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Abstract Then’ photoproduction process on quasi-free proton and neutron and the reaction NN —1’'NN are

investigated within a relativistic effective Lagrangian approach to hadronic interactions. Resonances with spins

1/2 and 3/2 are considered together with the nucleonic and ¢-channel meson-exchange current contributions. In

photoproduction processes, the Si1 resonance is found to be responsible for the sharp rise of the cross sections

near threshold. In pp — n’pp, it is found that the Si; resonance dominates the total cross section over the

entire energy region considered. The spin observables, in particular the beam and target asymmetries, are

shown to be very sensitive to the reaction mechanism and will help impose more stringent constraints on the

model parameters.
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1 Introduction

One of the primary motivations for studying the
production of mesons off nucleons is to investigate
the structure and properties of nucleon resonances
and, in the case of heavy-meson productions, to learn
about hadron dynamics at short range. In particu-
lar, a clear understanding of the production mecha-
nisms of mesons heavier than the pion still requires
further theoretical and experimental investigation.
Apart from pion production, the majority of theoret-
ical investigations of meson-production processes are
performed within phenomenological meson-exchange
approaches. Such approaches force us to correlate
as many independent processes as possible within
a single model if one wishes to extract meaningful
physics information. Indeed, this is the basic motiva-
tion behind the coupled-channel approaches. Here we
present some selected results of our investigation of
1n’-meson production in the reactions YN — n’'N and
NN — 1'NN based on a relativistic meson-exchange
approach.
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A particular interest in investigating the 1’ pro-
duction reactions is that it may be suited to ex-
tract information on nucleon resonances, N*, in the
less explored higher N* mass region. Current knowl-
edge of most of the nucleon resonances is mainly
due to the study of N scattering and/or pion pho-
toproduction off the nucleon. Since the 1’ meson
is much heavier than a pion, 1" meson-production
processes near threshold necessarily sample a much
higher resonance-mass region than the corresponding
pion production processes. Therefore, in addition to
serving as isospin filter, they are well-suited for in-
vestigating high-mass resonances in low partial-wave
states. Furthermore, reaction processes such as 1’
photoproduction provide opportunities to study those
resonances that couple only weakly to pions, in partic-
ular, those referred to as “missing resonances” , which
are predicted by quark models, but not found in more
traditional pion-production reactions!.

Another special interest in i’ production off nu-
cleon is the possibility to impose a more stringent
constraint on its yet poorly known coupling strength
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to the nucleon. This has attracted much attention
in connection with the so-called “nucleon-spin cri-
sis” in polarized deep inelastic lepton scattering'®
In the zero-squared-momentum limit, the NNn’ cou-
pling constant gnxnn (g = 0) is related to the flavor-
singlet axial charge G through the flavor singlet

Goldberger-Treiman relation® (Refs. [4—6])

2

2mN GA (O) W
F

= F gnnns (0) + m2, gxnc(0) , (1)
where F' is a renormalization-group invariant decay
constant defined in Ref. [3]"), Np is the number of fla-
vors, and my and m,, are the nucleon and 1’ masses,
respectively; gnng describes the coupling of the nu-
cleon to the gluons arising from contributions violat-
ing the Okubo-Zweig-Tizuka (OZI) rulel”. The EMC
collaboration” has measured an unexpectedly small
value of GA(0) &~ 0.20£0.35; a more recent analysis
of the SMC collaboration'® yields a comparable value
of Go(0) = 0.16+0.10. 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' ?. There-
fore, once gnny/(0) is known, Eq. (1) may be used to
extract the coupling gxng(0). Unfortunately, how-
ever, there is no direct experimental measurement of
gnnn (0) so far. Reaction processes where the 1’ me-
son is produced directly off a nucleon may thus offer
a unique opportunity to extract this coupling con-
Here it should be emphasized that hadronic
model calculations such as the present one cannot
determine the NNn’ coupling constant in a model-
independent way. At best, we get an estimate for the
range of its value at the on-shell kinematic point, i.e.,
at ¢> =m?,. Assuming the usual behavior of hadronic
form factors for off-shell mesons which generally de-
crease for g2 < m?, we expect then that an eventually

stant.

small upper limit of gxny/(¢> = m?,) would lead to
an even smaller value of gxny/(0), which is needed in
Eq. (1) to extract gnna(0).

In contrast to lighter pseudoscalar 7t and 1 meson
productions, not many data existed until quite re-
cently for the n” meson production reactions. Indeed,
in photoproduction, only the earlier total cross sec-
tion data from the ABBHHM Collaboration'” were
available until the late 1990s. More recently, the
differential cross section data from the SAPHIRM!
and the CLAS!™ Collaborations — the latter of high-
precision quality — became available. Currently, the
beam asymmetry in this reaction is being measured
by the CLAS Collaboration. The CBELSA/TAPS

Collaboration has now reported measurements of
cross sections in 11" photoproduction on both quasi-
free proton and neutron (see I. Jaegle’s talk in this
meeting™). Also, data from the LEPS Collabora-
tion (see T. Nakano’s talk in this meeting!"*) will
For NN — NNn’, there are
data for total cross sections for excess energies up to
@ ~ 150 MeV and for the differential cross sections
at two excess energies!’”. Also, the pp and pr’ in-
variant mass distribution data have been reported by
the COSY-11 Collaboration™®. In addition, data for
pn — pnn’ will be available soon also from the COSY-
11 Collaboration!”. The addition of these new data
has increased the database for " production consid-
erably and should help make more detailed investiga-
tion of this meson production processes than in the

soon become available.

past.
Fig. 1. Dlagrams contributing to yp — m'p.

Time proceeds from right to left. The inter-
mediate baryon states are denoted N for the
nucleon, and R for the nucleon resonances.
The intermediate mesons in the t-channel are
p and w. The external legs are labeled by
the four-momenta of the respective particles
and the labels s, 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 individ-
ually; the three diagrams in the upper part
are made gauge-invariant by an appropriate
choice (see text) of the contact current de-
picted in the top-right diagram. The nucle-
onic current (nuc) referred to in the text corre-
sponds to the top line of diagrams; the meson-
exchange current (mec) and resonance current
contributions correspond, respectively, to the
leftmost diagram and the two diagrams on the

right of the bottom line of diagrams.

In view of the considerable increase in the n’
meson production database as mentioned above, in
the present work we revisit this meson production in
photon- and nucleon-induced reactions. We describe
these reactions in the following manner: the photo-
production reaction is calculated by considering the

1) In the OZI limit, F' =+/2Ng F, where Fi stands for the pion decay constant.
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s-, u- and t-channel Feynman diagrams plus a general-

8] \which ensures gauge invariance

ized contact term
of the total amplitude, in addition to accounting for
the final-state interaction (FSI) effects. (See Ref. [19]
for details.) The resulting dynamical content of the
photoproduction amplitude is illustrated in Fig. 1.
The calculations of the photoproduction reaction
on quasi-free proton and neutron are performed by
simply folding the corresponding cross section on the
free nucleon with the momentum distribution of the

nucleon inside the deuteron.

Fig. 2.

Basic production mechanisms for NN —
1n'NN. Time proceeds from right to left. The
full amplitude, with additional initial- and

final-state contributions, is given by Eq. (2).
As in Fig. 1, N and R denote the intermedi-
ate nucleon and resonances, respectively, and
M incorporates all exchanges of mesons T, 1,
p, w, o, and ag (= 6) for the nucleon graphs
and 7, p, and w for the resonance graphs. Ex-
ternal legs are labeled by the four-momenta of
the respective particles; the hadronic vertices
s, u, and t here correspond to the same kine-
matic situations, respectively, as those identi-
fied similarly in Fig. 1. The nucleonic, reso-
nance, and meson-exchange contributions re-
ferred to in the text correspond, respectively,
to the first, second, and third lines of the dia-
grams on the right-hand side.

The NN — n'NN process is calculated in
the Distorted-Wave Born Approximation (DWBA),
where both the NN FSI and the initial-state inter-
action (ISI) are taken into account explicitly. The
reaction amplitude is then given by

M=Q1+T;G;)J(1+G.T;) , (2)

where T, denotes the NN ISI and FSI as @ =4 and
f; G, stands for the corresponding NN propagator.
J denotes the basic production amplitude. The NN
FSI is known to be responsible for the dominant en-
ergy dependence observed in the total cross section
(apart from the dependence due to the phase space)
arising from the very strong interaction in the S-wave

states at very low energies. As for the basic meson-
production amplitude .J in Eq. (2), our model ! 2%
includes the nucleonic, mesonic, and nucleon reso-
nance currents which are derived from the relevant
effective Lagrangians. It is illustrated in Fig. 2.

The free parameters of our model — the resonance
parameters, the NNM coupling constant, and the cut-
off parameter A’ at the electromagnetic vector-meson
exchange vertex — are fixed such as to reproduce
the available data in a global fitting procedure of the
reaction processes considered in this work. The de-
tails of the present approach are fully described in

Refs. [18, 20].
2 Results

In the following sections we present a few selected
results for n’ photoproduction on quasi-free proton
and neutron as well as for the 1" production in NN
collisions.

2.1 1’ photoproduction on quasi-free proton
and neutron

In the present calculation of the 1’ photopro-
duction on quasi-free proton there are no free pa-
rameters to adjust, since all the relevant ones have
been fixed™ from the CLAS data for photoproduc-
tion on free proton?. The parameter set corre-
sponding to that of Table 1 of Ref. [18] is used
in this work. It includes the following resonances:
S11(1958), P11(2104), P13(1885), and D;3(1823). In
addition, we have introduced an extra resonance
with a mass of about 2.2 GeV. As discussed in con-
nection to Fig. 3 below for the total cross section,
this is required to reproduce the (preliminary) angu-
lar distribution data on quasi-free neutron from the
CBELSA/TAPS Collaboration"®. Other parameter
sets yield similar results. Our predictions agree nicely
with the (preliminary) angular distribution data from
the CBELSA/TAPS Collaboration"® for the entire
measured angular and energy ranges. For n’ photo-
production on the quasi-free neutron, we have the
Rny coupling constants as free parameters. They
have been adjusted to fit the (preliminary) data from
the CBELSA /TAPS Collaboration!"®. The fit quality
is good with x?/N ~1.2.

Figure 3 shows our predictions for the total cross
sections in 11" photoproduction on both the quasi-free
proton (upper panel) and neutron (lower panel). We
also show the corresponding results for the free pro-
ton and neutron cases. First, it is interesting to note
that the little bump structure predicted for free pro-
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ton case at around 2.1 GeV washes out completely
in the quasi-free proton case. Similar feature is also
seen in the neutron target case. The only difference
here is that the bump structure is strong enough in
the free case that it still survives in the quasi-free case
after the folding with the neutron momentum distri-
bution in the deuteron. This illustrates that weak res-
onances may not be seen in quasi-free processes which
might have been revealed in free processes. Now,
comparing the quasi-free proton and neutron cases,
we see that in the quasi-free proton case no bump
structure is present, while in the quasi-free neutron
case, we see a bump structure around 2.2 GeV. In
the present case, this structure arises from the ex-
tra resonance with mass around 2.2 GeV which is re-
quired to reproduce the corresponding (preliminary)
angular distribution data from the CBELSA/TAPS
Collaboration™. We have checked that the (quasi-
free neutron) angular distribution data may be repro-
duced with the Sy;, Pi1, and/or D,z resonance with
mass value of mg ~ 2.2 GeV and width of about I'g ~
50—100 MeV.
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Fig. 3. Predictions for the total cross sections

(solid lines) in " photoproduction on quasi-
free proton (upper panel) and neutron (lower
panel). The dashed lines are the correspond-
ing results for the free nucleon targets. See
text for further details.

We have also verified that, as in the case of free
proton target!'®, the beam and target asymmetries
are much more sensitive to the values of the model
parameters and will help impose much stricter con-
straints on them once they become available.

2.2 NN-—7'NN

In this reaction, the dominant production mecha-
nism is found to be the excitation of the S;; resonance
as can be seen from Fig. 4 (upper panel). The energy
dependence exhibited by the pp — 1n/pp reaction is

—
pp-->ppn’

107 30 60 90 120 150

Fig. 4. Results for the total cross sections in
pp — Nn'pp (upper panel) and in pn — n'pn
(lower panel) as a function of excess energy
Q. The dashed line denotes the contribution
from the spin-1/2 resonances, while the dash-
double-dotted lines from the spin-3/2 reso-
nances. The dashed lines are from the nu-
cleonic current and dash-doted lines from the
mesonic current. The dotted line is from the
S11(1958) resonance alone. The data are from

Refs. [15, 17].
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Fig. 5. Results for the ' angular distributions

in pp —1n'pp (in the center-of-mass frame) as
a function at two excess energies of Q) = 46.6
and 143.8 MeV. See caption of Fig. 4 for fur-
ther details. The data are from Ref. [15].
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markedly different from that of pp — mpp. Both
the (measured) total and differential cross sections
(see, Fig. 5) are rather well reproduced within our
model. The present model also reproduces (see the
lower panel of Fig. 4) the very preliminary total cross

section data (upper limit) for pn —7/pnt7.
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Fig. 6. Results for the pp (left panel) n'p (right
panel) invariant mass distributions in pp —
n'pp at an excess energy of Q = 16.2 MeV.
See caption of Fig. 4 for further details. The
data are from Ref. [16].

The recent data for pp and pn’ invariant mass
distributions!® are also rather well explained which
can be seen from Fig. 6. Here, it is interesting to
note that, within the statistical uncertainties, the pp
invariant mass distributions for n and 1’ productions
exhibit similar features. One of the possibilities pro-
posed to explain the measured pp invariant mass dis-

tributions in pp — npp is the strong NN FSI in that

reaction®”. We expect, however, that the n'N inter-
action is much weaker than the NN interaction.

3 Summary

In this work, we have demonstrated that the nu-
cleon resonances are required to describe both the
YN —1n’'N and NN — 1NN reactions. In our model,
the Si1, P11, Pi3, and D5 resonances can account for
the existing data. However, their parameters cannot
be determined uniquely from the presently available
data, especially, their masses are difficult to be fixed,
since the data do not exhibit pronounced bump struc-
tures. The exceptions to this may be the two bump
structures predicted in photoproduction on free pro-
ton at around 2.1 GeV™ and on quasi-free neutron
at around 2.2 GeV, if these are confirmed by exper-
iment. Spin observables in photoproduction (in par-
ticular, the beam and target asymmetries) are defi-
nitely required to impose more stringent constraints
on model parameters.

It should also be mentioned that the existing data
on NN — 1NN reaction cannot constrain on the ex-
citation mechanism of the S;; resonance. In this con-
nection, data on pn — 1’pn and/or pn — n’'d will be
most needed, for they can disentangle the iso-vector
and iso-scalar meson exchange contributions in the
excitation of the resonance. In addition, similar to
the NN — NN process, the analyzing power is also
sensitive to the details of the excitation mechanism
of the resonance.
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