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We study the near-threshold n’ production mechanism in nucleon-nucleon and 7w N collisions under the
assumption that subthreshold resonance N*(1535) is predominant. In an effective Lagrangian approach that gives
a reasonable description to the pN — pNn and 7~ p — nn reactions, we find that the excitation of N*(1535)
resonance from the t-channel = exchange makes the dominate contribution to the pN — pNn’ process, and a
value of 6.5 for the ratio of o (pn — pnn’)too(pp — ppn’)is predicted. A strongcoupling strength of N*(1535)
ton'N (ng;'NN* /4m = 1.1) is extracted from a combined analysis to pp — ppn’and t N — N1/, and the possible
implication to the intrinsic component of N*(1535) is explored.
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I. INTRODUCTION

As the members of the nonet of the lightest pseudoscalar
mesons, the n and n’ mesons have been the subject of con-
siderable interest since accurate and complete measurements
have been performed at the experimental facilities of COSY,
MAMI, DISTO, GRAAL, CELSIUS, and SATURNE in the
past few years. Their intrinsic structure and properties, as
well as the production mechanism in elementary particle and
hadron physics, have been intensively explored. The physically
observed 1 and 1’ mesons are mixtures of the pseudoscalar
octet and singlet, which results in a considerable amount of s§
in both and accounts for the difference in 7 mass from that of
the pion. The much greater mass of the 1’ meson is thought to
be induced by nonperturbative gluon dynamics [1] and axial
anomaly [2].

The 1 and i’ production in nucleon-nucleon (N N) colli-
sions strengthens our understanding of those problems and
also provides opportunities to study the possible nucleon
resonances N* that couple only weakly to the pion. From
the precise measurements of the total cross section of the
pp — ppn reaction [3-7], it has been concluded in a number
of studies [8—16] that the n meson is dominantly produced
through the excitation and de-excitation of the N*(1535)
resonance in this reaction, though the excitation mechanism
is still under debate. The first measurement of the cross
section of the quasifree pn — pnnreaction [17] shows about a
factor of 6.5 larger than that of pp — ppn, clearly indicating
a dominance of isovector exchange. A recent experimental
study of the analyzing power of the pp — ppn reaction
[18] supports the idea that the m meson exchange between
the colliding nucleons is predominant. However, the lack
of experimentally established baryonic resonances that can
decay into 1’ means that our understanding of " production
is still much poorer and unsatisfactory, and there are only
a limited number of studies both experimentally [4,19-22]
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and theoretically [23-26]. An early analysis based on the
covariant one Boson exchange (OBE) model [24] reproduces
the near-threshold total cross section of the pp — ppn’
reaction without any resonant term. However, a relativistic
meson exchange model [25] demonstrates that the existing data
could be explained either by mesonic and nucleonic currents
or by a dominance of two missing resonances, S;;(1897) and
P11(1986). The extended study [26] motivated by the updated
data of the yp — n'p [20] and pp — ppn’ [21,22] reactions
yields resonances S;1(1650) and P;(1870), and it is premature
to identify these states, as these authors pointed out. Besides,
another complication comes from the gluon-induced contact
term [27], which would have an extra contribution to the cross
section for pp — ppn’, since it is possible that n’ meson
couples strongly to gluon.

Recently, high-precision data of the reaction yp — n’p for
photon energies from 1.527 to 2.227 GeV have been obtained
by the CLAS Collaboration [28], and the analysis [28,29] of
these data suggest for the first time that both the N*(1535)
and N*(1710) resonances, known to couple strongly to the
nN channel, couple to the n’ N channel. Since N*(1535) has a
nearly 50% branching ratio decaying to w N, this is obviously
evidence for the important role of this resonance in the n’
near-threshold production. Theoretically, N*(1535) is found
to be important for the near-threshold A and ¢ production in
NN collisions [30], and a significant coupling of N*(1535)
to strange particles is indicated. Furthermore, the properties
of the N*(1535) resonance have been extensively discussed
within the chiral unitary approach [31], and large couplings to
nN, KX, and K A have also been illustrated.

Motivated by these research results, in this paper we assume
that the excitation and de-excitation of the N*(1535) resonance
play a major role in 1’ production in the near-threshold
region, and we perform a consistent analysis to the reactions
pp — ppn(n), pn — pnn(y’), and xN — Nn(n') in the
framework of an effective Lagrangian approach. Because the
coupling strength of the " meson to the nucleon and N* are
poorly known, in our analysis we do not include N*(1650)
and N*(1710). In fact, N*(1650) seems to couple weakly to
the n’ N channel, and N*(1710), as a P11 state, couples much
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FIG. 1. Feynman diagrams for (a) the direct process pp —
ppn(n), (b) the exchange process pp — ppn(n’), and (c) tN —
Nn(n").

more weakly to 7’ N and 7 N than does N*(1535), so they are
expected to make very small contributions to the considered
energy region [26,28,29]. The inclusion of the nucleonic and
mesonic currents in the intermediate state is found to have a
negligible difference on the final results [12,15], so we do not
consider them either.

II. EFFECTIVE LAGRANGIAN APPROACH

We treat the reactions pp — ppn(n’)andr N — Nn(n') at
the relativistic tree level in an effective Lagrangian approach,
as depicted by Feynman diagrams in Fig. 1. Both direct and
exchange diagrams [Figs. 1(a) and 1(b)] are considered for
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the pp — ppn(n’), and the dominant s-channel N*(1535)
resonance [Fig. 1(c)]isincludedinthe x N — Nn(n’). Mesons
exchanged between the colliding nucleons are restricted to
mw, n, and p, which are those observed in the decay channels
of the adopted resonances, so most values of the coupling
constants are fixed by the experimental decay ratios. As a
result, the only adjustable parameters are cutoff parameters
in the form factors. All interference terms between different
amplitudes are neglected because the relative phases of these
amplitudes are not known. The relevant meson-nucleon-
nucleon (MNN) and meson-nucleon-resonance (MNR) ef-
fective Lagrangians for evaluating the Feynman diagrams in
Fig. 1 are [30,32]

Lany = —igznnNysT - TN, (D
_ K .

L,ny = —gonnNN (Vu + Mauuav) T-p"N, 2)

Loy = —iggynyNysN, 3

Lanne = —genn+N*ysT - TN* 4+ hec., 4

Lonne = igpnn+N*ys <Vu - quz;z. q) T.p"N* +hec., (5)

LnNN* = _gnNN*N*N*n + h.C., (6)
L‘V]/NN* = _gn/NN*N*N*n/+h‘C‘7 (7)

with g2\ /4w =144, g2, /4w =09, and « =6.1. The
coupling constant g,yy is undetermined nowadays, and
the value of g% yn/4m used in the literature ranges from
0.25 to 7 [33]. Recent calculations [9,10,13,14,30] seem
to favor small g,yn, and gf]NN/4n = 0.4 [30] is used in
our calculation. The partial decay widths of N*(1535) —
Nm, N*(1535) - Np — Nnxm, and N*(1535) — Nn then
can be calculated by these Lagrangians, and the coupling con-
stants g?, NN/, giNN* /4w, and g,leN* /4w are determined
through the empirical branching ratios [30,32], as summarized
in Table I. Up to now, we have no information on the coupling
constant of the n’ N N*(1535) vertex, and we determine it from
acombined analysis of pp — ppn’andw N — Nn' reactions.

To dampen out high values of the exchanged momentum,
the resulting vertexes are multiplied by off-shell form factors.
In pp — ppn(n’) reactions, the form factors used in the Bonn
model [33] are taken:

A2 _ m2 n
Fu(q®) = (M) , ®)
Ay — 4y
with Ay, gy, and my, being, respectively, the cutoff parame-
ter, four-momentum, and mass of the exchanged meson. The
commonly used n = 2 for the p N N vertex and n = 1 for other

vertexes are employed. The cutoff parameters A, = 1.05 GeV

TABLE I. Relevant N*(1535) parameters.

Width Channel Branching ratio Adopted value g2/arn
N*(1535) 150 MeV 7N 0.35-0.55 0.45 0.033
oN 0.02£0.01 0.02 0.10
nN 0.45-0.60 0.53 0.28
n'N - - 1.1
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for tNN, A, =092 GeV for pNN, A, =2.00 GeV for
nNN, and Ay = 0.80 GeV for MNR vertexes are adopted
from Ref. [32], in which a systematic consistent investigation
of the strangeness production process in NN collisions was
performed. In # N — Nn(n') reactions, the following form
factors for the N*(1535) resonance are used [25,26,29,30]:

A4
At + (g% — My.)

with the cutoff parameter A = 2 GeV.
Propagators of 7 (), p, and N*(1535) are

Fy-(q*) = >, ©9)

i
Gulgu) = w7, (10)
du — My

(;MV q = — 5 11
P ( ,0) ! 22 mz ( )
GR PR 2 2 i T .

With this formalism, the invariant amplitude can be ob-
tained straightforwardly by applying the Feynman rules to
Fig. 1.

It is generally agreed that the 'S, proton-proton final
state interaction (FSI) influences the near-threshold behavior
significantly in pp — ppn(n’). In the present calculation, a
Watson-Migdal factorization [34] is used and the pp FSI
enhancement factor is taken to be the Jost function [35]
k+ip

J|™' =
[J (k)] P—

; (13)
where k is the internal momentum of the pp subsystem. The
related scattering length a and effective range r are

a+f 2
a = , r = ,
af o+ p

with ¢ = —7.82 fm and r = 2.79 fm (i.e., « = —20.5 MeV
and B = 166.7 MeV) for the ' Sy pp interaction.

Then the total cross section can be calculated by this
prescription, and the integration over the phase space can
be performed by a Monte Carlo program. For the pn —
pnn(n’) reaction, isospin factors are considered [9,11,15], and
a=—2376 fm and r = 2.75 fm (i.e., « = —7.87 MeV and
B = 151.4 MeV) for the ' Sy pn interaction and a = 5.424 fm
and r = 1.759 fm (i.e., « = 45.7 MeV and g = 178.7 MeV)
for the 35| pn interaction are used.

In our model, we do not consider initial state interactions
(IST) since it is difficult to treat the IST unambiguously because
so far no accurate N N interaction model at such high incident
beam energies can deal with ISI and FSI simultaneously. Some
authors [13] claim that the ISI has practically no influence on
the energy dependence of the 1 production cross section and
only leads to a reduction factor of about 0.3 to the cross section
in a wide range of energies. In our paper, we do not consider
this reduction factor because we do not know the value that we
should adopt for the 1’ production, and so this will just cause
another uncertainty. The small cutoff values that we adopt
in form factors partly play the role of this reduction factor,
and the influence of this prescription will be discussed in the
following.

(14)
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III. NUMERICAL RESULTS

We first apply our approach to n production and check
the applicability of our model. Total cross sections for pp —
ppn, 7~ p — nn, and pn — pnn are shown in Fig. 2, and
our numerical results agree well with the experimental data.
The contributions of various meson exchanges to pp — ppn
and pn — pnn are also shown, and 7 exchange is found to
make a dominant contribution in the near-threshold region.
This has received support from a recent experiment [18] and is
also the reason for our simultaneous reproduction of these two
channels [11,15,17]. In sharp contrast to Ref. [9], in which
p exchange dominance is indicated, the contribution of p
exchange is much smaller than that of w and 5 exchange
in our calculation. Moreover, in a calculation [30] of the
pp — pp¢ reaction made with a similar approach to ours,
it is demonstrated that the contribution of p exchange is larger
than that of n exchange though 7 exchange is dominant in
the N*(1535) excitation. This difference from our model is
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FIG. 2. Total cross section for (a) pp — ppn, (b) 1~ p — nn,
and (c) pn — pnn. In (a) and (c) the dashed, dotted, dash-dotted, and
solid curves correspond to contributions from 7, 1, and p exchange
and their simple sum, respectively. The dashed curve is overlapped
by the solid one. The data are from Ref. [3,4] (a), Ref. [36] (b), and
Ref. [17] (c).
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caused by the alternative cutoff parameters in the form factors,
and much larger values (A = 1.6 GeV for the pNN vertex
and A = 1.3 GeV for all other form factors) are used in their
model. It seems that the vector couplings of the p NN vertex
are suppressed more quickly than the pseudoscalar couplings
of NN and nNN vertices when the cutoff parameters are
decreased. In the considered energy region, the small cutoff
parameters should be more reasonable because we do not
include the reduction factor caused by ISI in our model, and
these cutoff parameters also give reasonable reproduction of
the strangeness production process in NN collisions [32].
Similarly, our model should draw some analogous conclusions
to the pN — pNn' channel in this aspect owing to its
formalism, as demonstrated in the following. The relatively
larger contribution from 1 exchange compared to that of p
exchange is also found in Refs. [11,14], but it is worth pointing
out that a very small g,y is adopted in our model.

As can be seen from Figs. 2(a) and 2(c), there is not much
room left for the coherent resonance-resonance interference
term, which is thought to be important, as stressed in Ref. [15].
The cross section of 7~ p — nn when T, > 850 MeV is
underestimated, as displayed in Fig. 2(b), and this is obvi-
ously evidence of the contribution of other resonances [i.e.,
N*(1650) and N*(1710)] in this energy region.

For excess energies smaller than 20 MeV, theoretical
results underestimate the empirical cross section of the pp —
ppn channel, as several authors have pointed out [11,15].
The discrepancy in invariant mass distribution is even more
pronounced, as can be clearly seen in Figs. 3(a)-3(d). In
addition to a peak arising from the N*(1535) resonance and
strong 'Sopp FSI, there is a surprising broad bump in both

pp and pn invariant mass distributions, which is not trivially
explained. Some papers devote attention to this problem, and
the origin of the bump has been attributed to the large  meson
exchange contribution comparable with the leading 7 meson
exchange term [14] or higher partial waves [12]. However, the
former hypothesis apparently conflicts with the experimental
finding of a dominance of isovector exchange; thus it cannot
account for the high ratio of o (pn — pnn) too(pp — ppn).
The latter cannot give a simultaneous explanation of the
excitation function and invariant mass distributions, and the
visible bump at excess energies of 4.5 MeV [7] is improbably
caused by the contribution of higher partial waves. As a result,
it seems that this bump probably arises from the n/N FSI [16].
Unfortunately, there has so far been no rigorous treatment
of three-pair FSI, and this problem needs further theoretical
and experimental effort. As shown in Figs. 3(e) and 3(f), the
angular distributions of the n meson in the pp — ppn reaction
for excess energies of 15 and 41 MeV are described well by
our model, since our model is characterized by the 7 exchange
dominance process in the N*(1535) excitation.

We will now employ our model to n’ production since its
success for n production has just been demonstrated. Total
cross sections for pp — ppn’,aN — Nn’, and pn — pnn’
are shown in Fig. 4. We get good reproduction of both pp —
ppn’ and N — Nn' channels with g%,NN*/4n = 1.1, and
some similar conclusions to those of 1 production are achieved
as expected. 7w exchange is the largest contribution in the near-
threshold region of pN — pNn’, and p exchange is much
smaller than 7 and n exchange. Without complexity caused
by n'N interaction [19,23], our numerical results reproduce
the experimental data quite well in the entire energy region
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FIG. 4. Total cross section for (a) pp — ppn’, (b) tN — N7n',
and (¢) pn — pnn'(c). In (a) and (c) the dashed, dotted, dash-dotted,
and solid curves correspond to contributions from m,n, and p
exchange and their simple sum, respectively. In (b) the dashed, solid,
and dotted curves correspond to g,z/NN*/4rr =1.15, 1.1, and 1.0.
The data are from Ref. [19] (a) and Ref. [36] (b) (solid squares:
7~ p — nn’, solid circles: 7tn — pn’).

considered. As can be seen in Fig. 4(c), we anticipate the same
value of 6.5 for the ratio of o(pn — pnn’)to o(pp — ppn’)
in our model, and this value would approach 4 in the very
close to threshold region (excess energy <20 MeV). This ratio
is expected to be unity if i is produced directly by gluons [27],
so isospin dependence is powerful for distinguishing different
n’ production mechanism and may provide useful information
on the possible gluon content of the " meson.

For the scarce and inaccurate data of 7~ p — nn’ and
ntn — pn’, the extracted coupling constant g,yy- has a
large error bar, and significant contributions from other
N* resonances cannot be definitely excluded. Alternative
combinations of N* resonances and coupling strength would
yield a good fit to the present data [30]. The dotted curve in
Fig. 4(b) shows that we can get a much better reproduction
of the 7 N — N7’ data with gi,NN* /4m = 1.0, although this
will slightly underestimate the pp — ppn’ channel. An even
better fit to the pp — ppn’ data can be achieved with
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FIG. 5. Invariant mass spectrum for pp — ppn’. (a) and (b) show
the angular distribution of the n meson and (c) and (d) its invariant
mass distribution. The data are from Ref. [22] (a) and Ref. [21] (b).
The dashed curve is the pure phase-space distribution.

gf],NN*/4JT = 1.15, but this will overestimate the 7N — N7’
data, as shown by the dashed line in Fig 4(b). However, the
neglected nucleonic and mesonic currents in the pp — ppn’
would give an additional contribution, and with a little smaller
g,zl, /47 we would achieve a better result for both channels.

In any case, our preliminary value of gi, yn+/4m = 1.1 should
be reasonable.

The calculated invariant mass spectrum of the pp — ppn’
reaction at excess energies of 15.5, 46.6, and 143.8 MeV are
presented in Fig. 5. Our calculations of the angular distribution
of the " meson at 46.6 and 143.8 MeV show obvious structure
at forward and backward angles and reproduce the experimen-
tal data nicely. However, it has to admitted that the measured
angular dependence might also be compatible with an isotropic
shape within the given experimental uncertainties. Besides, it
is interesting to note that the data from Ref. [5] show distinct
structure in the angular distribution of the 7 meson, but Ref. [6]
gives a totally flat distribution, as can be seen in Fig. 3(e)
and 3(f). So a detailed quantitative analysis awaits more
accurate data.

The predicted differential cross section of pp — ppn’ at
an excess energy of 15.5 MeV, together with the total cross
section of pn — pnn’, can be examined by the ongoing
experimental studies [16]. No obvious bump other than a peak
arises in the invariant mass distribution because our model does
not include additional mechanisms other than the N*(1535)
resonance and FSI. If this result is confirmed by experiment,
then other mechanisms (probably n N FSI) accounting for the
broad bump should be added to the study of the pp — ppn
channel.
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IV. SUMMARY AND DISCUSSION

In this paper, we present a consistent analysis of pN —
pNn' and 7N — Nn' within an effective Lagrangian ap-
proach, by assuming that the N*(1535) resonance is dominant
in " production. Our numerical results show that 7 exchange
is the most important in the pN — pNn’ reaction, and we
predict a large ratio of o(pn — pnn’) to o (pp — ppn’). An
explicit structure to the angular distribution of the n” meson
is demonstrated. In addition, a significant coupling strength of
N*(1535) to n'N is found:

gyne/Am =11 (15)

In a vector-meson-dominant model analysis to the yp — pn’
reaction [37], a value of g, vy = 3.4 (ie., g%,NN*/4rr =0.92)
is given, and this is consistent to the result form our analysis.
Moreover, the analysis of recent high-precision data for the
reaction yp — pn' [28,29] gives g, Nn-gynN- = —2.59, and
this corresponds to g%, wn+/4m = 1.0 if we adopt the relation
8o nn-/4m = m3 (A} ) /[em(my+ — my)] and the helicity
amplitude A} 5, =0.09 GeV~!/2, This large coupling strength
of N*(1535) to ' N is also compatible with the mixture picture
of n and n’.

Considering the possible gluonium admixture of the n’
wave function, we adopt a basis of states [n,) = |uii +
dcf)/«/i, [ns) = |s5), and |G) = |Gluonium), and the physical
n and 7" are assumed to be linear combinations of these basis
of states [38,39]:

(1) =Xn|nq>+Yn|7]s>+Zn|G>7 (16)
|71/) =X77’|7]q>+Yr]/|77s>+Zn/|G>- (17)

If the gluonium content of the n meson is assumed to vanish
(Z, = 0), all six parameters can be written in terms of two
mixing angles, ¢, and ¢,/ ¢, which correspond to

X, =cos¢,, Y,=-—sin¢,, Z,=0, (18)

X,y =sin¢g,cospyg, Yy =cosep,cosdyg,
19
Z,]/ = —sin¢,7/G.

If the gluonium content of the " meson is further assumed
to vanish (Z, = 0; i.e., ¢,yg = 0), then ¢,, is the n-n’ mixing
angle in the absence of gluonium, and Eqgs. (16) and (17) are
the normal 7-7" mixing in the quark-flavor basis. In the quark
model, the n" couplings can be related to those of n [24,37]:

8y = Xn8q +Yn8 + Zy8:, (20)
&y = X8 +Yy8 +Zyga, 2n

with g,, g;, and g being, respectively, the nonstrangeness,
strangeness, and gluonium coupling constants. For g,y
and g,nn, because the strangeness and gluonium content
in the nucleon are negligible, we can make the simplifying
assumption g; K g, and g K g, and so
Ry = SN Xy tan g, ~ 0.84, (22)
8 nNN X n
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with ¢, ~ 40° [40]. This is compatible with Ry ~ 0.62 from
the recently extracted value of g,yy >~ 1.4 [28] and the
adopted value of g7 /47 = 0.4 in this paper.

With coupling constants summarized in Table I, we have

__ 8y NN+

Ry ~2.0. (23)

gnNN*

If the large g, ny+ indeed indicates a significant s§ config-
uration inside the N*(1535) resonance [30], then assuming
gonNn+ K ggnn+ should be reasonable, so

Rue — gynN+  tang, + gnn+/8gn N+
Ne = = .
NN+ 1 — gonn+/ggnn+tan e,

(24)

This gives geyn+/ggnn+ ~ 0.43, which may indicate a rel-
atively large proportion of strangeness in the N*(1535)
resonance. But the large g, yy- is also probably caused by
the gluonium component of N*(1535), as can be seen in
Egs. (20) and (21); then if govn+ < gqnn+ 1S assumed, we
have

gGNN* Singy g
gqNN+ COS )

_ 8y NN*

Ry~ = tan ¢, cos ;G — . (25)

8N N*

where ¢, ~40° and |¢,g| ~ 22° [38]. Then we will get
|gonN=/gqnn+| ~ 2.5, and this may also indicate a relatively
large proportion of gluons in the N*(1535) resonance. Cer-
tainly, according to this analysis, it is possible that strangeness
and gluons coexist in N*(1535), and it is a combination
of them that induces the large couplings of N*(1535) to
strange particles. Recently, phenomenological analyses of
radiative decays and other processes [39] revealed no evidence
of the gluonium contribution to the n" wave function (i.e.,
|¢ycl ~ 0°), and this seems to support the idea that these
large couplings are mainly caused by the s§ component in
N*(1535). Different five-quark configurations of gggss have
been deeply investigated, and an admixture of 25%—-65% in
N*(1535) is suggested [41]. However, the intrinsic structure
of N*(1535) remains an open question and further studies are
needed.

In conclusion, our phenomenological analysis of n’ pro-
duction in NN and w N collisions not only gives a nice
reproduction of the experimental data but also agrees well with
the present understanding of the internal component of the n
(n") meson and N*(1535) resonance. The ongoing relevant
experiment in COSY [16] will soon examine our results and
advance a better understanding of 1 and »’ production.
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