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The reaction K−p → �η at low energies is studied with a chiral quark model approach. Good descriptions
of the existing experimental data are obtained. It is found that �(1670) dominates the reaction around threshold.
Furthermore, u- and t-channel backgrounds play crucial roles in this reaction as well. The contributions from
the D-wave state �(1690) are negligibly small for its tiny coupling to η�. To understand the strong coupling
properties of the low-lying negative parity � resonances extracted from the K̄N scattering, we further study their
strong decays. It is found that these resonances are most likely mixed states between different configurations.
Considering these low-lying negative parity � resonances as mixed three-quark states, we can reasonably
understand both their strong decay properties from Particle Data Group and their strong coupling properties
extracted from the K̄N scattering. As a byproduct, we also predict the strong decay properties of the missing
D-wave state |� 3

2

−〉3 with a mass of ∼1.8 GeV. We suggest our experimental colleagues search it in the �(1385)π
and �π channels.
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I. INTRODUCTION

Our knowledge about � resonances is much poorer than that
of nucleon resonances [1]. Even for the well-established low-
lying negative parity states, such as �(1405)S01, �(1520)D03,
and �(1670)S01, their properties are still controversial [2].
Up to now we cannot clarify whether these states are excited
three-quark states, dynamically generated resonances, three-
quark states containing multiquark components, or the other
explanations, although there are extensive discussions about
their natures [3–55].

Recently, we systematically studied the reactions K−p →
�0π0,�π0, K̄0n in a chiral quark model approach [56].
Obvious roles of the low-lying negative parity states, �(1405),
�(1520), and �(1670), are found in the K−p → �0π0, K̄0n
reactions, where we have extracted their strong coupling prop-
erties. For example, we found that �(1670) should have a very
weak coupling to K̄N , while �(1520) needs a strong coupling
to K̄N , which cannot be well explained with the symmetry
constituent quark model in the SU(6) ⊗ O(3) limit [56].

To obtain more strong coupling properties and better
understandings of these low-lying � resonances, in this
work, we continue to study another important K̄N reaction
K−p → �η. This reaction provides us a very clear place
to study the low-lying � resonances, because only the �
resonances contribute here owing to the isospin selection rule.
Especially the poorly known strong coupling of �(1670) to
η� might be reliably obtained from the K−p → �η, for
this reaction at threshold is dominated by formation of the
�(1670) [57]. Recently, the new data of the K−p → �η
reaction from Crystal Ball Collaboration [57] were analyzed
with an effective Lagrangian model by Liu and Xie [51,52].
They might find some evidence of a exotic D-wave resonance
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with mass M � 1669 MeV and width � � 1.5 MeV in the
reaction, which is discussed in present work as well.

Furthermore, to understand the natures of these strong
coupling properties extracted from the K̄N scattering, we
further carry out a systematical study of the strong decays
of the low-lying negative parity � resonances in the chiral
quark model approach as well. Combing the strong coupling
properties extracted from the K̄N scattering with the strong
decay properties from the Particle Data Group (PDG) [1], we
expect to obtain more reliable understandings of the natures
for these low-lying negative parity � resonances.

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

II. FRAMEWORK

In this work, we study the K−p → �η reaction in a chiral
quark model. This model has been well developed and widely
applied to meson photoproduction reactions [58–66]. Its recent
extension to describe the πN [67] and K̄N [42,56] reactions
also turns out to be successful and inspiring.

In the calculations, we consider three basic Feynman
diagrams, i.e., s, u, and t channels at the tree level. The reaction
amplitude is expressed as

M = Ms + Mu + Mt , (1)

where the s- and u-channel reaction amplitudes Ms and Mu

are given by

Ms =
∑

j

〈Nf |Hf
m |Nj 〉〈Nj | 1

Ei + ωi − Ej

H i
m|Ni〉, (2)

Mu =
∑

j

〈Nf |Hi
m

1

Ei − ωf − Ej

|Nj 〉〈NjH
f
m |Ni〉. (3)

In the above equations, Hm stands for the quark-meson
coupling, which might be described by the effective chiral
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Lagrangian [58,59]

Hm =
∑

j

1

fm

ψjγ
j
u γ

j
5 ψj �τ · ∂u �φm, (4)

where ψj represents the j th quark field in a baryon and fm is
the meson’s decay constant. The pseudoscalar meson octet φm

is written as

φm =

⎛
⎜⎜⎝

1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K0

K− K̄0 −
√

2
3η

⎞
⎟⎟⎠ . (5)

In Eqs. (2) and (3), 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 constituent
quark model Ĥ [3–5].

The resonance transition amplitudes of the s channel can
be generally expressed as [67]

Ms
R = 2MR

s − M2
R + iMR�R

ORe−(k2+q2)/(6α2), (6)

where MR and �R stand for the mass and width of the
resonance, respectively. The Mandelstam variable s is defined
as s ≡ (Pi + k)2. The single-resonance-excitation amplitude,
OR , can be obtained by the relation [56]

O(n, l, J ) =
∑
R

OR(n, l, J ) =
∑
R

gRO(n, l, J ), (7)

where gR stands for the relative strength of a single-resonance
in the partial amplitude O(n, l, J ). The gR factors are deter-
mined by the structure of each resonance and their couplings to
the meson and baryon. The partial amplitudes,O(n, l, J ), up to
the n = 2 shell have been derived in our previous work [56],
where the details can be found. For example, the important
partial amplitude for the S waves is given by [56]

O1(S) =
(

gs1 − 1

2
gs2

)(
|Aout| · |Ain| |k||q|

9α2
+ ωi

6μq

Aout · q

+ ωf

6μq

Ain · k + ωiωf

4μqμq

α2

)
, (8)

where k and q stand for the three-momenta of the incoming and
outgoing mesons, respectively, and α is the harmonic oscillator
parameter. The reduced mass μq at the quark level is defined
by 1/μq = 1/mi

q + 1/m
f
q , where mi

q and m
f
q correspond to

the initial and final quark masses, respectively. Ain and Aout

are the same variables defined in Ref. [56]. The g factors in
the partial amplitudes, such as gs1 and gs2, have been defined
in Ref. [56] as well. These g factors can be derived in the
SU(6) ⊗ O(3) symmetry limit. In Table I, we have listed the g
factors for the reaction K−p → �η.

The transition amplitudes of the u channel are given by
[42,67]

Mu
n = − 2Mn

u − M2
n

One
−(k2+q2)/(6α2). (9)

TABLE I. The g factors appearing in the s-, u-,
and t-channel amplitudes of the K−p → �η pro-
cess obtained in in the SU(6) ⊗ O(3) symmetry limit.
φp is the η-η′ mixing angle defined in Refs. [68,69].

gs1 = −
√

6
6 sin φp gv1 = −

√
6

4 sin φp

gu
s1 =

√
3

2 cos φp gu
v1 =

√
3

2 cos φp

gs
t =

√
6

2 gv
t =

√
6

2

In Eq. (9), the amplitude On is determined by the structure
of each resonance and their couplings to the meson and
baryon, which has been derived in our previous work [56].
The Mandelstam variable u is defined as u ≡ (Pi − q)2.

In the calculations, we consider the vector and scalar
exchanges for the t-channel backgrounds. The vector meson-
quark and scalar meson-quark couplings are given by

HV = ψ̄j

(
aγ ν + bσ νλ∂λ

2mq

)
Vνψj , (10)

HS = gSqqψ̄jψjS, (11)

where V and S stand for the vector and scalar fields,
respectively. The constants a, b, and gSqq are the vector, tensor,
and scalar coupling constants, respectively. They are treated
as free parameters in this work.

However, the VPP and SPP couplings (P stands for a
pseudoscalar-meson) are adopted as

HV PP = −iGV Tr([φm, ∂μφm]V μ), (12)

HSPP = gSPP

2mπ

∂μφm∂μφmS, (13)

where GV and gSPP are the VPP and SPP coupling constants,
respectively, to be determined by experimental data.

For the vector meson exchange, the t-channel amplitude in
the quark model is written as [56]

MV
t = Ot

V

1

t − M2
V

e−(q−k)2/(6α2), (14)

where e−(q−k)2/(6α2) is a form factor deduced from the quark
model, and MV is the vector-meson mass. The amplitude Ot

V

is given by [56]

Ot
V = Gva

[
gs

t (H0 + H1q · k) + gv
t H2iσ · (q × k)

]
+ tensor term, (15)

where the factors gs
t and gv

t are defined by gs
t ≡

〈Nf | ∑3
j=1 I ex

j |Ni〉 and gv
t ≡ 〈Nf | ∑3

j=1 σj I
ex
j |Ni〉, respec-

tively, where I ex
j is the isospin operator of exchanged meson.

These factors can be deduced from the quark model.
For the scalar meson exchange, the t-channel amplitude in

the quark model is given by [56]

MS
t = Ot

S

1

t − M2
S

e−(q−k)2/(6α2), (16)

where MS is the scalar-meson mass, and the Ot
S is written

as [56]

Ot
S � gSPP gSqq

2mπ

(ωiωf − q · k)

× [
gs

t (A0 + A1q · k)gv
t A2iσ · (q × k)

]
. (17)
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In Eqs. (15) and (17), the variables Hi and Ai (i = 0, 1, 2) are
the same definitions as in Ref. [56].

In this work, we consider the K∗ and κ exchanges in the
K−p → �η process. The factors gs

t and gv
t derived from the

quark model have been listed in Table I as well.

III. RESULT AND ANALYSIS

A. Parameters

With the transition amplitudes derived within the quark
model, the differential cross section can be calculated by [56]

dσ

d�
= (Ei + Mi)(Ef + Mf )

64π2s(2Mi)(2Mf )

|q|
|k|

M2
N

2

×
∑
λi ,λf

∣∣∣∣
[

δmi

fmi

δmf

fmf

(Ms + Mu) + Mt

]
λf ,λi

∣∣∣∣
2

, (18)

where λi = ±1/2 and λf = ±1/2 are the helicities of the
initial- and final-state � baryons, respectively. fmi

and fmf
are

the initial and final meson decay constants, respectively. δmi
δmf

is a global parameter accounting for the flavor symmetry-
breaking effects arising from the quark-meson couplings,
which will be determined by experimental data.

In the calculation, the universal value of harmonic oscillator
parameter α = 0.4 GeV is adopted. The masses of the u, d,
and s constituent quarks are set as mu = md = 330 MeV and
ms = 450 MeV, respectively. The decay constants for η and K
are adopted as fη = fK = 160 MeV.

In present work, the resonance transition amplitude, OR , is
derived in the SU(6) ⊗ O(3) symmetric quark model limit. In
reality, owing to, e.g., spin-dependent forces in the quark-quark
interaction, the symmetry of SU(6) ⊗ O(3) is generally bro-
ken. As a result, configuration mixing would occur [3–5,11],
which would alter the value of the resonance transition
amplitudes. Furthermore, the hadronic dressing effects of the
vertexes might bring uncertainties to the resonance transition
amplitudes as well [40,70,71]. To take into account the
symmetry-breaking and hadronic dressing effects, a set of
coupling strength parameters, CR , should be introduced for
each resonance amplitude,

OR → CROR, (19)

where CR should be determined by fitting the experimental
observation. The determined values of CR for the K−p → �η
process have been listed in Table II. These strength parameters
CR for the main resonances are further discussed in Sec. III D.

In the t channel, there are two parameters, GV a and
gSPP gSqq , which come from K∗ and κ exchanges, respectively.
By fitting the data, we obtain GV a � 4.8 and gSPP gSqq � 105,
which are consistent with our previous determinations in
Ref. [56].

TABLE II. The determined values for the parameters CR , δmi
δmf

,
and φP in the K−p → �η scatting process.

Parameter CS01(1405) CD03(1520) CS01(1670) CD03(1690) δmi
δmf

φP

Value 1.17 1.18 34.70 38.58 1.24 35◦

TABLE III. The classification of � resonances in the quark
model up to the n = 2 shell. The “?” denotes the resonances being
unestablished. lI,2J is the PDG notation of baryons. N6 and N3 denote
the SU(6) and SU(3) representations. L and S stand for the total orbital
momentum and spin of a baryon, respectively.

|N6,
2S+1 N3, n, L〉 lI,2J |N6,

2S+1 N3, n, L〉 lI,2J

|56,2 8, 0, 0〉 P01(1116) . . . . . .

|70,2 1, 1, 1〉 S01(1405) |56,2 8, 2, 2〉 P03(?)
D03(1520) F05(?)

|70,2 8, 1, 1〉 S01(1670) |70,2 1, 2, 2〉 P03(?)
D03(1690) F05(?)

|70,4 8, 1, 1〉 S01(1800) |70,2 8, 2, 2〉 P03(?)
D03(?) F05(?)

D05(1830)

|56,2 8, 2, 0〉 P01(1600) |70,4 8, 2, 2〉 P01(?)
|70,2 1, 2, 0〉 P01(1810) P03(?)
|70,2 8, 2, 0〉 P01(?) F05(?)
|70,4 8, 2, 0〉 P03(?) F07(?)

In the u channel, the intermediate states are nucleon and
nucleon resonances. One finds that the contributions from n �
1 shell are negligibly small and are insensitive to the degenerate
masses for these shells. In present work, we take M1 =
1650 MeV and M2 = 1750 MeV for the degenerate masses
of n = 1 and n = 2 shell nucleon resonances, respectively.

In the s channel of the K−p → �η process, there are
only the contributions from � resonances. The low-lying �
resonances classified in the quark model up to the n = 2
shell are listed in Table III. From the table, we can see
that in the n = 0 shell only the � pole contributes to
the process, while in the n = 1 shell two S waves [i.e.,
[70,2 1]�(1405)S01, [70,2 8]�(1670)S01] and two D waves
[i.e., [70,2 1]�(1520)D03, [70,2 8]�(1690)D03] contribute to
the reaction. The excitations of [70,4 8] are forbidden for the
�-selection rule [72]. In the calculations, the n = 2 shell �
resonances in the s channel are treated as degeneration, and
their degenerate mass and width are taken as M = 1800 MeV
and � = 100 MeV, because in the low-energy region the
contributions from the n = 2 shell are not significant.

By fitting the experimental data, we obtain their Breit-
Wigner masses and widths, which are listed in Table IV. From
the table, it is seen that the extracted resonances’ parameters
are compatible with the data from PDG [1].

TABLE IV. Breit-Wigner masses MR (MeV) and widths �R

(MeV) for the resonances in the s channel compared with the
experimental data from PDG [1].

Resonance MR �R MR (PDG) �R (PDG)

�(1405)S01 1405.0 53.4 1405.0+1.3
−1.0 50 ± 2

�(1520)D03 1519.5 15.6 1519.5 ± 1.0 15.6 ± 1.0
�(1670)S01 1676.0 35.0 1670 ± 10 25–50
�(1690)D03 1682.4 70.0 1690 ± 5 50–70
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FIG. 1. (Color online) K−p → �η total cross sections compared
with the data [57]. The bold solid curves are for the full model
calculations. In the top panel, exclusive cross sections for �(1405)S01,
�(1670)S01, t channel, and u channel are indicated explicitly by the
legends in the figures. In the bottom panel, the results by switching
off the contributions of �(1405)S01, �(1670)S01, t channel, and u

channel are indicated explicitly by the legends in the figures.

B. Total cross section

The total cross section as a function of the beam momentum
is shown in Fig. 1, where we find that the observations can be
well described within the chiral quark model.

It is found that �(1670)S01 should play a dominant role in
the reaction. �(1670)S01 is responsible for the bump structure
in the cross section around its threshold. To well describe the
data, a large amplitude of �(1670)S01 in the reaction is needed,
which is about 34 times (i.e., CS01(1670) = 34) larger than that
derived in the SU(6) ⊗ O(3) limit. In our previous work, we
found �(1670)S01 should have a weaker coupling to K̄N than
that derived in the SU(6) ⊗ O(3) limit [56]; thus, �(1670)S01

should have a much stronger coupling to η� than that derived
from the symmetry quark model. These phenomena might be
explained by the configuration mixing between the S-wave
states �(1405)S01, �(1670)S01, and �(1800)S01, which are
further studied in Sec. III D.

Furthermore, a sizable contribution from �(1405) might
be seen in the cross section. The total cross section around
the peak is slightly underestimated without its contribution.
It should be mentioned that because the �(1405)S01 is far
away from the η� threshold, the information of �(1405)S01

obtained from the K−p → �η process might be unreliable.
No obvious contributions from the D-wave states,

�(1520)D03 and �(1690)D03, are found in the reaction.
It should be emphasized that both u- and t-channel back-

grounds play crucial roles in the reactions. Switching off their

contributions, the cross section changes significantly. The im-
portant roles of u- and/or t-channel backgrounds are also found
in the other K̄N reactions K−p → �0π0,�π0, K̄0n [56].

C. Differential cross section

The differential cross sections (DCSs) compared with
the data are shown in Fig. 2. From the figure, it is seen
that the data in the low-energy region from threshold to
PK = 770 MeV/c can be reasonably described within our
chiral quark model. However, it should be remarked that our
theoretical results seem to slightly underestimate the DCS at
both forward and backward angles in the beam momenta region
of PK = 730–742 MeV/c. Improved measurements in this
beam momenta region are needed to clarify the discrepancies.

To explore the contribution of individual resonances and the
u- and t-channel backgrounds to the DCS, we have shown the
predictions by switching off one of their contributions in Fig. 2
as well. From the figure, the dominant roles of �(1670)S01

and u- and t-channel backgrounds are significantly seen in the
DCS. Switching off the contribution of �(1670)S01, we find
that the cross sections will be underestimated draftily. Without
the u-channel contribution, the DCS will be significantly
underestimated around the η production threshold. While
switching off t-channel contribution, we can see that the
DCS are strongly overestimated at both forward and backward
angles. Furthermore, slight contributions of �(1405)S01 might
be seen in the DCS around the η production threshold,
where �(1405)S01 has a slight constructive interference with
�(1670)S01. However, �(1405)S01 is not a crucial contributor
in the reaction. We might not obtain any reliable information
of �(1405)S01 from the K−p → �η process. Thus, the
contribution of �(1405)S01 are usually neglected in some
studies at the hadron level [37,51,52].

From Fig. 2, it is seen that a bowl structure seems to appear
in the data around the η production threshold. As we know,
the bowl structures are the typical effects of the interferences
between the S- and D-wave states. In this energy region, the
bowl structures might be caused by the interferences between
�(1670)S01 and �(1690)D03. Considering �(1690)D03 as
the conventional three-quark state classified in the constituent
quark model, we cannot obtain a bowl structure in the DCS
for the too-small contributions of �(1690)D03 in the reaction.
In Refs. [51,52], Liu and Xie had carefully studied these bowl
structures appearing in the DCS, they need an exotic D-wave
state �(1669) with a very narrow width of � � 1.5 MeV to
reproduce the bowl structures. Finally, it should be pointed out
that for the rather large uncertainties of the present data, we
cannot confirm whether there are obvious bowl structures in
the DCS or not. Thus, more accurate measurements are needed.

As a whole, �(1670)S01 plays a dominant role in the
reaction. �(1670)S01 should have a much stronger coupling to
η�, while having a weaker coupling to K̄N than that derived
in the SU(6) ⊗ O(3) limit. The u- and t-channel backgrounds
also play crucial roles in the reaction. Furthermore, slight
contributions of �(1405)S01 might be seen in the DCS
around the η production threshold. It should be pointed
out that for the large distance of �(1405)S01 to the η�
threshold and the limitations of our model, the information

065201-4



LOW-ENERGY K−p → �η . . . PHYSICAL REVIEW C 88, 065201 (2013)

FIG. 2. (Color online) Differential cross sections of the K−p → η� compared with the data from Ref. [57]. The bold solid curves are for
the full model calculations. The results by switching off the contributions from �(1405)S01, �(1670)S01, and u- and t-channel backgrounds
are indicated explicitly by the legend in the figures.

of �(1405)S01 obtained from the K−p → �η process might
not be reliable enough. No obvious evidence from the D-wave
states, �(1520)D03 and �(1690)D03, is found in the reaction.

D. Configuration mixing and strong couplings

To further understand the strength parameters CR in the
K−p → �η reaction and explain the strong coupling proper-
ties of the � resonances extracted from the K̄N scattering, e.g.,
the weak coupling of �(1670)S01 to K̄N and strong coupling
of �(1670)S01 to η�, in this section we study the configuration
mixing effects in the low-lying negative � resonances.

1. Configuration mixing and strong decays

If there is configuration mixing in several resonances with
the same JP values, their strong coupling properties might be
very different from the pure states classified in the constituent
quark model. Here, we study the strong decays of low-lying
negative � resonances and test whether the configuration
mixing can explain the strong couplings of these resonances.

In this work, the strong decays of the � resonances also
studied with the chiral quark model. This approach has been

successfully used to study the strong decays of charmed
baryons, � baryons, and heavy-light mesons [73–76]. The
details of how to describe the strong decays of the baryon
resonances in the chiral quark model can be found in Ref. [76].

As we know, �(1385) is a well-estimated strangeness-1 hy-
peron state. According to the classification of the quark model,
it is assigned to the pure |56,4 10, 0, 0, 3

2
+〉 representation. In

this work, the measured width of �0(1385) as an input (i.e.,
� = 36 MeV [1]) is used to determine the overall parameter
δ(= 0.654) in the decay amplitudes. With this determined
parameter, we can calculate the strong decays of the other
strangeness-1 hyperon states.

a. S-wave states. First, we study the strong decay prop-
erties of the S-wave states �(1405)S01, �(1670)S01, and
�(1800)S01. If they are pure states, according to the classifica-
tion of the constituent quark model, they should be assigned to
the |70,2 1, 1, 1, 1

2
−〉, |70,2 8, 1, 1, 1

2
−〉, and |70,4 8, 1, 1, 1

2
−〉,

respectively [76].
Considering �(1670)S01 as the pure state |70,2 8, 1, 1, 1

2
−〉,

we calculate its strong decay properties, which are listed in
Table V. From the table, we see that the total decay width in
theory (�th

total = 123.4 MeV) is much larger than that obtained
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TABLE V. The predicted total and partial decay widths (MeV)
and partial decay width ratios of �(1670)S01 as a pure state of
|70,2 8, 1, 1, 1

2

−〉. �th denotes our prediction, while �exp denotes the
data from PDG [1].

Channel �th
i �th

total �
exp
total

�i

�total
|th �i

�total
|exp

�π 15.4 123.2 25 to 50 (≈ 35) 0.12 0.25–0.55
NK 103.1 0.84 0.20–0.30
�η 0.001 0.00 0.10–0.25
�(1385)π 4.7 0.04 · · ·

from experiments (�exp
total � 35 MeV). Meanwhile, according

to our calculation, the branching ratio of the �η channel is too
small, while the branching ratio of the NK̄ channel is too large
to compare with the data. Thus, as a pure state, the �(1670)S01

strong decays cannot be described at all.
It should be remarked that several different representations

with the same JP numbers might be coupled together via
some kind of interactions [3–5,11]. Thus, �(1670)S01 may
be a mixed state between three different representations
|70,2 1, 1, 1〉, |70,2 8, 1, 1〉, and |70,4 8, 1, 1〉, with JP =
1/2−. Based on the standard Cabibbo-Kobayashi-Maskawa
(CKM) matrix method, the physical states might be expressed
as ⎛

⎜⎜⎝
∣∣�(1800) 1

2
−〉

∣∣�(1670) 1
2

−〉
∣∣�(1405) 1

2
−〉

⎞
⎟⎟⎠ = U

⎛
⎜⎝

|70,2 1〉
|70,2 8〉
|70,4 8〉

⎞
⎟⎠ , (20)

with

U =

⎛
⎜⎝

c12c13 s12c13 s13

−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13

s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13

⎞
⎟⎠ ,

(21)

where cij ≡ cos θij and sij ≡ sin θij . θij stands for the mixing
angles, which could be determined by fitting the strong decay
data of �(1670)S01.

By fitting the experiment data from PDG [1], we have
obtained that θ12 � 75◦, θ13 � 50◦, and θ23 � 125◦. With these
mixing angles, the strong decay properties of �(1670)S01 can
be reasonably described. The theoretical results compared with
the data are listed in Table VI. From the table, it is seen that with
the configuration mixing the �η branching ratio is enhanced
obviously, while the NK̄ branching ratio is suppressed, which
can naturally explain the weak coupling of �(1670)S01 to K̄N

TABLE VI. The predicted total and partial decay widths (MeV)
and partial decay width ratios of �(1670)S01 as a mixed state
compared with the experimental data from PDG [1].

Channel �th
i �th

total �
exp
total

�i

�total
|th �i

�total
|exp

�π 11.8 47.8 25 to 50 (≈35) 0.25 0.25–0.55
NK 13.6 0.29 0.20–0.30
�η 21.3 0.44 0.10–0.25
�(1385)π 1.1 0.02 · · ·

and strong coupling of �(1670)S01 to η� needed in the K̄N
reactions. It should be mentioned that Oset et al. found that
�(1670)S01 has a large coupling to K� channel when they
analyzed the low-energy K̄N scattering [25]. Considering the
configuration mixing effects, we indeed find that the coupling
of �(1670)S01 to K� channel is enhanced significantly, which
is about two times larger that derived from the symmetry quark
model. The coupling ratios obtained for the �(1670)S01 are

|gK̄N |2 : |gK�|2 : |gη�|2 � 0.7 : 8.4 : 1.0, (22)

which are compatible with the predictions in Ref. [25].
According to the determined mixing angles, Eq. (20) can

be explicitly expressed as⎛
⎜⎜⎝

∣∣�(1800) 1
2

−〉
∣∣�(1670) 1

2
−〉

∣∣�(1405) 1
2

−〉

⎞
⎟⎟⎠ =

⎛
⎜⎝

0.17 0.62 0.77

0.39 −0.76 0.53

0.90 0.21 −0.37

⎞
⎟⎠

⎛
⎜⎝

|70,2 1〉
|70,2 8〉
|70,4 8〉

⎞
⎟⎠ ,

(23)

where we find that the main component of �(1670)S01 is
|70,2 8〉(∼58%). Meanwhile, the |70,2 1〉 and |70,4 8〉 com-
ponents also have a sizable proportion, which are ∼15%
and ∼28%, respectively. �(1405)S01 is dominated by the
|70,2 1〉(∼81%), while it contains significant octet compo-
nents of |70,2 8〉(∼4%) and |70,4 8〉(∼14%). �(1800)S01 is
dominated by both the |70,4 8〉(∼59%) and |70,2 8〉(∼38%)
components.

With these mixing schemes, we have calculated the strong
decay properties of �(1405)S01 and �(1800)S01. The calcu-
lated decay width of �(1405)S01 is � � 53 MeV, which is in
good agreement with the data (� = 50 ± 2 MeV).

Considering the uncertainties in the mass of �(1800)S01,
we vary its mass from 1700 to 1870 MeV. The predicted
strong decay properties of �(1800)S01 have been shown in
Fig. 3. From the figure, we can see that the strong decays
of �(1800)S01 are dominated by the K̄N , η�, and �π
decay modes, while the decay channel �(1385)π also has a
significant contribution to the strong decays of �(1800)S01.
It is found that our predicted strong decay properties of
�(1800)S01 are compatible with the data of ALSTON (see
Table VII) [77]. About �(1800)S01, more measurements are
needed in the experiments.

FIG. 3. (Color online) The strong decay properties of
�(1800)S01, which is taken as a mixed state in Eq. (20).
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TABLE VII. The predicted total and partial decay widths (MeV)
of �(1800)S01 compared with the experimental data from ALSTON
[77]. We set the mass of �(1800)S01 as M = 1725 MeV, which is the
observed value from ALSTON.

Channel NK̄ �π �η �(1385)π

�th
i 51.1 39.5 56.1 13.2

�
exp
i 52 ± 9 . . . . . . . . .

As a whole, the configuration mixing is needed to under-
stand the strong decay properties of the S-wave resonances
�(1405)S01, �(1670)S01, and �(1800)S01.

b. D-wave states. Then we further study whether the
configuration mixing is necessary to explain the strong de-
cays of the well-established D-wave resonances �(1520)D03

and �(1690)D03. If �(1520)D03 and �(1690)D03 are pure
states, they should be classified as the |70,2 1, 1, 1, 3

2
−〉

and |70,4 8, 1, 1, 3
2

−〉 configurations, respectively, in the con-
stituent quark model.

First, we study the decay properties of �(1520)D03 and
�(1690)D03 as pure states. The predictions compared with
the data are listed in Tables VIII and IX, respectively.

From Table VIII, we find that as a pure state the strong decay
coupling of �(1520)D03 to �π is overestimated. However,
the strong coupling of �(1520)D03 to NK̄ is underestimated,
which is also found in the K̄N scattering [56].

While considering �(1690)D03 as a pure state
|70,4 8, 1, 1, 3

2
−〉, from Table IX we find that the theoretical

predictions are inconsistent with the experimental observa-
tions. The predicted total decay width is much larger than
that obtained from experiments. In addition, the partial decay
width ratio for �π is too small, while that for NK̄ is too
large to compare with the data. Thus, as pure states, the strong
decay properties of �(1520)D03 and �(1690)D03 cannot be
understood reasonably.

For these reasons, it is natural for us to take �(1520)
and �(1690) as two mixing states among |70,2 1, 1, 1, 3

2
−〉,

|70,2 8, 1, 1, 3
2

−〉, and |70,4 8, 1, 1, 3
2

−〉. By the using of the
CKM matrix method again, and fitting the strong decay data
of �(1690), we obtain
⎛
⎜⎜⎝

∣∣�(1520) 3
2

−〉
∣∣�(1690) 3

2
−〉

∣∣� 3
2

−〉
3

⎞
⎟⎟⎠ =

⎛
⎜⎝

0.94 0.34 0.09

0.31 −0.92 0.26

0.17 −0.21 −0.96

⎞
⎟⎠

⎛
⎜⎝

|70,2 1〉
|70,2 8〉
|70,4 8〉

⎞
⎟⎠ .

(24)

TABLE VIII. The predicted total and partial decay widths (MeV)
and partial decay width ratios of �(1520)D03 as a pure state
|70,2 1, 1, 1, 3

2

−〉 compared with the experimental data from PDG [1].

Channel �th
i �th

total �
exp
total

�i

�total
|th �i

�total
|exp

�π 10.7 14.5 15.6 ± 1.0 0.74 0.42 ± 0.01
NK 3.8 0.26 0.45 ± 0.01

TABLE IX. The predicted total and partial decay widths (MeV)
and partial decay width ratios of �(1690)D03 as a pure state of
|70,2 8, 1, 1, 3

2

−〉 compared with the experiment data from PDG [1].

Channel �th
i �th

total �
exp
total

�i

�total
|th �i

�total
|exp

�π 9.7 117.2 50–70 (≈60) 0.08 0.20–0.40
NK 58.3 0.50 0.20–0.30
�η 0.001 0.00 · · ·
�(1385)π 49.1 0.42 · · ·

From Eq. (24), it is seen that �(1690) has sizable com-
ponents of |70,2 1〉 (∼9%) and |70,4 8〉 (∼7%), except for
the main component |70,2 8〉 (∼85%). The predicted strong
decay properties of �(1690)D03 compared with the data are
listed in Table X, where we find that with the configuration
mixing effects, the strong decays of �(1690)D03 can be
well described. It should be emphasized that �(1690) has
a very weak coupling to �η, although it has been enhanced
significantly by considering the configuration mixing effects,
which gives an explanation as to why the contribution of
�(1690)D03 to the reaction K−p → �η is tiny even though
�(1690)D03 has a large CR factor.

Furthermore, with the mixing scheme determined in
Eq. (24), we study the strong decay of �(1520)D03. The
predicted results compared with the data are listed in Table XI,
where we find both the total decay width and the partial decay
width ratios are in good agreement with the data. The NK̄
branching ratio is about a factor 2 larger than that derived in
the SU(6) ⊗ O(3) limit, which is consistent with our previous
analysis of the K̄N scattering in Ref. [56]. From Eq. (24), we
can see that the main component of �(1520)D03 is still the
|70,2 1〉 configuration (∼88%), while it contains significant
octet component of |70,2 8〉 (∼12%).

Finally, we give our predictions of the third D-wave
resonance |� 3

2
−〉3, which is still not established in experiment.

According to the quark model prediction, its mass is around
1800 MeV [3–5,11]. Varying its mass from 1700 to 1900 MeV,
we calculate the strong decays of |� 3

2
−〉3. Our predictions are

shown in Fig. 4. It is found that the strong decays of |� 3
2

−〉3

are dominated by �(1385)π and �π , while the NK̄ and �η
branching ratios are negligibly small. Thus, we suggest that
our experimental colleagues find this missing D-wave state in
the �(1385)π and �π channels.

In short, the configuration mixing is also needed to under-
stand the strong decay properties of the D-wave resonances
�(1520)D03 and �(1690)D03.

TABLE X. The predicted total and partial decay widths (MeV)
and partial decay width ratios of �(1690) as a mixed state compared
with the experimental data from PDG [1].

Channel �th
i �th

total �
exp
total

�i

�total
|th �i

�total
|exp

�π 27.5 70.6 50–70 (≈60) 0.39 0.20–0.40
NK 21.4 0.30 0.20–0.30
�η 0.01 0.00 · · ·
�(1385)π 21.6 0.30 · · ·
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TABLE XI. The predicted total and partial decay widths (MeV)
and partial decay width ratios of �(1520) as a mixed state compared
with the experimental data from PDG [1].

Channel �th
i �th

total �
exp
total

�i

�total
|th �i

�total
|exp

�π 7.0 13.5 15.6–1.0 0.52 0.42 ± 0.01
NK 6.2 0.46 0.45 ± 0.01
�(1385)π 0.3 0.02 · · ·

2. Interpretation of CR with configuration mixing

If the configuration mixing effects are included, the single-
resonance-excitation amplitude given in Eq. (7) should be
rewritten as

O(n, l, J ) =
∑
R

g′
RO(n, l, J ) ≡

∑
R

CRgRO(n, l, J ), (25)

where g′
R (gR) stands for the relative strength of a single-

resonance with (without) configuration mixing effects in the
partial amplitudeO(n, l, J ). The CR parameters can be derived
by

CR = g′
R

gR

. (26)

In the following work, we study the CR parameters of the
important resonances �(1405)S01, �(1670)S01, �(1520)D03,
and �(1690)D03 for the K−p → η� process.

Taking �(1405)S01, �(1670)S01, �(1520)D03, and
�(1690)D03 as pure states in the constituent quark model,
we can derive the couplings of the transition amplitudes for
these resonances, which are given by

R�(1405) = −
√

3

108
(
√

2 sin φP + cos φP ), (27)

R�(1670) = −
√

3

108
(
√

2 sin φP − cos φP ), (28)

R�(1520) = −
√

3

54
(
√

2 sin φP + cos φP ), (29)

R�(1690) = −
√

3

54
(
√

2 sin φP − cos φP ), (30)

FIG. 4. (Color online) The strong decay properties of |� 3
2

−〉3 as
a counterpart of �(1690).

where the φP is the η-η′ mixing angle. Then the gR parameters
for these states can be obtained by

g�(1405)or�(1670) = R�(1405)orR�(1670)

R�(1405) + R�(1670)
, (31)

g�(1520)or�(1690) = R�(1520)orR�(1690)

R�(1520) + R�(1690)
. (32)

Considering the configuration mixing effects, the wave
functions of the S- and D-wave states �(1405)S01,
�(1670)S01, �(1520)D03, and �(1690)D03 can be generally
written as

|�(1405)〉 = a1|70,2 1〉S + b1|70,2 8〉S + c1|70,4 8〉S, (33)

|�(1670)〉 = a2|70,2 1〉S + b2|70,2 8〉S + c2|70,4 8〉S, (34)

|�(1520)〉 = a3|70,2 1〉D + b3|70,2 8〉D + c3|70,4 8〉D, (35)

|�(1690)〉 = a4|70,2 1〉D + b4|70,2 8〉D + c4|70,4 8〉D, (36)

where ai , bi , and ci (i = 1, 2, 3, 4) have been determined in
Eqs. (23) and (24). Then we can derive the couplings of the
transition amplitudes for these mixed states; they are

R′
�(1405) = −

√
3

108
(
√

2 sin φP + cos φP )
(
a2

1 + a1b1
)

−
√

3

108
(
√

2 sin φP − cos φP )
(
b2

1 + a1b1
)
, (37)

R′
�(1670) = −

√
3

108
(
√

2 sin φP + cos φP )
(
a2

2 + a2b2
)

−
√

3

108
(
√

2 sin φP − cos φP )
(
b2

2 + a2b2
)
, (38)

R′
�(1520) = −

√
3

54
(
√

2 sin φP + cos φP )
(
a2

3 + a3b3
)

−
√

3

54
(
√

2 sin φP − cos φP )
(
b2

3 + a3b3
)
, (39)

R′
�(1690) = −

√
3

54
(
√

2 sin φP + cos φP )
(
a2

4 + a4b4
)

−
√

3

54
(
√

2 sin φP − cos φP )
(
b2

4 + a4b4
)
. (40)

Finally, we obtain the relative strength parameters g′
R for these

mixed states:

g′
�(1405)or�(1670) = R′

�(1405)orR′
�(1670)

R′
�(1405) + R′

�(1670)

, (41)

g′
�(1520)or�(1690) = R′

�(1520)orR′
�(1690)

R′
�(1520) + R′

�(1690)

. (42)

With these extracted gR and g′
R parameters, the CR

parameters can be easily worked out according to Eq. (26). It is
found that CR is a function of the η-η′ mixing angle φP , which
might be in the range φP � (30◦, 47◦) [68,69]. Considering
the uncertainties of φP , we plot CR as a function of φP in
Fig. 5. From the figure, one can find that the CR parameters for
�(1670)S01 and �(1690)D03 are sensitive to the η-η′ mixing
angle φP . When taking a small η-η′ mixing angle φP = 35◦,
we obtain a large value C�(1670) � 34 for �(1670)S01, which
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FIG. 5. (Color online) The coupling strength parameter, CR , as a
function of the η-η′ mixing angle φP .

can naturally explain the large contributions of �(1670)S01

found in the K−p → �η process.
Using the determined η-η′ mixing angle φP = 35◦, we also

obtain a large value of C�(1690) � 39 for �(1690)D03. It is
should be mentioned that although the configuration mixing
effects have largely enhanced the contribution of �(1690) in
the K−p → �η process (about a factor of 39), the contribution
of �(1690)D03 in the reaction is still negligibly small for the
very weak coupling to η�.

As a whole, the configuration mixing effects are crucial
to understand the strong decay properties of the low-lying
negative � resonances. These resonances are most likely
mixed states between different configurations, which is con-
sistent with the predictions in large Nc QCD [11]. Considering
configuration mixing effects, we can reasonably explain the
weak coupling of �(1670)S01 to K̄N and strong coupling
of �(1670)S01 to η� and the large strength parameter
C�(1670) � 34. It should be mentioned that the hadronic
dressing mechanisms might bring some additional effects to
the couplings [40,70,71], which is not studied here for the
limitation of our model. The contribution of �(1690)D03 to
the K−p → �η process is too small to give a bowl structure
in the DCS, even when we consider the configuration mixing
effects in these D-wave states.

IV. SUMMARY

In this work, we have studied the low-energy reaction
K−p → �η with a chiral quark model approach. A reasonable
description of the measurements has been achieved. It is
found that �(1670)S01 dominates the reaction around at the
low-energy regions, and the t- and u-channel backgrounds
also play crucial roles. Slight contributions of �(1405)S01

are found; however, �(1405)S01 does not obviously affect the
shapes of the DCSs. No obvious roles of the D-wave states
�(1520)D03 and �(1690)D03 are found in the reaction.

Furthermore, by the study of the K−p → �η process, we
have extracted the strong interaction properties of �(1670)S01.
We find that a much larger amplitude of �(1670)S01 in the
reaction is needed, which is about 34 times (i.e., CS01(1670) �
34) larger than that derived from the symmetry quark model.
Combing this with our previous study in Ref. [56], we conclude
that �(1670)S01 should have a much weaker coupling to K̄N ,
while a much stronger coupling to η� than that predicted in
the symmetry quark model.

To understand these strong interaction properties of
�(1670)S01, we further study the strong decay properties of the
low-lying negative parity � resonances. It is found that the con-
figuration mixing effects are crucial to understand the strong
decay properties of the low-lying negative � resonances. These
resonances are most likely mixed states between different
configurations. Considering configuration mixing effects, we
can reasonably explain the strong interaction properties of
�(1670)S01 extracted from the K−p → �η.

The data of the K−p → �η process show that there seems
to be a bowl structure in the DCS in a narrow energy region
near the η� threshold, which indicates a strong D-wave
contribution there. However, the contribution of �(1690)D03

to the K−p → �η process is too small to give a bowl structure
in the DCS. Although with the configuration mixing effects
in these D-wave states, the amplitude of �(1690)D03 in the
reaction could be enhanced a factor of ∼39, the contribution
of �(1690)D03 is still tiny for the very weak coupling of
�(1690)D03 to η�. Based on the bowl structures in the DCS,
Liu and Xie believed there might be an exotic D-wave state
�(1669)D03 with a very narrow width of � = 1.5 MeV. To
clarify whether there are contributions of a narrow D-wave
state, more accurate measurements are needed.

As a byproduct, we also have predicted the strong decay
properties of the unestablished D-wave state |� 3

2
−〉3. This

resonance mainly decays into �(1385)π and �π channels.
We hope the experimentalists can search this missing D-wave
state in the �(1385)π and �π channels.
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