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A combined analysis of the reactions π−p → K0� and ηn is carried out with a chiral quark model. The data in
the center-of-mass (c.m.) energy range from threshold up to W � 1.8 GeV are reasonably described. For π−p →
K0�, it is found that N (1535)S11 and N (1650)S11 play crucial roles near threshold. The N (1650)S11 resonance
contributes to the reaction through configuration mixing with N (1535)S11. The constructive interference between
N (1535)S11 and N (1650)S11 is responsible for the peak structure around threshold in the total cross section. The
n-pole, u-, and t-channel backgrounds provide significant contributions to the reaction as well. For the π−p → ηn

process, the “first peak” in the total cross section is dominated by N (1535)S11, which has a sizeable destructive
interference with N (1650)S11. Around Pπ � 1.0 GeV/c (W � 1.7 GeV), there seems to be a small bump structure
in the total cross section, which might be explained by the interference between the u channel and N (1650)S11. The
N (1520)D13 resonance affects the angle distributions of the cross sections notably, although no obvious effects
are seen in the total cross section. The role of P -wave state N (1720)P13 should be further confirmed by future
experiments. If N (1720)P13 has a narrow width of � � 120 MeV as found in our previous work by a study of the
π 0 photoproduction processes, obvious evidence should be seen in the π−p → K0� and ηn processes as well.
Finally, we give our predictions of the s-channel isospin- 1

2 resonance contributions to the πN → πN reactions.
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I. INTRODUCTION

Understanding the baryon spectrum and searching for the
missing nucleon resonances and new exotic states are favored
topics in hadronic physics [1]. Pion-nucleon (πN ) scattering
provides us an important tool to study the light baryon
spectrum. Most of our current knowledge about the nucleon
resonances listed in the Review of Particle Physics by the
Particle Data Group (PDG) [2] was extracted from partial wave
analyses of the πN scattering. As we know, in the constituent
quark model a rich spectrum of nucleon resonances is predicted
[3–5]; however, some of them are still missing. To look for
the missing resonances and deal with the unresolved issues in
hadronic physics, more precise measurements of pion-induced
reactions were suggested recently in Ref. [6], meanwhile,
reliable partial wave analyses are the same important as the
precise measurements for us to extract the information on
resonance properties.

In the πN scattering, the π−p → K0� and ηn reactions
are especially interesting in hadronic physics. The reasons
are as follows. (i) Only the baryon resonances with isospin
I = 1/2 contribute to these two reactions due to the isospin
selection rule. Thus, both π−p → K0� and ηn processes
provide us a rather clear place to extract the properties of
nucleon resonances without interferences from the �∗ states.
(ii) The π−p → K0� and ηn reactions can let us obtain
information on strong couplings of nucleon resonances to K�
and ηN channels, which cannot be obtained in the elastic πN
scattering. (iii) Furthermore, in these reactions one may find
evidence of some resonances which couple only weakly to the
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πN channel. Hence, many studies about these two reactions
have been carried out.

In experiments, some measurements of the π−p → K0�
and ηn reactions were carried out about 20 or 30 years ago, the
data had been collected in [7]. For the π−p → K0� reaction,
the data of total cross section and differential cross sections can
be obtained in the whole resonance range [8–15], furthermore,
some data of � polarization are also obtained in the energy
region W < 1.8 GeV [11]. For the π−p → ηn reaction, a few
precise data on the differential cross sections and total cross
section can be obtained near the N (1535)S11 mass threshold
from the Crystal Ball spectrometer at Brookhaven National
Laboratory (BNL) [16]; however, other old data [17–22] might
be problematic over the whole energy range due to limited
angle coverage and uncontrollable uncertainties [23]. Thus,
to get reliable information on the resonance properties, a
combined analysis of the π−p → K0� and ηn reactions is
necessary before new precise data are obtained.

Various theoretical approaches have been applied to analyze
the π−p → K0� and/or ηn reactions, such as the chiral
unitary model [24], K-matrix methods [25–35], dynamical
coupled-channel models [7,36–41], the BnGa approach [42],
chiral quark model [43,44], and other effective approaches
[45–47]. However, the analyses from different models claim a
different resonance content in the reactions [6]. For example, in
the π−p → K0� reaction the large peak near W = 1.7 GeV is
explained as the dominant contributions from both N (1650)S11

and N (1710)P11 in Ref. [25], from N (1720)P13 in Ref. [27], or
from N (1535)S11, N (1650)S11, and N (1720)P13 in Ref. [45].
In the π−p → ηn reaction, the second bump structure near
W = 1.7 GeV is explained as the dominant contribution of
N (1710)P11 in Refs. [7,27,29]; in Ref. [44] it is argued that this
structure is mainly caused by N (1720)P13; in Ref. [40,41] it is
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suggested that this structure is due to the interference between
N (1535)S11 and N (1650)S11. To clarify these puzzles in the
reactions, more theoretical studies are needed.

In this work, we carry out a combined study of the
π−p → K0� and ηn reactions within a chiral quark model.
First, we hope to obtain a better understanding of the reaction
mechanism for these reactions. In our previous work [43], we
first extended the chiral quark model to study of the π−p →
ηn reaction, where we only obtained reasonable results near
threshold. In order to further understand the reaction in a
higher resonance region and get more solid predictions, we
need to revisit this reaction by combining with the reaction
π−p → K0�. Second, we expect to further confirm the
extracted properties of N (1535)S11 from the η- and π -meson
photoproduction processes in our previous works [48,49].
Therein, we predicted that N (1535)S11 might be explained as
a mixing three-quark state between representations of [70,28]
and [70,48] in the quark model. However, in the literature
it is argued that N (1535)S11 may contain a large admixture
of pentaquark component for its large couplings to ηN and
K� channels [50,51]. Furthermore, the N (1535)S11 resonance
is also considered as a dynamically generated state in the
chiral unitary models [52–55]. Finally, we hope to extract
some information on N (1720)P13 in the π−p → K0� and
ηn reactions and test its properties obtained by us in the
π -meson photoproduction processes, where we found that
the N (1720)P13 resonance might favor a narrow width of
� � 120 MeV [49], which is about a factor of 2 narrower
than the world average value from PDG [2].

In the chiral quark model, an effective chiral Lagrangian
is introduced to account for the quark-pseudoscalar-meson
coupling. Since the quark-meson coupling is invariant under
the chiral transformation, some of the low-energy properties
of QCD are retained. There are several outstanding features
for this model [43]. One is that only a very limited number
of adjustable parameters will appear in this framework. In
particular, only one overall parameter is needed for the nucleon
resonances to be coupled to the pseudoscalar mesons in
the SU(6)⊗O(3) symmetry limit. This is distinguished from
hadronic models where each resonance requires one additional
coupling constant as free parameter. Another one is that all the
nucleon resonances can be treated consistently in the quark
model. Thus, our model predictive power will be improved,
and the extracted information of the resonance structures will
be more reliable when we analyze the data. The chiral quark
model has been well developed and widely applied to meson
photoproduction reactions [48,49,56–68]. Recently, this model
has been successfully extended to πN and KN reactions as
well [43,69–71].

This work is organized as follows. The model is reviewed
in Sec. II. Then, in Sec. III, our numerical results and analyses
are presented and discussed. Finally, a summary is given in
Sec. IV.

II. FRAMEWORK

In this section, we give a brief review of the chiral
quark model. In this model, the s- and u-channel transition

TABLE I. g factors extracted in the symmetric quark model.

Factor π−p → K0� π−p → ηn

gs1

√
6

2 1.0

gs2

√
6

3
2
3

gν1

√
6

2
5
3

gν2

√
6

3 0.0

gu
s1 0.0 1.0

gu
s2

√
6

3
2
3

gu
ν1 0.0 5

3

gu
ν2 −

√
6

3 0.0

gs
t

√
6

2 1.0

gv
t

√
6

2
5
3

amplitudes can be expressed as [43]

Ms =
∑

j

〈Nf |Hf
m |Nj 〉〈Nj | 1

Ei + ωi − Ej

H i
m|Ni〉, (1)

Mu =
∑

j

〈Nf |Hi
m

1

Ei − ωi − Ej

|Nj 〉〈Nj |Hf
m |Ni〉, (2)

where Hi
m and H

f
m stand for the incoming and outgoing meson-

quark couplings, respectively. They might be described by the
effective chiral Lagrangian [59,60]

Hm = 1

fm

ψ̄jγ
j
μγ

j
5 ψj 	τ · ∂μ 	φm, (3)

where ψj represents the j th quark field in a hadron, fm

is the meson’s decay constant, and φm is the field of the
pseudoscalar-meson octet. The ωi and ωf are the energies
of the incoming and outgoing mesons, respectively. |Ni〉,
|Nj 〉, and |Nf 〉 stand for the initial, intermediate, and final
states, respectively, and their corresponding energies are Ei ,
Ej , and Ef , which are the eigenvalues of the nonrelativistic
Hamiltonian of the constituent quark model Ĥ [3,4]. The s-
and u-channel transition amplitudes have been worked out
in the harmonic oscillator basis in Refs. [43,70,71], and the
g factors appearing in the s- and u-channel amplitudes have
been defined in Ref. [70], whose values are worked out and
listed in Table I.

The t-channel contributions of vector and/or scalar ex-
changes are included in this work. The vector meson-quark
and scalar meson-quark couplings are given by

HV = ψ̄j

(
aγ ν + bσ νλ∂λ

2mq

)
Vνψj , (4)

HS = gSqqψ̄jψjS, (5)

where V and S stand for the vector and scalar fields,
respectively. The constants a, b, and gSqq are vector, tensor,
and scalar coupling constants, respectively. They are treated
as free parameters in this work.
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Meanwhile, the V PP and SPP couplings (P stands for a
pseudoscalar-meson) are adopted as

HV PP = −iGV Tr([φm,∂μφm]V μ), (6)

HSPP = gSPP

2mπ

∂μφm∂μφmS, (7)

where GV and gSPP are the V PP and SPP coupling
constants, respectively. They will be determined by the
experimental data.

The t-channel transition amplitude has been given in Ref.
[71]. In this work, the scalar κ-meson and vector K∗-meson
exchanges are considered for the π−p → K0� process, while

TABLE II. The s-channel resonance amplitudes within n = 2 shell for the π−p → K0�,ηn processes. We have defined MS ≡
[ ωi

μq
− |Ain| 2|k|

3α2 ][
ωf

μq
− |Aout| 2|q|

3α2 ], MP = MD ≡ |Aout||Ain|
|k||q| , MP 0 ≡ [ ωi

μq
− |Ain| |k|

α2 ][
ωf

μq
− |Aout| |q|

α2 ], MP 2 ≡ [ ωi

μq
− |Ain| 2|k|

5α2 ][
ωf

μq
− |Aout| 2|q|

5α2 ],

MF ≡ |Aout||Ain| |k||q|
α4 , P ′

l (z) ≡ ∂Pl (z)
∂z

, XS1 ≡ [cos θS + sin θS][2 cos θS − sin θS], and XS2 ≡ [sin θS − cos θS][2 sin θS + cos θS]. The functions
Ain and Aout have been defined in [71]. The μq is a reduced mass at the quark level, which equals 1/μq = 1/mu + 1/ms for K productions,
while 1/μq = 2/mu for η productions. Pl(z) is the Legendre function with z = cos θ .

[N6,
2S+1N3,n,l] l2I,2J OR π−p → K0� π−p → ηn

|70,28,0,0〉 P11(n) f (θ ) 5√
6
MP |k||q|P1(z) 5

3 MP |k||q|P1(z)

g(θ ) 5√
6
MP |k||q| sin θP ′

1(z) 5
3 MP |k||q| sin θP ′

1(z)

+ cos θS |70,28,1,1〉 N (1535)S11 f (θ )
√

6
12 cos2 θSMSα

2 1
6 XS1MSα

2

− sin θS |70,48,1,1〉 g(θ )

+ cos θS |70,48,1,1〉 N (1650)S11 f (θ )
√

6
12 sin2 θSMSα

2 1
6 XS2MSα

2

+ sin θS |70,28,1,1〉 g(θ )

|70,28,1,1〉 N (1520)D13 f (θ ) 20
√

6
27 MD

|k|2|q|2
α2 P2(z) 76

135 MD
|k|2|q|2

α2 P2(z)

g(θ ) 10
√

6
27 MD

|k|2|q|2
α2 sin(θ )P ′

2(z) 38
135 MD

|k|2|q|2
α2 sin θP ′

2(z)

|70,48,1,1〉 N (1700)D13 f (θ ) − 38
1350 MD

|k|2|q|2
α2 P2(z)

g(θ ) − 19
1350 MD

|k|2|q|2
α2 sin θP ′

2(z)

N (1675)D15 f (θ ) − 2
15 MD

|k|2|q|2
α2 P2(z)

g(θ ) 2
45 MD

|k|2|q|2
α2 sin θP ′

2(z)

|56,28,2,0〉 N (1440)P11 f (θ ) 5
√

6
24×27 MP 0|k||q|P1(z) 5

12×27 MP 0|k||q|P1(z)

g(θ ) 5
√

6
24×27 MP 0|k||q| sin θP ′

1(z) 5
12×27 MP 0|k||q| sin θP ′

1(z)

|70,28,2,0〉 N (1710)P11 f (θ ) 2
√

6
24×27 MP 0|k||q|P1(z) 1

3×27 MP 0|k||q|P1(z)

g(θ ) 2
√

6
24×27 MP 0|k||q| sin θP ′

1(z) 1
3×27 MP 0|k||q| sin θP ′

1(z)

|70,48,2,2〉 N (1880)P11 f (θ ) − 5
4×81 MP 2|k||q|P1(z)

g(θ ) − 5
4×81 MP 2|k||q| sin θP ′

1(z)

|70,48,2,0〉 N (?)P13 f (θ ) − 1
2×81 MP 0|k||q|P1(z)

g(θ ) 1
4×81 MP 0|k||q| sin θP ′

1(z)

|56,28,2,2〉 N (1720)P13 f (θ ) 25
√

6
24×27 MP 2|k||q|P1(z) 25

4×81 MP 2|k||q|P1(z)

g(θ ) − 25
√

6
48×27 MP 2|k||q| sin θP ′

1(z) − 25
8×81 MP 2|k||q| sin θP ′

1(z)

|70,28,2,2〉 N (1900)P13 f (θ ) 10
√

6
24×27 MP 2|k||q|P1(z) 5

81 MP 2|k||q|P1(z)

g(θ ) − 10
√

6
48×27 MP 2|k||q| sin θP ′

1(z) − 5
2×81 MP 2|k||q| sin θP ′

1(z)

|70,48,2,2〉 N (?)P13 f (θ ) − 5
4×81 MP 2|k||q|P1(z)

g(θ ) 5
8×81 MP 2|k||q| sin θP ′

1(z)

|56,28,2,2〉 N (1680)F15 f (θ ) 3
√

6
4 MF |k||q|P3(z) 3

2 MF |k||q|P3(z)

g(θ )
√

6
4 MF |k||q|P ′

3(z) 1
2 MF |k||q| sin θP ′

3(z)

|70,28,2,2〉 N (1860)F15 f (θ ) 3
√

6
10 MF |k||q|P3(z) 6

5 MF |k||q|P3(z)

g(θ )
√

6
10 MF |k||q| sin θP ′

3(z) 2
5 MF |k||q| sin θP ′

3(z)

|70,48,2,2〉 N (?)F15 f (θ ) − 3
35 MF |k||q|P3(z)

g(θ ) − 1
35 MF |k||q| sin θP ′

3(z)

|70,48,2,2〉 N (?)F17 f (θ ) − 18
35 MF |k||q|P4(z)

g(θ ) 9
70 MF |k||q| sin θP ′

3(z)
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the scalar a0(980)-meson exchange is considered for the
π−p → ηn process.

It should be pointed out that the amplitudes in terms of
the harmonic oscillator principle quantum number n are sums
of a set of SU(6) multiplets with the same n. To obtain the
contributions of individual resonances, we need to separate
out the single-resonances-excitation amplitudes within each
principle number n in the s channel. Taking into account
the width effects of the resonances, the resonance transition
amplitudes of s channel can be generally expressed as [43,71]

Ms
R = 2MR

s − M2
R + iMR�R

ORe−(k2+q2)/6α2
, (8)

where
√

s = Ei + ωi is the total energy of the system; k and
q stand for the momenta of incoming and outgoing mesons,
respectively; α is the harmonic oscillator strength; OR is the
separated operators for individual resonances in the s channel;
and MR is the mass of the s-channel resonance with a width
�R . The transition amplitudes can be written in a standard
form [72]:

OR = f (θ ) + ig(θ )σ · n, (9)

where σ is the spin operator of the nucleon, while n ≡ q ×
k/|k × q|. f (θ ) and g(θ ) stand for the non-spin-flip and spin-
flip amplitudes, respectively, which can be expanded in terms
of the familiar partial wave amplitudes Tl± for the states with
J = l ± 1/2:

f (θ ) =
∞∑
l=0

[(l + 1)Tl+ + lTl−]Pl(cos θ ), (10)

g(θ ) =
∞∑
l=0

[Tl− − Tl+] sin θP ′
l (cos θ ), (11)

where θ is the scattering angle between k and q.
We have extracted the scattering amplitudes of the s-

channel resonances within the n = 2 shell for both π−p →
K0� and π−p → ηn, which have been listed in Table II.
It should be pointed out that the contributions of s-channel
resonances with a [70,48] representation are forbidden in the
π−p → K0� reaction due to the Moorhouse selection rule
[73,74]. Comparing these amplitudes of different resonances
with each other, one can easily find which states are the main
contributors to the reactions in the SU(6)⊗O(3) symmetry
limit.

Finally, the differential cross section dσ/d� and polariza-
tion of final baryon P can be calculated by

dσ

d�
= (Ei + Mi)(Ef + Mf )

64π2s(2Mi)(2Mf )

|q|
|k|

1

2
×

∑
λi ,λf

∣∣Mλf ,λi

∣∣2
,

P = 2
Im[f (θ )g∗(θ )]

|f (θ )|2 + |g(θ )|2 , (12)

where λi = ± 1
2 and λf = ± 1

2 are the helicities of the initial
and final baryon states, respectively.

TABLE III. Various parameters used in this work. The label
“fixed” after a parameter means this parameter is fixed in our
calculations, while the label “fitted” after a parameter means this
parameter is determined by fitting the data.

Constituent quark masses mu 330 MeV fixed
md 330 MeV fixed
ms 450 MeV fixed

Harmonic oscillator α 400 MeV fixed
parameter

n = 1,2 shell degenerate M1 1650 MeV fixed
resonance masses M2 1750 MeV fixed

Coupling constants ga0πηga0NN 100 fixed
GV a 3.0 ± 1.5 fitted

gSPP gSqq 36.4 ± 5.0 fitted
gKN� 6.87+0.04

−0.09 fitted
gηNN 2.50 ± 0.05 fitted
gπNN 13.48 fixed

Mixing angle θS 26.9◦ ± 1.0◦ fitted

III. CALCULATION AND ANALYSIS

A. Parameters

The various parameters used in our calculations have
been collected in Table III. The universal value of harmonic
oscillator parameter α and constituent quark masses mu, md ,
and ms are fixed with α = 400 MeV, mu = md = 330 MeV,
and ms = 450 MeV, which are widely adopted and well
determined in our previous quark model calculations.

In our work, the s-channel resonance transition amplitude,
OR , is derived in the SU(6)⊗O(3) symmetric quark model
limit. In reality, the symmetry of SU(6)⊗O(3) is generally
broken due to, e.g., spin-dependent forces in the quark-quark
interaction. As a result, configuration mixing would occur,
which can produce an effect on our theoretical predictions.
According to our previous studies of the η and π0 photopro-
duction on the nucleons [48,49], we found the configuration
mixings seem to be inevitable for the low-lying S-wave
nucleon resonances N (1535)S11 and N (1650)S11. Thus, in
this work we also consider configuration mixing effects in
the S-wave states and use the same mixing scheme as in our
previous works [48,49],

(
S11(1535)

S11(1650)

)
=

(
cos θS − sin θS

sin θS cos θS

)(|70,28,1/2−〉
|70,48,1/2−〉

)
, (13)

where θS is the mixing angle. Then, the s-channel resonance
transition amplitudes of the S-wave states N (1535)S11 and
N (1650)S11 are related to the mixing angle θS . These transition
amplitudes have been worked out and listed in Table II. The
mixing angle θS has been determined by fitting the data. The
determined value θS � 26.9◦ is consistent with that obtained
in our previous works [48,49].

In the calculations, the quark–pseudoscalar-meson cou-
plings are the overall parameters in the s- and u-channel
transitions. However, they are not totally free ones. They can be
related to the hadronic couplings via the Goldberger-Treiman
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relation [75]

gmBB ′ = gm
AMN

Fm

, (14)

where m stands for the pseudoscalar mesons, η, π , and K;
B and B ′ stand for the baryons in the initial and final states,
respectively; gm

A is the axial vector coupling for the meson;
and Fm is the meson decay constant, which can be related to
fm defined earlier by Fm = fm/

√
2.

It should be pointed out that the πNN coupling constant
gπNN is a well-determined number, gπNN = 13.48; thus, we
fix it in our calculations. For the other two coupling constants,
gKN� and gηNN , there are larger uncertainties. Thus, we
determine them by fitting the data of the π−p → K0�,ηn
processes, respectively. We get that

gKN� � 6.87, gηNN � 2.50. (15)

The coupling constant gηNN extracted in present work is con-
sistent with that extracted from the η meson photoproduction
on nucleons in our previous work [48], and also is in good
agreement with the determinations in Refs. [58,76–78]. The
coupling constant gKN� extracted by us is consistent with that
extracted from the K-meson photoproduction on nucleons in
Refs. [37,57,79].

In the t channel of the π−p → K0� process, there are two
free parameters, GV a and gSPP gSqq , which come from K∗ and
κ exchanges, respectively. By fitting the data, we get GV a �
3.0 and gSPP gSqq � 36.4, which are close to our previous
determinations in the K−p scattering [71]. In the t channel of
the π−p → ηn process, the parameter from the a0 exchange
ga0πηga0NN is adopted at the often used value ga0πηga0NN �
100 in Refs. [36,80], because our calculations are less sensitive
to it.

In the u channel, it is found that contributions from the
n � 1 shell resonances are negligibly small and insensitive to
their masses. Thus, the n = 1 and the n = 2 shell resonances
are treated as degeneration. In the calculations, we take M1 =
1650 MeV (M2 = 1750 MeV) for the degenerate mass of n =
1 (n = 2) shell resonances.

In the s channel, the masses and widths of the nucleon
resonances are taken from the PDG [2] or the constituent
quark model predictions [5] if no experimental data are
available. For the main resonances N (1535)S11, N (1650)S11,
and N (1520)D13, we allow their masses and widths to change
in a proper range in order to better describe the data. The
determined values are listed in Table IV. It is found that the
main resonance masses and widths extracted by us are in
good agreement with the world average values from PDG
[2]. One point should be emphasized: our global fits of
the π−p → ηn,K0� reaction data seem to favor a broad
width � � 200 MeV for N (1720)P13; however, this width is
much broader than � � 120 MeV extracted from the neutral
pion photoproduction processes in our previous work [49]. A
similar narrow width for N (1720)P13 was also found by the
CLAS Collaboration in the reaction ep → ep′π+π− [81]. We
will further discuss whether a narrow width state N (1720)P13

is allowed or not in the π−p → ηn,K0� reactions later.
Combining the extracted coupling constants, gKN� and

gηNN , and resonance masses, we further determine some

TABLE IV. Resonance masses MR (MeV) and widths �R (MeV)
in this work compared with the world average value from the PDG
[2]. The resonance parameters of N (1535)S11, N (1535)S11, and
N (1520)D13 are determined by fitting the data. The other resonance
parameters are fixed in our calculations because the results are less
sensitive to them.

Resonance MR �R MR (PDG) �R (PDG)

N (1535)S11 1524+6
−7 124+12

−3 1535 ± 10 150 ± 25

N (1650)S11 1670+16
−24 107 ± 30 1655+15

−10 140 ± 30

N (1520)D13 1515 ± 20 125 ± 20 1515 ± 5 115+10
−15

N (1700)D13 1700 150 1700 ± 50 150+100
−50

N (1675)D15 1685 140 1675 ± 5 150+15
−20

N (1440)P11 1430 350 1430 ± 20 350 ± 100

N (1710)P11 1710 200 1710 ± 30 100+150
−50

N (1870)P11 1870 235 1870 ± 35 235 ± 65

N (?)P13 2000 200

N (1720)P13 1690 400 1720+30
−20 250+150

−100

N (1900)P13 1900 250 ∼1900 ∼250

N (?)P13 2040 200

N (1680)F15 1680 130 1685 ± 5 130 ± 10

N (1860)F15 1860 270 1860+100
−40 270+140

−50

N (?)F15 2050 200

N (?)F17 1990 200

partial width ratios of the main contributors N (1535)S11

and N (1650)S11 to the reactions, which have been listed in
Table V. Form the table we can see that the partial width ratios
�ηN/�πN and �K�/�πN determined by us are close to the
upper limit of the values from the PDG [2].

It should be pointed out that all adjustable parameters are
determined by globally fitting the measured differential cross
sections of the π−p → ηn,K0� processes. All the data sets
used in our fits have been shown in Figs. 3 and 5. The reduced
χ2 per data point obtained in our fits has been listed in Table VI.
To clearly see the role of one component in the reactions, the
χ2’s with one resonance or one background switched off are
also given in the table.

Finally, to know some uncertainties of the parameter
determined by us we vary it around its central value until
the predictions are inconsistent with the data within their
uncertainties. The obtained uncertainties for these parameters
have been given in Tables III and IV.

B. π− p → K 0�

The differential cross sections and total cross section of the
π−p → K0� process compared with experimental data are

TABLE V. Extracted partial decay width ratios for N (1535) and
N (1650) resonances compared with the values from the PDG [2].

Resonance �ηN

�πN

�ηN

�πN

�K�

�πN

�K�

�πN

(ours) (PDG) (ours) (PDG)

N (1535)S11 1.57 ± 0.06 1.20+0.29
−0.62

N (1650)S11 0.23 ± 0.01 0.05–0.30 0.20+0.003
−0.005 0.03–0.22

035202-5



XIAO, OUYANG, WANG, AND ZHONG PHYSICAL REVIEW C 94, 035202 (2016)

TABLE VI. Reduced χ 2 per data point of the full model and that with one resonance or one background switched off obtained in a global fit
of the data of π−p → K0� and π−p → ηn. The corresponding partial χ 2s for the π−p → K0� (labeled with χ 2

K ) and π−p → ηn (labeled
with χ 2

η ) are also included.

Full model n-pole N (1535)S11 N (1650)S11 N (1520)D13 N (1720)P13 u-channel t-channel

χ 2 5.98 14.96 265.03 24.88 14.53 5.99 15.79 15.03
χ 2

η 8.54 13.36 466.86 40.31 24.52 8.07 18.09 10.49

χ 2
K 2.78 16.95 12.75 5.58 2.05 3.39 12.92 20.70

shown in Figs. 1 and 2, respectively. From these figures, it is
found that the experimental data in the c.m. energy range from
threshold up to W � 1.8 GeV are reasonably described within
the chiral quark model.

Obvious roles of the S-wave states N (1535)S11 and
N (1650)S11 are seen in the reaction. The constructive in-
terferences between N (1535)S11 and N (1650)S11 are crucial
to reproduce the bump structure near threshold in the total
cross section. Switching off the contributions of N (1535)S11

or N (1650)S11, the cross sections around their mass thresholds
are notably underestimated (see Figs. 2 and 3). It should
be pointed out that, in the symmetric quark model, the
N (1650)S11 resonance corresponds to the [70,48] representa-
tion. In the SU(6)⊗O(3) symmetry limit, the contributions of
N (1650)S11 should be forbidden in the π−p → K0� reaction
due to the Moorhouse selection rule [73,74]. The obvious

role of N (1650)S11 in the π−p → K0� reaction further
confirms that the SU(6)⊗O(3) symmetry is broken, and the
configuration mixing between N (1535)S11 and N (1650)S11

should be necessary as suggested in our previous studies of
the meson photoproduction processes [48,49].

Furthermore, some contributions from N (1720)P13 might
be seen in the differential cross sections. At backward angles,
the differential cross sections are slightly underestimated
without its contribution. For the large uncertainties of the data,
here we cannot obtain solid information on N (1720)P13. If
we adopt a narrow width � � 120 MeV as suggested in our
previous work [49], from Fig. 8 we see that the peak of the
bump structure in the total cross section becomes sharper,
and around the mass threshold of N (1720)P13 the differential
cross sections at forward angles are enhanced significantly. Our
theoretical predictions with a narrow width for N (1720)P13 are

FIG. 1. Differential cross sections of the reaction π−p → K0� compared with the experimental data from Refs. [14] (solid squares) and
[11] (solid circle). The first and second numbers in each figure correspond to the π− beam momentum Pπ (MeV/c) and the πN center-of-mass
(c.m.) energy W (MeV), respectively.
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FIG. 2. Total cross section of the reaction π−p → K0� com-
pared with experimental data from Ref. [15]. The bold solid curves
correspond to the full model result. In (a), exclusive cross sections
for S11(1535), S11(1650), nucleon pole, u channel, and t channel are
indicated explicitly by the legends. In (b), the results by switching off
the contributions of S11(1535), S11(1650), nucleon pole, u channel,
and t channel are indicated explicitly by the legends.

still consistent with the data within their uncertainties. Thus,
to finally determine the properties of N (1720)P13, we need
more accurate measurements of the π−p → K0� reaction.

The n-pole, u-, and t-channel backgrounds play crucial
roles in the reaction as well. From Figs. 2 and 3, one can
see that by switching off the u-channel contribution, the cross
sections should be strongly overestimated, while by switching
off the t-channel contribution, the cross sections will be
underestimated notably. The n pole has obvious effects on
angle distributions of the cross sections in the whole energy
region what we considered. Without the n pole contribution,
the differential cross sections at forward angles should be
notably underestimated, while those at backward angles should
be notably overestimated.

In experiments, there are some old measurements for the
� polarization of the π−p → K0� reaction [11]. In Fig. 4
we compare our chiral quark model predictions with the
observations in the c.m. energy range W < 1.8 GeV. We
found that the experimental observations can be explained
reasonably. It should be emphasized that our theoretical
calculations seem to slightly underestimate the � polarization.

FIG. 3. Differential cross sections of the reaction π−p → K0�

compared with experimental data [14] at two energy points Pπ =
997,1027 MeV/c. The bold solid curves correspond to the full
model result. The predictions by switching off the contributions from
N (1535)S11, N (1650)S11, N (1720)P13, and n-pole, u-, and t-channel
backgrounds are indicated explicitly by the legends in the figures.

This phenomenon also exist in the coupled-channel approach
calculations [7]. Improved measurements and more reliable
experimental data of the polarization are needed to clarify the
discrepancies.

As a whole, obvious evidence of N (1535)S11 and
N (1650)S11 is found in the π−p → K0� reaction, which
is consistent with the recent analysis within an effective
Lagrangian approach [45]. It should be emphasized that the
N (1650)S11 resonance contributes to the reaction via the con-
figuration mixing with N (1535)S11. The determined mixing
angle is θS � 26.9◦. Furthermore, remarkable contributions
from the backgrounds, n pole, u, and t channels are found
in the reaction. There might be sizable contributions from
N (1720)P13; the present data cannot determine whether it is
a narrow or broad state. No clear evidence from the other
nucleon resonances, such as N (1520)D13, N (1700)D13, and
N (1710)P11, is found in the reaction. Finally, it should be
mentioned that N (1710)P11 was considered as one of the main
contributors to π−p → K0� in the literature [7,25,47], which
is in disagreement with our prediction and that from Refs.
[27,28,45].
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FIG. 4. � polarization of the π−p → K0� reaction compared with experimental data [11]. The first and second numbers in each figure
correspond to the π− beam momentum Pπ (MeV/c) and the πN center-of-mass (c.m.) energy W (MeV), respectively.

C. π− p → ηn

The chiral quark model approach was first extended to
the study of the reaction π−p → ηn near threshold in our
previous work [43]. Due to incomplete partial wave analysis

for the n = 2 shell resonances, and no considerations of the
configuration mixing between N (1535)S11 and N (1650)S11,
we only obtained preliminary results. In this work, by
combining the study of the reaction π−p → K0�, we present

FIG. 5. Differential cross sections of the reaction π−p → ηn compared with the experimental data from Refs. [17] (open circle), [18]
(open up-triangles), [19] (open down-triangles), [20] (open squares), and the recent experiment presented in Ref. [16] (solid circles). The first
and second numbers in each figure correspond to the π− beam momentum Pπ (MeV/c) and the πN center-of-mass (c.m.) energy W (MeV),
respectively.
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FIG. 6. Total cross section of the reaction π−p → ηn compared
with experimental data [15]. The bold solid curves correspond to
the full model result. In (a), exclusive cross sections for S11(1535),
S11(1650), N (1520)D13, and the u channel are indicated explicitly by
the legends. In (b), the results by switching off the contributions of
S11(1535), S11(1650), N (1520)D13, and the u channel are indicated
explicitly by the legends.

a comprehensive study of the π−p → ηn process to better
understand this reaction and extract more reliable properties
of nucleon resonances.

The differential cross sections and total cross section
compared with the experimental data are shown in Figs. 5
and 6, respectively. From the figures, it is seen that the
experimental data in the c.m. energy range from threshold
up to W � 1.8 GeV can be reasonably described within the
chiral quark model. Compared with our previous study in [43],
the results in the present work have an obvious improvement.

In the S-wave states, the dominant role of N (1535)S11

can be found in the reaction. It is responsible for the first
hump around Pπ � 0.76 GeV/c (W � 1.5 GeV). With-
out the N (1535)S11 contribution, the first hump disap-
pears completely. In addition, a sizable contribution from
N (1650)S11 can be seen from Figs. 6 and 7. Around the first
hump, N (1650)S11 has obvious destructive interferences with
N (1535)S11, which is consistent with our previous study [43].
In the total cross section there seems to exist another small
bump structure around Pπ � 1.0 GeV/c (W � 1.7 GeV).
Based on our calculations shown in Fig. 6, the interferences
between N (1650)S11, N (1535)S11, and u-channel background
might be responsible for the this structure, which is different

FIG. 7. Differential cross sections of the reaction π−p → ηn

compared with experimental data at two energy points Pπ =
747,1027 MeV/c. The bold solid curves correspond to the full
model result. The predictions by switching off the contributions from
N (1535)S11, N (1650)S11, N (1520)D13, and the n-pole and u-channel
backgrounds are indicated explicitly by the legend in the figures.

from our previous prediction [43]. Our results in present work
are consistent with the those analyses within the coupled-
channel approaches [27,32,40,41].

In the D-wave states, N (1520)D13 plays an important role
in the reaction, which can be obviously seen in the differential
cross sections. Its interferences with the N (1535)S11 and
backgrounds are crucial to produce the correct shape of the
differential cross sections in the whole energy region what
we have considered. From Fig. 5 one can see that, without
the N (1520)D13 contribution, the shape of the differential
cross sections changes significantly. However, no obvious
effects of N (1520)D13 on the total cross section can be found
in the π−p → ηn reaction. This feature was mentioned in
Refs. [35,36]. It should be pointed out that, to describe the
data well, a large amplitude of N (1520)D13 in the reaction
is needed, which is about a factor of 2.18 larger than that
derived in the SU(6)⊗O(3) limit, which cannot be explained
with configuration mixing effects.

With the energy increasing, the u-channel background be-
comes more and more important in the reaction. Its large effects
on both total cross section and differential cross sections can be
notably seen in the energy region Pπ > 0.8 GeV/c (W > 1.5
GeV). Its interferences with the resonances N (1650)S11 and
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FIG. 8. Predictions for the π−p → K0� and ηn reactions with
a narrow width � = 120 MeV and a broad width � = 400 MeV,
respectively, for the resonance N (1720)P13. The total cross sections
for π−p → K0� and ηn are plotted in 1(a) and 2(a), respectively.
While the differential cross sections at Pπ = 1027 MeV/c for π−p →
K0� and ηn are plotted in 1(b) and 2(b), respectively. The solid
curves stand for the results with a broad width � = 400 MeV, while
the dashed curves for the results with a narrow width � = 120 MeV.

N (1535)S11 are responsible for the second bump structure
around Pπ � 1.0 GeV/c (W � 1.7 GeV).

No determined evidence of the other resonances, such as
D(1700)D13, D(1675)D13, and higher P - and F -wave reso-
nances, is found in the reaction. The background contributions
from the n pole and t channel are less important to the reaction.

We should point out that some analyses of this reaction
suggest the need of the N (1710)P11 resonance [7,27,29,33].
However, according to our analysis, no obvious N (1710)P11

contribution is required for a good description of the exper-
imental observations. Meanwhile, our analysis indicates that
N (1720)P13 might have some effects on the cross sections. Ac-
cording to our results from partial wave analysis (see Table II),
in the SU(6)⊗O(3) symmetry limit the scattering amplitudes
of N (1720)P13 are much larger than those of N (1710)P11

around W = 1.7 GeV. Thus, the role of N (1720)P13 might
be more obvious than that of N (1710)P11 if they are indeed
seen in the reaction, which is consistent with the chiral quark
model study in Ref. [44]. In this work, we find that the role
of N (1720)P13 is sensitive to its width (see Fig. 8). If we
adopt a broad width of � � 400 MeV obtained by fitting
the data, the contributions of N (1720)P13 to the reaction
are negligibly small. However, if we adopt a narrower width
� � 120 MeV as suggested in our previous work by a study
of the π0 photoproduction [49]. From Fig. 8, we find that
the second bump structure in the total cross section become

more obvious, while around W = 1.7 GeV the cross sections
at backward angles are enhanced significantly. It should be
emphasized that, although our theoretical results seem to
become bad compared with the data with a narrow width of
N (1720)P13, we cannot exclude this possibility because the
old data obtained many years ago might be problematic due
to uncontrollable uncertainties [23]. New observations of the
π−p → ηn reaction are urgently needed to better understand
the properties of nucleon resonances.

In brief, N (1535)S11 plays a dominant role in the π−p →
ηn reaction near the η production threshold. In this low energy
region, N (1650)S11 has a strong destructive interference with
N (1535)S11. The u-channel background also plays a crucial
role in the reaction. The interferences between N (1650)S11

and the u-channel background might be responsible for
the second bump structure around Pπ � 1.0 GeV/c (W �
1.7 GeV). N (1520)D13 is crucial to describe the differential
cross sections, although it has small contributions to the
total cross section. To confirm the role of N (1720)P13 in
the reaction, new accurate measurements are urgently needed
in the c.m. energy range W � 1.5–1.8 GeV. No obvious
evidence of N (1700)D13, N (1675)D15, N (1710)P11, and
N (1680)F15 are found in the π−p → ηn reaction, which is
in disagreement with the predictions in [7,27,29,33], where
the authors predicted the N (1710)P11 resonance is needed to
explain the reaction.

D. Isospin- 1
2 resonance contributions to π N scatterings

In this paper, from the π−p → ηn,K0� reactions we have
obtained a reasonable constraint of the isospin- 1

2 resonance
contributions to these reactions. According to the SU(6)⊗O(3)
symmetry, we can further predict the s-channel isospin- 1

2
resonance contributions to the πN → πN reactions, which
might be helpful to better understand the πN → πN reactions.

By decomposing the initial and final isospin states of the
πN system into linear combinations of s-channel isospin
eigenstates, one can obtain the the relations between the πN
isospin amplitudes [82]:

A(π−p → π−p) = A(π−n → π−n) = +1

3
(2A1/2 + A3/2),

(16)

A(π−p → π0n) = A(π+n → π0p) = −
√

2

3
(A1/2 − A3/2),

(17)

A(π0n → π0n) = A(π0p → π0p) = +1

3
(A1/2 + 2A3/2),

(18)

where A1/2 and A3/2 correspond to the isospin- 1
2 and 3

2
resonance contributions, respectively. The isospin- 1

2 resonance
amplitudes A1/2 for the πN → πN reactions can be related to
the those listed in Table II for the π−p → ηn,K0� reactions
one by one according to the SU(6)⊗O(3) symmetry. Finally,
we obtain the s-channel isospin- 1

2 resonance contributions to
the cross sections of the πN → πN reactions; our results
are shown in Fig. 9. For comparison, the results of the
π−p → ηn,K0� reactions are also shown in the figure.
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FIG. 9. The predictions of s-channel isospin- 1
2 resonance con-

tributions to the cross sections of the πN → πN reactions. For
comparison, the results of the π−p → ηn,K0� reactions are also
shown.

From the figure, we can see that the s-channel isospin- 1
2

resonance contributions to the π−p → π−p,π0n reactions
are notably larger than those to the π−p → ηn,K0� reactions.
The s-channel isospin- 1

2 resonance contributions to the π0n →
π0n reaction are comparable to those to the π−p → ηn,K0�
reactions. Furthermore, from the figure it is found that the
N (1535)S11 resonance has obvious contributions to the πN
reactions. The N (1650)S11 resonance also contributes to the
π−p → π−p reaction notably. Around the mass threshold of
N (1535)S11, we predict that

σ (π−p → π−p)

σ (π−p → ηn)
� 2.4,

σ (π−p → π0n)

σ (π−p → ηn)
� 1.5,

σ (π0n → π0n)

σ (π−p → ηn)
� 0.7.

(19)

Further detailed analyses of the πN → πN reactions around
the resonance energy region will be given in another work.

IV. SUMMARY

In this work, a combined study of the π−p → K0� and
ηn reactions was carried out within a chiral quark model. We
have achieved reasonable descriptions of the data in the c.m.
energy range from threshold up to W � 1.8 GeV.

Obvious evidence of the S-wave nucleon resonances
N (1535)S11 and N (1650)S11 is found in both of these
reactions. N (1650)S11 contributes to the π−p → K0�

reaction through configuration mixing with N (1535)S11. The
determined mixing angle is θs � 26.9◦, which is consistent
with that extracted from η and π0 photoproduction processes
in our previous works [48,49]. Furthermore, the partial width
ratios �ηN/�πN and �K�/�πN for these S-wave states are
extracted from the reactions, which are close to the upper limit
of the average values from the PDG [2]. An obvious role of
the D-wave state N (1520)D13 is found in the π−p → ηn
reaction, which has large effects on the differential cross
sections although its effects on the total cross section are tiny.
It should be pointed out that the effects of N (1520)D13 on the
π−p → K0� reaction are negligibly small.

The backgrounds play remarkable roles in these two strong
interaction processes. In the π−p → K0� process, the u-,
t-channel, and n-pole backgrounds have notable contributions
to the cross sections. In the π−p → ηn process, the u-channel
background plays a crucial role in the higher energy region
W > 1.5 GeV.

The role of N (1720)P13 should be further confirmed by
future experiments. In the present work, the data seem to favor
a broad width � > 200 MeV for N (1720)P13. However, our
previous study of the π0 photoproduction process indicates
that the N (1720)P13 might have a narrow width of � �
120 MeV [49]. If N (1720)P13 has a broad width of � � 400
MeV, its contributions to the reactions π−p → K0� and
ηn should be negligibly small. However, if N (1720)P13 has
a narrow width of � � 120 MeV, its contributions to the
reactions are obvious, which can be seen from both the
total cross section and differential cross sections. The present
data of the π−p → K0� allow the appearance of a narrow
N (1720)P13 resonance within the uncertainties. However,
when using a narrow width of N (1720)P13 in the π−p → ηn
reaction, our theoretical results are notably larger than the
data at the backward angles. Improved measurements and
more reliable experimental data of the π−p → K0� and ηn
reactions are needed to clarify the puzzle about N (1720)P13.

It should be pointed out that no obvious evidence of
N (1700)D13, N (1675)D15, N (1710)P11, and N (1680)F15 was
found in the π−p → K0� and ηn reactions, although they lie
in the energy range that we considered.

Finally, according to the SU(6)⊗O(3) symmetry, we further
predict the s-channel isospin- 1

2 resonance contributions to
the πN → πN reactions, which might be helpful to better
understand the πN → πN reactions.
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