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Inspired by the newly observed Q(2012) state at Belle II, we investigate the two-body strong decays
of Q baryons up to N = 2 shell within the chiral quark model. Our results indicate that (i) the newly
observed €(2012) state could be assigned to the spin-parity J” = 3/2 state {70,210, 1,1,37) and the
experimental data can be reasonably described. However, the spin-parity J = 1/2~ state |70,210, 1, 1,%‘)

and spin-parity J* = 3/27 state |56,410, 2, 0, %*) cannot be completely excluded. (ii) The D-wave states in
the N = 2 shell are most likely to be narrow states with a width of dozens of MeV and have a good potential
to be observed in the EK and/or E(1530)K channels in future experiments. The Q(2250) resonance listed
in PDG may be a good candidate for the J© = 5/2% 1D wave state |56,410,2,2,5/2%).
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I. INTRODUCTION

Searching for the missing baryon resonances and under-
standing the baryon spectrum are important topics in
hadron physics. In recent years, due to the limitations of
experimental conditions, our knowledge about the Q
spectrum has remained scarce. There are only a few data
on the Q resonances. In the review of the Particle Data
Group (PDG) [1], only four Q baryon states are listed:
Q(1672), Q(2250), (2380), and (2470). Except for the
ground state Q(1672) being well established with four-star
ratings, the nature of the other three excited states is still
rather uncertain with three- or two-star ratings. Fortunately,
the Belle II experiments offer a great opportunity for our
study of the  spectrum.

Very recently, Belle II Collaboration reported a new
excited hyperon, an Q*~ candidate (denoted by ©(2012)
here), in the Z°K~ and E~K° mass distributions [2]. Its
mass and decay width are measured to be

M = 2012.4 £ 0.7(stat) £ 0.6(syst) MeV (1)
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and
I = 6.4757(stat) £ 0.6(syst) MeV, (2)

respectively. In various models and methods, such as the
Skyrme model [3], quark model [4-13], lattice gauge
theory [14,15] and so on [16-21], the masses of the first
orbital excitations of Q(1672) are predicted to be
~2.0 GeV. Thus, the newly observed ©(2012) may be a
good candidate for the first orbital (1P) excitations of
Q(1672). In Ref. [8], the mass of 25 state (the first radially
excitation of Q(1672)) with J* = 3/2* was predicted to be
2065 MeV, which is also close to the mass of Q(2012). To
further determine the spin-parity quantum numbers and
inner structure of (2012), besides its mass one should
study its other properties, such as magnetic moments,
radiative and strong decays properties, as well. In the early
literature, limited discussions exist on the magnetic
moments [22], radiative decays [23] of the Q resonances.
In present work we will attempt to understand the inner
structure of this newly observed state (2012) by analyz-
ing the strong decay properties of its possible candidates
within a chiral quark model, so that our theoretical widths
can be compared with the measured width directly.

The chiral quark model [24] is developed and success-
fully used to study the Okubo-Zweig-lizuka (OZI) allowed
two-body strong decays of the heavy-light mesons [25-28]
and baryons [29-36]. In this framework, the spatial wave
functions of heavy baryons are described by harmonic
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TABLEL The theoretical masses (MeV) and spin-flavor-space wavefunctions of baryons, denoted by |[Ng.2*'N5, N, L, J”) [31]. The
Clebsch-Gordan series for the spin and angular-momentum addition |J,J.) =3, s, (LL., SS|JJ )W, x5 has been omitted.
Theory

State Wave function Experiment [1] [5] [4] [3] [8]

56,410, 0,0,3") [56,410)¥5,, 1672.45 1678 1635 1694 1675
70,10, 1, 1,17) \70,210)/"P’1’1LZ + \70,210>“I"111L2 1941 1950 1837 2020
70,210, 1,1,37) \70,210)"‘1’@@ + \70,210>“I"}1L: 2038 2000 1978 2020
70,210,2,0,1) [70,210)°¥5,, + [70,210)* W4, 2301 2220 2140 2190
56,410,2,2,1) 156,410)95,, 2255 2210
56,410, 2,0, ”) [56,410)5,, 2173/2304 2165 2282 2065
56,410,2,2,3") 56,410) 5, 2280 2215
70,210, 2, 2, 3+> \70,210)"‘1”;2& + \70,210)“1”212L: 2345 2265
156,410,2,2,37) 56,410)¥5,, 2401 2280 2225
70,10,2,2,37) \70,210)/"1‘§2L + 170, 210)’“1"%2@ 2345 2265
156,410,2,2, 7+> |56, 410)‘P22L 2332 2295 2210
oscillators, and an effective chiral Lagrangian is then _ | A A

introduced to account for the quark-meson coupling at me Zj:f—mwﬂ”%wﬂ O (3)

the baryon-meson interaction vertex. The light pseudoscalar
mesons, i.e., 7, K, and #, are treated as Goldstone bosons.
Since the quark-meson coupling is invariant under the chiral
transformation, some of the low-energy properties of QCD
are retained [24,37-39]. Within the chiral quark model, the
OZI allowed two-body strong decays of Q baryons up to
N = 2 shell are analyzed in present work. The quark model
classification for the € baryons and their theoretical masses
are listed in Table I. According to our calculations, we obtain
that (i) the newly observed (2012) resonance could be
assigned to the spin-parity J* = 3/2~ state [70,210,1,1,37)
and the experimental data can be reasonably described.

However, the spin-parity J* = 1/2~ state [70,210, 1, 1,% )
and spin-parity J* = 3/27 state |56,410, 2,0, %ﬂ cannot be
completely excluded. (ii) The D-wave states in the N = 2
shell are most likely to be narrow states with a width of
dozens of MeV and have a good potential to be observed in
their corresponding dominant decay channels. The ©(2250)
resonance listed in PDG may be a good candidate for the
JP =5/2% 1D wave state |56,%10,2,2,5/27).

This paper is organized as follows. In Sec. II, we give a
brief introduction of the chiral quark model. We present our
numerical results and discussions in Sec. Il and summarize
our results in Sec. IV.

II. THE CHIRAL QUARK MODEL

In the chiral quark model, the effective low-energy
quark-pseudoscalar-meson coupling in the SU(3) flavor
basis at tree level is given by [24]

where f,, stands for the pseudoscalar meson decay con-
stant. y/; corresponds to the jth quark field in a baryon and
¢,, denotes the pseudoscalar meson octet

- _ L0 L 0
P = g at tEn K (4)
K- K° &

To match the nonrelativistic harmonic oscillator spatial
wave function Wy, in the calculations, we adopt a non-
relativistic form of Eq. (3) and get [37-39]

wyy,
Hy = P P, -
” Z{EPLMf" "TE M, +M” i

®
+ﬂ";6j-p;}lj(pm, (5)
where (E;.p;), (E;.py), and (®,,,q) stand for the energy
and three-vector momentum of the initial baryon, final
baryon, and meson, respectively. o, is the Pauli spin vector
on the jth quark, and p, is a reduced mass expressed as
Vpg=1/m;+1/m’. p’ =p; = (m;/M)P. , is the inter-
nal momentum of the jth quark in the baryon rest frame.
@, = €797 and 9"/ for emitting and absorbing a meson,
respectively. The isospin operator /; associated with the
pseudoscalar meson is given by
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a;(u)a;(s) for K,
a;(d)a](s) for K°,

B Lt was () + al (@)a (@) cosd (6)
V2 7 J J J
—a;(s)aj(s) sin 6 for 7.

Here, a;(u, d,s) and aj(u, d,s) are the creation and
annihilation operator for the u, d, s quarks on jth quark.
0 is the mixing angle of the # meson in the flavor basis [1].

For the decay processes, we select the initial-baryon-rest
system in the calculations. Then, p; = 0 and py = —q. The
Eq. (5) can be further simplified and the partial decay

amplitudes for B — B'M can be calculated by
M[B— BM]=3(B'|{Go3-q+hos-p;}1¢79%|B), (7)

with

S

hE m, GE—< wm

2uq B+ M, 1)’ ®)
where 5 and 15 stand for the final and initial baryon wave
functions listed in Table L.

With the derived decay amplitudes, the partial decay
width for the emission of a light pseudoscalar meson is
calculated by

S\2(Ef+ Myl 1
I = . ) )
< ) 4zM;  2J;+1 Z|MJ,-:,J/:| . 9)

m ‘,iz'/f:

where J;, and J;, represent the third components of the
total angular momenta of the initial and final baryons,
respectively. § is a global parameter accounting for the
strength of the quark-meson couplings.

The relativistic effect should be significant when
momentum ¢ of final baryon increases [40]. To partly
remedy the inadequacy of the nonrelativistic wave function
as the momentum ¢ increases, a commonly used Lorentz
boost factor y, is introduced into the decay amplitudes
[25,41-43]

M(q) =y M(rsq), (10)

where y, = M;/E,. In most decays, the three momenta q
carried by the final state mesons are relatively small, which
means the nonrelativistic prescription is reasonable and
corrections from the Lorentz boost are not drastic.

In this work, the standard quark model parameters
are adopted. Namely, we set m; =450 MeV for the
constituent quark mass. The decay constants for K and
n are taken as fx = f, = 160 MeV. The harmonic oscil-
lator parameter a in the wave function Wy, ; _is adopted as
a = 400 MeV. The masses of the final mesons and baryons

are taken from the PDG [1]. For the global parameter 8, we
fix its value the same as our previous study of the strong
decays of E baryons [31], i.e., § = 0.576.

III. RESULTS AND ANALYSIS

Inspired by the newly observed Q*~ candidate by Belle II
Collaboration [2], we carry out a systematic study of the
strong decays of Q baryons up to the N = 2 shell with a
chiral quark model. Since the predicted mass of the Q~ in the
relativistic quark model [8] well agrees with the exper-
imental measurement in PDG [1], we adopt the predicted
masses of the Q resonances from Ref. [8] (see Table I) in our
calculation.

A. 1P wave states in the N =1 shell

There are two 1P wave states |70,210,1,1,1/27) and
70,10, 1, 1,3/27) according to the quark model classi-
fication (see Table I). Their spin-parity quantum numbers
are J* = 1/27 and J* = 3/27, respectively. It is seen that
the predicted masses in various quark models for these two
1P wave states are about 2000 MeV, which are close to the
mass of the newly observed Q*~ candidate [2]. As the
possible assignments of the newly observed ©(2012) state,
it is crucial to study the decay properties of the two states.

Considering the (2012) state as candidates for both the
JP =1/27 and J* = 3/2~ states, we calculate their strong
decay properties; our results are shown in Table II. As a
candidate for the J¥ = 3/2~ state [70,210,1,1,3/27), the
predicted width

Fth

total

[©(2012)] = 5.03 MeV, (11)
and branching fraction ratio

B|Q(2012) — E0K~]

R=Ba@on) - &k

~1.10, (12)

are highly consistent with the measured width I'**P =
6.4735 £ 0.6 MeV and ratio R = 1.2 4 0.3 of the newly
observed Q(2012) state.

It should be pointed out that if Q(2012) indeed
corresponds to the 70,210, 1,1,3/27) configuration, the
A(1700) state with spin-parity J© = 3~ listed in PDG [1] is
most likely to be a SU(3) partner of Q(2012) [44]. As
suggested in Ref. [45], to obtain a combined understanding

TABLE II. The predicted partial and total decay widths (MeV)
of the assignments [70,210,1,1,1/27) and |70,210,1,1,3/27)
with a mass of M = 2012 MeV.

States K] IE"K°) i,
[70,210,1,1,1/27) 7.50 7.81 15.3
[70,210,1,1,3/27) 2.64 2.39 5.03
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TABLE III. Partial decay width I'; (MeV), total decay
width T (MeV) and fraction T';/T" of the resonance A(1700)
compared with the data from the PDG [1]. The A(1700) state is
considered as a candidate for [70,2 10, 1, 1,3/27) with a mass of
M = 1710 MeV.

Mode I; r;/T I';/T (Exp.) [1]
Nz 8.97 12% 10-20%
A(1232)z 60.4 80% 10-50%
N(1520)= 4.29 5.7% 1-5%
N(1535)x 1.93 2.6% 0.5-1.5%
K 0.01 0.01%

rh 76 ree 220-380 [1]

total total

of these two J¥ = %‘ baryons, we study the strong decays of
A(1700) as aassignment of [70,210, 1, 1,3/27) as well. Our
results are listed in Table III. From the table, it is found that
the fractions I'; /T" predicted with our chiral quark model are
in good agreement with the data from the PDG [1], although
our predicted total width for A(1700),

Fth

total

[A(1700)] =76 MeV, (13)

is about a factor of 3 smaller than the lower limit estimated
by the PDG [1]. It should be emphasized that the measured
width of A(1700) still has a large uncertainty. We also find
that in Ref. [46] the authors extracted a narrow width of
'~ 119 £ 70 MeV for A(1700) from the zN data using a
unitary multichannel model, which is consistent with our
prediction. Thus, assigning both A(1700) and ©(2012) as
the same configuration [70,210,1,1,3/27) in the quark
model, their decay properties can be reasonably understood.
Meanwhile, as a candidate for the J¥ = 1/2~ state
70,210, 1, 1, 1/27), the predicted width for ©(2012) is

l—*th

total

[Q(2012)] = 15.3 MeV, (14)
and the branching fraction ratio is predicted to be

B[Q(2012) — EOK-]

R = B6@012) = 2K

~0.96, (15)

The predicted total decay width of is about 2.5 times larger
than the measured width of Q(2012). Considering the
model uncertainties, the possibility as the assignment of
JP =1/27 state [70,210,1,1,1/27) can’t be excluded.
Considering the uncertainties of the predicted masses,
we plot the variation of the decay properties of the two
states as functions of the masses in Fig. 1. The total decay
width of [70,210,1,1,1/27) is about I" ~ (14-18) MeV
with the mass varied in the range of (1900-2100) MeV and
insensitive to its mass within the considered range. For the
state [70,210,1,1,3/27), if it lies below the threshold of
E(1530)K, its dominant decay mode is EK with a fairly

———
18 £ -
r 70,%10,1,1,1/2°
12+ -
S
Q e R
=3 e
= 6} T A
oo o2 —-—- E(1530)K
2R E(1530)K’ -
0 —Total — eme =" -
L 1 L 1 L 1 L
1900 1950 2000 2050 2100
M(MeV)
100 ——T——7T——
70101,1,3/2 [ =]
—~ 10k i
> = =
[0} P
E -
=
1E <
i ] ] ]

1900 1950 2000 2050 2100

M(MeV)
FIG. 1. The strong decay properties of the 1P-wave states in the
N =1 shell.

narrow width I" < 6 MeV. However, if its mass is above
the threshold of E(1530)K, it mainly decays into the
E(1530)K channel and its total decay width may reach
up to I' ~ 84 MeV with the mass M = 2100 MeV.

B. 25 wave states in the N =2 shell

In the quark model, there are two 2S wave states with
JP=1/2% and JP =3/27, ie., [70,210,2,0,1/2%) and
156,410,2,0,3/2F). In Ref. [8], their masses were pre-
dicted to be about 2.19 GeV and 2.06 GeV [8], respectively.
Using these predicted masses, we calculate their partial and
total strong decay widths. Our results have been listed in
Table IV. It is found that both [70,210,2,0,1/2%) and
156,410,2,0,3/2F) are most likely to be fairly narrow
states with a width of I'~ 2.4 MeV.

The dominant decay mode of |70,210,2,0,1/2%)
is Z(1530)K. While the dominant decay modes of
156,410,2,0,3/2") are ZK and Z(1530)K, and the pre-
dicted branching fraction ratio is

B[|56.410,2,0,3/2*) — EK]
B[|56,410,2,0,3/2%) — E(1530)K]

~1.57. (16)

From the point of view of the mass and decay width,
we can’t excluded the first radially excited € state
156,410,2,0,3/2") as a assignment of the newly observed
Q(2012) state.

In addition, we also plot the decay widths of
|70,210,2,0,1/2%) and |56,410,2,0,3/2*%) as functions
of the masses in the range of M = (2000-2300) MeV in
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TABLEIV. The predicted partial and total decay widths of the S- and D-wave states in the N = 2 shell. ™! | stands for the total decay
width and B represents the ratio of the branching fraction I'lEK]/T"[£(1530)K]. The unit of widths and masses is MeV.

States Mass [8] ['[EK] [[E(1530)K] I'[€] o, B
25 wave 170.210,2,0,1/2+) 2190 0.01 239 2.40 0.00
[56,410,2,0,3/2%) 2065 1.48 0.94 242 1.57

1D wave 156.410,2,2,1/2+) 2210 488 4.09 52,9 11.9
[56,410,2,2,3/2%) 2215 24.4 14.0 38.4 1.74
156.410,2,2,5/2+) 2225 3.19 200 0.11 233 0.16

[56,410,2,2,7/2F) 2210 13.0 1.16 14.2 11.2
[70,210,2,2,3/2%) 2265 3.82 10.8 1.56 16.2 0.35
[70,210,2,2,5/2%) 2265 1.30 9.56 0.81 11.7 0.14

Fig. 2. The variation curves between the decay widths and
the masses of the two states can be obtained from the figure.

C. 1D wave states in the N =2 shell

There are six 1D wave states according to the quark
model classification (see Table I). Their masses are esti-
mated to be in the range of 2.2-2.3 GeV in various quark
models. With the predicted masses from Ref. [8], we further
analyze the decay properties of the 1D wave states in the
N =2 shell, and collect their strong decay widths in
Table IV. The predicted masses of the 1D wave states
certainly have a large uncertainty, which may bring
uncertainties to our theoretical predictions. To investigate
this effect, we plot the total and partial decay widths of
these states as functions of the masses in the range of M =
(2100-2400) MeV in Fig. 2 as well.

Itis found that the total decay widths of the 1D wave states
are not broad, they are about I" ~ (3-70) MeV. The strong
decays of both |56,410,2,2, 1/2") and |56,410,2,2,7/2")
are governed by the ZK mode. The strong decays of both
156,410,2,2,5/2*) and |70,210,2,2,3/2") are governed

T T T T T T T
o 56,10,2,2,1/2" 5 70210,2,0,1/2°
= S I
Q [0}
= =
= =
e L L
2100 2200 2300 2400 2000 2100 2200 2300
M(MeV) M(MeV)
30 r I r I r T T T T
60 4 +
7010.2.2.3/2° R 56,'10,2,2,5/2
< 20 i 3
2 =
= = 30
10 -
of CTT 7 Opti 77 =7 | =

2100 2200 2300

M(MeV)

2400

2100 2200 2300

M(MeV)

2400

by the Z(1530)K mode. While the |56,410,2,2,3/2%) and
|70,10,2,2,3/2") states mainly decay into ZK and
E(1530)K channels.
It should be mentioned that the ©(2250) resonance with
a width of I' = 55 & 18 MeV listed in PDG [1] may be a
good candidate for |56,410,2,2,5/2%). The ©(2250) was
seen in the E(1530)K and E-z" K~ channels. The mea-
sured mass of Q(2250) is consistent with the quark model
predictions [4,8]. Assigning it as Q(2250), the total width is
predicted to be
Fth

total

[Q(2250)] = 29 MeV. (17)
Its strong decays are dominated by the Z(1530)K mode,
while the decay rate into the 2K is sizeable. The partial
width ratio between E(1530)K and EK is predicted to be

B[Q(2250) — E(1530)K]

Ba(2250) - 2K "o (18)

Both the decay width and decay mode are consistent with
the observations.

. — —_—
2L 56020302 T 561022312
s S
[0 Q
= =
= = 30 i
] ] \ 0k el -
2000 2100 2200 2300 2100 2200 2300 2400
M(MeV) M(MeV)
30 — T 60 LA R
70,10,2,2,5/2" 56,'10,2,2,7/2"
S 20 S 40
[0} (]
= 2
= 10 = 20
0 SR ol LR
1 " 1 " " 1 " 1
2100 2200 2300 2400 2100 2200 2300 2400
M(MeV) M(MeV)

FIG. 2. The strong decay properties of the 2S5- and 1D-wave states in the N = 2 shell.
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T T T
24 | 7
[ 70%10,1,1,1/2"
> 16 ]
=3
= ~
8 |- e ]
1 I L I !
380 400 420 440
o((MeV)
6 I '
\
= 70,°10,1,1,3/2
= ‘T _
—
| e I...T.‘. T

FIG.3. The strong decay properties of the 1P-wave states in the
N =1 shell as a function of the parameter o with a mass of
M = 2012 MeV.

As a whole, the 1D wave states are relatively narrow
states with a typical width of 10s MeV. They mainly decay
into EK and/or E(1530)K final states. To establish these
missing 1D wave states, observations in both the EK and
E(1530)K channels are expected to be carried out in future
experiments.

D. Effect of

We have calculated the decay properties of the € states
up to the N = 2 shell. Our results are obtained with the
harmonic oscillator wave function, which is only an
approximation of the genuine wave function. The only
parameter a for the harmonic oscillator wave functions is
usually adopted the standard value «a~400 MeV.
However, the parameter a still bares some uncertainties,
which may affect our conclusions.

To see the sensitivities of our results to the uncertainties
of the parameter a, as an example, we plot the decay widths
of the two 1P wave states |70,210,1,1,1/27) and
|70,210,1,1,3/27) as functions of the parameter a in
Fig. 3. It is shown that the decay widths for the 1P wave

with spin-parity J* = 3/2 are insensitive to the parameter
a, and the total decay widthis I"' ~ 5 MeV with a within the
range of (380-440) MeV. Although the width of
|70,210, 1,1, 1/27) shows some sensitivities to the param-
eter a, the width of [70,210, 1, 1, 1/27) is always larger than
that of [70,210,1,1,3/27). Our conclusion that £(2012)
more favors the [70,210,1,1,3/27) assignment is not
changed by the uncertainties of the parameter a. For the
1D and 2S states, we do not show the sensitivities of their
decay widths to a here. We also find that although the decay
properties depend on the parameter & more or less, the
uncertainties of a cannot change our main conclusions.

IV. SUMMARY

In the present work, we carry out a systematic study of
the OZI allowed two-body strong decays of €2 resonances
up to the N = 2 shell within the chiral quark model. For the
newly observed ©(2012) state, we give a possible inter-
pretation in theory. Meanwhile, we give the predictions for
the decay properties of the 1D wave states and hope to
provide helpful information for searching these missing Q
states in the future.

The newly observed Q(2012) state is most likely
to be explained as the 1P wave state with J© =3/27,
|70,210, 1, 1,3/27). Meanwhile, with the present informa-
tion from experiments, we cannot completely rule out the
Q(2012) as the assignments of the 1P wave state
170,210, 1, 1,1/27) with J* = 1/2" and the 2S wave state
156,410,2,0,3/2F) with J© = 3/2+.

The Q(2250) resonance listed in PDG may be
a good candidate for the J” =5/2% 1D wave state
156,410,2,2,5/2F). Generally, the 1D wave states are
relatively narrow states with a typical width of 10s MeV.
They mainly decay into 2K and/or E(1530)K final states.
To establish these missing 1D wave states, observations in
both the ZK and E(1530)K channels are expected to be
carried out in future experiments.
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