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Quark model study of the π N → π N reactions up to the N(1440) resonance region
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A combined analysis of the reactions π+p → π+p, π−p → π−p, and π−p → π 0n is carried out with a chiral
quark model. The observations are reasonably described from the �(1232) resonance region up to the N (1440)
resonance region. Besides the �(1232)P33, a confirmed role of N (1440)P11 is found in the polarizations of the
π−p → π−p and π−p → π 0n reactions. It is found that the N (1440)Nπ and �(1232)Nπ couplings are about
1.7 and 4.8 times larger than the expectations from the simple quark model, respectively, which may suggest the
unusual property of N (1440)P11 and deficiency of the simple quark model in the description of N (1440)P11 and
�(1232)P33. The t- and u-channel backgrounds have notable contributions to the π+p → π+p reaction, while
in the π−p → π−p, π 0n reactions, the s-channel nucleon and t- and u-channel backgrounds play crucial roles.
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I. INTRODUCTION

A better understanding of the baryon spectrum and internal
structure of excited baryons is a fundamental challenge and
goal in hadronic physics [1–3]. Pion-nucleon (πN ) scattering
provides us an important place to study the � and nucleon
spectroscopies. Most of our current knowledge about the
� and nucleon resonances listed in the Review of Particle
Physics by the Partial Data Group (PDG) [4] was extracted
from πN scattering. In the past decades, although many
efforts have been made by several partial-wave-analysis groups
[5–27], the properties of some � and nucleon resonances are
not well understood. Still, strong model dependencies exist
in the extracted resonance properties from different groups.
For example, the study of πN scattering in the literature
[12,13] indicates that the Roper N (1440)P11 is dynamically
generated from the coupled-channel interaction without any
excited three-quark core, while in the literature [17,20,28]
the Roper N (1440)P11 is suggested to be a three-quark state
dressed by a meson cloud. Furthermore, in some literature
the N (1535)S11 resonance is suggested to be a dynamically
generated resonance by analyzing the πN reactions [29–33].
Recently, according to our chiral quark model study of the
π−p → ηn,K+� [34,35], and γN → ηN, π0N reactions
[36,37], the N (1535)S11 resonance can be explained as a
mixing three-quark state between representations of [70,28]
and [70,48]. To deepen our understanding of the resonance
properties from the πN reactions, more partial-wave analyses
are needed.

In present work, we further extend the chiral quark model
to the study of the π± elastic reactions π+p → π+p, π−p →
π−p and the charge-exchange reaction π−p → π0n up to
the N (1440) resonance region. The πN → πN reactions
provide us a good place to study �(1232)P33 and N (1440)P11,
because the other higher resonances, such as N (1535)S11

and �(1620)S31, are far from the �(1232) and N (1440)
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region, their interferences in this low-energy region should
be strongly suppressed by the phase space. On the other hand,
in the energy regions that we consider, there are abundant
data, which have been collected by the George Washington
University (GWU) group [38]. By a combined analysis of
these reactions, we hope (i) to further test the validity of the
chiral quark model and obtain a better understanding of the
reaction mechanism for the πN scattering; (ii) to confirm
the properties of �(1232)P33 extracted from the π0-meson
photoproduction processes in our previous work [36]; and
(iii) to extract some reliable information of N (1440)P11. In
our previous quark model analyses of the π−p → ηn,K+�
[34,35] and γN → ηN, π0N [36,37] reactions, no obvious
evidence of N (1440)P11 is found.

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 [35,39,40]. One is that, in this framework, only one
overall parameter is needed for the nucleon resonances to be
coupled to the pseudoscalar mesons in the SU(6) ⊗ O(3) sym-
metry limit. This is distinguished from hadronic models where
each resonance requires one additional coupling constant as
free parameter. Furthermore, the s- and u-channel transition
amplitudes at the tree level can be explicitly calculated, and
the quark model wave functions for the baryon resonances,
after convolution integrals, provide a form factor for the
interaction vertices. Consequently, all the baryon resonances
can be consistently included. The chiral quark model has
been well developed and successfully applied to pseudoscalar-
meson photoproduction reactions [36,37,39–51]. Recently,
this model has been extended to π−p [34,35] and K−p
[52–54] reactions as well, which provides some novel insights
into the observables measured in these reactions.

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

In this section, we give a brief review of the chiral quark
model. In this model, the meson-quark interactions are adopted
by the effective chiral Lagrangian [39]

Hm = 1

fm

ψ̄jγ
j
μγ

j
5 ψj �τ · ∂μ �φm, (1)

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. Then the s- and u-channel transition amplitudes
Ms and Mu can be worked out with the relations [35]:

Ms =
∑

j

〈Nf |Hf
m |Nj 〉〈Nj | 1

Ei + ωi − Ej

H i
m|Ni〉, (2)

Mu =
∑

j

〈Nf |Hi
m

1

Ei − ωi − Ej

|Nj 〉〈Nj |Hf
m |Ni〉. (3)

In the above equations, 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 Ei , Ej , and Ef

are the eigenvalues of the nonrelativistic Hamiltonian of the
constituent quark model Ĥ [55–57]. In our previous work
[35,53], the amplitudes Ms and Mu have been worked out in
the harmonic-oscillator basis.

The t-channel backgrounds might play an important role
in the reactions; thus, the t-channel contributions of vector
exchange and the scalar exchange are considered in this work.
The vector-meson-quark and scalar-meson-quark interactions
are adopted by [34]

HV = ψ̄j

(
aγ ν + bσ νλ∂λ

2mq

)
Vνψj , (4)

HS = gSqqψ̄jψjS. (5)

Meanwhile, the V PP and SPP couplings are adopted as

HV PP = −iGV T r([φm,∂μφm]V μ), (6)

HSPP = gSPP

2mπ

∂μφm∂μφm, (7)

where V , P , and S stand for the vector-, pseudoscalar-, and
scalar-meson fields, respectively. The coupling constants a, b,
gSqq, GV , and gSPP are to be determined by experimental data.
In this work, both the scalar σ -meson and vector ρ-meson
exchanges are considered for the π+p → π+p and π−p →
π−p processes, while the vector ρ-meson exchange is only
considered for the π−p → π0p process. The details of the
t-channel transition amplitude can be found in our previous
work [54].

Furthermore, the backgrounds from the Coulomb inter-
actions and the contract term maybe play some role in the
reactions at low energies. To include the contributions from
the contract term (meson-meson–quark-quark interaction), we
adopt an effective chiral Lagrangian [58]:

Hcontact = i

4f 2
m

ψ̄jγ
μ[[φm,(∂μφm)],ψj ]. (8)

To include the contributions of Coulomb interactions, we
follow the method developed in Refs. [59–62]. The details of
the amplitudes for the Coulomb term can be found in Ref. [62].

In this work, we focus on the contributions of the s-channel
resonances, which are degenerate within the same principle
number n. To obtain the contributions of individual resonances,
we need to separate out the single-resonance-excitation am-
plitudes within each principle number n in the s channel.
Taking into account the width effects of the resonances,
the resonance transition amplitudes of the s channel can be
generally expressed as [35,54]

Ms
R = 2MR

s − M2
R + iMR�R

ORe−(k2+q2)/6α2
, (9)

where
√

s = Ei + ωi is the total energy of the system, k and
q stand for the momenta of incoming and outing mesons, α
is the harmonic-oscillator strength, and OR is the separated
operators for individual resonances. MR is the mass of the
s-channel resonance with a width �R . The transition amplitude
can be written in a standard form [63]:

OR = f (θ ) + ig(θ )σ · n, (10)

where σ is the spin operator of the nucleon, and 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 ), (11)

g(θ ) =
∞∑
l=0

[Tl− − Tl+] sin θP ′
l (cos θ ). (12)

Both the isospin- 1
2 and isospin- 3

2 resonances contribute
to the π−p → π−p, π0n reactions. Thus, we need separate
out the isospin- 1

2 and - 3
2 resonance contributions from these

reaction amplitudes. As we know, the partial-wave amplitudes
Tl± for the πN → πN reactions can be decomposed into the
linear combinations of s-channel isospin amplitudes with the
relations

Tl±(π+p → π+p) = T
3/2
l± , (13)

Tl±(π−p → π−p) = +1

3

(
2T

1/2
l± + T

3/2
l±

)
, (14)

Tl±(π−p → π0n) = −
√

2

3

(
T

1/2
l± − T

3/2
l±

)
, (15)

where T 1/2 and T 3/2 correspond to the isospin- 1
2 , and - 3

2
resonance contributions, respectively. By using these relations,
we can separate out s-channel isospin contributions from the
πN → πN amplitudes.

In the SU(6) ⊗ O(3) symmetry limit, we have extracted
the amplitudes for each s-channel resonance within a n � 2
shell for the π+p → π+p, π−p → π−p, and π−p → π0n
processes. Our results are listed in Table IV. Comparing
the amplitudes of different resonances with each other, one

055204-2



QUARK MODEL STUDY OF THE πN → πN . . . PHYSICAL REVIEW C 95, 055204 (2017)

TABLE I. Parameters.

Constituent quark mass Mu 330 MeV

Md 330 MeV
Ms 450 MeV

Harmonic oscillator parameter α 400 MeV
Degenerate masses of the M1 1650 MeV
n = 1,2 shell resonances M2 1750 MeV
Parameters in t channel GV a 12

gSPPgSqq 65
mρ 770 MeV
mσ 450 MeV

πNN coupling gπNN 13.48

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 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 , (16)

where λi = ± 1
2 and λf = ± 1

2 are the helicities of the initial-
and final-state baryons, respectively.

III. CALCULATION AND ANALYSIS

A. Parameters

In the calculation, we need four universal quark model
parameters, i.e., the harmonic-oscillator parameter α and
constituent quark masses for the u, d, and s quarks. They
are well determined in our previous works; thus, we fix them
in our calculations. Their values are listed in Table I.

In the s and u channels, the quark-π -meson coupling is an
overall parameter, which is related to the πNN coupling via
the Goldberger–Treiman relation [86]

gπNN = gAMN

Fπ

, (17)

where gA is the vector coupling for the π mesons. In the
symmetrical quark model one can easily obtain gA = 5/3
and 5

√
2/6 for charged and neutral pions, respectively. Fπ

(=fπ/
√

2 � 93 MeV) is the pion-meson decay constant.
It should be remarked that the πNN coupling is a well-
determined number:

gπNN = 13.48, (18)

thus we fix it in our calculations.
In the t channel, there are two parameters, the coupling

constants GV a from the ρ-meson exchange and gSPPgSqq from
the σ -meson exchange. We determine these parameters by
fitting the data, which are listed in Table I. It should be
mentioned that the coupling constants GV a and gSPPgSqq bear
about a 30% uncertainty.

In our framework, the s-channel resonance transition
amplitude OR is derived in the SU(6) ⊗ O(3) symmetry limit.
In reality, the symmetry of SU(6) ⊗ O(3) is generally broken
owing to some reasons. To accommodate the symmetry-
breaking and hadronic dressing effects, following the idea of
Ref. [47] we introduce a set coupling strength parameters CR

for each resonance amplitude,

OR → CROR, (19)

where CR should be determined by fitting the data. The
deviations of CR from unity imply SU(6) ⊗ O(3) symmetry
breaking. The determined CR values are listed in Table II.
It is found that the CR parameters for the �(1232) and
N (1440) resonances are notably larger than unity. Thus, the
SU(6) ⊗ O(3) symmetry of these states is seriously broken by
some effects, which will be discussed later in details.

Furthermore, the masses and widths for the s-channel
resonances are important input parameters in the calculations.
For the main resonances �(1232)P33 and N (1440)P11, we vary
their masses and widths in a proper range to better describe
the data. To be consistent with our previous study, we take
the masses and widths of N (1535)S11 and N (1520)D13 from
Ref. [34], where the resonances parameters of N (1535)S11 and
N (1520)D13 are well constrained. The other resonances have
few effects on the reactions; thus, their masses and widths
are taken from the PDG [4], or the constituent quark model
predictions [55–57] if no experimental data are available.

TABLE II. Masses MR (MeV) and widths �R (MeV) of s-channel intermediate states, and their CR strength parameters.

Resonance π+p → π+p π−p → π−p π−p → π 0n

�R MR CR �R MR CR �R MR CR

N (938)P11 938 1.0 938 1.0
�(1232)P33 100+7

−4 1212+3
−5 2.95+0.05

−0.20 100+7
−3 1212+2

−5 3.00+0.05
−0.15 100+5

−2 1210+2
−5 3.10+0.02

−0.15

N (1440)P11 200+40
−35 1400+40

−25 23 ± 6 200+35
−20 1400+40

−25 23+6
−4

N (1535)S11 124 1524 1.0 124 1524 1.0
�(1620)S31 140 1630 1.0 140 1630 1.0 140 1630 1.0
N (1650)S11 119 1670 1.0 119 1670 1.0
�(1700)D33 300 1745 1.0 300 1745 1.0 300 1745 1.0
N (1520)D13 125 1515 1.0 125 1515 1.0
N (1700)D13 150 1700 1.0 150 1700 1.0
N (1675)D15 150 1675 1.0 150 1675 1.0
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FIG. 1. Differential cross sections of the π+p → π+p reaction compared with the experimental data (open circles) from Refs. [64–68]
and the solutions (dotted curves) from the GWU group [38]. The bold solid curves correspond to the full model result. The first and second
numbers in each figure correspond to the incoming π momentum Pπ (MeV) and the πN center-of-mass (c.m.) energy W (MeV), respectively.

FIG. 2. Differential cross sections of the π−p → π−p reaction compared with the experimental data (open circles) from Refs. [64–68]
and the solutions (dotted curves) from the GWU group [38]. The bold solid curves correspond to the full model result. The first and second
numbers in each figure correspond to the incoming π momentum Pπ (MeV) and the πN c.m. energy W (MeV), respectively.
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FIG. 3. Differential cross sections of the reaction π−p → π 0n compared with the experimental data (open circles) from Refs. [69–74] and
the solutions (dotted curves) from the GWU group [38]. The bold solid curves correspond to the full model result. The first and second numbers
in each figure correspond to the incoming π momentum Pπ (MeV) and the πN c.m. energy W (MeV), respectively.

The masses and widths for some low-lying resonances have
been listed in Table II. It is found that the mass and width
for the �(1232)P33 are M � 1212 MeV and � � 100 MeV,
respectively, which are consistent with those extracted from
the neutral pion photoproduction processes in our previous
work [36]. It should be emphasized that our extracted mass
and width for the �(1232)P33 are quite close to the values of
the pole parametrization from the PDG [4]. The reason is that,
when we fit the data, a constant resonance width �R is used,
which is similar to the pole parametrization. Furthermore, we
find that the N (1440)P11 resonance seems to favor a narrow
width � � 200 MeV, which is also comparable to the values
of the pole parametrization from the PDG [4].

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 degenerate masses for the n = 1,2 shell
resonances are taken in our calculations. The values have been
listed in Table I.

Finally, it should be pointed out that all the adjustable
parameters are determined by globally fitting the measured

differential cross sections, which are obtained from Ref. [38].
For the π+p → π+p reaction, we fit the differential cross
sections in the incoming pion-meson momentum range Pπ =
260 ∼ 420 MeV/c, while for the π−p → π−p,π0n reactions,
we fit the measured differential cross sections in the range
Pπ = 260 ∼ 540 MeV/c. The data sets used in our fits are
shown in Figs. 1–3. The reduced χ2s per data point obtained
in our fits are listed in Table III. To clearly see the role of one
component in the reactions, the χ2s with one resonance or one
background switched off are also given in Table III.

B. π+ p → π+ p

The π+p → π+p process provides us a rather clear
channel to study the � resonances, because only the isospin
3/2 resonances contribute here for the isospin selection rule.
The low-lying � resonances classified in the quark model
are listed in Table IV. From the table we can see that
in a rather wide πN center-of-mass (c.m.) energy range
W < 1.6 GeV, only the �(1232)P33 resonance lies. The higher
resonances are the S-wave state �(1620)S31 and the D-wave

TABLE III. Reduced χ 2 per data point of the full model and that with one resonance or one background switched off obtained in a fit of
the measured differential cross sections of the reactions π+p → π+p, π−p → π−p, and π−p → π 0n. Their corresponding χ 2s are labeled
with χ 2

π+p
, χ 2

π−p
, and χ 2

π0n
, respectively.

Full model n pole �(1232)P33 N (1535)S11 N (1520)D13 N (1440)P11 u channel t channel

χ 2
π+p

(170 data points) 3.21 74.84 5.10 7.71
χ 2

π−p
(264 data points) 2.48 9.89 59.40 3.29 2.49 4.55 8.36 4.33

χ 2
π0n

(209 data points) 3.60 5.70 147.21 8.15 3.87 4.80 19.14 7.77
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TABLE IV. The s-channel resonance amplitudes within n = 2 shell for the π+p → π+p, π−p → π−p, and π−p → π 0n processes.
we have defined MS ≡ [ ωi

μq
+ |Ain| 2|k|

3α2 ][
ωf

μq
+ |Aout| 2|q|

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

μq
+ |Ain| |k|

α2 ][
ωf

μq
+ |Aout| |q|

α2 ], MD ≡ |Aout||Ain|, MP 2 ≡
[ ωi

μq
+ |Ain| 2|k|

5α2 ][
ωf

μq
+ |Aout| 2|q|

5α2 ], MF ≡ |Aout||Ain| |k||q|
9.0α4 , P ′

l (z) ≡ ∂Pl (z)
∂z

. The functions Ain and Aout are defined by Ain ≡ −( ωi

Ei+Mi
+ 1)k and

Aout ≡ −(
ωf

Ef +Mf
+ 1)q, respectively. μq is a reduced mass at the quark model level, which equals to 1/μq = 2/mu for πN scattering processes.

Resonance [N6,
2S+1N3,n,l] OR π+p → π+p π−p → π−p π−p → π 0n

N (938)P11 |56,28,0,0〉 f (θ ) 25
9 |Ain||Aout|P1(z) − 25

√
2

18 |Ain||Aout|P1(z)

g(θ ) 25
9 |Ain||Aout| sin θP ′

1(z) − 25
√

2
18 |Ain||Aout| sin θP ′

1(z)

�(1232)P33 |56,410,0,0〉 f (θ ) 8
3 |Ain||Aout|P1(z) 8

9 |Ain||Aout|P1(z) 8
√

2
9 |Ain||Aout|P1(z)

g(θ ) − 4
3 |Ain||Aout| sin θP ′

1(z) − 4
9 |Ain||Aout| sin θP ′

1(z) − 4
√

2
9 |Ain||Aout| sin θP ′

1(z)

�(1620)S31 |70,210,1,1〉 f (θ ) 1
24 MSα

2 1
72 MSα

2
√

2
72 MSα

2

g(θ )
N (1535)S11 |70,28,1,1〉 f (θ ) 2

9 MSα
2 − 4

√
2

36 MSα
2

g(θ )

N (1650)S11 |70,48,1,1〉 f (θ ) 1
18 MSα

2 −
√

2
36 MSα

2

g(θ )

�(1700)D33 |70,210,1,1〉 f (θ ) 1
27 MD

|k||q|
α2 P2(z) 2

81 MD
|k||q|
α2 P2(z) 2

√
2

81 MD
|k||q|
α2 P2(z)

g(θ ) 1
54 MD

|k||q|
α2 sin θP ′

2(z) 1
81 MD

|k||q|
α2 sin θP ′

2(z)
√

2
81 MD

|k||q|
α2 sin θP ′

2(z)

N (1520)D13 |70,28,1,1〉 f (θ ) 40×82
41×405 MD

|k||q|
α2 P2(z) − 40×41

√
2

41×405 MD
|k||q|
α2 P2(z)

g(θ ) 40×82
41×810 MD

|k||q|
α2 sin θP ′

2(z) − 40×41
√

2
41×810 MD

|k||q|
α2 sin θP ′

2(z)

N (1700)D13 |70,48,1,1〉 f (θ ) 1×82
41×405 MD

|k||q|
α2 P2(z) − 1×41

√
2

41×405 MD
|k||q|
α2 P2(z)

g(θ ) 1×82
41×810 MD

|k||q|
α2 sin θP ′

2(z) − 1×41
√

2
41×810 MD

|k||q|
α2 sin θP ′

2(z)

N (1675)DI5 |70,48,1,1〉 f (θ ) 2
45 MD

|k||q|
α2 P2(z) −

√
2

45 MD
|k||q|
α2 P2(z)

g(θ ) 2
135 MD

|k||q|
α2 sin θP ′

2(z) −
√

2
135 MD

|k||q|
α2 sin θP ′

2(z)

N (1440)P11 |56,28,2,0〉 f (θ ) 50×11
66×81×4 MP 0P1(z) − 25×11

√
2

33×162×4 MP 0P1(z)

g(θ ) 50×11
66×81×4 MP 0 sin θP ′

1(z) − 25×11
√

2
33×162×4 MP 0 sin θP ′

1(z)

N (1710)P11 |70,28,2,0〉 f (θ ) 16×11
66×81×4 MP 0P1(z) − 8×11

√
2

33×162×4 MP 0P1(z)

g(θ ) 16×11
66×81×4 MP 0 sin θP ′

1(z) − 8×11
√

2
33×162×4 MP 0 sin θP ′

1(z)

�(1900)P31 |70,210,2,0〉 f (θ ) 1
81×8 MP 0P1(z) 1

81×24 MP 0P1(z)
√

2
81×24 MP 0P1(z)

g(θ ) 1
81×8 MP 0 sin θP ′

1(z) 1
81×24 MP 0 sin θP ′

1(z)
√

2
81×24 MP 0 sin θP ′

1(z)

�(1910)P31 |56,410,2,2〉 f (θ ) 5
81 MP 2|k||q|P1(z) 5

243 MP 2|k||q|P1(z) 5
√

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

g(θ ) 5
81 MP 2 sin θ |k||q|P ′

1(z) 5
243 MP 2 sin θ |k||q|P ′

1(z) 5
√

2
243 MP 2 sin θ |k||q|P ′

1(z)

N (1880)P11 |70,48,2,2〉 f (θ ) 5
162×6 MP 2|k||q|P1(z) − 5

√
2

162×12 MP 2|k||q|P1(z)

g(θ ) 5
162×6 MP 2 sin θ |k||q|P ′

1(z) − 5
√

2
162×12 MP 2 sin θ |k||q|P ′

1(z)

�(1600)P33 |56,410,2,0〉 f (θ ) 2
81 MP 0|k||q|P1(z) 2

243 MP 0|k||q|P1(z) 2
√

2
243 MP 0|k||q|P1(z)

g(θ ) − 1
81 MP 0 sin θ |k||q|P ′

1(z) − 1
243 MP 0 sin θ |k||q|P ′

1(z) −
√

2
243 MP 0 sin θ |k||q|P ′

1(z)

N (?)P13 |70,48,2,0〉 f (θ ) 1
162×3 MP 0|k||q|P1(z) −

√
2

162×6 MP 0|k||q|P1(z)

g(θ ) − 1
162×6 MP 0 sin θ |k||q|P ′

1(z)
√

2
162×12 MP 0 sin θ |k||q|P ′

1(z)

N (1720)P13 |56,28,2,2〉 f (θ ) 25×17
34×162×3 MP 2|k||q|P1(z) − 25×5×17

√
2

34×162×12 MP 2|k||q|P1(z)

g(θ ) − 25×17
34×162×6 MP 2 sin θ |k||q|P ′

1(z) 25×5×17
√

2
34×162×12 MP 2 sin θ |k||q|P ′

1(z)

�(1920)P33 |56,410,2,2〉 f (θ ) 5
81 MP 2|k||q|P1(z) 5

81×3 MP 2|k||q|P1(z) 5
√

2
81×3 MP 2|k||q|P1(z)

g(θ ) − 5
162 MP 2 sin θ |k||q|P ′

1(z) − 5
162×3 MP 2 sin θ |k||q|P ′

1(z) − 5
√

2
162×3 MP 2 sin θ |k||q|P ′

1(z)
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TABLE IV. (Continued.)

Resonance [N6,
2S+1N3,n,l] OR π+p → π+p π−p → π−p π−p → π 0n

N (1900)P13 |70,28,2,2〉 f (θ ) 8×17
34×162×3 MP 2|k||q|P1(z) − 16×5×17

√
2

34×162×12 MP 2|k||q|P1(z)

g(θ ) − 8×17
34×162×6 MP 2 sin θ |k||q|P ′

1(z) 8×5×17
√

2
34×162×12 MP 2 sin θ |k||q|P ′

1(z)

N (?)P13 |70,48,2,2〉 f (θ ) 1×17
34×162×3 MP 2|k||q|P1(z) − 2×5×17

√
2

34×162×12 MP 2|k||q|P1(z)

g(θ ) − 1×17
34×162×6 MP 2 sin θ |k||q|P ′

1(z) 1×5×17
√

2
34×162×12 MP 2 sin θ |k||q|P ′

1(z)

�(?)P33 |70,210,2,2〉 f (θ ) 5
81×8 MP 2|k||q|P1(z) 5

81×24 MP 2|k||q|P1(z) 5
√

2
81×24 MP 2|k||q|P1(z)

g(θ ) − 5
162×8 MP 2 sin θ |k||q|P ′

1(z) − 5
162×24 MP 2 sin θ |k||q|P ′

1(z) − 5
√

2
162×24 MP 2 sin θ |k||q|P ′

1(z)

N (1680)F15 |56,28,2,2〉 f (θ ) 175×233
233×18×35 MF |k||q|P3(z) − 175×233

√
2

233×36×35 MF |k||q|P3(z)

g(θ ) 175×233
233×54×35 MF sin θ |k||q|P ′

3(z) − 175×233
√

2
233×108×35 MF sin θ |k||q|P ′

3(z)

�(1880)F35 |56,410,2,2〉 f (θ ) 16×23
23×12×35 MF |k||q|P3(z) 16×23

23×36×35 MF |k||q|P3(z) 16×23
√

2
23×36×35 MF |k||q|P3(z)

g(θ ) 16×23
23×36×35 MF sin θ |k||q|P ′

3(z) 16×23
23×108×35 MF sin θ |k||q|P ′

3(z) 16×23
√

2
23×108×35 MF sin θ |k||q|P ′

3(z)

N (1860)F15 |70,28,2,2〉 f (θ ) 56×233
233×18×35 MF |k||q|P3(z) − 56×233

√
2

233×36×35 MF |k||q|P3(z)

g(θ ) 56×233
233×54×35 MF sin θ |k||q|P ′

3(z) − 56×233
√

2
233×108×35 MF sin θ |k||q|P ′

3(z)

N (?)F15 |70,48,2,2〉 f (θ ) 2×233
233×18×35 MF |k||q|P3(z) − 2×233

√
2

233×36×35 MF |k||q|P3(z)

g(θ ) 2×233
233×54×35 MF sin θ |k||q|P ′

3(z) − 2×233
√

2
233×108×35 MF sin θ |k||q|P ′

3(z)

�(2000)F35 |70,210,2,2〉 f (θ ) 7×23
23×12×35 MF |k||q|P3(z) 7×23

23×36×35 MF |k||q|P3(z) 7×23
√

2
23×36×35 MF |k||q|P3(z)

g(θ ) 7×23
23×36×35 MF sin θ |k||q|P ′

3(z) 7×23
23×108×35 MF sin θ |k||q|P ′

3(z) 7×23
√

2
23×108×35 MF sin θ |k||q|P ′

3(z)

�(?)F37 |56,210,2,2〉 f (θ ) 8
35 MF |k||q|P3(z) 8

105 MF |k||q|P3(z) 8
√

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

g(θ ) − 2
35 MF sin θ |k||q|P ′

3(z) − 2
105 MF sin θ |k||q|P ′

3(z) − 2
√

2
105 MF sin θ |k||q|P ′

3(z)

N (?)F17 |70,48,2,2〉 f (θ ) 2
105 MF |k||q|P3(z) −

√
2

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

g(θ ) − 1
210 MF sin θ |k||q|P ′

3(z)
√

2
420 MF sin θ |k||q|P ′

3(z)

FIG. 4. Polarizations of the π+p → π+p reaction compared with experimental data (open circles) from Refs. [75–82] and the solutions
(dotted curves) from the GWU group [38]. The bold solid curves correspond to the full model result. The first and second numbers in each
figure correspond to the incoming π momentum Pπ (MeV) and the πN c.m. energy W (MeV), respectively.
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FIG. 5. Effects of the main contributors on the differential cross
sections of the reaction π+p → π+p at two energy points Pπ = 240,
427 MeV/c. The experimental data are taken from Refs. [64,65,68].
The bold solid curves correspond to the full model result. The
predictions by switching off the contributions from �(1232)P33, u-
and t-channel backgrounds are indicated explicitly by the legend in
the figures.

state �(1700)D33, which may mainly contribute to the reaction
in the higher-energy range W > 1.5 GeV. Thus, the description
of the π+p → π+p reaction in the low-energy region becomes
relatively simple.

The chiral quark model allows us study the π+p → π+p
reaction from the �(1232) resonance region up to W �
1.4 GeV. Our fits of the differential cross sections and
polarizations compared with the data are shown in Figs. 1
and 4, respectively. From these figures, it is found that our fits
are in a global agreement with the experimental data in the c.m.
energy range W � 1.2–1.4 GeV, although in our calculations
the polarizations are overestimated slightly at the backward
angles, and the cross sections are overestimated slightly in the
region W > 1.3 GeV. New precise measurements with a good
angle coverage are hoped to be carried out in the future. For
the limitations of the present model, our study cannot cover
the higher-energy region W > 1.4 GeV.

To clearly understand the reaction mechanism of π+p →
π+p, we show the main contributors one by one in Fig. 5.
It is found that the interferences between the �(1232)P33

resonance and the backgrounds of the u and t channels
can roughly explain the π+p → π+p reaction up to W �
1.4 GeV. The Coulomb interactions may play an obvious role
at the extremely forward angles. Slight effects from the contact
term can also be seen at the forward and backward angles.
The behavior of the contact term is similar to that of the t
channel. No obvious effects of the higher resonances, such

FIG. 6. Predicted total cross sections of the reaction π+p →
π+p and π−p → π−p,π 0n compared with experimental data. The
data for the π±p → π±p reactions are obtained from the PDG [4],
and the data of π−p → π 0n are taken from Refs. [70,71,73,83–85].
The bold solid curves correspond to the full model result. In the
figure, exclusive cross sections for �(1232)P33, N (1535)S11, and
N (1440)P11 are indicated explicitly by the legends.

as �(1620)S31 and �(1700)D33, are found in the low-energy
region that we consider.

The cross sections around W = 1.2 GeV are sensitive to
the mass and width of �(1232)P33, which provide us a good
place to constrain the resonance parameters of �(1232)P33.
By fitting the measured total cross section with a momentum-
independent width (see Fig. 6), we obtain that the mass
and width of �(1232)P33 are M � 1212 MeV and � �
100 MeV, respectively, with a uncertainty of several MeV.
These determined mass and width of �(1232)P33 are con-
sistent with our recent analysis of the pions photoproduction
reactions [36], and also are quite close to the values of the pole
parametrization from the PDG [4].

Finally, it should be pointed out that to obtain a better
description of the data, we should enhance the �(1232)P33

contribution with a factor of C� � 3.0, which indicates
that the �(1232)Nπ coupling may be underestimated by a
factor of ∼√

3 in the SU(6) ⊗ O(3) symmetry limit. This
underestimation is also found in the pion-meson photopro-
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FIG. 7. Polarizations of the π−p → π−p reaction compared with experimental data (open circles) from Refs. [75,77,108–110] and the
solutions (dotted curves) from the GWU group [38]. The bold solid curves correspond to the full model result. The first and second numbers
in each figure correspond to the incoming π momentum Pπ (MeV) and the πN c.m. energy W (MeV), respectively.

FIG. 8. Polarizations of the π−p → π 0n reaction compared with the experimental data (open circles) from Refs. [74,109,111–113] and the
solutions (dotted curves) from the GWU group [38]. The bold solid curves correspond to the full model result. The first and second numbers
in each figure correspond to the incoming π momentum Pπ (MeV) and the πN c.m. energy W (MeV), respectively.
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FIG. 9. Effects of the main contributors on the differential cross sections (left side) and polarizations (right side) of the reaction π−p → π−p.
The experimental data are taken from Refs. [64–68,77]. The bold solid curves correspond to the full model result. The results by switching off
the one of the main contributors in the resonances and nonresonance backgrounds are indicated explicitly by the legend in the figures. The first
and second numbers in each figure correspond to the incoming π momentum Pπ (MeV) and the πN c.m. energy W (MeV), respectively.

duction reactions [36] and the strong decays of �(1232)P33

[87]. The �(1232)P33 might not be a pure three-quark state;
some other contributions [88–93], such as the meson-baryon
component, may alter the �(1232)Nπ coupling. Furthermore,
the coupled-channel effects, which are not included in present
work, may obviously increase the bare �(1232)Nπ coupling
[94].

As a whole, from the �(1232) resonance region up to
the N (1440) resonance region, the π+p elastic scattering can
be reasonably understood with the interferences between the
�(1232)P33 resonance and the backgrounds of the u and t
channels. The extracted mass and width of �(1232)P33 are
quite close to the values of the pole parametrization [4]. The
large �(1232)Nπ coupling out of our quark model prediction
may indicate that �(1232)P33 may not be a pure three-quark
state, or the coupled-channel effects may play an important
role in the reactions.

C. π− p → π− p, π 0n

Both the isospin- 1
2 and - 3

2 resonances contribute to
the π−p → π−p,π0n reactions. From the spectrum clas-
sified in the quark model (see Table IV), we find
that only the �(1232)P33 and N (1440)P11 resonances lie
within the N (1440)P11 resonance region. The higher res-
onances N (1535,1650)S11, �(1620)S31, N (1520)D13, and
�(1700)D33 are far from the N (1440)P11 resonance region;
thus, their affects on these reactions should be small within this
energy region. In this sense, the π−p → π−p,π0n reactions
might be good places to study the properties of the �(1232)P33

and N (1440)P11 resonances.

Based on our good understanding of π+p → π+p, we
further study the π−p → π−p, π0n reactions. Our fits of
the differential cross sections, total cross sections, and po-
larizations compared with the data are shown in Figs. 2, 3,
6–8. From these figures, it is found that the experimental data
from the �(1232) resonance region the up to the N (1440)
resonance region are reasonably described within the chiral
quark model. It should be mentioned that there are remaining
discrepancies in the polarizations of π−p → π−p below
W = 1.3 GeV. To gain more knowledge of these reactions,
new precise measurements of the polarizations with a good
angle and energy coverage is hoped to be carried out in
the future.

To clearly understand the low energy reactions π−p →
π−p, π0n, we show the main contributions to the differential
cross sections and polarizations in Figs. 9 and 10, respectively.
From these figures, it is found that, besides �(1232)P33,
the Roper N (1440)P11 plays a crucial role in the π−p →
π−p, π0n reactions. Switching off their contributions, we find
that the differential cross sections and polarizations have a no-
table change at both forward and backward angles. It should be
emphasized that a confirmed role of N (1440)P11 can be more
obviously seen from the polarizations. Slight contributions
from the N (1535)S11 and D(1520)D13 resonances can extend
to the N (1440) resonance region as well; for simplicity, we do
not show them in the figures. No obvious effects of the higher
resonances, such as �(1620)S31, �(1700)D33, D(1700)D13,
and D(1675)D15 in the low-energy regions. The backgrounds
from the s-channel nucleon pole, u and t channels play
important roles in the reactions. The Coulomb interactions
may play an obvious role at the extremely forward angles.
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FIG. 10. Effects of the main contributors on the differential cross sections (left side) and polarizations (right side) of the reaction π−p →
π 0n. The experimental data are taken from Refs. [70,72,114–116]. The bold solid curves correspond to the full model result. The predictions
by switching off the one of the main contributors in the resonances and nonresonance backgrounds are indicated explicitly by the legend in the
figures. The first and second numbers in each figure correspond to the incoming π momentum Pπ (MeV) and the πN c.m. energy W (MeV),
respectively.

FIG. 11. The πN partial amplitudes of P33 and P11. Solid
(dashed) curves give the real (imaginary) parts of amplitudes extracted
from our quark model. The filled (open) circles stand for the
real (imaginary) parts (solution WI08 [11]) extracted by the GWU
group [38].

Slight effects from the contact term can also be seen at the
forward and backward angles.

Furthermore, to better understand the properties of the
�(1232)P33 and N (1440)P11 resonances, we also show our
fits of the P11 and P33 amplitudes to the solution WI08 [11]
from the GWU group [38] in Fig. 11. Our results show a
good agreement with the solution WI08. Beyond the mass
threshold of N (1440)P11, although the real part of the P11

amplitude is overestimated in our quark model, its tendency is
similar to the solution WI08. It should be mentioned that in the
higher-energy region W � 1.4 GeV, our quark model begins
to lose its prediction ability, thus, our extracted properties of
N (1440)P11 may be less reliable than those of �(1232)P33.

In the π−p → π−p, π0n reactions, to obtain a good
description of the data we also need enhance the contribution
of �(1232)P33 from the symmetric quark model with a factor
of C� � 3.0. The extracted mass and width of �(1232)P33

from these two reactions are consistent with those from the
π+p → π+p reaction. At the mass threshold of �(1232)P33,
our extracted ratios of the total cross sections between these
three πN reactions,

σ (π+p → π+p) : σ (π−p → π−p) : σ (π−p → π0n)

� 205 : 25 : 48, (20)

are quite close to the theoretical ratios 9 : 1 : 2, which indicates
that the isospin symmetry well holds in these low-energy πN
reactions.

Finally, it should be emphasized that confirmed roles of
N (1440)P11 have been seen in the π−p → π−p, π0n reac-
tions, which provide us a good opportunity to extract the prop-
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erties of N (1440)P11. From the data of the π−p → π−p, π0n
reactions, we extract the mass and width of N (1440)P11,
M � 1400 MeV, and � � 200 MeV, which are close to those
extracted from the pole parametrization [4]. Furthermore,
it should be mentioned that, to well describe the data, we
need enhance the contribution of the N (1440)P11 from the
symmetric quark model with a rather large factor CN(1440) �
23, i.e., the N (1440)Nπ coupling is a factor ∼4.8 larger than
the prediction with the simple three-quark model, which was
also found by analyzing the strong decays of N (1440)P11

in Refs. [95,96]. The unexpected large N (1440)Nπ coupling
indicates the exotic nature of the N (1440)P11 resonance.
About the unusual properties of N (1440), there are many
discussions in the literature [12,17,97–107].

As a whole, besides the �(1232)P33 resonance, confirmed
evidence of the N (1440)P11 resonance is found in the polar-
izations of the π−p → π−p, π0n reactions. The couplings of
the �(1232)Nπ and N (1440)Nπ predicted from the simple
three-quark model are about 1.7 and 4.8 times smaller than
the values extracted from the experimental data, respectively,
which suggests the unusual property of N (1440)P11 and
deficiency of the simple quark model in the description of
N (1440)P11 and �(1232)P33. Finally, it should be mentioned
that the s-channel nucleon pole, u- and t-channel backgrounds
play important roles in the reactions.

IV. SUMMARY

In this work, a combined study of the π+p → π+p,
π−p → π−p, and π−p → π0n reactions have been carried
out within a chiral quark model. Our results show a good global
agreement with the data within the N (1440) resonance region.

In these reactions, the resonance properties of �(1232)P33

are constrained. By fitting the data with a momentum-
independent width, we obtain the mass and width of
�(1232)P33 are M � 1212 MeV and � � 100 MeV, which are
consistent with our recent analysis of the pion photoproduction
reactions [36] and are quite close to the values determined with
the pole parametrization [4]. The �(1232)Nπ coupling from
the quark model is about a factor of ∼1.7 smaller than that
extracted from the data. Some other contributions, such as the
coupled-channel effects, may alter the �(1232)Nπ coupling,
which should be studied further.

Confirmed roles of N (1440)P11 resonance are found
in both the π−p → π−p and π−p → π0n reactions. The
N (1440)P11 has notable contributions to the polarizations,
although no obvious effects can be seen in the total cross
sections. The extracted mass and width for N (1440)P11 are
M � 1400 MeV and � � 200 MeV, respectively, which are
close to the values determined with the pole parametrization
[4]. The N (1440)Nπ coupling extracted from the data is a
factor of ∼4.8 larger than the symmetric quark model predic-
tion. The unexpected large N (1440)Nπ coupling suggests the
uncommon properties of the N (1440)P11 resonance.

Starting from the incoming π -meson momentum Pπ �
440 MeV/c, slight contributions of N (1535)S11 and
N (1520)D13 are seen in both the π−p → π−p and π−p →
π0n reactions. The backgrounds play remarkable roles in
these three strong interaction processes. The t- and u-channel
backgrounds have notable contributions to the π+p → π+p
reactions. While in the π−p → π−p,π0n reactions, the s-
channel nucleon pole and t- and u-channel backgrounds play
an important role.

Finally, it should be pointed out that, with present model, we
cannot deliver higher-accuracy descriptions of the data because
all of the interactions are limited at the tree level, the higher-
order contributions, such as the coupled-channel effects,
may paly obvious roles in the reactions. Furthermore, the
uncommon properties of the Roper resonance also make it hard
to describe the data accurately. Thus, the extracted mass and
width of N (1440)P11 may bear a large uncertainty although
confirmed roles of N (1440)P11 are found in the polarizations.
To uncover the uncommon nature of N (1440)P11, new precise
measurements of the polarizations with a good angle and
energy coverage are expected to be carried out in the future.

ACKNOWLEDGMENTS

We are grateful for useful discussions and suggestions from
Qiang Zhao, Fei Huang, Jia–Jun Wu, Ju-Jun Xie, and Xu
Cao. This work is partly supported by the National Natural
Science Foundation of China (Grants No. 11075051 and No.
11375061), the Hunan Provincial Natural Science Foundation
(Grant No. 13JJ1018), and the Hunan Provincial Innovation
Foundation for Postgraduates.

[1] E. Klempt and J. M. Richard, Baryon spectroscopy, Rev. Mod.
Phys. 82, 1095 (2010).

[2] V. Crede and W. Roberts, Progress towards understanding
baryon resonances, Rep. Prog. Phys. 76, 076301 (2013).

[3] W. J. Briscoe, M. Döring, H. Haberzettl, D. M. Manley,
M. Naruki, I. I. Strakovsky, and E. S. Swanson, Physics
opportunities with meson beams, Eur. Phys. J. A 51, 129
(2015).

[4] K. A. Olive et al. Particle Data Group Collaboration, Review
of particle physics, Chin. Phys. C 38, 090001 (2014).

[5] J. J. Wu, H. Kamano, T.-S. H. Lee, D. B. Leinweber, and
A. W. Thomas, Nucleon resonance structure in the finite
volume of lattice QCD, arXiv:1611.05970.

[6] R. Koch and E. Pietarinen, Low-energy πN partial wave
analysis, Nucl. Phys. A 336, 331 (1980).

[7] R. E. Cutkosky, R. E. Hendrick, J. W. Alcock, Y. A. Chao,
R. G. Lipes, J. C. Sandusky, and R. L. Kelly, Pion-nucleon
partial wave analysis, Phys. Rev. D 20, 2804 (1979).

[8] R. E. Cutkosky, C. P. Forsyth, R. E. Hendrick, and R. L. Kelly,
Pion-nucleon partial wave amplitudes, Phys. Rev. D 20, 2839
(1979).

[9] R. E. Cutkosky and S. Wang, Poles of the πNP11 partial wave
amplitude, Phys. Rev. D 42, 235 (1990).

[10] R. A. Arndt, J. M. Ford, and L. D. Roper, Pion-nucleon
partial wave analysis to 1100 MeV, Phys. Rev. D 32, 1085
(1985).

055204-12

https://doi.org/10.1103/RevModPhys.82.1095
https://doi.org/10.1103/RevModPhys.82.1095
https://doi.org/10.1103/RevModPhys.82.1095
https://doi.org/10.1103/RevModPhys.82.1095
https://doi.org/10.1088/0034-4885/76/7/076301
https://doi.org/10.1088/0034-4885/76/7/076301
https://doi.org/10.1088/0034-4885/76/7/076301
https://doi.org/10.1088/0034-4885/76/7/076301
https://doi.org/10.1140/epja/i2015-15129-5
https://doi.org/10.1140/epja/i2015-15129-5
https://doi.org/10.1140/epja/i2015-15129-5
https://doi.org/10.1140/epja/i2015-15129-5
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
http://arxiv.org/abs/arXiv:1611.05970
https://doi.org/10.1016/0375-9474(80)90214-6
https://doi.org/10.1016/0375-9474(80)90214-6
https://doi.org/10.1016/0375-9474(80)90214-6
https://doi.org/10.1016/0375-9474(80)90214-6
https://doi.org/10.1103/PhysRevD.20.2804
https://doi.org/10.1103/PhysRevD.20.2804
https://doi.org/10.1103/PhysRevD.20.2804
https://doi.org/10.1103/PhysRevD.20.2804
https://doi.org/10.1103/PhysRevD.20.2839
https://doi.org/10.1103/PhysRevD.20.2839
https://doi.org/10.1103/PhysRevD.20.2839
https://doi.org/10.1103/PhysRevD.20.2839
https://doi.org/10.1103/PhysRevD.42.235
https://doi.org/10.1103/PhysRevD.42.235
https://doi.org/10.1103/PhysRevD.42.235
https://doi.org/10.1103/PhysRevD.42.235
https://doi.org/10.1103/PhysRevD.32.1085
https://doi.org/10.1103/PhysRevD.32.1085
https://doi.org/10.1103/PhysRevD.32.1085
https://doi.org/10.1103/PhysRevD.32.1085


QUARK MODEL STUDY OF THE πN → πN . . . PHYSICAL REVIEW C 95, 055204 (2017)

[11] R. A. Arndt, W. J. Briscoe, I. I. Strakovsky, and R. L. Workman,
Extended partial-wave analysis of πN scattering data, Phys.
Rev. C 74, 045205 (2006).

[12] O. Krehl, C. Hanhart, S. Krewald, and J. Speth, What is the
structure of the Roper resonance? Phys. Rev. C 62, 025207
(2000).

[13] M. Doring, C. Hanhart, F. Huang, S. Krewald, and U.-G.
Meissner, Analytic properties of the scattering amplitude and
resonances parameters in a meson exchange model, Nucl. Phys.
A 829, 170 (2009).

[14] H. Kamano, S. X. Nakamura, T.-S. H. Lee, and T. Sato,
Extraction of P11 resonances from πN data, Phys. Rev. C 81,
065207 (2010).

[15] D. Ronchen et al., Coupled-channel dynamics in the reactions
πN → πN, ηN, K�,K�, Eur. Phys. J. A 49, 44 (2013).

[16] H. Kamano, S. X. Nakamura, T.-S. H. Lee, and T. Sato, Nucleon
resonances within a dynamical coupled-channels model of πN

and γN reactions, Phys. Rev. C 88, 035209 (2013).
[17] N. Suzuki, B. Julia-Diaz, H. Kamano, T.-S. H. Lee, A.

Matsuyama, and T. Sato, Disentangling the Dynamical Origin
of P11 Nucleon Resonances, Phys. Rev. Lett. 104, 042302
(2010).

[18] A. Matsuyama, T. Sato, and T.-S. H. Lee, Dynamical coupled-
channel model of meson production reactions in the nucleon
resonance region, Phys. Rep. 439, 193 (2007).

[19] B. Julia-Diaz, T.-S. H. Lee, A. Matsuyama, and T. Sato,
Dynamical coupled-channel model of πN scattering in the
W � 2 GeV nucleon resonance region, Phys. Rev. C 76,
065201 (2007).

[20] G. Y. Chen, S. S. Kamalov, S. N. Yang, D. Drechsel, and L.
Tiator, Nucleon resonances in πN scattering up to energies√

s < 2 GeV, Phys. Rev. C 76, 035206 (2007).
[21] G. Penner and U. Mosel, Vector meson production and nucleon

resonance analysis in a coupled channel approach for energies
mN <

√
s < 2 GeV. I. Pion induced results and hadronic

parameters, Phys. Rev. C 66, 055211 (2002).
[22] V. Shklyar, H. Lenske, U. Mosel, and G. Penner, Coupled-

channel analysis of the omega-meson production in πN and
γN reactions for c.m. energies up to 2 GeV, Phys. Rev. C 71,
055206 (2005); 72, 019903(E) (2005).

[23] A. Anisovich, E. Klempt, A. Sarantsev, and U. Thoma, Partial
wave decomposition of pion and photoproduction amplitudes,
Eur. Phys. J. A 24, 111 (2005).

[24] A. V. Anisovich, E. Klempt, V. A. Nikonov, A. V. Sarantsev,
and U. Thoma, P-wave excited baryons from pion- and photo-
induced hyperon production, Eur. Phys. J. A 47, 27 (2011).

[25] S. Ceci, A. Svarc, and B. Zauner, The πN → ηN Data
Demand the Existence of N (1710)P11 Resonance Reducing the
1700 MeV Continuum Ambiguity, Phys. Rev. Lett. 97, 062002
(2006).

[26] A. Švarc, M. Hadžimehmedović, H. Osmanović, J. Stahov,
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