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The strong decays of� baryons up to N ¼ 2 shell are studied in a chiral quark model. The strong decay

properties of these well-established ground decuplet baryons are reasonably described. We find that

(i) �ð1690Þ and �ð1820Þ could be assigned to the spin-parity JP ¼ 1=2� state j70; 28; 1; 1; 12
�i and the

spin-parity JP ¼ 3=2� state j70; 28; 1; 1; 32
�i, respectively. Slight configuration mixing might exist in these

two negative parity states. (ii) �ð1950Þ might correspond to several different � resonances. The broad

states (�� 100 MeV) observed in the �� channel could be classified as the pure JP ¼ 5=2� octet state

j70; 48; 1; 1; 52
�i or the mixed state j�1

2

�i3 with JP ¼ 1=2�. The � resonances with moderate width (��
60 MeV) observed in the �� channel might correspond to the JP ¼ 1=2þ excitation j56; 410; 2; 2; 12

þi.
The second orbital excitation j56; 410; 2; 2; 32

þi and the mixed state j�1
2

�i1 might be candidates for the

narrow width state observed in the � �K channel; however, their spin-parity numbers are incompatible with

the moment analysis of the data. (iii) �ð2030Þ could not be assigned to either any spin-parity JP ¼ 7=2þ

states or any pure JP ¼ 5=2þ configurations. It seems to favor the j70; 28; 2; 2; 32
þi assignment; however,

its spin conflicts with the moment analysis of the data. To find more� resonances, the observations in the

�ð1530Þ� and �ð1385Þ �K channels are necessary.
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I. INTRODUCTION

Understanding the baryon spectrum and the search for
the missing baryon resonances are hot topics in hadron
physics. For the scarcity of high quality antikaon beams
and the small production rate for the � resonances via an
electromagnetic probe, the � spectrum is still far from
being established. There are only a few data on the �
resonances from the old bubble chamber experiments
with small statistics. Among the 11 � baryons listed in
the review of the Particle Data Group (PDG) [1], only the
ground octet and decuplet,�ð1320Þ and�ð1530Þ, are well
established with four-star ratings. Although the resonances
�ð1690Þ, �ð1820Þ, �ð1950Þ, and �ð2030Þ are three-star
states in PDG, only �ð1820Þ has a determined spin-parity
JP ¼ 3=2�.

A few theoretical studies of the � baryon spectrum can
be found in the literature [2–14]. All of the phenomeno-
logical models can well explain the two ground states
�ð1320Þ and �ð1530Þ; however, their predictions for the
excitations are very different. For example, there is a lot of
controversy about the spin-parity of �ð1690Þ. It might be
the first radial excitation of � with JP ¼ 1=2þ, according
to the mass calculations with a nonrelativistic quark model
by Chao et al. [3]. This classification was also supported by
the recent quark model study of Melde et al. [13].
However, with a relativized quark model Capstick and
Isgur predicted that the first radial excitation of � should
have a larger mass of �1840 MeV [4]. Recently, Pervin
and Roberts suggested that �ð1690Þ could be assigned to

the first orbital excitation of � with JP ¼ 1=2�, although
their quark model predicted mass is about 35 MeV heavier
than the mass of �ð1690Þ [11]. They believed that a more
microscopic treatment of spin-orbit interactions, can be
expected to drive this state to slightly lower mass. The
calculations from the Skyrme model also indicated that
�ð1690Þ should have JP ¼ 1=2� [12]. Furthermore,
�ð1690Þwas discussed to be a dynamically generated state
with JP ¼ 1=2� [15,16]. It should be mentioned that the
BABAR Collaboration, in a study of �þ

c ! ���þKþ,
recently found some evidence that �ð1690Þ has JP ¼
1=2� [17].
Even for the �ð1820Þ with well determined spin-parity

quantum numbers, JP ¼ 3=2�, there still exist many puz-
zles in the explanations of its nature. Considering�ð1820Þ
as a JP ¼ 3=2� orbital excitation, its mass and decay
properties could be well explained in the nonrelativistic
quark model [3] and algebraic model [6]. However, con-
sidering �ð1820Þ as a JP ¼ 3=2� excitation, the mass of
�ð1820Þ is obviously underestimated by the relativized
quark model [4] and one-boson exchange model [5]. In
the unitary chiral approaches,�ð1820Þwas even suggested
to be a dynamically generated state from the � decuplet-
pion octet chiral interaction [15,16].
Although �ð1950Þ is a three-star state listed in PDG, not

much can be said about its properties [1]. According to
various phenomenological model predictions [3,7–9,18,19],
many states with spin-parity quantum numbers, JP ¼ 1=2�,
3=2�, and 5=2�, could be candidates for �ð1950Þ, because
their predicted masses are close to 1950 MeV. Alitti et al.
suggested that the broad � resonance (� ¼ 80� 40 MeV)
with a mass of M ¼ 1930� 20 MeV observed by them*zhongxh@hunnu.edu.cn
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could be classified as the pure JP ¼ 5=2� octet state [20].
With this assignment, the mass and total and partial decay
widths seemed to be reasonably understood. However, the
observations of Biagi et al. [21] do not satisfy this classifica-
tion. Although they observed a � resonance around
1950MeVin the� �K invariantmass distribution, its favorable
spin-parity should be 5=2þ or its spin should be greater than
5=2 in the natural spin-parity series 7=2�, 9=2þ, etc., [21]. In
fact, there might be more than one � near 1950 MeV [1].
Recently, Valderrama et al. proposed the existence of three
�ð1950Þ states: one of these states would be part of a spin-
parity 1=2þ decuplet and the other two probably would
belong to the 5=2þ and 5=2� octets [22].

About �ð2030Þ, not many discussions can be found in
the literature. A moment analysis of Ref. [23] suggested
that the spin of �ð2030Þ should be J � 5=2. According to
the SU(3) symmetry of hadrons, Samios et al. predicted
that�ð2030Þ was most likely to be the partner of Nð1680Þ,
�ð1820Þ, and �ð1915Þ with JP ¼ 5=2þ [24]. The quark
model mass calculations indicated that the second JP ¼
5=2þ state and JP ¼ 7=2þ state might be candidates for
�ð2030Þ [3,11]. However, the recent strong decay analysis
of Ref. [22] did not support the classification of Ref. [24].

Fortunately, the situation of the poor knowledge about
these hyperon resonances is to be changed completely with
the running of the Japan Proton Accelerator Research
Complex (J-PARC) facility, where high quality antikaon
beams will be available very soon [25]. Then, the �
baryons can be directly produced on the nucleons by the
process �KN ! �K with large production cross sections.
Furthermore, the investigation of � baryons is also one of
the major parts of the physics programs at �PANDA via

the process �pp ! � �� [26], at Jlab via the photoproduc-
tion processes �p!KþKþ�� and �p!KþKþ�0��

[27–29], and at BESIII via the process charmonium !
��� [30,31], etc. Thus, these new facilities provide us
with good chances to study the � spectrum.

Stimulated by the great progress achieved in experi-
ments, more and more theoretical interests have begun to
focus on the � physics. For example, some theoretical
studies of the production of � via �KN ! �K [32,33]
and �p ! KþKþ�� [34,35], and the determination of
the parity of � resonances in these reactions, were started
recently [36]. In this work, we make a systematic study of
the strong decays of the � resonances in a chiral quark
model, which has been developed and successfully used
to deal with the strong decays of charmed baryons and
heavy-light mesons [37–41]. Here, we mainly focus on
the three-star � resonances �ð1690Þ, �ð1820Þ, �ð1950Þ,
and �ð2030Þ.

This work is organized as follows. In the subsequent
section, baryons in the constituent quark model are out-
lined. Then a brief review of the strong decays described
within a chiral quark model approach is given in Sec. III.
The numerical results are presented and discussed in
Sec. IV. Finally, a summary is given in Sec. V.

II. BARYONS IN THE QUARK MODEL

A. Spatial wave functions

A baryon containing three quarks may be described
by an oscillator potential Hamiltonian [42] in a nonrela-
tivistic form:

H ¼ X3
i¼1

p2
i

2mi

þ 1

2
K
X
i<j

ðrj � riÞ2; (1)

where ri and pi are the coordinate and momentum for the
jth quark in the baryon rest frame, respectively. The quarks
are confined in an oscillator potential with the potential
parameter K independent of the flavor quantum number.
One defines the Jacobi coordinates to eliminate the center
of mass (c.m.) variables:

~� ¼ 1ffiffiffi
2

p ðr1 � r2Þ; (2)

~� ¼ 1ffiffiffi
6

p
�
m1r1 þm2r2
m1 þm2

� 2r3

�
; (3)

R c:m: ¼ m1r1 þm2r2 þm3r3
M

; (4)

where M � m1 þm2 þm3. Using the Jacobi coordinates
in Eqs. (2)–(4), the oscillator Hamiltonian (1) is reduced to

H ¼ P2
c:m:

2M
þ 1

2m�

p2
� þ 1

2m�

p2
� þ

3

2
Kð�2 þ �2Þ; (5)

where

p� ¼ m�
_~�; p� ¼ m�

_~�; Pc:m: ¼ M _Rc:m:; (6)

with

m� ¼ 3ðm1 þm2Þm3

2M
; m� ¼ 2m1m2

m1 þm2

: (7)

For a � baryon, it contains two strange (s) quarks and a
light u=d quark. According to Eqs. (2)–(4), the coordinates
r1, r2, and r3 can be translated into functions of the Jacobi
coordinates � and �, which are given by

r 1 ¼ Rc:m: þ 1ffiffiffi
6

p 3m0

2mþm0 ~�þ 1ffiffiffi
2

p ~�; (8)

r 2 ¼ Rc:m: þ 1ffiffiffi
6

p 3m0

2mþm0 ~�� 1ffiffiffi
2

p ~�; (9)

r 3 ¼ Rc:m: �
ffiffiffi
2

3

s
3m

2mþm0 ~�: (10)

Then, the momenta p1, p2, and p3 are given by

p 1 ¼ m

M
Pc:m: þ 1ffiffiffi

6
p p� þ 1ffiffiffi

2
p p�; (11)
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p 2 ¼ m

M
Pc:m: þ 1ffiffiffi

6
p p� � 1ffiffiffi

2
p p�; (12)

p 3 ¼ m0

M
Pc:m: �

ffiffiffi
2

3

s
p�; (13)

where m and m0 stand for the masses of strange and u=d
quarks, respectively.

The spatial wave function is a product of the �-oscillator
and the �-oscillator states. With the standard notation, the
principal quantum numbers of the �-oscillator and
�-oscillator are N� ¼ ð2n� þ l�Þ and N� ¼ ð2n� þ l�Þ,
and the energy of a state is given by

EN ¼
�
N� þ 3

2

�
!� þ

�
N� þ 3

2

�
!�: (14)

The total principal quantum number (i.e., shell number) N
is defined as

N ¼ N� þ N�; (15)

and the frequencies of the � mode and � mode are

!� ¼ ð3K=m�Þ1=2; !� ¼ ð3K=m�Þ1=2: (16)

In the constituent quark model, a useful oscillator
parameter, i.e., the potential strength, is defined as

�� ¼ ðm�!�Þ1=2 ¼
�

3m0

2mþm0

�
1=4

��: (17)

For a � baryon, the constituent mass of a strange quark is
close to that of a u=d quark. Thus, the relation

�� ’ �� � �h (18)

is a good approximation.
The total spatial wave function of the oscillator

Hamiltonian can be written as [43,44]

�ðr1; r2; r3Þ ¼ eiPc:m:�Rc:m:ffiffiffiffiffiffiffiffiffiffiffiffið2�Þ3p ��
NLLZ

ð ~�; ~�Þ; (19)

where ��
NLLZ

ð ~�; ~�Þ is the harmonic oscillator wave func-

tion, and the � ¼ s, �, �, a stands for the representation of
the S3 group. The harmonic oscillator wave function is
given by [43,44]

��
NLLZ

ð ~�; ~�Þ ¼ P�
NLLz

�3
h

�3=2
e��2

h
ð ~�2þ ~�2Þ=2; (20)

where P�
NLLz

is a polynomial of � and �. Explicitly, the

states within N � 2 can be obtained [44]:

N ¼ 0; L ¼ 0; Ps
000 ¼ 1; (21)

N ¼ 1; L ¼ 1; P�
111 ¼ �h�þ; (22)

P�
111 ¼ �h�þ; (23)

N¼2; L¼0; Ps
200¼

�2
hffiffiffi
3

p ð ~�2þ ~�2�3��2
h Þ; (24)

P
�
200 ¼

�2
hffiffiffi
3

p 2 ~� � ~�; (25)

P�
200 ¼

�2
hffiffiffi
3

p ð ~�2 � ~�2Þ; (26)

L ¼ 2; Ps
222 ¼

1

2
�2
hð�2þ þ �2þÞ; (27)

P�
222 ¼ �2

h�þ�þ; (28)

P�
222 ¼

1

2
�2
hð�2þ � �2þÞ; (29)

L ¼ 1; Pa
211 ¼ �2

hð�þ�z � �þ�zÞ: (30)

B. Flavor and spin wave functions

In the quark model, the SU(3) flavor wave functions of
the symmetry decuplet are [44]

�s¼

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

uuu; �þþ
1ffiffi
3

p ðuudþuduþduuÞ; �þ

1ffiffi
3

p ðuusþusuþsuuÞ; ��þ

ddd; ��
1ffiffi
3

p ðuddþdudþdduÞ; �0

1ffiffi
3

p ðddsþdsdþsddÞ; ���

sss; �
1ffiffi
3

p ðussþsusþssuÞ; ��0

1ffiffi
3

p ðdssþsdsþssdÞ; ���

1ffiffi
6

p ðudsþsudþdsuþsduþdusþusdÞ; ��0

;

(31)

and the mixed-symmetry octet wave functions are [44]

��¼

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

1ffiffi
6

p ð2uud�duu�uduÞ; p

1ffiffi
6

p ðdudþudd�2dduÞ; n

1ffiffi
6

p ð2uus�suu�usuÞ; �þ

1
2
ffiffi
3

p ðsduþsudþusdþdsu�2uds�2dusÞ; �0

1ffiffi
6

p ð2dds�sdd�dsdÞ; ��

1
2ðsudþusd�sdu�dsuÞ; �

1ffiffi
6

p ðsusþuss�2ssuÞ; �0

1ffiffi
6

p ðdssþsds�2ssdÞ; ��

;

(32)
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while themixed-antisymmetric octet wave functions are [44]

��¼

8>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>:

1ffiffi
2

p ðudu�duuÞ; p

1ffiffi
2

p ðudd�dudÞ; n

1ffiffi
2

p ðusu�suuÞ; �þ

1
2ðsudþsdu�usd�dsuÞ; �0

1ffiffi
2

p ðdsd�sddÞ; ��

1
2
ffiffi
3

p ðusdþsdu�sud�dsu�2dusþ2udsÞ; �

1ffiffi
2

p ðuss�susÞ; �0

1ffiffi
2

p ðdss�sdsÞ: ��

:

(33)

The total antisymmetric singlet flavor wave function is

�a ¼ 1ffiffiffi
6

p ðudsþ dsuþ sud� dus� usd� sduÞ: (34)

In the quark model, the typical SU(2) spin wave func-
tions for the baryons can be adopted [45,46]:

�s
3=2 ¼"""; �s

�3=2 ¼###;

�s
1=2 ¼

1ffiffiffi
3

p ð""# þ "#" þ #""Þ;

�s
�1=2 ¼

1ffiffiffi
3

p ð"## þ ##" þ #"#Þ;

(35)

for the spin-3=2 states with symmetric spin wave functions,

TABLE I. The spin-flavor-space wave functions of different light baryons, denoted by
jN6;

2Sþ1 N3; N; L; JPi. The Clebsch-Gordan series for the spin and angular-momentum addition
jJ; Jzi ¼

P
LzþSz¼Jz

hLLz; SSzjJJzi��
NLLz

�Sz has been omitted.

State N J L S Wave function

j56;2 8; 0; 0; 12
þi 0 1

2 0 1
2 j56;2 8i�s

000

j56;4 10; 0; 0; 32
þi 0 3

2 0 3
2 j56;4 10i�s

000

j56;2 8; 2; 0; 12
þi 2 1

2 0 1
2 j56;2 8i�s

200

j56;4 10; 2; 0; 32
þi 2 3

2 0 3
2 j56;4 10i�s

200

j56;2 8; 2; 2; 32
þi 2 5

2 2 1
2 j56;2 8i�s

22Lz

j56;2 8; 2; 2; 52
þi 2 5

2 2 1
2

j56;4 10; 2; 2; 12
þi 2 7

2 2 3
2 j56;4 10i�s

22Lz

j56;4 10; 2; 2; 32
þi 2 7

2 2 3
2

j56;4 10; 2; 2; 52
þi 2 7

2 2 3
2

j56;4 10; 2; 2; 72
þi 2 7

2 2 3
2

j70;2 8; 1; 1; 12
�i 1 3

2 1 1
2 j70;2 8i���

11Lz
þ j70;2 8i���

11Lz

j70;2 8; 1; 1; 32
�i 1 3

2 1 1
2

j70;4 8; 1; 1; 12
�i 1 5

2 1 3
2 j70;4 8i���

11Lz
þ j70;4 8i���

11Lz

j70;4 8; 1; 1; 32
�i 1 5

2 1 3
2

j70;4 8; 1; 1; 52
�i 1 5

2 1 3
2

j70;2 10; 1; 1; 12
�i 1 3

2 1 1
2 j70;2 10i���

11Lz
þ j70;2 10i���

11Lz

j70;2 10; 1; 1; 32
�i 1 3

2 1 1
2

j70;2 8; 2; 0; 12
þi 2 1

2 0 1
2 j70;2 8i���

200 þ j70;2 8i���
200

j70;4 8; 2; 0; 32
þi 2 3

2 0 3
2 j70;4 8i���

200 þ j70;4 8i���
200

j70;2 10; 2; 0; 12
þi 2 1

2 0 1
2 j70;2 10i���

200 þ j70;2 10i���
200

j70;2 8; 2; 2; 32
þi 2 5

2 2 1
2 j70;2 8i���

22Lz
þ j70;2 8i���

22Lz

j70;2 8; 2; 2; 52
þi 2 5

2 2 1
2

j70;4 8; 2; 2; 12
þi 2 7

2 2 3
2 j70;4 8i���

22Lz
þ j70;4 8i���

22Lz

j70;4 8; 2; 2; 32
þi 2 7

2 2 3
2

j70;4 8; 2; 2; 52
þi 2 7

2 2 3
2

j70;4 8; 2; 2; 72
þi 2 7

2 2 3
2

j70;2 10; 2; 2; 32
þi 2 5

2 2 1
2 j70;2 10i���

22Lz
þ j70;2 10i���

22Lz

j70;2 10; 2; 2; 52
þi 2 5

2 2 1
2
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��
1=2 ¼

1ffiffiffi
2

p ð"#" � #""Þ; ��
�1=2 ¼

1ffiffiffi
2

p ð"## � #"#Þ; (36)

for the spin-1=2 states with mixed antisymmetric spin
wave functions, and

��
1=2 ¼ � 1ffiffiffi

6
p ð"#" þ #"" �2 ""#Þ;

��
�1=2 ¼ þ 1ffiffiffi

6
p ð"## þ #"# �2 ##"Þ;

(37)

for the spin-1=2 states with mixed symmetric spin wave
functions.

The flavor-spin wave functions are representations of
SU(6), which are denoted by jN6;

2Sþ1N3i, where N6 (N3)

represents the SU(6) [SU(3)] representation and S stands
for the total spin of the wave function. The symmetric 56
representation wave functions are [44]

j56; 28is ¼ 1ffiffiffi
2

p ð���� þ����Þ; (38)

j56; 410is ¼ �s�s; (39)

and the antisymmetric 70 representation wave functions
are [44]

j70; 28i� ¼ 1ffiffiffi
2

p ð���� þ����Þ; (40)

j70; 48i� ¼ ���s; (41)

j70; 210i� ¼ �s��; (42)

j70; 21i� ¼ ����; (43)

while the symmetric 70 representation wave functions
are [44]

j70; 28i� ¼ 1ffiffiffi
2

p ð���� �����Þ; (44)

j70; 48i� ¼ ���s; (45)

j70; 210i� ¼ �s��; (46)

j70; 21i� ¼ ����; (47)

and the antisymmetric 20 representation wave functions
are [44]

j20; 28ia ¼ 1ffiffiffi
2

p ð���� �����Þ; (48)

j20; 41ia ¼ �a�s: (49)

C. Total wave functions

The total spin-flavor-space wave functions are the
SUð6Þ 	 Oð3Þ representations, which are denoted by

jSUð6Þ 	Oð3Þi ¼ jN6;
2Sþ1N3; N; L; JPi: (50)

The spin-flavor-space wave functions have to be permuta-
tion symmetric because the baryon color wave function is
totally antisymmetric. The spin-flavor-space wave func-
tions up to N ¼ 2 shell are listed in Table I. So far no
experimental evidence for the existence of the 20 SU(6)
representation has been found; thus, we do not consider
these excitations in this work.

III. STRONG DECAY OFA BARYON IN THE
CHIRAL QUARK MODEL

In the chiral quark model, the effective low energy
quark-meson pseudoscalar coupling at tree level is given
by [47–50]

Hm ¼ X
j

1

fm
�c j�

j
	�

j
5c j ~
 � @	 ~�m; (51)

where c j represents the jth quark field in a baryon, and fm
is the meson’s decay constant. The pseudoscalar meson
octet �m is expressed as

�m ¼

1ffiffi
2

p �0 þ 1ffiffi
6

p � �þ Kþ

�� � 1ffiffi
2

p �0 þ 1ffiffi
6

p � K0

K� �K0 �
ffiffi
2
3

q
�

0
BBBB@

1
CCCCA: (52)

To match the nonrelativistic harmonic oscillator spatial
wave function N�LLz

in the quark model, we adopt the

nonrelativistic form of Eq. (51) in the calculations, which
is given by [47–50]

Hnr
m ’ X3

j¼1

�
!m

Ef þMf

�j � Pf þ !m

Ei þMi

�j � Pi

� �j � qþ !m

2	q

�j � p0
j

�
Ij’m; (53)

where �j is the Pauli spin operator on the the jth quark of

the baryon, and 	q is a reduced mass given by 1=	q ¼
1=mj þ 1=m0

j, with mj and m0
j for the masses of the jth

quark in the initial and final baryons, respectively. For
emitting a meson, we have ’m ¼ e�iq�rj , and for absorbing
a meson we have ’m ¼ eiq�rj . In the above nonrelativistic
expansion, p0

jð¼ pj �mj=MPc:m:Þ is the internal momen-

tum operator for the jth quark in the baryon rest frame.!m

and q are the energy and three-vector momentum of the
meson, respectively. Pi and Pf stand for the momenta of

the initial and final baryons, respectively. The isospin
operator Ij in Eq. (53) is expressed as
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Ij¼

8>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>:

ayj ðuÞajðsÞ forKþ;

ayj ðsÞajðuÞ forK�;

ayj ðdÞajðsÞ forK0;

ayj ðsÞajðdÞ for �K0;

ayj ðuÞajðdÞ for��;

ayj ðdÞajðuÞ for�þ;
1ffiffi
2

p ½ayj ðuÞajðuÞ�ayj ðdÞajðdÞ
 for�0;

1ffiffi
2

p ½ayj ðuÞajðuÞþayj ðdÞajðdÞ
cos�P

�ayj ðsÞajðsÞsin�P for�;

(54)

where ayj ðu; d; sÞ and ajðu; d; sÞ are the creation and anni-

hilation operators for the u, d, and s quarks, and �P is the
mixing angle of the � meson in the flavor basis [1,51].

In the calculations, we select the initial-baryon-rest
system for the decay processes. The energies and momenta
of the initial baryons are denoted by ðEi;PiÞ, while those of
the final state mesons and baryons are denoted by ð!f;qÞ
and ðEf;PfÞ, respectively. Note that Pi ¼ 0 and Pf ¼ �q.

For a light pseudoscalar meson emission in the strong
decay process of a baryon,B ! B0MðqÞ, the partial decay
amplitudes can be worked out according to

M½B ! B0MðqÞ

¼ 3hB0jfG�3 � qþ h�3 � p0

3gI3e�iq�r3 jBi; (55)

with

G � � !m

Ef þMf

� 1; h � !m

2	q

; (56)

where B and B0 stand for the initial and final baryon wave
functions listed in Table I.

With the derived decay amplitudes, one can calculate the
width by [37]

� ¼
�
�

fm

�
2 ðEf þMfÞjqj

4�Mi

1

2Ji þ 1

X
JizJfz

jMJiz;Jfz j; (57)

where Jiz and Jfz stand for the the total angular momenta

of the initial and final baryons, respectively. � as a global
parameter accounts for the strength of the quark-meson
couplings.

In the calculation, the standard quark model parameters
are adopted. Namely, we set mu ¼ md ¼ 350 MeV, ms ¼
450 MeV, for the constituent quark masses. The harmonic
oscillator parameter �h in the wave function N�LLz

is

taken as �h ¼ 0:40 GeV. The decay constants for �, K,
and � mesons are taken as f� ¼ 132 MeV, fK ¼ f� ¼
160 MeV, respectively. The masses of the mesons and
baryons used in the calculations are adopted from the
Particle Data Group [1].

IV. RESULTS AND ANALYSIS

A. �ð1530Þ
�ð1530Þ is the only � resonance whose properties are

all reasonably well known. According to the classification

of the quark model, it is assigned to the j56; 410; 0; 0; 32
þi

representation. In the present work, the measured width for
�ð1530Þ0 ! �� as an input (i.e., � ¼ 9:1 MeV [1]) to
determine parameter � in Eq. (57), which gives

� ¼ 0:576: (58)

With this determined parameter, we can predict the other
� resonance strong decays. First, the strong decays of
�ð1530Þ� are calculated. The results have been listed
in Table II, where we find that our predictions are in
agreement with the data. Furthermore, we have noted
that �ð1385Þ and �ð1232Þ also correspond to the

j56; 410; 0; 0; 32
þi representation. They are the SU(3)-flavor

counterparts of �ð1530Þ. Applying the determined value
for �, we calculate the strong decays of the �ð1385Þ
and �ð1232Þ resonances; the results are listed in Table II
as well.
It is seen that the predicted widths for �ð1385Þ are

compatible with the experimental data, and the partial
decay width ratio,

�½�ð1385Þ ! ��

�½�ð1385Þ ! ��
 ’ 0:134� 0:09; (59)

is in good agreement with the PDG value [1].

TABLE II. The partial and total decay widths (MeV) of the
well-established baryons �ð1530Þ, �ð1385Þ, and �ð1232Þ,
which correspond to the same representation j56;4 10; 0; 0; 32

þi.
The experimental data are obtained from PDG.

State Channel �th
i �th

total �
exp
total

�ð1530Þ0 ���þ 5.6 9.1 (input) 9:1� 0:5

�0�0 3.5

�ð1530Þ� �0�� 7.1 10.3 9:9þ1:7
�1:9

���0 3.2

�ð1385Þþ �þ�0 1.9 27.1 36� 0:7

�0�þ 1.5

�0�þ 23.7

�ð1385Þ0 �þ�� 1.8 27.9 36� 5

���þ 1.3

�0�0 24.8

�ð1385Þ� ���0 1.7 28.7 39:4� 2:1

�0�� 1.8

�0�� 25.2

�ð1232Þþþ p�þ 63.9 63.9 114� 120

�ð1232Þþ p�0 43.7 64.7 114� 120

n�þ 21.0

�ð1232Þ0 p�� 21.3 64.3 114� 120

n�0 43.0
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The predicted widths for�ð1232Þ are underestimated by
about a factor of 2 compared with the data. In fact, there are
systemic underestimations of the decay widths for the �
and nucleon excitations as well. The reason is that the
parameters used in this work are only fine-tuned for the
� resonances to make more reliable predictions for their
decay properties. For simplicity, we do not carry out a
global fit to strange and nonstrange baryons. We have
noted that the global parameter � ¼ 0:576 used for the �
resonances in this work is slightly smaller than that used
for the � and nucleon resonances in Ref. [52].

As a whole, the predicted strong decay properties for
�ð1530Þ�, �ð1385Þ are compatible with the experimental
data. If a global fit to strange and nonstrange baryons is
carried out, the predicted strong decay width of �ð1232Þ
can be closer to the data. Thus, the SU(3)-flavor symmetry
approximately holds in these ground decuplet baryons.

B. �ð1690Þ
�ð1690Þ is a three-star state listed in PDG. Its decay

width might be less than 30 MeV [1]. Three decay modes,
� �K, � �K, and ��, were observed in experiments.
Recently, the BABAR Collaboration found some evidence
that the �0ð1690Þ has JP ¼ 1=2� in the study of �þ

c !
���þKþ [17].

If �ð1690Þ is a JP ¼ 1=2� resonance, it should corre-
spond to one of the first orbital excitation states:
j70; 28; 1; 1; 12

�i, j70; 48; 1; 1; 12
�i, and j70; 210; 1; 1; 12

�i, or
a mixed state between them. Considering �ð1690Þ as the
j70; 28; 1; 1; 12

�i, j70; 48; 1; 1; 12
�i, and j70; 210; 1; 1; 12

�i, re-
spectively, we calculate their decay properties, which are
listed in Table III. Comparing the predictions with the
measurements, we find that if �ð1690Þ is assigned to
j70; 28; 1; 1; 12

�i, the calculated decay width

� � 48 MeV; (60)

and partial decay width ratios

�ð��Þ
�ð� �KÞ ’0:2;

�ð� �KÞ
�ð� �KÞ�1:0;

�ð�ð1530Þ�Þ
�ð� �KÞ �0:0002;

(61)

are roughly in agreement with the measurements. Neither
j70; 48; 1; 1; 12

�i nor j70; 210; 1; 1; 12
�i could be considered

as an assignment to �ð1690Þ because their partial decay
width ratios disagree with the observations.
As we know, configuration mixing between several

states with the same JP often occurs via some interactions.
Thus, �ð1690Þ might be a mixed state between
j70; 28; 1; 1; 12

�i, j70; 48; 1; 1; 12
�i, and j70; 210; 1; 1; 12

�i.
Now, we consider the physical states with JP ¼ 1

2

�
as

mixed states between j70; 28i, j70; 48i, and j70; 210i.
According to the standard Cabibbo-Kobayashi-Maskawa
matrix method, the physical states can be expressed as

������1
2

�E
1������1

2

�E
2������1

2

�E
3

0
BBBBB@

1
CCCCCA ¼ U

j70; 28i
j70; 48i
j70; 210i

0
BB@

1
CCA; (62)

with

U¼
c12c13 s12c13 s13

�s12c23�c12s23s13 c12c23�s12s23s13 s23c13

s12s23�c12c23s13 �c12s23�s12c23s13 c23c13

0
BB@

1
CCA;

(63)

where cij � cosij and sij � sin ij, with ij, the mixing

angles, to be determined by the experimental data.
In the present work, we take �ð1690Þ as j�1

2

�i2. By
fitting the experimental data of DIONISI 78 [53] (see
Table IV), we have obtained 12 ’ 5�, 13 ’ 105�, and
23 ’ 95�. The theoretical predictions compared with the
data were listed in Table IV. From the table, we find that the
decay properties of �ð1690Þ could be well described with
these determined mixing angles. Thus,�ð1690Þ could be a
mixed state.
With these determined mixing angles, Eq. (62) can be

explicitly written as

TABLE III. The total and partial decay widths (MeV) of
�ð1690Þ with different JP ¼ 1=2� assignments.

Assignment �� � �K � �K �ð1530Þ� �total

j70;2 8; 1; 1; 12
�i 3.69 22.30 22.15 0.005 48.14

j70;4 8; 1; 1; 12
�i 59.05 5.58 22.15 0.001 86.78

j70;2 10; 1; 1; 12
�i 3.69 1.39 5.54 0.005 10.63

TABLE IV. The predicted total and partial decay widths (MeV) and partial decay width
ratios (MeV) of �ð1690Þ � �2 compared with the experiment data of DIONISI 78 [53]. The
mixing angles are 12 ¼ 5�, 13 ¼ 75� and 23 ¼ 95�.

Channel �th
i �th

total �
exp
total Channel ratio Rth Rexp

�� 1.0 37 44þ23
�23 �ð� �KÞ=�ð� �KÞ 2.88 2:7þ0:9

�0:9

� �K 27.0 . . . . . . �ð��Þ=�ð� �KÞ 0.04 <0:09

� �K 9.4 . . . . . . �ð�ð1530Þ�Þ=�ð� �KÞ �10�4 <0:06

�ð1530Þ� 0.01 . . . . . . . . . . . . . . .
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������1
2

�E
1������ð1690Þ12

�E
������1

2

�E
3

0
BBBBB@

1
CCCCCA¼

�0:26 �0:02 0:97

�0:95 �0:17 �0:26

0:17 �0:98 0:02

0
BB@

1
CCA

j70;28i
j70;48i
j70;210i

0
BB@

1
CCA;

(64)

From the above equation, it is obviously seen that the
main component of the physical state �ð1690Þ is
j70; 28; 1; 1; 1=2�i (�90%), which slightly mixes
with j70;210;1;1;1=2�i (�7%) and j70; 48; 1; 1; 1=2�i
(�3%).

In Ref. [54], the BABAR Collaboration studied the spin
of�ð1690Þ from �þ

c ! �Kþ �K0. They found that the spin
of�ð1690Þ is consistent with the value J ¼ 1=2. However,
they could not determine the parity of�ð1690Þ. According
to the mass predictions of the quark model, the mass of the

first radial (2S) excitation of � with JP ¼ 1
2

þ
might be

close to 1690 MeV [3,13]. Thus, we should consider the
possibility of �ð1690Þ as the positive parity radial (2S)

excitations with JP ¼ 1
2

þ
. In the constituent quark model,

there are three radial (2S) excitations with JP ¼ 1
2

þ
:

j56; 28; 2; 0; 12
þi, j70; 28; 2; 0; 12

þi, and j70; 210; 2; 0; 12
þi. In

our calculation, those states’ total decay widths are too
small to compare with the experimental data. The predicted
partial decay width ratios are incompatible with the obser-

vations as well. Thus, these states with JP ¼ 1
2

þ
as assign-

ments to �ð1690Þ should be excluded. Furthermore, we
also study the strong decay properties of the other first
orbital excitation states with JP ¼ 3=2� and JP ¼ 5=2�.
Their decay properties are very different from those of
�ð1690Þ. For simplicity, the calculated results are not
shown in this work.

In a word, �ð1690Þ is most likely to be the first orbital
excitation of � with JP ¼ 1=2�. There might exist con-
figuration mixing in �ð1690Þ. The main component of
�ð1690Þ is j70; 28; 1; 1; 1=2�i, which slightly mixes with
j70; 210; 1; 1; 1=2�i and j70; 48; 1; 1; 1=2�i. Our predic-
tions are consistent with the experimental observations.
The recent mass calculations of a constituent quark model
support the classification of �ð1690Þ as a JP ¼ 1

2

�
octet

resonance [11]. The calculations of a Skyrme model [12]
and unitary chiral approaches [15,16] also indicated that
�ð1690Þ has JP ¼ 1

2

�
.

Since �ð1690Þ corresponds to the physical state j�1
2

�i2
in Eq. (64), as the counterparts of �ð1690Þ, the other two
physical states, j�1

2

�i1 ¼ �0:26j70; 28i � 0:02j70; 48i þ
0:97j70; 210i and j�1

2

�i3 ¼ 0:17j70; 28i � 0:98j70; 48i þ
0:02j70; 210i, might be observed in experiments. It is easily
seen that the main component of j�1

2

�i1 is

j70; 210; 1; 1; 1=2�i (� 94%), while j�1
2

�i3 is dominated

by j70; 48; 1; 1; 1=2�i (� 96%). According to the analysis
in large Nc QCD [7,8] and the quark model [2], the masses
of j�1

2

�i1 and j�1
2

�i3 are around 1920 MeV. The strong

decay properties of j�1
2

�i1 and j�1
2

�i3 are studied as well.
Considering the uncertainties of the mass predictions, we
vary the masses of j�3

2

�i1 and j�3
2

�i3 from 1860 MeV to

1980MeV. The results are shown in Fig. 1. From the figure,
we find that j�1

2

�i1 is a narrow state with a width

of �� 25 MeV, while j�1
2

�i3 is a broad state with a width
of �100 MeV. The main decay channels of j�1

2

�i1 are

� �K and � �K, while the decays of j�1
2

�i3 are governed by

�� and � �K.

C. �ð1820Þ
In 1987, Biagi et al. measured the spin-parity of

�ð1820Þ [21]. They found that its spin-parity is consistent
with J ¼ 3=2�, which is in good agreement with the quark
model predictions [3,11,13]. In the present work, the study
of the well-established resonance �ð1820Þ, on the one
hand, can provide an important test of our model; on the
other hand, it can let us obtain more information about the
nature of �ð1820Þ.
Assigning �ð1820Þ to the negative states with JP ¼

1=2�, 3=2�, and 5=2�, respectively, their strong decays
are calculated with our model. The results are listed in
Table V, where we find that only the j70; 28; 1; 1; 32

�i can be
assigned to�ð1820Þ. The detail comparisons of theoretical
predictions with measurements are shown in Table VI,
from which it is seen that both the decay width and the
partial decay ratios are in agreement with the measure-
ments of ALITTI 69 [55]. Our predictions about the
spin-parity values of�ð1820Þ are consistent with the other
model predictions and experimental determinations.

FIG. 1 (color online). The decay properties of j�1
2

�i1 and
j�1

2

�i3, respectively, where �1 � j�1
2

�i1 and �3 � j�1
2

�i3.
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Although by considering �ð1820Þ as a pure state
j70; 28; 1; 1; 32

�i, we note that the theoretical predictions

are in good agreement with the experimental observations,
there still exists room for configuration mixing in�ð1820Þ
for the uncertainties of the experimental data. Chao et al.
employed a quark model to study the mass spectrum of �
resonances [3]. According to their study, �ð1820Þ should
be a mixed state, which dominates by the octet
j70; 28; 1; 1; 32

�i components (� 90%), while it contains

small components of j70; 210; 1; 1; 32
�i (� 9%) and

j70; 48; 1; 1; 32
�i (� 1%). Thus, we consider the physical

state �ð1820Þ as an admixture between the octet and
decuplet states with JP ¼ 3

2

�
. Using the Cabibbo-

Kobayashi-Maskawa matrix method discussed in
Sec. IVB, and fitting the observed strong decay properties,
we obtain������3

2

�E
1������ð1820Þ32

�E
������3

2

�E
3

0
BBBBB@

1
CCCCCA¼

�0:08 �0:98 0:17

0:96 �0:13 �0:26

0:27 0:14 0:95

0
BB@

1
CCA

j70;28i
j70;48i
j70;210i

0
BB@

1
CCA:

(65)

The theoretical results compared with the data are listed in
Table VII, where we find that the predicted partial decay
width ratios are in agreement with the experiment data of
ALITTI 69 [55] as well. Considering configuration mixing
effects in �ð1820Þ, the decay width is closer to the center
values of observations. From the mixing parameters ob-
tained in Eq. (65), it is seen that the main component of

�ð1820Þ is j70; 28; 1; 1; 32
�i, which is about 92%. As a

mixed state, �ð1820Þ also contains small components
of j70; 48; 1; 1; 32

�i (�0:02%) and j70; 210; 1; 1; 32
�i

(� 0:07%). Our results are compatible with the predictions
in the quark model [3] and the large Nc QCD approach
[7,8]. It should be mentioned that �ð1820Þ was also
suggested to be a dynamically generated state with
JP ¼ 3=2� [15,16].
In brief,�ð1820Þ could be approximately taken as a pure

j70; 28; 1; 1; 32
�i state. Slight configuration mixing may ex-

ist in it. All the experimental observations of �ð1820Þ
could be well understood in the constituent quark model.
If �ð1820Þ is a mixed state indeed, its counterparts

j�3
2

�i1 and j�3
2

�i3 in Eq. (65) might be observed in

experiments as well. From Eq. (65) it is seen that the
main components of j�3

2

�i1 and j�3
2

�i3 are

j70; 48; 1; 1; 3=2�i (� 96%) and j70; 210; 1; 1; 3=2�i
(� 90%), respectively. According to the quark model pre-
dictions [2,3], the masses of j�3

2

�i1 and j�3
2

�i3 are

�1910 MeV and �1970 MeV, respectively. The later
large QCD calculations [7,8] gave similar predictions to
those of quark models. The strong decay properties of
j�3

2

�i1 and j�3
2

�i3 are studied as well. The results are

shown in Fig. 2. For the uncertainties of the mass predic-
tions, we vary the masses of j�3

2

�i1 and j�3
2

�i3 from

1850 MeV to 2050 MeV. From the calculations, we find
that if the masses of these two states are larger than the
threshold of �ð1385Þ �K, the decay channel �ð1385Þ �K
dominates their decays. Furthermore, �ð1530Þ� contrib-
utes significantly to the strong decays of these two states.
Finally, it should be pointed out that although the pre-

dicted masses of j�3
2

�i1 and j�3
2

�i3 are close to that of

�ð1950Þ, the decay modes and partial decay width ratios
are not consistent with the observations. Thus, �ð1950Þ
does not favor any JP ¼ 3=2� assignments.

D. �ð1950Þ
�ð1950Þ was first observed by Badier et al. in the

invariant mass distribution �� of the K�p ! ��K�
process [56]; its observed mass and width are 1933�
16 MeV and � ’ 140� 35 MeV, respectively. Later, sev-
eral experimental groups also found structures with a mass

TABLE V. The decay widths (MeV) of �ð1820Þ0 with differ-
ent assignments.

Assignment �� � �K � �K �ð1530Þ� �total

j70;2 8; 1; 1; 32
�i 2.85 10.63 7.25 11.98 32.71

j70;4 8; 1; 1; 12
�i 64.80 23.94 20.56 0.36 109.66

j70;4 8; 1; 1; 32
�i 4.56 0.26 0.72 11.95 17.49

j70;4 8; 1; 1; 52
�i 27.40 1.59 4.35 1.51 34.85

j70;2 10; 1; 1; 12
�i 4.05 5.98 5.14 1.43 16.60

j70;2 10; 1; 1; 32
�i 2.85 0.66 1.81 11.98 17.31

TABLE VI. The predicted total and partial decay widths
(MeV) and partial decay width ratios of �ð1820Þ as the
j70;2 8; 1; 1; 32

�i assignment compared with the experimental

data of ALITTI 69 [55].

Channel �th
i �th

total �
exp
total

�i

�total
jth �i

�total
jexp

�� 2.9 32.8 24þ15
�10 0.09 0:1� 0:1

� �K 10.6 . . . . . . 0.32 0:30� 0:15

� �K 7.3 . . . . . . 0.22 0:30� 0:15

�ð1530Þ� 12.0 . . . . . . 0.37 0:30� 0:15

TABLE VII. The predicted total and partial decay widths
(MeV) and partial decay width ratios of �ð1820Þ as the mixed
state j�ð1820Þ 32

�i, with mixing angles 12 ¼ 85�, 13 ¼ 170�,
and 23 ¼ 165�. For a comparison, the experimental data of
ALITTI 69 [55] are listed as well.

Channel �th
i �th

total �
exp
total

�i

�total
jth �i

�total
jexp

�� 2.1 23.3 24þ15
�10 0.09 0:1� 0:1

� �K 8.0 . . . . . . 0.34 0:30� 0:15
� �K 9.2 . . . . . . 0.40 0:30� 0:15
�ð1530Þ� 4.0 . . . . . . 0.17 0:30� 0:15
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of �1950� 50 MeV in the other processes. �ð1950Þ was
only observed in ��, �ð1530Þ�, and � �K decay channels
[1]. Most of these structures were observed in the ��
channel. In the � �K channel, only Biagi et al. claimed
that they observed one narrow structure (� ’ 25�
15 MeV) with a mass of M ’ 1963 MeV [21]. They esti-
mated an upper limit on the ratio of partial widths
�ð� �KÞ=�ð� �KÞ of 2.3, and they also suggested that the
spin-parity of this resonance should be 5=2þ or its spin

should be greater than 5=2 in the natural spin-parity series
7=2�, 9=2þ, etc. While in the �ð1530Þ� channel, only
Briefel et al. reported that they observed a broad structure
(� ’ 60� 39 MeV) with a mass of M ’ 1964 MeV [57].
Although �ð1950Þ is a three-star � resonance listed in
PDG, not much can be said about its properties. According
to various model predictions, there are several � reso-
nances in the 1900–2000 MeV region [3,7–9].

1. JP ¼ 5=2� assignment

�ð1950Þ was first classified as the pure octet � reso-
nance with JP ¼ 5=2� by Alitti et al. [20]. In 1968, they
observed a � resonance whose mass and width are M ¼
1930� 20 MeV and � ¼ 80� 40 MeV, respectively. The
resonance parameters were very close to the observations
of Badier et al. in 1965 [56]. The Gell-Mann-Okubo mass
formula indicates this state might be the pure JP ¼ 5=2�
octet� resonance [24,58]. The detailed SU(3) study of the
total and partial decay widths of the JP ¼ 5=2� octet
baryons seemed to give a reasonable and consistent picture
[20]. This classification was also supported by some stud-
ies of the mass spectrum of � resonances in various quark
models [3,11].
With �ð1950Þ as an assignment to the JP ¼ 5=2� octet

� resonance, we study its strong decay properties; the
results are listed in Table VIII. It is seen that the JP ¼
5=2� assignment is a broad state with a width of
�100 MeV. Its strong decays are dominated by the ��
channel. The partial decay widths of �ð1530Þ� and � �K
are sizeable. Our predictions are compatible with those
in [20]. Thus, the broad � resonances observed in the
�� channel might be good candidates for the JP ¼
5=2� octet state.

FIG. 2 (color online). The decay properties of j�3
2

�i1 and

j�3
2

�i3, respectively, where �1 � j�3
2

�i1 and �3 � j�3
2

�i3.

TABLE VIII. The total and partial decay widths (MeV) of the well-established four-star baryons Nð1675Þ, �ð1775Þ, and �ð1830Þ,
which correspond to j70;4 8; 1; 1; 52

�i. The data are obtained from PDG.

Assignment Channel �th
i �th

total �exp
total

�i

�total
jth �i

�total
jexp

Nð1675Þ 52
�

n� 25.3 81 130� 165 0.31 0.35–0.45

�� 50.6 . . . . . . 0.62 0.50–0.60

N� 5.8 . . . . . . 0.07 0.01

�ð1775Þ 52
�

�� 8.0 76 105� 135 0.11 0.02–0.05

��0 19.1 . . . . . . 0.25 0.14–0.20

n �K 32.1 . . . . . . 0.42 0.37–0.43

�ð1385Þ� 4.8 . . . . . . 0.06 0.08–0.12

�ð1232Þ �K 1.0 . . . . . . 0.01 � � �
�ð1520Þ� 11.2 . . . . . . 0.14 0.17–0.23

�ð1830Þ 52
�

�� 52.2 94 60� 110 0.55 0.35–0.75

�ð1385Þ� 41.7 . . . . . . 0.45 >0:15

�ð1950Þ 52
�

�� 71.33 105 80� 40 0.68 � � �
� �K 7.8 . . . . . . 0.07 � � �
� �K 13.6 . . . . . . 0.13 � � �

�ð1530Þ� 10.9 . . . . . . 0.10 � � �
�ð1385Þ �K 1.2 . . . . . . 0.01 � � �
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As a by-product, we calculate the strong decays of the
other members of JP ¼ 5=2� octet baryons, Nð1675Þ 52

�
,

�ð1775Þ 52
�
, and �ð1830Þ 52

�
. The results are listed in

Table VIII as well. From the table, it is found that our
predictions of the strong decay properties of Nð1675Þ 52

�
,

�ð1775Þ 52
�
, and �ð1830Þ 52

�
are in reasonable agreement

with the observations.

2. JP ¼ 1=2� assignment

Recently, Valderrama et al. proposed the existence of a
spin-parity state JP ¼ 1=2� decuplet belonging to
�ð1950Þ [22]. Now we discuss the possibilities of
�ð1950Þ as an assignment to the JP ¼ 1=2� states. In
Sec. IVB, we predicted �ð1690Þ is a mixed state with
JP ¼ 1=2�. According to the mass calculations of con-
stituent quark models [3,14] and large Nc QCD [7,8],
the masses of the counterparts of �ð1690Þ, j�1

2

�i1, and
j�1

2

�i3, might be close to 1950 MeV. Thus, they might be

candidates for �ð1950Þ. The strong decay properties of
j�1

2

�i1 and j�1
2

�i3 had been studied in Sec. IVB (see

Fig. 1). Considering j�1
2

�i1 as an assignment to �ð1950Þ,
both the decay width and partial width ratio,

� ’ 27 MeV;
�ð� �KÞ
�ð� �KÞ ’ 2:0; (66)

are in agreement with the observations of Biagi 87C [21];
however, the spin-parity JP ¼ 1=2� disagrees with their
suggestion. While assigning j�1

2

�i3 to �ð1950Þ, we note

that its width and partial width ratios,

�’84MeV;
�ð� �KÞ
�ð� �KÞ’1:6;

�ð��Þ
�ð� �KÞ ’2:3; (67)

are consistent with those of the broad structures
observed in the �� channel. Thus, the spin-parity 1=2�
mixed state j�1

2

�i3 could be a good assignment to

�ð1950Þ.

3. JP ¼ 1=2þ assignment

In Ref. [12], Oh predicted that �ð1950Þ might have
JP ¼ 1=2þ in the Skyrme model. We calculate the
strong decays of all the excitations of � with JP ¼
1=2þ in the N ¼ 2 shell. The results are shown in
Fig. 3. From the figure, it is found that if the second

orbital excitation j56; 410; 2; 2; 12
þi is considered as an

assignment to �ð1950Þ, the decay width and partial
width ratios are

�’53MeV;
�ð� �KÞ
�ð� �KÞ’0:88;

�ð��Þ
�ð� �KÞ ’1:27: (68)

The decay width and decay modes are consistent with
the observations of Goldwasser et al. [59]. It should be
pointed out that the predicted mass of various models for

FIG. 3 (color online). Strong decay properties of the JP ¼
1=2þ excitations in the N ¼ 2 shell.

FIG. 4 (color online). Strong decay properties of the JP ¼
3=2þ excitations in the N ¼ 2 shell.
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j56; 410; 2; 2; 12
þi is �2 GeV [3,9,14], which is slightly

larger than the observation.

4. JP ¼ 3=2þ assignment

Furthermore, we calculate the strong decays of all the
excitations of � with JP ¼ 3=2þ in the N ¼ 2 shell. The
results are shown in Fig. 4. It is found that the second

orbital excitation j56; 410; 2; 2; 32
þimight be a candidate for

�ð1950Þ. The decay width

� ’ 36 MeV; (69)

and the partial width ratios,

�ð� �KÞ
�ð� �KÞ ’0:88;

�ð��Þ
�ð� �KÞ ’1:27;

�ð��Þ
�ð�ð1530Þ�Þ’3:16;

(70)

are in agreement with the observations of Biagi 87C [21]
and APSELL 70 [60]. However, the spin-parity of

j56; 410; 2; 2; 32
þi is not consistent with the moment analy-

sis of Biagi 87C [21]. Furthermore, the predicted mass of

j56; 410; 2; 2; 32
þi in large Nc QCD is obviously larger than

that of �ð1950Þ [9].
Including configuration mixing effects, Chao et al. pre-

dicted two JP ¼ 3=2þ mixed states with masses of M ¼
1930 and 1965 MeV, respectively, [3]. With their mixing
scheme, we predict the strong decays of the two states. The
results are shown in Fig. 5. It is obviously seen that the
decay properties of these mixed states are not in agreement
with any observations of �ð1950Þ.

5. JP ¼ 5=2þ assignment

Recently, Valderrama et al. [22] predicted that the nar-
row structure with a mass of M ’ 1963 MeV observed in
the � �K channel by Biagi et al. [21] [denoted by �ð1963Þ]
could be assigned to the partner of the JP ¼ 5=2þ
Nð1680Þ, �ð1820Þ, and �ð1915Þ resonances. According
to the classification of the quark model, these resonances

could be roughly considered as the j56; 28; 2; 2; 52
þi con-

figuration [61]. Firstly, we calculate the strong decays of
theNð1680Þ,�ð1820Þ, and�ð1915Þ states, which are listed
in Table IX. From the table, it is found that the decay
properties of Nð1680Þ, �ð1820Þ, and �ð1915Þ could be

FIG. 5 (color online). Strong decay properties of JP ¼ 3=2þ
and JP ¼ 5=2þ mixed states suggested by Chao et al. [3].

TABLE IX. The total and partial decay widths (MeV) of the well-established four-star baryons Nð1680Þ, �ð1915Þ, and �ð1820Þ,
which are considered the pure j56;2 8; 2; 2; 52

þi state. The data are obtained from PDG.

Assignment Channel �th
i �th

total �
exp
total

�i

�total
jth �i

�total
jexp

Nð1680Þ 52
þ

n� 38.0 59 120� 140 0.64 0.65–0.70

�� 21.0 . . . . . . 0.36 � � �
N� 0.4 . . . . . . 0.01 0.0–0.01

�K 0.03 . . . . . . 0 � � �
�ð1915Þ 52

þ
N �K 1.2 63 80� 160 0.02 0.05–0.15

�� 10.4 . . . . . . 0.16 � � �
�� 26.7 . . . . . . 0.42 � � �

�ð1385Þ� 6.2 . . . . . . 0.10 � � �
�ð1232Þ �K 18.4 . . . . . . 0.29 � � �

�ð1820Þ 52
þ

N �K 14.8 30 70� 90 0.49 0.55–0.65

�� 5.8 . . . . . . 0.19 0.08–0.14

�ð1385Þ� 9.8 . . . . . . 0.32 � � �
�ð1963Þ 52

þ
�� 1.0 19 25� 15 0.05 . . .

� �K 9.2 . . . . . . 0.48 . . .

� �K 0.8 . . . . . . 0.04 . . .

�ð1530Þ� 5.2 . . . . . . 0.27 . . .

�ð1385Þ �K 2.5 . . . . . . 0.13 . . .
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roughly understood by taking them as the j56; 28; 2; 2; 52
þi

configuration. According to the model predictions, the

mass of �j56; 28; 2; 2; 52
þi is close to 1963 MeV [3,9].

Assigning �ð1963Þ to the j56; 28; 2; 2; 52
þi configuration,

the predicted strong decay properties are shown in Table IX
as well. It is seen that although the decay width is in
agreement with the data, the partial decay width ratios
are not consistent with the observations of Biagi et al.
[21] at all.

Furthermore, Chao et al. also predicted a mixed state
with JP ¼ 5=2þ having a mass of M ¼ 1935 MeV [3].
With their mixing scheme, its strong decays are studied.
The results are shown in Fig. 5 as well. It is seen that the
strong decays are dominated by the � �K channel, which
disagrees with any observations of �ð1950Þ.

In brief, there might be several � resonances in the
1900–2000 MeV region observed in experiments. These
states are most likely to correspond to the pure octet �
resonance with JP ¼ 5=2�, the mixed state j�1

2

�i3 with

JP ¼ 1=2� (its main component is j70; 48; 1; 1; 12
�i), the

second orbital excitation j56; 410; 2; 2; 12
þi with JP ¼

1=2þ, etc. These states can be easily distinguished by the
measurements of their partial decay width ratios,
�ð� �KÞ=�ð� �KÞ and �ð� �KÞ=�ð��Þ.

E. �ð2030Þ
�ð2030Þ is a three-star state listed in PDG. It mainly

decays into � �K and � �K channels. The decay ratios
into the other channels, such as �� and �ð1530Þ�,

are small. The measured decay width and partial decay
width ratio are

� ’ 21� 6 MeV;
�ð� �KÞ
�ð� �KÞ ’ 0:22� 0:09: (71)

A moment analysis of the HEMINGWAY 77 data indicated
at a level of three standard deviations that J � 5=2 [23].
We analyze the strong decay properties for all the

configurations in the N ¼ 2 shell, which are shown
in Figs. 3–7. From the figures, we find that only

three excitations, j56; 28; 2; 2; 52
þi, j70; 28; 2; 2; 32

þi, and

j70; 28; 2; 2; 52
þi, have comparable decay widths with that

of �ð2030Þ, and mainly decay into the � �K channel.
Considering them as assignments to �ð2030Þ, we collect
their decay properties in Table X, where we find that both
the decay width and the partial decay ratio,

� ’ 33 MeV;
�ð� �KÞ
�ð� �KÞ ’ 0:25; (72)

.35wof the j70; 28; 2; 2; 32
þi configuration are in good

agreement with the observations. However, its spin
J ¼ 3=2 disagrees with the moment analysis of the
HEMINGWAY 77 data [23].
As a whole, if we do not care about the moment analysis

of the HEMINGWAY 77 data [23], �ð2030Þ favors the

j70; 28; 2; 2; 32
þi assignment. �ð2030Þ could not be as-

signed to any pure JP ¼ 7=2þ states or any admixtures
between them. If the spin-parity of�ð2030Þ is JP ¼ 5=2þ,
it is most likely to be a mixed state, for no pure JP ¼ 5=2þ
configuration could explain the data.

FIG. 6 (color online). Strong decay properties of the JP ¼
5=2þ excitations in the N ¼ 2 shell.

FIG. 7 (color online). Strong decay properties of the JP ¼
7=2þ excitations in the N ¼ 2 shell.
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V. SUMMARY

In this work, we have studied the strong decays of the�
baryons within N � 2 shells in a chiral quark model. The
strong decay properties of these well-established ground
decuplet baryons could be reasonably described. We find
that �ð1690Þ should be assigned to the spin-parity JP ¼
1=2� state j70; 28; 1; 1; 12

�i, which might slightly mix with

the other configurations. The JP ¼ 1=2� for �ð1690Þ pre-
dicted by us is consistent with the suggestions from the
constituent quark model [11], Skyrme model [12], and
unitary chiral approaches [15,16]. The strong decays of
the physical partners of �ð1690Þ, j�1

2

�i1, and j�1
2

�i3 are
analyzed as well. j�1

2

�i1 might be observed in the � �K and

� �K channels, while j�1
2

�i3 is possibly observed in the��

and � �K channels.
The strong decay properties of �ð1820Þ could be well

understood by assigning it to j70; 28; 1; 1; 32
�i. There might

exist slight configuration mixing in �ð1820Þ. Its main
component is j70; 28; 1; 1; 32

�i (� 92%), which is compat-

ible with the predictions of the quark model [3] and large
Nc QCD approach [7,8]. Considering the configuration
mixing effects, we also have studied the strong decay
properties of the physical partners of �ð1820Þ, j�3

2

�i1
and j�3

2

�i3. The observations in the �ð1385Þ �K and

�ð1530Þ� channels are crucial to look for the other JP ¼
3=2� states, j�3

2

�i1 and j�3
2

�i3, in future experiments.

The situation for �ð1950Þ is very complicated. Several

� resonances in the 1900–2000 MeV region might have

been observed in experiments, which is supported by the

mass calculations from various models [3,7–9] and the

recent strong decay analysis in Ref. [22]. The broad �
resonances observed in the �� channel might be good

candidates for the JP ¼ 5=2� octet state or the mixed state

j�1
2

�i3 with JP ¼ 1=2�. The � resonance with moderate

width observed by Goldwasser and Schultz [59] might

correspond to the JP ¼ 1=2þ excitation j56; 410; 2; 2; 12
þi.

The existence of a JP ¼ 1=2þ � excitation with a mass

around 1950 MeV is also suggested by Oh in a Skyrme

model [12]. The second orbital excitation j56; 410; 2; 2; 32
þi

and the mixed state j�1
2

�i1 might be candidates for a

narrow width state observed in the � �K channel; however,

their spin-parity is not consistent with a moment analysis

of the data. The partial decay ratios, �ð� �KÞ=�ð� �KÞ and
�ð� �KÞ=�ð��Þ, are sensitive to different assignments.

Thus, the measurements of these ratios are crucial to un-

cover many puzzles in �ð1950Þ.
In the present work, �ð2030Þ as any spin-parity

JP ¼ 7=2þ states should be excluded. The observations

of�ð2030Þ do not favor any pure JP ¼ 5=2þ configuration

as well. If we do not care about the moment analysis

of the HEMINGWAY 77 data, �ð2030Þ favors the

j70; 28; 2; 2; 32
þi assignment. Further observations in the

�ð1530Þ� and �ð1385Þ �K channels are necessary.
To provide helpful information for the search for the

missing � baryons, in Figs. 3–7 our predictions of their

strong decay properties are shown as well. From our theo-

retical results, we find that the strong decays of many �
resonances are dominated by �ð1530Þ� and �ð1385Þ �K;

thus, in these decay channels, we might find some new �
resonances as well.
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