 [2afMR — M(a + B8+ af — 1)],
Cy
= - -1
A4NP 1203 [208Mp — M(a + B + of — 1)],
with
ks,(l) :tk'v,(l)
a=1+4Z, B=1+4Y, ¢, = e B )fane. (E3)

2Mu

The pole and the nonpole terms due to Cs coupling are

Anp = 17(2?_1\@ LZM(?’t —2u%) + —Ml—};(s + M?)(s — M + y*) — 2Mp(s — Mz)] ,
Az p= ﬁ(f—Mﬁj{_G(MR + M),

Asp = %—Q_—Z-A,‘,—z}z) L(3t —2u%) + —A%(s — M? + p?) +5(s — Mz)] ,

Asp = 12(361—:'1‘4}22) :(3t —2p%) + %(s — M2 4+ p?) — (s — Mz)] ,

(E4)
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C.
Ay np = —s[(s — M?){M&(a — 3) + Mg(26a — a — 1)} — 4Mp?6],
24M2
Az np =0,
Cs 2 2
A3,Np = 24M122[(S - M )(a — 1)5 — 2 5],
C.
Agnp = 24;@ [(s = M?)(a — 1)§ — 2u25),

with
a=14+4Z, §=1+2X, C;=—

The u-channel invariant amplitudes are obtained from the
Eq. (22).

e(ky® £ k3™ fonr
4M2p )

(E5)

s-channel ones through crossing relations as given by
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