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The production ofh8 mesons in the reactionsgp→ph8 and pp→pph8 is described consistently within a
relativistic meson exchange model of hadronic interactions. The photoproduction can be described quite well
over the entire energy range of available data by considering anS11 and aP11 resonance, in addition to the
t-channel mesonic current. The observed angular distribution is due to the interference between thet-channel
and the nucleon resonances- andu-channel contributions. Our analysis yields positions close to 1650 MeV and
1870 MeV for theS11 andP11 resonances, respectively. We argue that, at present, identifying these states with
the knownS11s1650d resonance and the missingP11 resonance predicted at 1880 MeV, respectively, would be
premature. It is found that the nucleonic current is relatively small and that theNNh8 coupling constant cannot
be much larger thangNNh8=3. As for thepp→pph8 reaction, different current contributions are constrained by
a combined analysis of this and the photoproduction reaction. Difficulties to simultaneously account for the
47 MeV and 144 MeV angular distributions measured by the COSY-11 and DISTO collaborations, respec-
tively, are addressed.
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I. INTRODUCTION

The study of the intrinsic properties of theh8 meson as
well as its production processes in elementary particle and
hadron physics is of particular interest for various reasons.
The properties ofh8 are largely governed by the dynamics of
the QCDUAs1d axial vector anomaly[1–6]. Expressed in the
(pseudoscalar) quark-flavor basis, the physically observedh
andh8 mesons may be written as

S h

h8
D = Scosa − sin a

sin a cosa
DShq

hs
D , s1d

wherehs;ss̄andhq;suū+dd̄d /Î2 describe the strange and
nonstrange quark-antiquark states, respectively. TheUAs1d
anomaly mediateshq-hs transitions and therefore plays a
central role in understanding theh-h8 mixing [7]. The mix-
ing angle a is shown to be fairly constant[7,8], and a
weighted average value ofa=39.3° ±1.0° has been extracted
[9]. Quite recently, the KLOE collaboration[10] has reported
a value ofa=41.8°−1.6°

+1.9°. As can be seen from Eq.(1), such a
value of the mixing angle results in a considerable amount of
ss̄ in both theh andh8 mesons. By contrast, the correspond-
ing mixing angle for the vector mesonsv and f is quite
small (<3.4° [11–13]), providing anv with nearly noss̄and
a f being almost a puress̄state.

Therefore, instead of using the vector mesonsv and f,
production processes involvingh8 andh offer an alternative
way of probing the strangeness content of the nucleon. Due
to the fact that bothh andh8 contain a significant amount of
ss̄, but of opposite phase with respect to the nonstrangeuū

+dd̄ component, significant interference effects involving the
strange-quark piece of the nucleon wave function are pos-
sible [14]. In fact, it has been proposed that the relative cross

sections for the reactions induced by pseudoscalar mesons,
hp, h8p→hp, h8p, K+L andp−p→hn, h8n, provide a sen-
sitive test for the presence of thess̄ component in the
nucleon wave function[14].

Due to its nontrivial properties, the QCD vacuum exhibits
strong gluonic fluctuations with pseudoscalar quantum num-
bers to which thehq,s states can couple via theUAs1d axial
anomaly. The nonperturbative gluon dynamics and the axial
anomaly[3–5,15] are thought to be responsible for the gen-
eration of the much larger mass ofh8 as compared to the
masses of other members of the SUs3d pseudoscalar meson
nonet known as the Goldstone bosons. The masses of the
Goldstone bosons are generated by the spontaneous breaking
of chiral symmetry[2,6,16]. The h8 meson is, therefore,
thought to couple strongly to gluons via theUAs1d axial
anomaly coupling[17,18]. The unexpectedly large branching
ratio measured recently for the inclusive decay of beauty
particles,B→h8+X [19], has been interpreted as possible
experimental evidence in this respect[20]. To date, the
KLOE collaboration has recently found that the gluonium
content in theh8 is consistent with a fraction below 15%
[10]. In any case, if there is a strong coupling ofh8 meson to
gluons, it would be conceivable that short-range reaction
processes such aspp→pph8 might reveal the gluonic de-
grees of freedom in the low energy interactions involving
nucleons andh8 [21].

One of the properties of theh8 meson of extreme impor-
tance is its yet poorly known coupling strength to the
nucleon. This has attracted much attention in connection
with the so-called “nucleon-spin crisis” in polarized deep
inelastic lepton scattering[22]. In the zero-momentum limit,
the NNh8 coupling constantgNNh8 is related to the flavor
singlet axial charge GA through the flavor singlet
Goldberger-Treiman relation[23] (see also Refs.[24,25])
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2mNGAs0d = FgNNh8s0d +
F2

2NF
mh8gNNGs0d, s2d

whereF,Î2NFFp is a renormalization-group invariant de-
cay constant;NF andFp denote the number of flavors and the
pion decay constant, respectively.gNNG describes the cou-
pling of the nucleon to the gluons arising from contributions
violating the Okubo-Zweig-Iizuka[26] rule. The EMC col-
laboration[23] has measured an unexpectedly small value of
GAs0d,0.20–0.35. The first term on the right-hand side of
the above equation corresponds to the quark contribution to
the “spin” of the proton, and the second term to the gluon
contribution[25,27]. Therefore, ifgNNh8s0d is known, Eq.(2)
may be used to extract the couplinggNNGs0d. However, un-
fortunately, there is no direct experimental measurement of
gNNh8s0d so far. Reaction processes where theh8 meson is
produced directly off a nucleon, such asgp→ph8 and pp
→pph8, may thus offer a unique opportunity to extract this
coupling constant. Of course, other production mechanisms,
such as meson exchange and nucleon resonance currents,
must be taken into account before a quantitative determina-
tion of gNNh8 is possible.

Yet another interesting aspect in studyingh8 production
processes is that they may provide an alternative tool to ex-
tract information on nucleon resonances,N* . Current knowl-
edge of most of the nucleon resonances is mainly due to the
study ofpN scattering and/or pion photoproduction off the
nucleon. Reaction processes such ash8 photoproduction pro-
vide opportunities to study those resonances that couple only
weakly to pions, especially, in the less explored higherN*

mass region of “missing resonances”[28]. Missing reso-
nances are those predicted by quark models but not found in
more traditional pion-production reactions[28].

In the present work, we concentrate on the reactionsgp
→ph8 and pp→pph8. So far there exists only a limited
number of studies of theh8 photoproduction both experi-
mentally[29,30] and theoretically[31–34]. Zhanget al. [31],
in their theoretical investigation using an effective Lagrang-
ian approach, have emphasized the role of theD13s2080d
resonance in the description of the, then, existing data[29],
while Li [32] has described those data within a constituent
quark model with the off-shellS11s1535d excitation as the
dominant contribution. The authors of Ref.[30] described
their data — obtained with much higher statistics than the
previous measurements[29] — in the energy region from
threshold to 2.6 GeV under the assumption of resonance
dominance. They considered anS11 and aP11 resonance with
extracted masses of 1897 and 1986 MeV, respectively. The
former resonance was needed to explain the energy depen-
dence of the total cross section which exhibits a steep rise
and falloff close to threshold. TheP11s1986d resonance was
needed to account for the measured forward rising angular
distributions. In a calculation similar to that in Ref.[32],
Zhao [34] introduced also aP13 and anF13 resonance to
describe the SAPHIR data[30]. In both these quark model
calculations, no(t-channel) vector meson exchange contribu-
tion was considered. Based on aUs3d baryon chiral pertur-
bation theory, Borasoy [33] introduced the off-shell

P11s1440d andS11s1535d resonances, in addition to the Born
and vector meson exchange contributions, to describe the
data[30]. Quite recently, Chianget al. [35] have put forward
a model forh8 photoproduction that considers thet-channel
vector meson exchanges in terms of Regge trajectories to
comply with high energy behavior. In their calculation,
which was applied to the SAPHIR data[30] (that cover an
energy region,2.6 GeV), the interference of the Regge tra-
jectories with anS11 resonance is the underlying mechanism
responsible for reproducing the data and no need of anyP11
resonance contribution was found. In contrast, also in a quite
recent calculation, Sibirtsevet al. [36] have described the
SAPHIR data by considering thet-channelr- andv-meson
exchange contributions with an exponential form factor at
the gh8v vertex sv=r ,vd. The observed forward rise of the
angular distribution is then largely accounted for by the
(t-dependent) exponential form factor. In addition, the
S11s1535d resonance is introduced in order to account for the
energy dependence of the total cross section. Sibirtsevet al.
[37] have also speculated that theh8 photoproduction at high
energies and larget may be useful in determining theNNh8
coupling constantgNNh8. New experimental investigations of
h8 photoproduction are currently being carried out at JLab
by the CLAS collaboration[37] and at ELSA by the Crystal
Barrel collaboration[38].

The pp→pph8 reaction has been a subject of increasing
attention in the last few years. Experimental data on total
cross section exist for excess energies up toQ,24 MeV
[39], in addition to the total cross section and the angular
distribution atQ=143.8 MeV from the DISTO collaboration
[40]. The new total cross section data in the excess energy
range ofQ=26–47 MeV and an angular distribution atQ
=46.6 MeV have been just reported by the COSY-11 col-
laboration [41], filling in partly the gap between the near
threshold[39] and higher energy DISTO data[40]. Theoreti-
cally, the pp→pph8 reaction has been investigated by a
number of authors[42,43] within meson-exchange ap-
proaches of varying degrees of sophistication. In particular,
in Ref. [43], we have explored the possible role of the nucle-
onic, mesonic, and resonance current contributions. The
S11s1987d and P11s1986d resonances as determined by the
SAPHIR collaboration[30] have been considered for the
resonance current. Due to the scarcity of the then available
data(total cross sections up toQ<10 MeV), it was not pos-
sible to quantitatively constrain each of these currents. With
the increase of the data base since then, we are now in a
much better position to learn about this reaction than was
possible before.

The major purpose of the present work is to perform a
combined analysis of thegp→ph8 andpp→pph8 reactions
within a relativistic meson-exchange model of hadronic in-
teractions(see Figs. 1 and 2). For theh8 photoproduction, in
the s and u channels, we consider contributions due to the
intermediate nucleon and the nucleon resonances and in the
t-channel, we take into accountr and v meson exchanges.
Since we employ the physical coupling constants and physi-
cal masses for all intermediate particles in all the channels,
the s-channel diagrams also account for the pole part of the
Nh8 final-state interaction(FSI) [44]. For the nonpole part of
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the FSI, theu andt channels correspond to the Born approxi-
mation of the correspondingNh8 T matrix. Phenomenologi-
cal form factors are attached to each vertex in all channels.
The total amplitude is constrained to obey gauge invariance
following the prescription of Refs.[45–47]. The photopro-
duction amplitude thus obtained is then used in the construc-
tion of the basich8 production amplitude inpp→pph8 by
replacing the photons with relevant mesons which, in turn,
are attached to the second nucleon(see Fig. 2). Hereafter, the

basich8 production amplitude is referred to as theh8 pro-
duction current following the nomenclature employed in Ref.
[43]. Thepp→pph8 reaction is then described in a distorted-
wave born approximation(DWBA) which includes both the
nucleon-nucleon(NN) final-state interaction and the initial-
state interaction(ISI).

The present paper is organized as follows. In Sec. II our
model for the gp→ph8 and pp→pph8 reactions is de-
scribed briefly. The numerical results are discussed in Sec.
III, and in Sec. IV, we present our summarizing conclusions.

II. FORMALISM

The dynamical content of our approach is summarized by
the graphs of Figs. 1 and 2. For theh8 photoproduction, we
employ the tree graphs of Fig. 1 with form factors at the
vertices to account for the hadronic structure. The gauge in-
variance of this production current is ensured by adding a
phenomenological contact current, according to the prescrip-
tion of Refs.[44,45]. This contact term(see below) may also
be thought of as mocking up the neglected parts of the final-
state interaction. The hadronicpp→pph8 reaction is de-
scribed according to the model put forward in Refs.[43,48].
The DWBA amplitudeM for this process is given by[48]

M = s1 + TfGfdJs1 + GiTid, s3d

whereTn, with n= i , f, denotes theNN T-matrix interaction in
the initial sid or final sfd state, andGn is the corresponding
two-nucleon propagator(which absorbs the factori found in
the DWBA formula given in Ref.[48]). J sums up the basic
h8 production mechanisms depicted in Fig. 2. In the absence
of models capable of providing a reliable off-shellNN ISI,
we consider it only in the on-shell approximation following
Ref. [48]. This is shown to be a reasonable approximation for
calculating cross sections[49]. The NN FSI is generated by
using the Bonn potential[50]. We use the Blankenbecler-
Sugar propagator for the two-nucleon propagatorGf in Eq.
(3) in order to be consistent with theNN interaction used.
The Coulomb force is ignored in the present calculation; its
effect is known to be relevant only in the energy region very
close to threshold(excess energies less than 5 MeV) [43]. In
the present work we concentrate our attention on the higher
excess energy region where the Coulomb effect is negligible.

The interaction Lagrangian used to construct our model
for the basic production amplitudes is given below. For fur-
ther convenience, we define the operators

Gs+d = g5 and Gs−d = 1. s4d

A. Electromagnetic interaction Lagrangians

The electromagnetic vertices are derived from the follow-
ing Lagrangian densities.

FIG. 1. Diagrams contributing togp→h8p. Time proceeds from
right to left. The intermediate baryon states are denotedN for the
nucleon, andR for the S11 and P11 resonances. The intermediate
mesons in thet channel arer andv. The external legs are labeled
by the four-momenta of the respective particles and the labelss, u,
and t of the hadronic vertices correspond to the off-shell Mandel-
stam variables of the respective intermediate particles. The three
diagrams in the lower part of the diagram are transverse individu-
ally; the three diagrams in the upper part are made gauge invariant
by an appropriate choice(see text) of the contact current depicted in
the top-right diagram. The nucleonic current(nuc) referred to in the
text corresponds to the top line of diagrams; the meson-exchange
current (mec) and resonance current contributions correspond, re-
spectively, to the leftmost diagram and the two diagrams on the
right of the bottom line of diagrams.

FIG. 2. Basic production mechanisms forpp→pph8. Time pro-
ceeds from right to left. The full amplitude, with additional initial-
and final-state contributions, is given by Eq.(3). As in Fig. 1,N and
R denote the intermediate nucleon and resonances, respectively, and
M incorporates all exchanges of mesonsp, h, r, v, s, and a0

s;dd for the nucleon graphs andp, r, and v for the resonance
graphs. External legs are labeled by the four-momenta of the re-
spective particles; the hadronic verticess, u, andt here correspond
to the same kinematic situations, respectively, as those identified
similarly in Fig. 1. The nucleonic, resonance, and meson-exchange
contributions referred to in the text correspond, respectively, to the
first, second, and third lines of the diagrams on the right-hand side.
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NNg Lagrangian.

LNNg = − eN̄HSgm − kp
smn]n

2mN
DAmJN, s5d

where Am and N stand for the photon and nucleon fields,
respectively.mN is the nucleon mass,e the elementary charge
unit, andkp=1.793 the anomalous magnetic moment of the
proton.

NN*g Lagrangian (resonance N* =S11,P11).

LNN*g
s±d =

gNN*ge

mN* + mN
N̄*Gs7dsmns]nAmdN + H.c., s6d

whereN* stands for the resonance field. The upper and lower
signs on the left refer to the evens+d and odds−d parity
resonance, respectively;mN* is the resonance mass and
gNN*ge the coupling constant. Both parameters are fit param-
eters.

h8vg Lagrangian (vector mesonv=r ,v).

Lh8vg = −
gh8vge

mv
«abnms]aVbds]nAmdh8, s7d

where«mnab is the Levi-Civita tensor.Vb stands for the vec-
tor meson fields=r3

b ,vbd. The resultingh8vg vertex is mul-
tiplied by the form factorFvstd which describes the off-shell
behavior of the intermediate vector meson with squared mo-
mentum transfert=sp−p8d2 (cf. fourth diagram in Fig. 1). In
general, we use the dipole form

Fvstd = SLv
2 − mv

2

Lv
2 − t

D2

s8d

(see, however, Fig. 10 below and its discussion in the text).
The cutoffLv, taken to be identical for bothr andv, is a fit
parameter. The coupling constantsgh8vg in Eq. (7) are taken
from radiative decays[12]; their signs are inferred from
SUs3d symmetry considerations following Ref.[43] in con-
junction with the sign of the coupling constantgpvg deter-
mined from a study of pion photoproduction in the 1 GeV
energy region[51].

B. Hadronic interaction Lagrangians

The following Lagrangians describe the hadronic vertices.
NNh8 Lagrangian.

LNNh8 = − gNNh8N̄Hg5Fil +
1 − l

2mN
]”Gh8JN, s9d

where]”=gm]m.
NN*h8 Lagrangian (resonance N* =S11,P11).

LNN*h8
s±d = 7 gNN*h8N̄

*HGs±dFil +
1 − l

mN ± mN*
]”Gh8JN + H.c.,

s10d

where the upper and lower signs on the left refer to the even
s+d and odds−d parity resonances, respectively. Following
Refs.[43,48], each of theNBh8 vertices obtained from Eqs.

(9) and(10) sB=N,N*d is multiplied by a phenomenological
cutoff function

GBsxd =
LB

4

LB
4 + sx − mB

2d2 , s11d

which is normalized to unity, i.e.,GBsmB
2d=1. The variablex

is the squared four-momentum of the intermediate off-shell
baryonB, whose massmB is equal to either the nucleon mass
mN or the mass of the resonance,mN* . The cutoff LB
=1200 MeV is taken as the same for all baryons. The param-
etersl;lNBh8 in Eqs.(9) and(10) describing the mixing of
pseudoscalar and pseudovector contributions and the cou-
pling constantsgNBh8 are individual fit parameters for each of
the three baryon states considered here.(As the subsequent
discussion shows, the fits prefer couplings that are almost
entirely pseudovector for the nucleon, i.e.,lNNh8<0, and
almost entirely pseudoscalar for the resonances, i.e.,lNN*h8
<1.)

vvh8 Lagrangian (vector mesonv=r ,v).

Lrrh8 = −
grrh8

2mr

«abnms]arWbd · s]nrWmdh8, s12ad

Lvvh8 = −
gvvh8

2mv

«abnms]avbds]nvmdh8, s12bd

whererWm andvb stand for ther andv meson fields, respec-
tively. Each of the resultingvvh8 vertices is multiplied by a

product of form factors,F̃vsq1
2dFvsq2

2d, whereq1=p1−p18 and
q2=p2−p28 (cf. last diagram in Fig. 2). The form factor

F̃vsq2d = S Lv
2

Lv
2 − q2D2

s13d

associated with one of the intermediate off-shell vector me-
sons is the same as in Eq.(8), with the same cutoff masses
Lv, except for the normalization point, consistent with the
kinematics at which the coupling constantsgvvh8 are ex-
tracted. Thegvvh8 are obtained from a systematic analysis of
the radiative decay of vector and pseudoscalar mesons based
on SU(3) symmetry considerations in conjunction with
vector-meson dominance arguments[43]. Hence, there are
no freeindependentparameters for this vertex.

NN*p Lagrangian (resonance N* =S11,P11).

LNN*p
s±d = 7

gNN*p

mN ± mN*
N̄*Gs±ds]”pW d · tWN + H.c., s14d

wherepW denotes the pion field. Again, each of the resulting
NN*p vertices is multiplied by a product of form factors,
GN*sxdGpsqp

2d; qp is the pion’s four-momentum andx, as
before, is the squared four-momentum of the intermediateN*

state. The form factorGN* here is exactly the same as in Eq.
(11) for B=N* , with LN* =1200 MeV.Gp is the pion form
factor parametrization from the Bonn potential, with a
cutoff-mass value of 900 MeV. For this vertex, therefore, the
coupling constantgNN*p is the only additional fit parameter.
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NN*v Lagrangian (vector mesonv=r ,v; resonance N*

=S11,P11).

LNN*v
s±d =

gNN*v

mN* + mN
N̄*Gs7dsmns]nVmdN + H.c., s15d

whereVm=rWm ·tW ,vm. Each resulting vertex is multiplied by a
product of form factors,GN*sxdFvsqv

2d; qv is the vector me-
son’s four-momentum andx has the same meaning as before.
The parameters ofGN* andFv are fixed already; the coupling
constantgNN*v, therefore, is the only fit parameter here.

All of the remaining MNN vertices (meson M
=p ,h ,r ,v ,s ,a0) are parametrized as in the Bonn potential
[51]. The only exceptions are the values of the coupling con-
stantgNNv=10, the pseudoscalar-pseudovector(ps-pv) mix-
ing parameter lNNp=0, and the cutoff-mass value of
900 MeV at theNNp vertex used in the resonance and me-
son exchange currents(see discussion in Refs.[48,52]).

Throughout this work, the widths of the nucleon reso-
nances are fixed to beGN* =150 MeV sN* =S11,P11d. We ne-
glect their energy dependence in order to keep the analysis
simple. Certainly, such a feature should be taken into account
when aiming at a more quantitative extraction of the reso-
nance parameters with data more accurate than what are
available at present.

In the present work we restrict ourselves to contributions
from p, r, andv meson exchanges in the resonance currents
in describing thepp→pph8 reaction. Also, in contrast to
Ref. [43], we omit theshh8-exchange current in the present
work because it is much less under control than the dominant
vvh8-exchange contribution and its inclusion would intro-
duce additional uncertainties in the model.

C. Gauge-invariance preserving contact term

Employing form factors for thes- and u-channel contri-
butions to the photoproduction amplitude containing an in-
termediate nucleon(see the first two diagrams in Fig. 1) and
allowing for pseudovector couplings in theNNh8 vertex in
general destroys the gauge invariance of the production am-
plitude. Within the present context of a model approach, to
restore gauge invariance requires the introduction of phe-
nomenological contact-type currents.

Following here the prescription given in Refs.[45,46],
there are two basic contributions necessary to ensure gauge
invariance for the present application togp→ph8. The first
contribution,

jKR
m = − egNNh8s1 − lNNh8d

g5gm

2mN
fGNssd − GNsudg, s16d

corresponding to the Kroll-Ruderman current of pion photo-
production, cancels the gauge-invariance-violating terms
arising from using pseudovector couplings. The form factors
GN here correspond to Eq.(11). The second gauge-
invariance preserving(GIP) contribution,

jGIP
m = − egNNh8g5

s2p + kdm

s− mN
2 fGNssd − F̂g

− egNNh8g5
s2p8 − kdm

u − mN
2 fGNsud − F̂g, s17d

is necessary because our model employs form factors at the
vertices. As far as gauge invariance is concerned, the func-

tion F̂ here is arbitrary. Analyticity, on the other hand, re-
quires that this current be free of singularities, i.e., it must be

a contactcurrent. One of the simplest choices forF̂ in the
present context then is1

F̂ = 1 − fGNssd − 1gfGNsud − 1g. s18d

This corresponds to the choice advocated in Ref.[48] on the
grounds of crossing symmetry. The resulting GIP current
then is

jGIP
m = − egNNh8g5s2p + kdmGNsud

GNssd − 1

s− mN
2

− egNNh8g5s2p8 − kdmGNssd
GNsud − 1

u − mN
2 , s19d

which evidently is free of any singularities. Adding the sum
of the Kroll-Ruderman term(16) and the GIP current(19)
restores gauge invariance for the present model; in Fig. 1,
they correspond to the rightmost diagram in the top row of
diagrams.

III. RESULTS AND DISCUSSION

The basic strategy of our model approach is to first fix the
free parameters of the photoproduction reaction and then go
to the hadronic process to fix the remaining parameters.

The results for coupling constants and resonance masses,
etc., given here were obtained by standard best-fit proce-
dures. At present, however, the quality of the data is not good
enough to provide really stringent constraints for the fits. As
discussed also in detail below, in many instances, therefore,
the parameters obtained here may be changed within certain
limits without affecting the overall quality of the fits. In this
situation,x2 values for the fits carry little information and
were omitted from the tables.

The steep rise and fall of the measured total cross section
in gp→ph8 close to threshold[29,30] suggests the presence
of an S11 nucleon resonance contribution. Of course, one

1In Refs. [45,46], it was argued that, for simplicity, one should

choose to describeF̂ in terms of the existing form factors of the
problem at hand. The most general ansatz then would be

F̂ss,u,td = 1 −o
i,j ,k

ai jkfGsssdgifGusudg jfGtstdgk,

whereGs, Gu, andGt are thes-, u-, andt-channel form factors. The
simplest choice that is free of singularities is then given by restrict-
ing the sum toi , j ,k, =0,1 andputting ai jk =s−1di+j+k. Equation
(18) follows with Gt;0 andGs=Gu=GN.
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should always keep in mind that there is also the possibility
of a threshold cusp effect, as discussed in Ref.[53], that
might explain the observed behavior of the photoproduction
total cross section close to threshold in the absence of any
resonance. This requires further careful considerations. Here
we assume the observed behavior of the cross section to be
due to the nucleon resonance. Therefore, we first consider
the N* =S11 resonance current. The mass of the resonance as
well as the product of the coupling constants,gNN*ggNN*h8,
and the ps-pv mixing parameter at theNN*h8 vertex are free
parameters to be fitted to the measured angular distributions
from 1.49 to 2.44 GeV[30]. In addition to theS11 resonance,
we also consider ther andv meson-exchange currents in the
t channel. For this current, the coupling constants at the pro-
duction verticesh8vg sv=r ,vd are known from the radiative

decay of h8, h8→v+g. Also, since the relevant hadronic
vertices NNv are known from other studies, the only un-
known parameter in the mesonic current is the cutoff param-
eter Lv in the form factor at theh8vg vertex [cf. Eq. (7)].
Together with the free parameters of theS11 resonance, it has
also been fitted to the data. The resulting parameter values
are quoted in Table I(a), and the corresponding angular dis-
tributions in Fig. 3(a). Here, the mass of theS11 resonance
results to bemS11

=1760 MeV; however, inclusion of other
currents into the fitting procedure will change its value as we
shall show below. As one can see from the figure, the
S11s1760d current contribution decreases as the energy in-
creases while the mesonic current contribution increases with
the energy and rises at forward angles. At lower energies, the
constructive interference between the two currents is impor-

TABLE I. Model parameters fitted to thegp→h8p andpp→pph8 data. The dipole form factor is used at the electromagnetic vertex in
the mesonic current[cf. Eq. (8)]. Below, “Bonn” indicates that the same values as in the BonnNN potential B(Table A.1) [50] are used.s†d
indicates that the values ofgNNv

=10 andslNNp ,LNNpd=s0,900 MeVd overwrite those of the Bonn potential. The widths of the resonances
N* =S11, P11 are fixed to beGN* =150 MeV. Also, the pseudovector couplingsl=0d is used at theNN*p vertices. Values in boldface are not
fitted. Column(a) includes only the meson-exchange current(mec) and theS11 resonance current. Adding either the nucleonic(nuc) or aP11

resonance current contribution produces the results of columns(b) and (c), respectively. In(d), successively stronger(as indicated by the
values of thegNNh8 coupling constant in the square brackets) nucleonic contributions are added to mec+S11+P11 contribution.

Coupling constant (a) (b) (c) (d)

Nucleonic current:

sgNNg ,kpd (e, 1.793) (e, 1.793)

sgNNh8 ,ld (2.22, 0.05) ([1, 2, 3], 0)

LN sMeVd 1200 1200

MNN fM =p ,h ,r ,v ,s ,a0g Bonn Bonn

Mesonic current:

gh8rg 1.25 1.25 1.25 1.25

gh8vg 0.44 0.44 0.44 0.44

Lv sMeVd 1383 1253 1400 [1286, 1257, 1225]

gh8rr 4.94 4.94 4.94 4.94

gh8vv 4.90 4.90 4.90 4.90

MNN fM =r ,vgs†d Bonn Bonn Bonn Bonn

N* =S11 current:

mN* sMeVd 1760 1536 1646 [1650, 1650, 1650]

sgNN*ggNN*h8 ,ld (0.68, 1.00) (4.16, 1.00) (3.56, 0.76) [(2.22, 0.98), (2.45, 1.00), (2.61, 1.00)]

LN* sMeVd 1200 1200 1200 1200

gNN*pgNN*h8 3.62 16.34 11.11 [2.62, 4.37, 4.77]

gNN*rgNN*h8 −0.49 −2.25 11.25 [11.01, 7.23, 6.69]

gNN*vgNN*h8 0.24 7.75 −1.93 f−14.44,−5.16,−2.04g
MNN fM =p ,r ,vgs†d Bonn Bonn Bonn Bonn

N* =P11 current:

mN* sMeVd 1873 [1870, 1849, 1852]

sgNN*ggNN*h8 ,ld (4.60, 0.82) [(3.28, 0.97), (1.88, 0.90), (0.27, 0.97)]

LN sMeVd 1200 1200

gNN*pgNN*h8 6.04 [4.61, 6.98, 9.45]

gNN*rgNN*h8 −2.20 f−6.05,−4.99,−4.71g
gNN*vgNN*h8 −20.53 f−28.69,−32.24,−28.35g
MNN fM =p ,r ,vgs†d Bonn Bonn
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tant in enhancing the cross section, although it is not suffi-
cient to reproduce the forward rise exhibited by the data. At
higher energies, the mesonic current dominates almost com-
pletely and describes nicely the observed angular distribu-
tion. Therefore, the mesonic current is fixed to a large extent
by the forward angle data at higher energies.

Figure 3(b) shows the results when the nucleonic current
is added to theS11 resonance and mesonic currents. In the
nucleonic current, both theNNh8 coupling constantgNNh8
and the corresponding ps-pv mixing parameterlNNh8 are fit-
ted to the data. The parameters in the mesonic andS11 reso-
nance currents are refitted to the data altogether. The corre-
sponding values are given in Table I(b). The nucleonic
current contribution(long-dashed curves) is small at lower
energies but increases with energy at backward angles due to
the u-channel diagram, a feature that has been also realized
in Ref. [36]. Therefore, measurements at high energy and
backward angles(large t) will help constrain the poorly
knownNNh8 coupling constantgNNh8. We will come back to

further discussion of this issue later. TheS11 resonance con-
tribution (dashed curves) is larger than that shown in Fig.
3(a) at lower energies which improves the description of the
data in this energy region. It also exhibits a stronger energy
dependence. The fitted value of the resonance mass is now
mS11

=1536 MeV. A comparison with the value ofmS11
=1760 MeV obtained in Fig. 3(a) illustrates how this param-
eter value changes with the inclusion of different production
mechanisms. Due to a constructive interference between the
nucleonic plus resonance current and the mesonic current in
the forward angle region at higher energies, the latter contri-
bution is somewhat smaller than in Fig. 3(a). The overall
description of the data is improved with respect to that in
Fig. 3(a).

Figure 3(c) illustrates the effect of theP11 resonance in
gp→ph8. The mass of theP11 resonance as well as the
product of the coupling constants,gNN*ggNN*h8, and the ps-pv
mixing parameter at theNN*h8 vertex sN* =P11d are free
parameters to be fitted to the data together with the param-

FIG. 3. (Color online) Differential cross section forgp→ph8 according to the mechanisms shown in Fig. 1. Panel(a) includes only the
meson-exchange current(mec) and theS11 resonance. Adding either the nucleonic(nuc) contribution or aP11 resonance produces the results
of panels(b) and (c), respectively. In(d), successively stronger(as indicated by the values of thegNNh8 coupling constant) nucleonic
contributions are added to the results shown in panel(c). In each case, the model parameters are determined by best fits. The meaning of the
corresponding lines is indicated in the panels. The data are from Ref.[30].
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eters in the other currents. The resulting parameter values are
given in Table I(c). Here, the nucleonic current has been
switched off [it will be considered in the results shown in
Fig. 3(d)]. As can be seen, theP11 resonance contribution
(dotted curves) rises at backward angles; it also rises and
falls with energy. TheS11 resonance contribution(dashed
curves) is relatively small, but its interference with theP11
resonance contribution results in a total resonance current
contribution (long-dashed curves) that rises at forward
angles. Again, the mesonic current(dash-dotted curves)
dominates at higher energies. The solid curves correspond to
the total contribution. The overall agreement with the data is
excellent, showing that theP11 resonance may be required
for a quantitative description of the data. For a more definite
conclusion about the role of theP11 resonance more accurate
data are called for. The fitted masses of theS11 and P11
resonances aremS11

=1646 MeV andmP11
=1873 MeV, re-

spectively. Since an excellent agreement with the data is
achieved at this point, we might identify theS11 resonance
with the known S11s1650d resonance[12], whose quoted
width is GS11

=180 MeV. (Recall that, in this work, we have
used a constant width ofGN* =150 MeV for all the reso-
nances.) The P11 resonance does not correspond to any
known resonance; it is tempting to identify it with one of the
missing resonances withmP11

=1880 MeV and with the cor-
responding width ofGP11

=155 MeV, predicted by quark
models[28,54]. Recently, an evidence for this resonance has
been found in a three-channel unitary model analysis[56].
However, we emphasize that such an identification from the
present analysis is premature as we shall show later in con-
nection with the results in Fig. 4.

The role of the nucleonic current is illustrated in Fig. 3(d).
Here, each curve corresponds to a given value of theNNh8
coupling constantgNNh8 as indicated. The pseudovector cou-
pling slNNh8=0d is adopted. We mention that we have also

considered the pseudoscalar couplingslNNh8=1d, but the fits
do not support this choice and prefer to have a small value of
lNNh8 close to zero.2 For each value ofgNNh8, the parameters
of the resonance and mesonic currents have been refitted to
best reproduce the data; the values are given in Table I(d).
Here, the mass of theS11 resonance is fixed at 1650 MeV.
The solid curves corresponding to the choicegNNh8=0 are
the same results as shown in Fig. 3(c). As one can see again,
the major effect of the nucleonic current shows up at higher
energies and backward angles in the photoproduction reac-
tion. Accurate measurements in these kinematic regions are
called for. In any case, judging from the overall results, the
existing data do not support values much larger thangNNh8
=3. In fact, they seem to prefer smaller value ofgNNh8, com-
patible with 0. This is considerably smaller than the value of
gNNh8=6.1 used in our previous work[44] on pp→pph8,
and it is more in line with estimates based on the dispersion
method[56].

As discussed in the Introduction, such a small value of the
NNh8 coupling would have an important implication in con-
nection to the “spin puzzle” of the nucleon. A recent estimate
[7] of gNNh8 based on an alternative formula to Eq.(2) (ne-
glecting the higher excited pseudoscalar states or glueballs
which are assumed to be negligible) in conjunction with the
measured value of the singlet axial charge yields a value of
gNNh8s0d=1.4±1.1. It should be noted that theNNh8 cou-
pling constant entering in Eq.(2) is at zero momentum
squared,gNNh8sq

2=0d, while the coupling constantgNNh8 in
the present work is defined at the on-shell momentum
squared,q2=mh8

2 . We emphasize that the relatively small
value of gNNh8 found here is a model-dependent result. In
particular, what is relevant in our model is the product of the
NNh8 coupling constant and the corresponding off-shell
form factor. Since the intermediate nucleon in the nucleonic
current is far off shell due to the large mass of the produced
h8 meson, the result is sensitive to the choice of the form
factor. As mentioned in the preceding section, the form factor
used at theNNh8 vertex is the same as that used consistently
in our investigation of other meson production processes.

In Fig. 4 we show a comparison of two fit results for
gp→ph8, in which both theS11 andP11 resonance currents
were considered in addition to the meson exchange current.
The solid curves are the same results shown in Fig. 3(c) with
the resulting resonance masses ofmS11

=1646 MeV and
mP11

=1873 MeV. The dashed curves correspond to a fit with
the resulting resonance masses ofmS11

=1744 MeV and
mP11

=1879 MeV. For this fit, the values of the remaining fit
parameters are very close to the corresponding values quoted
in Table I(c), except for the value ofgNN*ggNN*h8=2.07 for
N* =S11 which compensates for the change in the value of

2If we choose pure pseudoscalar couplingslNNh8=1d, we find that
there is a strong transition between the positive and negative energy
components of the nucleon wave functions in the final and interme-
diate states, respectively, since the intermediate nucleon is far off
shell owing to the fact that the present reaction involves the pro-
duction of a massive particlesh8d. As a result, the nucleonic current
contribution becomes large for this choice of the coupling and this
is not supported by the data.

FIG. 4. (Color online) Two fits resulting in different sets of the
extracted resonance mass values. Both fits include theS11 and P11

resonances as well as the meson-exchange currents. The solid
curves are the same ones shown in Fig. 3(c) with the mass values of
smS11

,mP11
d=s1646,1873d MeV. For the dashed curves, the corre-

sponding mass values ares1744,1879d MeV.
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FIG. 5. (Color online) Excess energy,Q, dependence of the total cross section(top row of diagrams) and angular distributions atQ=46.6 and 143.8 MeV in the c.m. frame of the
system(bottom row) for pp→pph8, according to the mechanisms depicted in Fig. 2. The panels labeled(a)–(d) in both rows correspond to the respective panels(a)–(d) in Fig. 3, and
all the line styles are explained there. In part(d) of the total cross section and in the corresponding 47 MeV angular distribution, on the present scales, all curves practically lie on top
of each other, i.e., these results are very insensitive to the nucleonic contributions. The total cross section comprise data from Refs.[39–41]; the angular distribution data are from the
COSY-11 collaborations47 MeVd [41] and from DISTOs144 MeVd [40]. The calculations shown here incorporateall three data sets in the determination of the hadronic resonance
coupling parameters(in contrast to the results shown in Fig. 7 below).
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mS11
. As one can see, the quality of the fit is essentially the

same in both cases; yet, the extracted values ofmS11
differ by

,100 MeV from each other.(See also the results of a Regge
trajectory calculation in Fig. 9, where the mass of theP11
resonance varies substantially.) This illustrates the order of
uncertainties involved in the identification of the resonances
from the differential cross section data only(at least from
those currently available and from the type of analysis em-
ployed here). For a more definitive identification of the reso-
nances, one probably needs more exclusive data than the
cross sections, such as the spin observables shown in Fig. 6,
which can impose more stringent constraints. A further in-
vestigation of this issue is certainly required.

The results for thepp→pph8 reaction are shown in Fig.
5. The two panels labeled(a) include theS11s1760d reso-
nance and the mesonic currents; they correspond to the pho-
toproduction results of Fig. 3(a). All the relevant parameters
for the latter reaction are taken over unchanged. Thus, the
additional parameters to be fitted for the hadronic reaction
concern the three products of the coupling constants,
gNN*pgNN*h8, gNN*rgNN*h8, and gNN*vgNN*h8 [where N*

=S11s1760d], corresponding to the three mesons exchanged
between the two interacting nucleons in the resonance cur-
rent (see Fig. 2). The resulting values are given in Table I(a).
As can be seen here, the dominant contribution is the
S11s1760d resonance current(dashed curves). The mesonic
current is relatively small. The total cross section is nicely
reproduced, as well as the measured angular distribution at
Q=47 MeV.3 The latter exhibits some angular dependence
although it might be compatible with a flat shape within the
given experimental uncertainties. The completely flat angular
distribution measured atQ=144 MeV, however, is not repro-

duced. As one can see, the calculated angular dependence is
introduced by theS11 resonance and it arises due to the recoil
of this resonance in the overall center-of-mass(c.m.) frame.

Figure 5(b) shows the results forpp→pph8 which in-
clude the nucleonic,S11s1536d resonance, and mesonic cur-
rents. Some of the parameters are fixed from the photopro-
duction reaction corresponding to Fig. 3(b). As before, the
remaining parameters are fitted to thepp→pph8 data and
are given in Table I(b). Here, for the purpose of consistency,
one could, in principle, employ the coupling constants at the
MNN* vertex sM =p ,h ,r ,vd for N* =S11s1535d resonance
as determined from our recent study of thepp→pph reac-
tion [57]. We would then have the coupling constantgNN*h8
as the only free parameter to be fitted. However, we have
opted not to do so because Ref.[57] did not aim for a quan-
titative determination of those coupling constants. As can be
seen here, theS11s1536d resonance current(dashed curves)
gives nearly the whole contribution to the cross sections. The
mesonic current is small followed by the nucleonic current.

3The excess energyQ is defined asQ=Îs−Îso, whereÎs denotes
the total energy of the system andÎso=2mN+mh8 its h8-production
threshold energy.

TABLE II. Same as in Table I, except that here the angular
distribution data atQ=46.6 MeV inpp→pph8 were excluded from
fitting. Only those parameters affected by this exclusion in the fit-
ting procedure are displayed.

Coupling constant (a) (b) (c) (d)

N* =S11 current:

gNN*pgNN*h8 20.03 13.33 10.02 [0.05,0.98,3.28]

gNN*rgNN*h8 5.49 4.48 9.23 [14.53,11.92,8.42]

gNN*vgNN*h8 1.27 2.30 7.41 [2.25,6.31,4.25]

N* =P11 current:

gNN*pgNN*h8 3.92 [13.01,1.54,16.47]

gNN*rgNN*h8 27.83 [10.21,23.90,8.81]

gNN*vgNN*h8 20.70 [5.17,12.23,18.16]

FIG. 6. (Color online) Target and photon asymmetriesT andS, respectively, forgp→ph8 and analyzing powerAy for pp→pph8. The
solid lines correspond to the parameters for the(d) panels in Figs. 3–5, withgNNh8=0. The dashed lines are obtained whengNNh8=3. The
dotted lines correspond to the parameters for the(a) panels in Figs. 3–5, where both theP11 and nucleonic currents are absent.
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FIG. 7. (Color online) Same as Fig. 5, except that now the 47 MeV angular distribution data set is excluded when fitting the hadronic parameters.
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This is in contrast to the results in our previous work[43],
where due to the scarcity of the then available data, it had not
been possible to constrain the individual current contribu-
tions. The solid curves correspond to the total contribution.
They exhibit similar features to those shown in Fig. 5(a).
Here, the model tends to overestimate the total cross section
at high energies although it still lies within the experimental
uncertainties. We may conclude, therefore, that the addition
of the nucleonic current at this stage does not improve the
agreement with the data.

Next, we add theP11s1873d resonance to the mesonic and
S11s1646d resonance contributions. The results are shown in
Fig. 5(c). Again, all parameters relevant for the correspond-
ing photoproduction reaction results of Fig. 3(c) are taken
over. The additional parameters fitted for the hadronic reac-
tion are given in Table I(c). It is interesting to note that,
unlike in the photoproduction, here theP11s1873d contribu-
tion is much smaller than that fromS11s1646d. The latter is
the dominant current. The angular distribution atQ
=144 MeV is somewhat improved; however, still in dis-
agreement with the data. This issue is further discussed in
Fig. 7.

Figure 5(d) illustrates the influence of the nucleonic cur-
rent in thepp→pph8 reaction. The corresponding fitted pa-
rameters are given in Table I(d). As one can see, this reaction
is rather insensitive to the nucleonic current contribution.
This corroborates the statement in our earlier work[43].

Figure 6 illustrates the sensitivity of some of the spin
observables to the coupling constantgNNh8 and also to the
P11 resonance. The figure shows the targetsTd and photon
sSd asymmetries in thegp→ph8 reaction. As can be seen,
the target asymmetry is sensitive togNNh8 at backward angles
around 1.69–1.94 GeV(compare the solid and dashed
curves). However, this is the region where the cross section
is very small. The photon asymmetry becomes sensitive at
higher energies and in a wider range of theh8 emission
angle. This observable, therefore, may be helpful in con-
straining gNNh8 more than just simple cross sections. The

sensitivity to theP11 resonance can be assessed by compar-
ing the dotted(without P11) and solid(with P11) curves. It is
interesting to note that the influence of this resonance has a
different pattern than that of the nucleonic current. The other
panel shows the sensitivity of the analyzing power in the
pp→pph8 reaction. Although the cross sections are rather
insensitive to bothgNNh8 andP11 resonance, this observable
exhibits some degree of sensitivity.

In order to investigate the discrepancy between our model
results and the measured flat angular distribution atQ
=144 MeV for pp→pph8, we have repeated the calculation
shown in Fig. 5 excluding the COSY-11 angular distribution
data atQ=47 MeV from fitting. The resulting values of the
hadronic couplings are displayed in Table II and the corre-
sponding cross sections in Fig. 7. Although the total cross
sections are reproduced with the same quality as in Fig. 5,
the angular distributions shown in panels(a)–(d) at Q
=144 MeV are now much flatter and bring the model results
in better agreement with the data at this energy. Here, the less
pronounced angular distribution is due to a flatterS11 reso-
nance contribution which, in turn, is due to the change in the
excitation mechanism of this resonance, in particular, due to
interference effects among the exchanged mesonsp ,r ,vd
contributions in theS11s1535d resonance current. This can be
inferred from comparing the resulting coupling constants in
Tables I and II. The predicted angular distributions atQ
=47 MeV in panels(a)–(d) are now practically isotropic.
They may be considered as being still compatible with the
data given the experimental error bars. However, the overall
results in Figs. 5 and 7 may also indicate that the COSY-11
and DISTO angular distribution data could be incompatible
with each other. In this connection, it is interesting to note
that the angular distribution measured recently inpp→pph
at Q=41 MeV is completely isotropic[58]. There, the domi-
nant h-production mechanism is theS11s1535d resonance
current [57]. Since in the present model, the dominant
h8-production mechanism is theS11s1650d resonance cur-
rent, it is natural to expect a similar feature for the angular

FIG. 8. (Color online) Comparison of differential cross sections forgp→ph8 using Regge trajectories(left), similar to the treatment of
Ref. [36], and conventional meson-exchange currents(right) for the t-channel vector meson exchange.[The figure on the right-hand side is
identical to Fig. 3(c); it is repeated here to allow for a better side by-side comparison.]
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distribution in both reactions. Possible differences may, how-
ever, originate from the eventual difference in the excitation
mechanism of these twoS11 resonances as mentioned above.
For this purpose, it would be very interesting to measure
other observables, such as the invariant mass distribution,
which are more sensitive to excitation mechanisms of
nucleon resonances[57]. In any case, independent measure-
ments of the angular distribution for energiesQ.50 MeV
would help resolve the issue as far as the shape of the angu-
lar distribution is concerned.

Comparison to other approaches

Recently, Chianget al. [35] have also investigated the
gp→ph8 reaction. They concluded that the consideration of
t-channel vector-meson exchanges in terms of Regge trajec-
tories is crucial in describing the available data and that ther
andv meson exchanges are unable to reproduce the data. In
contrast to the present work, they have not introduced a form
factor at theh8vg vertexsv=r ,vd. In their calculations, the
observed forward rise of the cross section is due to the inter-
ference between the Regge and theS11 resonance contribu-
tions. Furthermore, no need for anyP11 resonance was found
in order to describe the data. In our opinion, the application
of Regge trajectories — designed for high energies and lowt

[59] — in the low energy regime of the SAPHIR data[31] is
debatable. Moreover, such an approach cannot be used(at
least not straightforwardly) in the pp→pph8 reaction due to
the importantNN FSI which has to be included in any model
describing this process. This involves a loop integration for
which the Regge propagator as given in Ref.[35] cannot be
used. The Regge theory is a theory designed for amplitudes.
Of course, with respect to our approach, one may criticize
the use of a form factor at theh8vg vertex in the mesonic
current, whereas we do not use any form factor at any other
electromagnetic vertex. However, the use of such a form
factor may be defended based on the results for the radiative
decay processh8→r+g→p+p−+g. One may speculate that
the relatively strong form factor needed at theh8vg vertex
simulates effects of the FSI ignored in the present approach.

In any case, we have also performed the calculation of the
photoproduction reaction by replacing thet-channel vector
meson exchanges by the Regge trajectories following Ref.
[35]. Apart from the obvious differences in the details of the
treatment of the resonance current, our calculation also dif-
fers in the sign of theh8vg coupling constant from that
employed in Ref.[35]. In the present work the signs of the
h8vg couplings are inferred from a systematic analysis[43]
of the pseudoscalar and vector meson radiative decays based
on an SU(3) Lagrangian in conjunction with the sign of the
coupling constantgpvg determined from a study of pion pho-
toproduction in the 1 GeV energy region[51]. Our results
using the Regge trajectories are shown in Fig. 8; the corre-
sponding parameters are found in Table III. We see that,
overall, the results are basically the same as those of Fig.
3(c) using the conventionalr and v meson exchanges. In
particular, here also the interference between the mesonic
and resonance currents is the underlying mechanism respon-

TABLE III. Same as Table I(c), but using the exponential form
factor at the electromagnetic vertices in the mesonic current(col-
umn “exp”) and using Regge trajectories(column “Regge”).

Coupling constant Exp Regge

Mesonic current:

gh8rg 1.25 1.25

gh8vg 0.44 0.44

LMsMeVd 930

gh8rr 4.94

gh8vv 4.90

MNNfM =r ,vgs†d Bonn

N* =S11 current:

mN*sMeVd 1649 1932

sgNN*ggNN*h8 ,ld (2.11,0.90) (0.62,0.92)

LNsMeVd 1200 1200

gNN*pgNN*h8 0.95

gNN*rgNN*h8 19.20

gNN*vgNN*h8 235.46

MNNfM =p ,r ,vgs†d Bonn

N* =P11 current:

mN*sMeVd 1874 1710

sgNN*ggNN*h8 ,ld (4.03,0.85) (5.93,0.58)

LNsMeVd 1200 1200

gNN*pgNN*h8 8.91

gNN*rgNN*h8 229.44

gNN*vgNN*h8 232.26

MNNfM =p ,r ,vgs†d Bonn

FIG. 9. (Color online) Three fits based on Regge trajectories
resulting in different sets of the extracted resonance mass values.
All the fits include theS11 and P11 resonances as well as the mec.
The solid curves are the same ones shown in Fig. 8 with the mass
values ofsmS11

,mP11
d=s1932,1710d MeV. For the dashed curves,

the corresponding mass values ares1932,1950d MeV. The dash-
dotted curves correspond to a fit with the mass values
s1650,1811d MeV.
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sible for reproducing the observed angular distribution. This
corroborates the findings of Ref.[35]. However, the resulting
resonance masses ofmS11

=1932 MeV andmP11
=1710 MeV

differ considerably from those obtained in Fig. 3(c). It is
natural to ask whether this discrepancy is related to the un-
certainties in the determination of the resonance mass using
only the cross section data as illustrated in Fig. 4 or whether
it is due to different approaches used in the treatment of the
t-channel exchange contribution. To address this question, in
Fig. 9 we show the results of three different fits using the
Regge trajectories. The solid curves are the same results
shown in the left panel of Fig. 8. The dashed curves corre-
spond to another fit resulting in the resonance masses of
smS11

,mP11
d=s1932,1950d MeV. One sees that the qualities

of both fits are comparable to each other but the correspond-
ing values ofmP11

differ by more than 200 MeV, revealing
once more(cf. Fig. 4) that the cross section data alone are
insufficient to constrain accurately the resonance masses.
However, we were unable to fit the data(with a comparable
quality) with the mass of theS11 resonance much smaller
thanmS11

=1932 MeV. The dash-dotted curves in Fig. 9 cor-
respond to a fit with a fixed mass ofmS11

=1650 MeV. This
yields a fitted mass ofmP11

=1811 MeV for theP11 reso-
nance. This set of the resonance massessmS11

,mP11
d

=s1650,1811d MeV is more in line with the set
s1646,1873d MeV obtained using the conventional vector
meson exchanges in thet channel. Here, however, the quality
of the fit is inferior to that achieved in Fig. 3(c), although the
data are still reproduced within their uncertainties. These
considerations indicate that the determination of the reso-
nance masses is also quite sensitive to different approaches
used. Further studies of this issue are needed before a more
unambiguous identification of the resonances can be made
from theh8 photoproduction process. It should also be noted
that our calculations based on Regge trajectories differ in
details from the results obtained in Ref.[35]. As mentioned
above, these differences should, in part, be due to the differ-
ent treatment(in detail) of the resonance current contribu-
tions.

Sibirtsevet al. [36] have also reported their study of the
gp→ph8 reaction quite recently. In contrast to Ref.[35] and
the present work, they describe the forward rise of the angu-
lar distribution basically by ther andv meson exchanges in
the t channel. They achieve this by including a(t-dependent)
exponential form factor at theh8vg vertex. Moreover, the
S11s1535d resonance was introduced in order to describe the
steep rise and fall of the total cross section close to threshold.
We have also repeated our calculation employing an expo-
nential form factor at theh8vg vertex instead of the dipole
form factor; the corresponding parameters are given in Table
III. The results are shown in Fig. 10(a) which again exhibits
the same features observed in the calculation using the dipole
form factor [see Fig. 3(c)]. We were not able to reproduce
their results using only the mesonic andS11s1535d resonance
currents. The chief difference between the results shown in
Fig. 10 and those in Ref.[36] is that we have used an expo-
nential form factor normalized to unity at the on-mass-shell
point q2=mv

2, consistent with the kinematics at which the
coupling constantgh8vg is extracted. In Ref.[36], the form

FIG. 10. (Color online) (a) here corresponds to Fig. 3(c), and(b)
and(c) correspond to the two respective panels labeled(c) in Fig. 5,
the difference being that now thegvh8 vertex functions of dipole
form [see Eq.(8)] have been replaced by exponential form factors,
Fvstd=exp fst−mv

2d /L2g, similar to Ref.[36] (however, with a dif-
ferent normalization; see text).
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factor is normalized atq2=0 instead. Figures 10(b) and 10(c)
show the corresponding results forpp→pph8 using the ex-
ponential form factor. They are essentially the same as those
using the dipole form factor.

The above considerations show that we arrive at the same
conclusion, namely, that the interference between the meson
exchange and resonance currents is the mechanism respon-
sible for the angular distribution exhibited by the photopro-
duction data, irrespective of whether one uses ther and v
meson exchanges in thet channel(with either dipole or ex-
ponential form factor) or Regge trajectories. Certainly, the
problem of the Regge trajectory versus form factor is an
extremely important issue that needs to be addressed. Judg-
ing from our findings so far, it may well be that both simulate
the same physics not accounted for explicitly in these calcu-
lations.

IV. SUMMARY

We have described consistently thegp→ph8 and pp
→pph8 reactions within an approach based on a relativistic
meson-exchange model of hadronic interactions. The model
includes the nucleonic and the mesonic, as well as the
nucleon-resonance currents. The photoproduction process is
made gauge invariant by adding a phenomenological contact
current that parametrizes the effect of the final-state interac-
tions. Thepp→pph8 is described within the distorted-wave
Born approximation in which both the initial and final state
NN interactions are taken into account explicitly.

For h8 photoproduction, we have shown that the mesonic
as well as theS11 andP11 resonance currents are important to
describe the existing data. Our analysis, where the widths of
the resonances were set toGN* =150 MeV, yields a position
close to 1650 MeV and 1870 MeV for theS11 andP11 reso-
nances, respectively. This suggests that the former resonance
may well be identified with the knownS11s1650d resonance
[12], whose quoted width isGS11

=180 MeV. TheP11 reso-
nance, in contrast, does not correspond to any known reso-
nance. It is tempting to identify it with one of the missing
resonances predicted at 1880 MeV with the corresponding
width of GP11

=155 MeV [28,54]. We emphasize, however,
that one should be cautious with such an identification of the
resonances. As we have seen, the cross section data alone do
not impose enough constraints for an unambiguous determi-
nation of the resonances. To do so probably requires more
exclusive data than just the cross sections. Moreover, the
extracted values of the resonance masses are quite sensitive
to the model used in the description of the photoproduction
process. In particular, the issue of Regge trajectories versus
conventional vector meson exchanges(with form factors) is
of extreme importance. These points require further investi-
gation before a conclusive identification of the resonances
can be made.

Our study also shows that the nucleonic current should be
relatively small. Indeed, the available photoproduction data

prefer this current to be compatible with zero. In any case,
the NNh8 coupling constant cannot be much larger than
gNNh8=3. The h8 photoproduction reaction may impose a
more stringent constraint ongNNh8, provided one measures
the cross sections at higher energies and backward angles. In
this respect, as we have also shown, spin observables such as
the photon asymmetry might be suited better than the cross
sections. It should be noted that the result pertaining here to
theNNh8 coupling constant is, of course, a model dependent
one. Indeed, what is relevant in our calculations is the prod-
uct of gNNh8 and the associated form factor.

We have also addressed the contradictory conclusions as
to the underlying reaction mechanisms arrived in the recent
work by two independent groups[35,36]. In our consistent
calculations, whether introducing a form factor at the elec-
tromagnetic vertex in thet-channel meson-exchange current
or using the Regge trajectories instead, one arrives at the
same conclusion; namely, the observed angular distribution
is due to the interference between thet-channel and the
nucleon resonances- and u-channel contributions, irrespec-
tive of the particular approach one uses. It is conceivable,
therefore, that the phenomenological aspects of the various
approaches(including the present one) may be simulating
the same physics not taken into account explicitly.

As for the pp→pph8 reaction, the present study yields
theS11 resonance as the dominant contribution to the produc-
tion current. TheP11 resonance, mesonic and nucleonic cur-
rents are much smaller than theS11 resonance current. The
combined analysis of this and the photoproduction reaction
was crucial for these findings. The details of the excitation
mechanism of theS11 resonance, however, are not con-
strained by the currently existing data. To learn more about
the relevant excitation mechanism, observables other than
the cross sections, such as the invariant mass distribution, are
necessary[57], in addition to measuring thepn→pnh8
and/orpn→dh8 process. This process will help disentangle
the isoscalar and isovector meson-exchange contributions.

The present model cannot describe the flat angular distri-
bution in pp→pph8 measured by the DISTO collaboration
[40] at Q=144 MeV, once the recently measured angular
distribution by the COSY-11 collaboration[41] at Q
=47 MeV is included in a global fitting for the relevant had-
ronic coupling parameters. The calculated result exhibits a
pronounced angular dependence. If we wish, however, a flat-
ter angular distribution atQ=144 MeV—compatible with
the DISTO data within the given experimental
uncertainties—can be achieved provided theQ=47 MeV an-
gular distribution data is excluded from fitting. Doing so, the
predicted angular distribution atQ=47 MeV comes out to be
nearly completely isotropic. Although this seems still com-
patible with the COSY-11 data, the latter exhibits some an-
gular dependence which is too disturbing to be ignored. In-
dependent measurements of the angular distribution for
excess energiesQ.50 MeV will help resolve this issue.

Finally, the results of the present work should provide
useful information for further investigations, both experi-
mentally and theoretically, of thegN→Nh8 and NN
→NNh8 reactions.
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