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Abstract: We are aiming to study the J/1{ — ppn’ decay in an isobar model and the effective Lagrangian approach
on the basis of the coupling constants extracted from the mN —n’'N reaction. After a careful exploration of the
contributions of the S11(1535), P11 (1710), P13(1900), S11(2090) and P1;(2100) resonances, we conclude that either a
subthreshold resonance or a broad P-wave state in the near threshold range seems to be indispensable to describe the

present data of the 7N —1'N. Furthermore, at least one broad resonance above n'N threshold is preferred. With this

detailed analysis, we give the invariant mass spectrum and Dalitz plot of the J/1 — ppn’ decay for the purpose of
assisting the future detailed partial wave analysis. It is found that the J/{ — ppn’ data are useful for disentangling

the above or below threshold resonant contribution, though it still further needs the differential cross section data of

7N —1'N to realize some of the resonant and non-resonant contribution.
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1 Introduction

In recent years, plenty of information on nucleon res-
onances [1] has been obtained by a wealth of phenomeno-
logical studies on numerous data of the N, YN, eN reac-
tions [2-22] and pN collisions [23-35]. However, despite
a great deal of theoretical and experimental effort, our
knowledge of nucleon resonances around 2.0 GeV is still
scarce because of the presence of many resonances and
opening channels in this energy region. Alternatively,
the hadronic decay channels of heavy quarkonium have
attracted much attention due to their advantage in ex-
tracting empirical information of resonances with isospin
1/2. In this area, a lot of progress has been made on
the study of the decay of the charmonium states, e.g.
the J/W, P (3686), (3770) and x.; states by the BES
and CLEO collaborations [36-46]. In particular, it is ad-
vanced by the wide implementation of the tools of partial
wave analysis (PWA) [47-49] on the tremendous number
(up to a billion) of events accumulated with the BESIII
detector at the BEPCII facility. In these fruitful PWA
works, which mainly concentrate on the NN7t channels,
not only have the peaks of known N* resonances been di-
rectly observed, but evidence of several new resonances
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with higher masses has also been found [36-38], e.g.
N*(2040) with J¥ =3/2% was found in J/1{ — ppr® [36],
N*(2300) with J” =1/2% and N*(2570) with J* =5/2~
appeared in (3686) — ppr® [38].

It is indispensable to explore the decay modes with
final mesons other than the 7-meson in order to search
for missing states coupling weakly to the 7-meson. Un-
fortunately, to date we know little about the coupling of
the -, w-, and ¢-mesons to nucleon resonances [50] and
the interaction of these mesons with the nucleon [51]. In
past decades, the production of these mesons in the YN
and pN reactions have been widely investigated, mainly
motivated by the increasing volume of data taken by the
CLAS, CBELSA and COSY groups [24-31, 52-55]. The
results, however, are quite inconclusive for the moment.
It is still not firmly established which resonances play an
important role in these reactions, and it is still controver-
sial whether the sub-threshold resonances have essential
contributions. In order to resolve these ambiguities, it
is natural to turn our attention to the strange decays of
charmonium states, e.g. NN1/, NN¢, and the associate
strange decay channels NAK and NYK [42].

The invariant mass spectra of the J/1{ — NNn’ de-
cays cover the energy range from my+m, ~1.90 GeV
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to myp—mn >~ 2.16 GeV, where the debatable P13(1900)
state [4, 7] and the long-sought third S;; and P;; states
at about 2100 MeV [2-7] are expected to be present. The
P15(1900) state, which is unfavored by diquark models,
is considered at the early stage of the Giessen model [7—
11] and KSU survey [14, 15]. The Bonn-Gatchina partial
wave analysis found evidence for it in the KX photopro-
duction data only recently [3, 4], but the latest GWU
analysis does not include it as before [16]. The existence
of the third S;; and P;; states could shed light on the
spin quartet of nucleon resonances, which is disputed in
classical diquark models [5]. This topic is interesting also
because it could shed light on the nature and internal
structure of relevant nucleon resonances which may have
large s§ components [50]. It can also serve as a guideline
for future detailed PWA in view of the current scarce
information on these resonances.

In the decay channels mentioned, the possible back-
ground contribution, e.g. the nucleon pole, has been
calculated to be negligible, except in J/1{ — NN7t [56-
58], as anticipated by the suppression from the large
off-shell effect. The meson-pole Feynman diagrams, e.g.
J/ — Mn’ — (pp)n’, can also be ignored because of the
smallness of the relevant coupling [59]. So the main con-
tribution should come from the nucleon resonances. In
an isobar model including several possible resonances
coupling strongly to N¢, J/1 — ppd has been studied
and useful hints are given for the future data analy-
sis [60]. In this paper, we will give a full study of the
J /¥ — ppn’ decay based on our present understanding of
the resonances with mass around 2.0 GeV with the model
parameters constrained by the data of the mN—n'N
channel.

1n’-meson photoproduction is complicated by large
contributions of the t-channel exchange and contact term
from gauge invariance. As a result, more parameters are
needed in the analysis of these reactions. The conclu-
sions after including these data, especially the masses of
the S- and P-wave states, are very different in the se-
ries of works [52-55]. This tells us that the background
contribution should be treated carefully in the photopro-
duction, which is another important issue in the study
of n’-meson production. This also motivates our present
study, which is devoted to a simpler case of N reac-
tions and J /1 decay with less background. The n’-meson
production in nucleon-nucleon reactions now has close-
to-threshold data. The old data have been analyzed in
our previous work [30], and the conclusion is compatible
with our present work. But these data cannot deter-
mine well the mass and width of the contributing S;;
resonance because the phase space behavior is dominant
at the close-to-threshold region. Another motivation of
this paper is to check if the J/1{ decay could give us more
information in this aspect.

In the next section, the construction of the model
and the mathematical framework are presented in de-
tail. Section 3 gives the calculated results, followed by a
short summary in Section 4.

2 Ingredients and formalism

We use the isobar model with the assumption of nu-
cleon resonance dominance. We use the available data of
the mN —n’'N reaction to determine the unknown cou-
pling constants of 1'NN* vertices. The s- and u-channel
process as depicted in Fig. 1 are included in the model,
but the t-channel contribution is not considered because
we do not find any mesons coupling strongly to 7nn’. For
example, the width of the " — pmt decay is smaller than
8.0 keV [1]. The nucleon pole [55] is calculated to be very
small so we disregard it, too. As pointed out above, the
invariant mass of n'N and n’N in the J/\ — ppn’ decay
cover the energies up to 2.16 GeV, so herein we consider
the center of mass (c.m.) energy range from threshold
to 2.5 GeV in the mN —n’'N reaction in order to better
constrain the coupling constants of the n'NN* vertices.
The Feynman diagrams of the J/1i — ppn’ decay in the
model are shown in Fig. 2. We use the experimental
branching ratios (BR) of J/\ — ppn and J/{ — ppn°® to
extract the coupling constants of J/\PpNN*, whose Feyn-
man diagrams are similar to Fig. 2, but replacing the
final meson by the 7t- and 1-meson, respectively.

Before continuing to the formalism, we first explain
the strategy of selecting the nucleon resonances in the
model. We only include the S- and P-wave states be-
cause the energy we consider here is not far away from
threshold, and also there is little evidence of higher spin
resonances coupling to n'N [1]. A further reference wor-
thy of mention is that PWA of J/{ — ppn does not find
any signal of higher partial waves [40]. In addition, we
consider the known states with relatively big partial de-
cay widths to be strange or associated strange channels,
because these states are expected to couple strongly to
the n'N channel. The P,3(1900) state, located very close
to the n'N threshold, seems to have big couplings to
nN, K3, KA [1] and N¢ [60]. However its decay width
to n'N is critically suppressed by the very small phase
space, which is probably the reason for its obscurity in
the presnt PWA analysis. Just above the threshold is
situated the S;;(2090) and P;;(2100), which may have
big couplings to 1'N but rank only two and one star, re-
spectively, in the compilation of the Particle Data Group
(PDG) [1]. The S;,(2090) is labeled as S;;(1895) in the
latest PDG with the recommended Breit-Wigner mass
being around 2090 MeV. We include the sub-threshold
resonance S1;(1535) because it may have big couplings to
1n’N, as found in the pN — pNn/’ reaction [30]. In fact, the
constituents of this resonance may a have significant ss
element [61, 62], resulting in its big couplings to KA [23]
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and N¢ [25, 31, 63]. However, the combination of several
S- and P-wave resonances above the n’N threshold could
give a reasonable description of the pN — pNn’ data [52—
55]. Ome of the purposes of this paper is to explore
whether it is possible to discriminate these two 1’ pro-
duction mechanisms in the J/\p — ppr’ decay. Another
sub-threshold resonance Py;(1710) is considered in the
model because it has a relatively big decay width to the
nN. Other sub-threshold resonances, i.e. the S;;(1650)
and P;;(1880) states [1, 3] are not considered because
they cannot be distinguished from the nearby S;;(1535)
and Py;(1710) resonances by the current 1’ production
data. So in this paper we include S;;(1535), Py;(1710),
P5(1900), S;1(2090) and Py;(2100), labeled as 1 — —5
with increasing masses. As can be seen in the PDG [1],
the widths of the last three resonances have a big dis-
crepancy between different models. Herein we adopt the
treatment in Ref. [60] and use three widths for each reso-
nance, determined by three different models [1], labeled
respectively as (a), (b) and (¢) from narrow to wide.
We try to use the combinations of these widths to fit
the data with fewer model parameters. In the follow-
ing text, we label different fitting strategies as nr.ixjykz,
which means fitting with n resonances with the (z)-th,
(y)-th and (z)-th widths for the é-th, j-th and k-th res-
onances, respectively. For example, 3r.2-3b4c is fitting
with 3 resonances, which are P;(1710), P,3(1900) with
its (b) width, and S;;(2090) with its (c¢) width.

) o)) ")
/ N\ / N@) N\
N(@») N, N(@s) N(p)
Fig. 1. The s- and u-channel Feynman diagram for

the N —n’N reaction in the isobar model.

n '(]73)/

N@2)
The Feynman diagram for the J/{ — ppn’

Fig. 2.
decay in the isobar model.

In order to evaluate the Feynman diagrams in Figs. 1
and 2, we construct the effective Lagrangians with the
covariant L-S (obital-spin) coupling scheme [33, 34, 47—
49]. The couplings of the pseudoscalar meson (M =T,
nor 1) to Sy1, P1; and Py3 resonances (R) are:

+ _
Lyrar=9uneNTEMR+h.c., (1)
Eié?R:iMNauMRﬂ—i—h.c., (2)
Mg

with '~ =1 and I'* =ivy; for R=S;; and P,;, respec-
tively. The couplings of the J/1 to resonances are:

+ _

Exlp/zfm = gleRNFj:EH(pu,,Slp)R—‘rh.C., (3)
+ X _

Lyir=19oxrNYse" Dy, 59) R+ e, (4)

with I, =iys0,,py /my and I} =7, for R=S,; and
P,,, respectively. It should be noted that the J/i pro-
duced in ete™ collisions is transversely polarized so the
polarization vector €,(p,sy,) satisfies

S P s ) posy) =00 (G +d). ()

sy ==+1

The intermediate resonances are multiplied by off-
shell form factors to suppress the contribution of high
momentum:

> Ak

O T @ -mp 0
with Ar and ¢ being, respectively, the cut-off param-
eter and four-momentum of the resonances. Arp = 1.1
GeV and 2.0 GeV are used in the s- and u-channel in
the mN —n’'N reaction, respectively. Here we use bigger
cut-off values of the u-channel in order to reproduce the
large cross section data of mN —n’'N above 2.3 GeV, as
will be discussed in the next section. In the J/1{ decay
channels, Az =1.8 GeV and 2.3 GeV are adopted for the
resonances below and above threshold, respectively. The
propagators of the resonances with total spin J = 1/2
and 3/2 are:

Fr

1/2 o —i(;{:l:mR)
G () =G (0)Gu (a), (8)
1 1
G @) = ~Guw + 507 £ 3 (VuGv =70 q)
2
+ %ququu (9)

where + are for the particles and antiparticles, respec-
tively.

The partial decay widths of nucleon resonances can
be calculated by the above Lagrangians, e.g. Eq. (1) and
Eq. (2) as follows:

2 E :I:m cm
Loy = Sl o MR pory(10)
R
2 2 2
ENz—mR+?N T, (11)
mp

PN =V E{ —miy, (12)

with F1/2 = 1, F3/2 = (p%”/mR)2, FT[ = 3 and F’? =1.
The =+ is for S;;(P3) and Py, respectively. So the cou-
pling constants of vertex M NR, as listed in Table 1,
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can be determined by the experimental decay widths of
R — NM in the compilation of PDG [1]. Because the
parameters of P13(1900), S;;(2090) and P,,(2100) have
large uncertainties, their widths are adopted from three

Table 1.

The parameters of nucleon resonances used in the calculation.

PWA groups, see PDG [1] for details. The branching de-
cay ratio of S;;(1535) and P,;(1710) to the nN channel
are 53% and 6.2%, respectively, with the resulting values

92N n- (1533 = 431 and g2 ne 1710) = 314

The Breit-Wigner masses, widths and

branching ratios (BR) are quoted from the central values of the PDG [1].

label N* mass/MeV Ttot /MeV BRn (%) 9NR Iy jpnn+/keV 93 nr(107°%)
1 S11(1535) 1530 137.5 45.0 0.47 9.94x10~2 0.652
2 P11(1710) 1695 75.0 15.0 1.08 1.23x1072 0.316
3 P13(1900) 1900 (a) 180.0 5.5 1.13 1.23x1072 2.422
(b) 250.0 10.0 2.85 1.23x1072 1.475
(c) 498.0 26.0 14.7 1.23x102 0.774
4 S11(2090) 2090 (a) 95.0 9.0 0.041 1.23x1072 22.05
(b) 350.0 18.0 0.305 1.23x1072 7.521
(c) 414.0 10.0 0.200 1.23x1072 13.20
5 P11(2100) 2100 (a) 113.0 15.0 0.564 1.23x1072 1.362
(b) 200.0 10.0 0.666 1.23x1072 2.290
(c) 260.0 12.0 1.040 1.23x1072 2.031

After some algebraic manipulation, the separate am-
plitudes of the T*N —n'N are written as,

Mp= \/ign/NRgnNR x
(€' Fre(q)(pe) Loy xrGor(a) T u(pe)
+ e Fr(q")u(pe) LenrGr(q ) Dy nru(py)],

with ¢ =p,+p; and ¢’ =p, —p; for s- and u-channel, re-
spectively. Here the interaction vertices I, yr and I nr
can be read directly from Eq. (1) and Eq. (2) as 1, iys
and ip’ ;/mg for R=28;;, Py; and Py3 respectively. The
total amplitude is the coherent sum of all resonances
with the relative phase setting as free parameters to be
determined by the data.

The J/\p — NNM(M =7 or 1) decay amplitude for

each resonance can be written as,

(13)

Mpg= 5AIei¢SgAINRg¢NR
X[Fr(q)0(p2) v rGr(Q) Dynre (P, 59)8(p1)
+Er(q)u(p) I vinrGr(4) Dynre” (P 59)v(P2)],

(14)

with the isospin factor d,; = 1 or /2 for neutral
or charged final mesons, respectively. The vertices

I'ynr can be read directly from Eq. (3) and Eq. (4) as
i%Uwpﬁ,/mN, v, and ivys for R =Sy, Py; and Py3 re-
spectively.

We use the same method to determine the gynyr as
in Ref. [60] and update the values with the amplitudes
in Eq. (14). In BES’s PWA [40], the branching ratio of

J /P — ppn is determined to be (1.91+0.02+0.17)x 1073,
of which the S;,(1535) contributes (56 + 15)%. So
the gynn=(1535) can be well determined, taking advan-
tage of the above value of the g nn+(1535. Combin-
ing with the known g,nn+(1535), We can predict that the

| fraction contribution of the Sy, (1535) in J/ — ppr® is
1.83 x 102 keV, compatible with the branching fraction
(0.92 ~ 2.10) x 10~* in BES’s PWA [36]. However, the
contribution of other resonances in J/{ — NNM is not
well disentangled by PWA and they depend on the model
parameters and the selected sets of resonances [36]. The
total branching ratio of the J/1p — pin~ 4 c.c. is con-
sistent with expectation from the J/{ — ppn® with the
isospin relation but the fraction contribution of sepa-
rate resonances is not extracted yet [37]. Based on
the uncertainties given by the BES analysis [36], we
can safely assume that the fraction contribution of the
P,,(1710), P13(1900), S;,(2090) and P,;(2100) are all
10% in J/{ — ppn°®, then the gynyr can be determined,
as tabulated in Table 1. The extracted values are in the
same order and compatible with the fact that the J/i
decay is a flavor-blind gluon-rich process. These values
are also a good starting point to calculate other J/i
hadronic decay channels, e.g. the J/{ — NN77t channel.

3 Numerical results

In order to reliably control the u-channel contribu-
tion in the TN —n’N reaction, we include its data up to
the center of mass (c.m.) energy /s =2.50 GeV. After
the parameters in the u-channel are pinned down at high
energies, the contribution of s-channel resonances can be
extracted with more confidence. The total cross section
of N —n'N is around 100 nb and roughly at the same
level from the threshold to /s =2.50 GeV [64]. The data
also show an inconspicuous structure with two bumps
at threshold and around 2.15 GeV, respectively. These
prominent features are directly reflected in the following
numerical fit results.
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Evidently, one resonance alone cannot give an excel-
lent description of the data in this wide energy range.
However, the Py;(1710) could achieve a fair x? with the
existing data, indicated as 1r.2- in Table 2. As demon-
strated in Fig. 3, the u-channel Py, (1710) diagram con-
tributes a significant smooth background and the trend
describes roughly the features of the data without a clear
signal of generated resonances as mentioned above. At
this stage we cannot exclude this possibility due to the
scarce data collected. Adding other resonances located
above threshold, either wide or narrow, could improve
the fit quality of the data. Due to the large number of
solutions if P;;(1710) is included in the model, we only
show some selected typical fitted parameters in Table 2,
with the corresponding curves depicted in Fig. 3. We
can see that the x? gets a little better when the num-
ber of resonances increases. As shown in Fig. 3(c), the
four-resonance solution gives a clear two-bump structure
and is different from other solutions with relatively plain
curves. But the five-resonance solution 5r.1-2-3c4cbhc has
nearly the same quality as the four-resonance one in
terms of the x? values, while the uncertainties in its pa-
rameters are obviously bigger, exhausting the limitation
of the data. This is also one of the reasons why we do not
include more resonances in our model. It is a common
feature that the u-channel Py, (1710) contribution acts as
an important smooth background and other resonances
induce broad humps in all these solutions.

In the following text we focus on the solution without
the P1,(1710) resonances. Two types of combination of
two resonances have a good x?. One is the Py;(1710)

250 T T

with a resonance above threshold, with a representative
example already shown as solution 2r.2-4c in Table 2
and Fig. 3(a). The other one is the P;3(1900) and broad
P,1(2100), and the extracted parameters are presented
in the upper part of Table 3, with a typical diagram of
the total cross section of TN — 1’N shown in Fig. 4(a). In
the two-resonance solution, a relatively broad resonance
above threshold is favored in order to reproduce the level
behavior in the data. Here the S;;(1535) seems not to be
needed, but we should be cautious to draw this conclu-
sion because the S;;(1535) only contributes to the very
close-to-threshold region, so adding only one resonance
besides the S;;(1535) cannot explain well the big cross
section at high energy. Surely, the S;;(1535) alone could
give a reasonable account of the very close-to-threshold
data, as discussed in Ref. [30] and shown in the three-
and four-resonance solutions below.

Besides the three-resonance solution with the
P,1(1710), representatively shown in Fig. 3(b), all other
three-resonance solutions with y? around 2.3 are sum-
marized in Table 3 and typical diagrams are shown in
Fig. 4(b—d). As can be seen in Fig. 4(b)(c), the N*(1535)
could improve the x? from around 2.6 to about 2.3,
mainly because of the better fit to the close-to-threshold
data. However, its role could be substituted by other
resonances above threshold and the combination of the
P,5(1900), S1,(2090) and P,;(2100) could give an equally
good description of the data, as shown in Fig. 4(c). Ob-
viously, we need more data to differentiate these mecha-
nisms, especially those of the angular distributions and
polarized observables.

T T
(a) 2r.2-4c
200 F N

150 | S0

o/ub

100

50

T T
P
§ememn
e :

T
1900
1900
2090
2100

N
[ N
N
N

T T
© (b)3r.2-3bde

250

200

150

o/ub

100

50

N =
1.9 . 21 22 23 24

\s/GeV

Fig. 3.

2.2 2.3 2.4 2.5
\s/GeV

Seleted diagrammatic representation for the fitted results with P11(1710) included in the model. The solutions

are labeled as 2r.2-4c, 3r.2-3b4c, 4r.1-2-3c4a and 5r.1-2-3c4cbhc, see Table 2 for the corresponding parameters. The
solid lines are the total contributions of all considered diagrams. The explanation of the meaning of other lines in
the figures is indicated in Fig. (a) and Fig. (c). The data are from the compilation [64].
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Table 2. The coupling constants of nucleon resonances to n’'N and relative phases extracted in the fit with P11 (1710)
included in the model. Only selected results are displayed, see the text for details. *: The values are set to be zero
in the fit.

1abel/x2 N* width In’/NR ?s/(°) du/(®)
1r.2-/2.77 1710 — 12.974+0.88 0.0* 123.84+8.7
2r.2-4c 1710 — 9.95+1.85 0.0* 128.94+18.3
2.32 2090 (c) 0.714+0.26 0.0+274.6 156.5+213.2
3r.1-2-5b 1535 — 3.024+1.48 0.0* 138.8+138.1
1710 — 10.83+2.37 0.0+£55.4 21.24+58.5
2.36 2100 (b) 2.18+1.39 43.04+84.8 248.0£119.0
3r.2-3b4dc 1710 — 6.96 +2.25 0.0* 277.0+£77.9
1900 (b) 12.37+3.26 139.04+89.5 1.5+300.5
2.10 2090 (c) 1.73+1.03 62.4+64.5 297.7+299.7
4r.1-2-3c4a 1535 — 9.48+4.17 0.0* 0.94+324.9
1710 — 9.144+1.22 0.04+352.8 4.84+242.8
1900 (c) 10.06+2.93 269.8+£106.8 359.9+352.1
2.02 2090 (a) 0.934+0.98 138.34+80.0 1.74208.1
5r.1-2-3c4chbe 1535 — 5.68+6.38 0.0* 1.6+£37.8
1710 — 7.67+£2.87 31.24£68.0 19.14+41.1
1900 (c) 10.56 +2.46 286.5+104.7 8.34+231.3
2090 (c) 1.73+1.36 146.14+52.9 20.54348.9
2.06 2100 (c) 3.124+3.80 0.1+355.9 295.6 +86.3

Table 3. The coupling constants of nucleon resonances to n’N and relative phases extracted in the fit with the
combination of two or three resonances, mentioned as type I, see the text for details. *: The values are set to be
zero in the fit.

label/x2 N* width In’/NR ?s/(°) du/(®)

2r.3abc 1900 (a) 12.714£2.07 0.0* 209.7+101.1
2.65 2100 (c) 5.484+0.72 151.34+81.4 95.34+97.8
2r.3b5c 1900 (b) 10.70£1.76 0.0* 169.44+86.2
2.61 2100 (c) 5.56+0.81 118.24+72.8 44.94+84.4
2r.3chHe 1900 (c) 8.884+1.37 0.0* 150.44+62.4
2.63 2100 (c) 5.124+1.05 98.54+54.7 11.9+198.9
3r.1-3b4db 1535 — 4.90+2.38 0.0* 55.14+59.4
1900 (b) 13.02+1.13 332.0£58.5 242.9+65.5
2.28 2090 (b) 1.37+0.41 252.4+24.5 57.2+104.7
3r.1-3c4b 1535 — 3.59+1.47 0.0* 247.5+42.8
1900 (c) 9.36+1.19 138.24+28.2 47.0+38.6

2.28 2090 (b) 1.58+0.31 0.0+13.1 245.1+£89.9

3r.1-3abc 1535 — 4.83+1.94 0.0* 0.0+19.5
1900 (a) 14.4942.93 265.9+£51.4 155.44+49.7

2.38 2100 (c) 5.794+0.99 87.0+52.3 2.54+229.5

3r.1-3b5b 1535 — 5.361.10 0.0* 0.04+22.2
1900 (b) 12.50+1.77 264.1+45.2 166.8 +38.6

2.43 2100 (b) 5.08+1.00 122.6+48.8 5.2470.2

3r.1-3bbc 1535 — 4.27+1.37 0.0* 0.0+47.4
1900 (b) 10.01+1.61 0.0+£53.4 171.04+47.8

2.35 2100 (c) 5.324+1.32 140.94+61.2 4.04+216.0

3r.1-3c5b 1535 — 5.854+1.30 0.0* 0.0£55.9
1900 (c) 8.944+1.92 305.4+£62.3 162.54+56.3

2.29 2100 (b) 4.134+1.48 117.8449.1 12.44208.1
3r.3b4bbc 1900 (b) 12.97+1.05 0.0* 230.6 £67.3
2090 (b) 0.914+0.44 234.7+36.9 70.3+116.4

2.33 2100 (c) 4.914+1.04 139.94+62.6 91.9459.4
3r.3b4che 1900 (b) 13.04+0.81 0.0* 225.5+63.3
2090 (c) 1.384+0.44 235.7+£34.6 66.3£108.5

2.31 2100 (c) 4.76+1.03 130.94+55.4 86.3+56.5
3r.3c4bbc 1900 (c) 10.49+0.89 0.0* 241.4+53.6
2090 (b) 1.15+0.44 221.0£26.0 90.3+117.3

2.27 2100 (c) 4.33+1.56 159.14+61.0 108.9+58.6
3r.3c4che 1900 (c) 10.53+0.75 0.0* 219.3+68.7
2090 (c) 1.68+0.75 219.8£25.5 62.0£207.5

2.29 2100 (c) 3.72+1.77 141.54+76.1 84.44+88.9
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Fig. 4. Selected diagrammatic representation for the fitted results with the combination of two resonances 2r.3c5c
and three resonances 3r.1-3b4b, 3r.1-3b5c and 3r.3c4cHc, see Table 3 for the corresponding parameters. The solid
lines are the total contributions of all considered diagrams. The explanation of the meaning of other lines in the
figures is indicated in (a) and (c). The data are from the compilation [64].

Regarding the four-resonance solutions, besides those
mentioned above including the P;,(1710) (see Fig. 3(c)
for a representative example), the Si,(1535), P13(1900),
S11(2090) and P;,(2100) together could reproduce the
data, as listed in Table 4. The x? ranges from 2.1 to
2.5 depending on the different widths of three resonances
above threshold and the wider widths seem to be slightly
favored, mainly because of the feature of the data men-
tioned above. The contribution of S;;(1535) is promi-
nent in the close-to-threshold region, as can be seen in
Fig. 5. The P,3(1900) is responsible for the first bump
while the S;;(2090) and P;;(2100) together produce the
second one. This also happens in many other solutions
when they are included.

It can be seen the situation is much more complicated
than that in the 7~ p — ¢n channel, where the S;;(1535)
resonance is dominant in a wide energy range [60]. But
we can still find some common features in all the solu-
tions besides those mentioned above. The contribution
of the u-channel S;;(1535) and P;;(2100) is moderate
at all energies and the u-channel P;,(1900) is important
at high energies. The u-channel S;;(2090) term is very
small and tends to be negligible. The interference effect
can be seen, especially at threshold range, but it is not
so important. This is understandable because we only fit
the total cross section but the interference effect is more
obvious in the differential cross sections and polarization
observables. Moreover, it should be pointed out that the
large errors of the relative phase ¢,, most of which are
compatible with zero, reflect the smallness of the corre-

sponding u-channel contribution, but not only because
of the limited data base.

Based on the above analysis, we can conclude that
at least one of the resonances among the S;;(1535),
P,1(1710) and Py;(1900) is required by the close-to-
threshold data. We can also safely draw the conclu-
sion that at least one relatively broad resonance above
N’'N threshold is preferred. The data of total cross sec-
tions alone are obviously not sufficient to reliably ex-
tract the information of the resonances and model pa-
rameters, so the above demonstrated solutions are just
several possibilities for description of the present data.
It is possible to further pin down the model parameters
by more accurate data, e.g. differential cross sections,
which are however not at hand. It seems that the data
of " photoproduction would give more constraints for
the model parameters, especially the masses and widths
of the contributed resonances, as done by Huang et
al. [55]. Anyway, the central values of extracted coupling
constants are quite stable within the given uncertainties
among these solutions, as shown in the tables. Espe-
cially, our present g,/nn«(1535) is consistent with the val-
ues in Ref. [30], and gives further support to the idea that
the wave function of N*(1535) resonance has a large s§
component [61, 62]. These reasons give us the confidence
to use the extracted information from the TN —1n’'N re-
action to study the J/{ — ppn’ decay.

The BES Collaboration has accurately measured
BR(J/¥ — ppn’) to be (2.00+0.23+0.28) x 10~* [43],
about one order of magnitude smaller than that
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of the J/ip—ppn channel. With the total width
Iy = 929428 keV [1], we know the corresponding
Iy jp—ppnr = (1.8620.27+0.32) x 102 ke V. The calculated
I's jy—ppn using the above parameters is in the range of

(0.9—8.2)x1072 keV, roughly compatible with the exper-
iment within errors. These results confirm the reliability
of our choice of the cut-off values in the form factors and

the extracted coupling constants.

Table 4. The coupling constants of nucleon resonances to n’N and relative phases extracted in the fit with the
combination of four resonances, see the text for details. *: The values are set to be zero in the fit.

1abel/x2 N* width In/NR ¢s/(°) du/(®)
4r.1-3a4b5b 1535 — 5.54+2.88 0.0* 0.0£71.8
1900 (a) 14.88+1.67 0.0+36.1 182.84+47.7
2090 (b) 1.114+0.49 251.2+46.7 0.0£349.1
2.50 2100 (b) 4.214+2.34 78.5+£50.6 0.04+36.2
4r.1-3adbbc 1535 — 2.63+1.09 0.0* 160.54+63.2
1900 (a) 15.174+2.45 8.0+29.4 333.3+£76.5
2090 (b) 1.284+0.42 292.6 £23.7 147.54+114.2
2.46 2100 (c) 3.66+2.01 325.14+33.7 157.0+46.0
4r.1-3a4chc 1535 — 3.36+1.48 0.0* 163.2+76.1
1900 (a) 14.394+2.60 323.3+£59.6 0.04+50.2
2090 (c) 1.90+0.74 283.3+35.8 158.1+121.0
2.38 2100 (c) 3.09+2.85 357.84+358.5 134.8+85.7
4r.1-3b4b5b 1535 — 3.78+2.58 0.0* 52.54+92.1
1900 (b) 13.174+1.13 0.04+240.6 239.4+98.3
2090 (b) 1.29+0.58 252.9+30.0 54.84+281.3
2.23 2100 (b) 2.424+2.81 188.34+258.0 65.2+£101.9
4r.1-3b4b5c 1535 — 5.55+4.67 0.0* 347.7+£53.2
1900 (b) 12.0+1.14 286.6 +£65.3 194.94+61.5
2090 (b) 1.05+0.51 210.7£73.1 346.5+61.9
2.39 2100 (c) 3.194+3.29 9.2420.2 348.3£5.5
4r.1-3b4c5b 1535 — 5.62+3.16 0.0* 0.0+47.4
1900 (b) 12.50+1.34 0.0+61.4 196.24+63.1
2090 (c) 1.68+0.66 251.7+£37.5 19.7+£226.7
2.19 2100 (b) 3.34+2.81 91.8+77.4 36.24+70.0
4r.1-3b4chc 1535 — 4.50+3.75 0.0* 0.0+38.7
1900 (b) 12.514+1.55 0.04+70.3 189.44+73.9
2090 (c) 1.43+0.96 240.5+62.4 13.6 +281.4
2.17 2100 (c) 4.014+3.17 92.44+86.1 31.3+65.9
4r.1-3c4che 1535 — 3.62+2.78 0.0* 0.0+£271.5
1900 (c) 9.76 £1.59 0.0+305.4 196.94+133.8
2090 (c) 1.44+1.33 226.6 +50.4 88.74+214.3
2.12 2100 (c) 3.884+2.77 123.14+94.3 99.3+97.5

What we are more interested in is the invariant mass
spectra and Dalitz plots, which may give us insight into
the information of nucleon resonances. In Fig. 6 we
show the invariant mass spectra of the solutions 3r.2-
3bdc, 3r.3cdche, 4r.1-3b4dche and 5r.1-2-3cdchbe as rep-
resentative examples. It can be seen in Fig. 6(a) that
the calculated spectra do not have significant differences
between solutions 3r.2-3b4c and 3r.3c4che, and this is
also true for solutions 4r.1-3b4c5c and 5r.1-2-3c4chHe in
Fig. 6(c)(d). In the n'p spectra, the enhancement is usu-
ally located above 2.0 GeV and the resonances below
threshold move it a little closer to 2.0 GeV, as shown in
Fig. 6(a). The more obvious effect of the resonances be-
low threshold appears in the pp spectra in Fig. 6(b). So
in this situation it is probable to disentangle the two n'N
production mechanisms mentioned in the Introduction:

| the above or below threshold resonant contribution. Fig-
ure 7 depicts the Dalitz plots of the solutions 3r.3c4chc
and 5r.1-2-3c4c5e, which agrees with the conclusions in
the invariant mass spectra. As can be seen, the pp-n'p
plots show more difference between the various solutions
so they are more suitable to study the n’N production.
Unfortunately, some of the invariant mass spectra and
Dalitz plots, e.g. solutions 2r.3a5c and 4r.1-3a4b5b, are
very close to those of pure phase space, so they are un-
likely to be distinguished from the totally non-resonant
1N’'N production mechanism. However, we could still ex-
pect that these two mechanisms would be recognized in
the MN —1n'N or YN —n’'N reaction. At present, the
data of the NN — NNn’ reaction are mainly in the close-
to-threshold range [66, 67] so they should be helpful for
fixing the parameters of near-threshold resonances. Our
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previous study has found that a S;; state, namely the
N*(1535) resonance, could explain both cross sections
and invariant spectrum of this channel [30]. As a result,
it is interesting to give a combined analysis of the data
of various n’N production channels in order to pin down
the n’N production mechanism.

250 — r T
: 4r.1-3b4cSc
200} P
.
150} ¢ e
el A
o ;
B
100f
50}
\5/GeV
Fig. 5. Representative diagram for the fitted re-

sults with the combination of four resonances, e.g.
4r.1-3b4chce, see Table 4 for the corresponding pa-
rameters. The meaning of the lines is the same as
those in Fig. 4. The data are from the compila-

tion [64].
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Fig. 6. The invariant mass spectra for the

J/\ — ppn’ decay in the isobar model. The
dashed curves are the pure phase space distribu-
tions. The solid and dashed histograms are for
3r.2-3b4dc and 3r.3c4che respectively in (a) and
(b), while for 4r.1-3b4c5c and 5r.1-2-3c4c5e in (c)
and (d).

An updated analysis of the available data of the
7N —1'N, YN —n’N and NN — NNn' reactions has been

done in Ref. [55], which uses the same type of La-
grangians as ours. They include a four-star P5(1720)
state, a one-star P;;(2130) state, and two other states
S11(1925) and P,3(2050) which are not listed in the PDG
compilation [1]. The total Breit-Wigner widths of these
states are all narrower than 210 MeV and their branch-
ing ratios of the n’N channel are only several percent. It
should be noted that their description of the high energy
data of the 7N — 1N is not so good as our results. If we
assume that the coupling of all these states in Ref. [55]
to the J/1 are at the same level, e.g. gjxg =1.0x107°
as indicated in Table 1, then the invariant mass spectra
and Dalitz plots could be calculated in Fig. 8 with the
extracted parameters from the Table 3 in Ref. [55]. The
bumps at the location of S;;(1925) and P,3(2050) can be
clearly seen. The sub-threshold P,3(1720) state serves
as a smooth background, similar to the role of P, (1710)
in our own solutions. The P;;(2130) is located at the
upper bound of the phase space so its effect is not signif-
icant. These distributions are obviously distinguishable
from our results so they would be hopefully tested by the
future J/{ — ppn’ data.
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Fig. 7. The Dalitz plots for the J/\ — ppn’ decay

in the isobar model. (a) and (b) are for 3r.3c4cbc,
while (c) and (d) are for 5r.1-2-3c4c5c.

It seems that it is more difficult to study the res-
onances in the J/1ip — ppr’ channel than in other de-
cay channels, because all the above solutions do not
show extraordinary resonance structures in their invari-
ant mass spectra and their deviation from phase space
is not very significant. This is contrary to the case
in the J/\p —ppd [60], the T/ — ppn® [36] and the
1 (3686) — pprt® decays [38], where the resonance peaks
appear clearly in the invariant mass spectra and are also
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directly reflected in the Dalitz plots. Fortunately, the
BESIII group is planning to collect around ten billion
J /¥ events in the near future, which is estimated to con-
tain about two million of J/1p — ppn’ decay events. Ow-
ing to such a large data sample, it should be possible to
study the nucleon resonances in the J/{ — ppn’ decay.
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Fig. 8. The invariant mass spectra (a) and (b) and

Dalitz plots (c) and (d) for the J/\ — ppn’ decay
in the isobar model with the parameters from the
Table 3 in Ref. [55].

4 Summary

To summarize, we performed a full analysis in the
effective Lagrangian approach to extract the informa-
tion from the data of TN —1n’'N reactions. Though the
present data do not restrict the production mechanism
enough, we find that either a subthreshold resonance
or a broad P-wave state at near threshold seems to be
required and at least one broad resonance above n'N
threshold is preferred by the data. This is useful for
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