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Strong decays of multistrangeness baryon resonances in the quark model
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Decay properties of multistrangeness E and €2 baryon resonances are investigated within the constituent
quark model by including relativistic corrections. The strong decay widths of various = and Q resonances
are computed and tested for internal quark configurations to pin down their spin-parity (J*) quantum
numbers and internal structures. We found that the Roper-like resonances in the multistrangeness sector
have large decay widths bearing resemblances to their siblings in light and heavy baryon sectors. In
addition, we obtained the decay ratio for the Q(2012) as I'(Q — ZKz)/T'(Q — EK) = 4.5%, which is
consistent with the experimental data when J© = 3/2~ is assigned. This observation holds the possibility
that the Q(2012) could naturally be explained as a three-quark state in the quark model. The decays of other
low-lying E and Q resonances are systematically analyzed, which would be useful to unveil the structure of

these resonances in future experiments.
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I. INTRODUCTION

As pointed out in the recent issue of the Particle Data
Group (PDG) [1], most information on the E and Q
baryons was extracted from the bubble chamber experi-
ments in the 1980s and no significant information on these
baryons has been added for a few decades. However, the
discoveries of E and € resonances at current accelerator
facilities by the Belle, BESIII, and LHCb Collaborations
[2-8] changed the situation and triggered the recent
interests in multistrangeness baryons. Furthermore, exper-
imental studies on multistrangeness baryons are discussed
or planned at next generation facilities [9—11].

In understanding the strong interactions, multistrangeness
baryons offer a unique window showing some interesting
aspects. For example, the Q baryons, containing only strange
valence quarks, would provide a good tool to test effective
models of baryons. In this case, the pion cloud contribution
is expected to be suppressed as there is no valence up/down
quarks inside. Although the kaon cloud effects may not be
excluded [12], Q baryons allow more direct access to
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valence quark dynamics in the core region of baryons,
while it is very unlikely in the case of light baryons. In this
respect, the radial excitation of the € baryon is of great
interest as compared to the Roper resonance N (1440) case
where the pion clouds are expected to play an important role
[13,14]. Another issue is the structure of the newly discov-
ered ©(2012) [3]. Its structure is yet to be resolved and it is
under debate whether it is a hadronic molecule [15-19] or a
standard quark model state [20-22].

Having two strange quarks and one light up/down quark,
the E baryon is theoretically challenging. The strange quark
mass is not large enough to respect the heavy quark
symmetry, but it is not small enough to apply the SU(3)
flavor symmetry. Therefore, it offers a way to investigate
the mass dependence, or SU(3) flavor symmetry breaking
effects in baryon structure being complementary to S = —1
hyperons. There have been many theoretical attempts to
understand = baryon spectrum [23], not only from the
quark model [24], but also from other theoretical models
such as the Skyrme model [25], chiral unitary model
[26-28], and QCD sum rules approach [29], etc. The
predicted E spectra show strong model dependence as in
the case of Q baryons. In particular, some peculiar
structures of § = —1 hyperon resonances or nucleon
resonances are expected to be repeated in multistrangeness
baryon resonances [30]. Therefore, investigating such
resonances will help unveil the hadron structure.

One of the major subjects to be studied in the present work
is the analogous states to the Roper resonance. In spite of
recent experimental and theoretical efforts, the first radial
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FIG. 1. Roper-like resonances with various quark flavor con-

tents. The red bands are the observed = resonances listed in the
Particle Data Group (PDG) [1] with excitation energy of around
500 MeV, but none of them are yet identified as the radially
excited state with J” = 1/2%. In particular, the Z(1820) is
identified to have J” =3/2~ [1], and is excluded from the
candidate. We also note that the spin-parity of the Z(1690) was
claimed to be J¥ = 1/2~ by the BABAR Collaboration [34].

excitations of the = and € baryons, which are analogous to
the Roper resonance, are yet to be identified. On the other
hand, the putative Roper-like resonances with heavy-quark
flavor are recently reported in the experiments at current
experimental facilities [31,32]." Interestingly, they have
similar excitation energies of around 500 MeV from their
respective ground states [33]. Consequently, as shown in
Fig. 1, one may expect that there exists a Roper-like E
resonance at that energy range. A similar resonance may
exist for the € baryon spectrum. In this paper, we explore
this possibility as well.

The Roper resonance is understood as the first radially
excited state of the nucleon and, therefore, has J¥ = 1/27.
Since its first discovery [35,36], a lot of investigations have
been performed and it is now widely accepted that the
radially excited three-quark core is dressed by pion clouds
which have a nontrivial role [13,14,37]. Thus, finding its
missing siblings and understanding the similarities and
differences in multistrangeness hyperons would shed light
on our understanding of the structures of, in particular,
radially excited baryon resonances.

In the literature, there are numerous theoretical predictions
for radially excited states in multistrangeness baryon spectra,
whose results are highly model dependent. For = baryons,
the masses are predicted to be between 1730 and 1960 MeV
(or the excitation energy AM ~ 410 to 650 MeV). Similarly,
for Q baryons, the masses are predicted to be between 2060
and 2180 MeV (or AM =390 to 510 MeV). We refer the
details to Refs. [21,24,38-48]. In general, the above model
calculations indicate that the predicted mass gap between the
Roper-like strange resonances and their respective ground
states is around 500 MeV as mentioned earlier. However,

'Since the Roper resonance is expected to be the first radial
excitation of the ground state in the quark model, its quantum
numbers should be J” = 1/2*. The recent observation of the
E.(2970) [31] and the A, (6072) [32] indicates that these baryons
may be the analog states of the Roper resonance.

since there could be many resonances in this mass region,
it is very important to identify the spin-parity quantum
numbers of the resonances and decay patterns for under-
standing their structures. The spin-parity quantum numbers
of resonances are usually determined by the angular
distributions of their decay products or by measuring
polarization observables in the production processes. The
purpose of the present work is to investigate the spin-parity
quantum numbers of multistrangeness resonances through
their decay processes. In particular, we put more emphasis
on the Roper-like resonances that would be observed at the
present experimental facilities in the near future. As we have
discussed in our previous work [49], the relativistic effects
play a crucial role in the decays of Roper-like resonances and
we further explore their role in the present work.

This article is organized as follows. In Sec. II, we briefly
review the baryon wave functions in the quark model. The
basics of our calculations and model parameters are intro-
duced as well. Then, in Sec. III, we discuss the quark-meson
interactions with the relativistic effects that will be used in
this work for studying the decays of hyperon resonances.
Our results on the decays of = and € resonances are
presented and discussed in Secs. IV and V, respectively.
Section VI summarizes the present work. In Appendix,
we explain how to compute the three-body decay of
the ©(2012).

II. BARYON WAVE FUNCTIONS

In this section, we briefly review the wave functions of
baryons that will be used to estimate their strong decays in
the quark model.

A. Spatial wave function

The Hamiltonian of the nonrelativistic constituent quark
model reads

\ v
2m

g (1)

3

k
H:—Z +§Z|rj—r,-
i=1 ! i<j
where m; and r; are the mass and the coordinate of the ith
constituent quark inside a baryon, respectively, and we
assume the flavor-independent harmonic oscillator potential
with the same spring constant k for interquark interactions.
Although the strange quark mass is larger than that of the
light up/down quarks, in the present exploratory computa-
tions, we use the averaged quark mass respecting the SU(3)
flavor symmetry.

For a three-body system of the equal mass, the Jacobi
coordinates are defined by

p=r —r, (2&)
1
A= +r) =1, (2b)
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R==(ri+r,+r;). (2¢)

W | =

The harmonic oscillator Hamiltonian of Eq. (1) can then be
written in terms of the Jacobi coordinates as

2 2 2 2 2
Ve Y, omya; Y i Mo 42
9

_R _ 3
2M 2m, 2 2m; 2 (3)
where the total mass is M = 3m and the reduced masses are
given by

2m m

m; = 3 m, = 2 (4)

with m being the averaged quark mass inside the baryon. The

harmonic oscillator energy of A- and p-modes are degenerate
as we use the averaged quark mass, which leads to

3k
W, =, =1]—. 5
A 14 m ( )
Their corresponding range parameters are, therefore,
written as
a, =

m,w,, a, = \/m,w,, (6)

which then leads to the relation,

3
2_° 2
a, = ;43 (7)
Furthermore, each quark momentum can be written in
terms of the Jacobi momenta, P, p,, and p,, which are
conjugate to the position vectors, R, A, and p, respectively.
Explicitly, we have

1 1

P = §P + P2 =Py (8a)
1 1

P> = gP + 5P +D). (8b)
1

P = §P—P/1- (8¢c)

Because of the separable form of the Hamiltonian (3), the
spatial wave function of the three-quark state is expressed
by using the separation of variables as

Y(r,ry,r;) = w(l)()\,)W(M(p)eiPR, (9)

where y*) () and ) (p) are the harmonic oscillator wave
functions in the Jacobi coordinates. Each spatial wave
function is again written as

l//nlm(r) = Rnl(r)Ylm(;‘)’ (10)
where R,,;(r) is the radial wave function and Y, is the
spherical harmonics with r standing for A and p.

B. Spin-flavor and total wave functions

Following the SU(3) flavor symmetry, baryons made of
three quarks are classified into flavor multiplets as

33®3=10,08,, &8, ®1,, (11)

where the subscripts indicate symmetric (S), mixed-
symmetric (M), or antisymmetric (A) states under the
interchange of any two quarks. For the spin part, spin
wave functions are classified as

The spin-flavor wave functions are then described by
SU(6) symmetry. Thus, baryon multiplets are decomposed
into

6®6®6=>565®70, ®70, 20, (13)

The standard spin and flavor wave function of baryons can
be found, for example, in Ref. [50].
The total wave function of a baryon is then given by

lgqq) = |color) ,|space, spin, flavor). (14)

Since the color part is always antisymmetric, we need to
construct a symmetric combination of spatial, spin, and
flavor wave functions. The wave function is then denoted
by [N, 2T N3, N, L, JF), where Ny and N5 correspond to
the SU(6) and SU(3) representations, respectively. The
superscript S refers to the total intrinsic spin of the system,
and N and L are the principal quantum number and orbital
angular momentum, respectively. Finally, the spin and
parity quantum numbers of the baryon are denoted by J*.
The total wave functions of baryons up to the first radial
excitations obtained in this way are summarized in
Table 1.

III. QUARK-MESON COUPLING INTERACTIONS

The quark model picture adopted in the present work for
one-meson emission decay of a baryon, i.e., B;(P;) —
By(P;)+M,(q), is depicted in Fig. 2. Here we only
consider the decays where M, corresponds to a pseudoscalar
meson. The interaction between the outgoing pseudoscalar
meson and the quark inside the baryon takes the axial-vector
type and is written as

q

gx _ - N
Lygq = qusl - O"M g, (15)
14
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TABLE I.

Wave functions of baryons in the SU(6) x O(3) group structure. The Clebsch-Gordan coefficients for

the addition of spin and orbital angular momenta are omitted. The spatial, spin, and flavor wave functions are

denoted by W, y and ¢, respectively.

State L S Jr Wave function

N=0

156.28,0,0,1") 0 ! I+ 75 Yoo (b, + Di2)
156,410,0,0,3+) 0 3 3 Wooo(#sxs)

N=1

70,210, 1,1,J-) 1 1 -3 75 (Plin(bsx2) + P11, (¢57,))
70,28,1,1,J7) 1 3 3 3V (Do, = duxs) + 3P0, (Doxs + bux,)
70,48, 1,1,J7) 1 3 3.7 75 (Plin(Dars) + P11, (pxs))
N=2

156,28,2,0,1+) 0 L L -5 P00 (D + bixs)
156,410, 2,0,3) 0 3 3+ oo (#sxs)

where ¢4 =1 is the quark axial-vector coupling constant,

M » 1s the pseudoscalar meson octet field, and 7 is the SU3)
Gell-Mann matrix. The empirical data for decay constants
are f, =93 MeV and fx = 111 MeV for pion and kaon,
respectively. This interaction is inspired by the low-energy
theorem of chiral symmetry and has been widely used in
quark model calculations [51-53].

In most calculations, the nonrelativistic limit of the
interaction (15) has been taken by considering the leading
terms up to O(1/m), which leads to the Hamiltonian as

w
= g+ —(6-g—26p; 1
Haxg =g|o q+2m<6 q-26-p;)|. (16)

where m is the constituent quark mass and g = g% /2f Pr
The 4-momentum of the outgoing pseudoscalar meson is
q = (w,q), and the 3-momentum of the quark inside the
initial state baryon is p;.

M,

\

') \

FIG. 2.  One pseudoscalar meson (M, = 7, K) emission decay
of a baryon, B;(P;) = B/(P;) + M ,(q), in the quark model,
where P;, Py, and g are the momenta of the corresponding
particles. The outgoing meson may couple to any quark inside the
baryon.

B

A 4

»

In order to estimate the relativistic corrections, we
perform the Foldy-Wouthuysen transformation for the
Lagrangian (15). These correction terms are important,
in particular, for the case where the leading terms are
suppressed as in the case for the decay of the Roper-like
states. This procedure leads to [49]

Hre

8m?

(myo-q+26-(q—2p;) < (gxp))].  (17)
as the O(1/m?) corrections. Here m,, is the mass of the
emitted pseudoscalar meson. As we have seen in
Ref. [49], the second term in Hyc, which is proportional
to p?, has a nontrivial role, in particular, for the Roper-like
states. As an analogy in the electromagnetic interactions,
such a term appears as the spin-orbit coupling in the
relativistic corrections.

The quark model summarized in the previous section has
two parameters, namely, the constituent quark mass m and
the spring constant k. In this work, we take the average of the
mass of the up/down quark (350 MeV) and the strange quark
(450 MeV). As a result, the constituent quark mass for =
baryons is m = 0.417 GeV and that for Q baryons
is m = 0.450 GeV. The spring constant is fixed to be

(R?) =

\/1/(361%) + 1/(4a3) of around 0.5 fm that is obtained

from the lattice calculations of Refs. [54,55]. We note that
the radius computed in this quark model corresponds to the
baryon core in which the valence quarks carrying the baryon
density are localized [56]. Collecting all these information,
we use (®;,a;.a,) = (0.379,0.325,0.281) GeV for
baryons and (w;,a,.a,) = (0.365,0.331,0.287) GeV for
Q baryons.

k =0.02 GeV? to reproduce baryon radius

—
—
—
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FIG. 3. Contour plot for the excitation energy (®;,®,) and

radius +/(R?) of E baryon as functions of the quark model
parameters m and k. White dots indicate the natural quark model
parameters that reproduce the baryon core radius.

However, since the quark model results depend on the
model parameters, namely, the quark mass m and the
spring constant k (or translated to the oscillator parameter
a [52]), we will provide contour plots for our numerical
results as functions of m and k, which will allow
estimating the uncertainties of our results. This then
shows how sensitive the obtained quantity is to the quark
model parameters. As an example, shown in Fig. 3 are the
dependence of the excitation energy w; and the radius

\/ (R?) on the quark model parameters. The central values
of the fitted parameters are shown as white dots in the
figures.

IV. E BARYON DECAYS

In this section, we discuss the decays of = baryons. Some
earlier works would introduce an additional universal
suppression parameter 6 for the coupling constant to
reproduce the experimental value of the decay width of
E(1530) [52]. In the present work, however, we do not
introduce any additional parameters and keep g% = 1. We
shall find that this suppression could be naturally explained
by the relativistic corrections. We will come back to this
point later.

The decay width of a two-body decay of B; - ByM, is
expressed in the helicity basis as

S S , 18
4ﬂ2M221+IZ| h (18)

where g = |P/| is the momentum of the outgoing meson,
Ay, is the helicity amplitude, and M, is the mass of the initial
state baryon with spin J. We refer the details, for example,
to Ref. [51] for representing the decay amplitude in the
helicity basis.

A. E(1530) resonance

Before investigating the decays of other excited states,
we work on the decay of the E(1530) that belongs to the
decuplet with J¥ = 3 /2% for checking the applicability of
our model. The £(1530) mainly decays into 2z and its total
decay width is measured to be I' = 9.1 + 0.5 MeV [1]. In
the quark model, the state of the Z(1530) corresponds
to [56,410,0,0,3).

Tabulated in Table II are the predicted decay widths of
E(1530) and other decuplet baryons in the quark model of
the present work. When the nonrelativistic Hamiltonian (16)
is adopted, the decay width of Z(1530) is found to be larger
than the experimental value by a factor of two, which is
similar to the observation made in the heavy baryon sector
[49]. Furthermore, the upper panel of Fig. 4 shows that it
is impossible to reproduce the observed decay width of
'~ 9.1 MeV within the reasonable range of the model
parameters. In order to reconcile this discrepancy, phenom-
enological suppression would be called for through the
variation of the quark-axial coupling constant or the intro-
duction of a universal suppression factor [52]. However, we
found that the inclusion of the relativistic corrections
provides a natural explanation for the suppression and
makes the predictions closer to the observed values. This
can be seen in the lower panel of Fig. 4 which shows that
with the inclusion of the relativistic corrections, the decay
width, labeled as I'ygrc, is suppressed and closer to the
measured data within the reasonable parameter range. Our

TABLE II. Predicted decay width of Z(1530) of J* = 3/2"
and other decuplet baryons in the units of MeV. We use the mass
of initial and final states from PDG [1]. The branching fraction for
each decay mode is indicated in parenthesis.

State Channel I'wr I'Nr4RC Dggpt- [1]
E(1530)° T 19.9 10.7 9.1+0.5

2(1385)" Emx 7.7 (13.4%) 3.7 (13.1%) (11.7+£1.5%)
Az 49.7 (86.7%) 24.6 (86.9%) (87.0 £1.5%)
Sum 57.3 28.3 36.0£0.7

A(1232)"  p=x 124 55.1 ~117

[1]
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FIG. 4. Contour plot for the predicted decay width of £(1530)°
as a function of the quark mass m and spring constant k. I'yg is the
decay width obtained in the nonrelativistic limit, while I'yg  rc 1S
the results including the relativistic corrections. The black dashed
line is the experimental data of I' = 9.1 £ 0.5 MeV [1].

result here also implies that our method works sufficiently
well for the E baryon case.

Our results with the central values of the parameters are
listed in Table II, which also shows the decay widths of
%(1385) and A(1232) resonances. Although our results
show about 20% discrepancy with the data, the dominant
branching fractions could be reproduced. Considering the
simplicity of the model, this is quite successful. It should be
noted that the decay width of A(1232) is significantly
underestimated compared with the data. Such a short-
coming is also observed in various versions of quark
models [52,57] and is ascribed to the significant role of
meson clouds.

B. £(1690) and Z(1620) resonances

The existence of low-lying E(1690) and E(1620)
states is puzzling in the quark model because of their low
masses, and this observation induced various ideas [25-27].
The Z(1690) resonance has a three-star rating in PDG with
the decay width of I' < 30 MeV [1]. In earlier experiments,
the decay width of Z(1690)° is measured to be 44 +
23 MeV or 20 + 4 MeV [58]. This uncertainty is removed

by recent measurements when I' = 27.1 + 10.0 MeV and
'=259+95MeV were reported by the BESII
Collaboration [2] and the LHCb Collaboration [7], respec-
tively. However its spin-parity is yet to be determined,
although there is an evidence that it has J* = 1/2~ from
the interference pattern in the analysis of the A7 — ZEtz~ K™
decay [34]. Moreover, various models such as the chiral-
unitary model [26,27,59,60], Skyrme model [25], and QCD
sum rules calculation [29] favor J” = 1/2~. Therefore,
further confirmation of its spin and parity is strongly called
for to understand its structure and can be done by measuring
polarization observables in the production through K~ p
scattering [61].

In the present study, we calculate the decay widths of this
resonance in the quark model assuming the three-quark
structure of the resonance. In order to test the quantum
numbers of 2(1690) we consider various wave functions for
this state and scrutinize its decay channels. The obtained
decay widths in the quark model with various spin and parity
assignments are presented in Table III. Our results show that
the relativistic corrections for the negative parity states are
relatively small, which is consistent with our finding in
heavy baryon cases [49]. Throughout this study, we found
that the [70,8,1,1,57) configuration having J” = 1/2~
may describe the decays of Z(1690). The predicted decay
width of 35.4 MeV is compatible with the experimental data
and its parameter dependence is shown in Fig. 5 which
shows the contour plot of the total decay width as a function
of the quark mass and spring constant.

Another clue on the quantum numbers of £(1690) can be
found in the branching fractions of its strong decays. In
Ref. [62], the Belle Collaboration reported the branching
ratio of the 2(1690)° decay rates as

sig-  T(ZTK7)

AR T m = 050 :l: 026 (19)

This is much smaller than the value of around 2.7 measured
in the 1970s [58]. Our result, Ri'lg = 0.9 is in fair agree-
ment with the value reported by the Belle Collaboration.
Moreover, the obtained ratios are consistent with the
observed values

=

= =(1530)7
RZZ <009,  RSPVT <0.06 (20)

of Ref. [58]. As shown in Table III, only the configuration

of [70,28, 1,1,5) has a large branching fraction to the 2K

channel over the Ex and E(1530)z channels. In Ref. [52],
the mixing scenario was investigated to get a better fit with
the branching fractions. It is found that the dominant

contribution is from the |70,%8,1,1,57) configuration,

which is consistent with the present study.

It is worth noting that both the |70,%8,1,1,17) and

70,°10,1,1,47) states predict the same partial decay

widths for Ez and Z(1530)z channels because of the
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TABLE III.  Predicted decay width of Z(1690)° with various wave function assignments in the quark model in the units of MeV.
We use the mass of initial and final states from PDG [1]. The branching fraction for each decay mode is given in parenthesis.

JP State Decay width Er E(1530)% AK >K Sum
%‘ 70,28, 1, 1,%‘) I'nr 2.0 (5.9%) 0.002(~0%) 16.3 (48.2%) 15.5 (45.9%) 33.8
I'NR4RC 2.7 (7.6%) 0.001(~0%). 17.2 (48.6%) 15.5 (43.8%) 354

|70,48, 1, 1,%‘) I'nr 32.1 (61.4%) 0.0005(~0%) 16.3 (32.2%) 3.9 (7.4%) 523

I'NR4RC 42.5 (66.8%) 0.0003(~0%) 17.2 27.1%) 3.9 (6.1%) 63.6

|70,210,1, 1,%‘) I'nr 2.0 (28.1%) 0.002(~0%) 4.1 (57.8%) 1.0 (14.1%) 7.1

I'NRaRC 2.7 (33.8%) 0.001(~0%) 4.3 (53.7%) 1.0 (12.5%) 8.0

%‘ 70,28, 1, l,%‘) I'nr 0.3 (20.0%) 1.0 (66.7%) 0.2 (13.3%) 1073 (~0%) 1.5
I'NRaRC 0.2 (14.3%) 1.0 (71.4%) 0.2 (14.3%) 1073 (=0%) 1.4

|70,48, 1, 1,%‘) I'nr 0.5 (29.1%) 1.2 (69.8%) 0.02 (1.2%) 107 (=0%) 1.7

I'NR4RC 0.3 (19.8%) 1.2 (78.9%) 0.02 (1.3%) 1073 (~0%) 1.5

|70,2 10, 1, 1,%‘) I'nr 0.3 (22.0%) 1.0 (73.5%) 0.06 (4.4%) 107* (=0%) 1.4

I'NR4RC 0.2 (14.7%) 1.0 (80.9%) 0.05 (4.4%) 107* (=0%) 1.3

%‘ 70,48, 1, 1,%‘) I'nr 2.9 (96.6%) 0.002 (0.1%) 0.1 (3.3%) 107* (=0%) 3.0
I'NRiRC 1.9 (95.0%) 0.001 (0.1%) 0.1 (5.0%) 107 (0%) 2.0

%* |56,28,2,0, %*) I'r 0.2 (23.8%) 0.02 (2.4%) 0.4 (47.6%) 0.22 (26.2%) 0.8
I'NRiRC 2.2 (50.0%) 0.2 (4.6%) 1.3 (29.5%) 0.7 (15.9%) 4.4

Expt. [1] <30

identical spin-flavor factor. However, they have very differ-
ent partial decay widths for the AK and XK channels.
Furthermore, the 70,*8, 1, 1,%‘} state decays dominantly
into the Ez channel. Thus, only the [70,28, 1, 1,%‘)
configuration can reproduce not only the decay width
but the observed ratios as well. We found that the other
spin-parity assignments including the radial excitation
cannot reproduce the observed decay patterns.

We also consider the decays of the £(1620) resonance
that is recently confirmed in the £ — E-z"z " decay by

I'nr +rC (MeV)

120
105
90
75

; 60
45
30

1 15
0

0.3 0.4 0.5

FIG. 5. Contour plot for the predicted decay width of 2(1690)°
with the |70,28, 1, 1,%‘) assignment as a function of the quark
mass m and spring constant k. The black dashed line is the
experimental data from PDG [1].

the Belle Collaboration [4]. It still has a one-star rating with
a decay width of around 20-40 MeV [1]. This means that it
has a larger decay width despite having a smaller phase
space factor than the case of E(1690). Therefore, it is
anticipated from Table III that the quark configuration of
70,48,1, 1,17) can give a larger decay width and it would
be natural to assign this configuration to Z(1620). Other
configurations give very small decay widths contrary to the
observation. The computed decay widths of =(1620)
within this configuration are presented in Table IV. It
should also be noted that the J¥ = 1/2~ assignment is
consistent with the predictions of other models such as the
Skyrme model [25] or chiral-unitary model [26,27] in spite
of having different structures for these states.

C. E(1820) and Roper-like Z resonance

Among the observed E resonances, the E(1820) is the
only one whose quantum numbers are determined exper-
imentally. Its mass is about 500 MeV larger than the ground

TABLE 1V. Predicted decay widths of 2(1620)° with J* =
1/27and |70,* 8, 1, 1,%‘) assignment in the units of MeV. We use
the mass of initial and final states from PDG [1]. The branching

fraction for each decay mode is indicated in parentheses.

State Channel FNR FNR+RC FExpt' [l]
£(1620)° Er 23.8 (80.9%) 29.0 (83.8%)

AK 5.6 (19.1%) 5.6 (16.2%)

Sum 29.4 34.6 40 £ 15
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TABLE V. Predicted decay width and branching fraction of Z(1820)° with various quark model assignments in the units of MeV.
We use the mass of initial and final states from PDG [1]. The branching fraction for each decay mode is indicated in parentheses.

State Ex E(1530)7 AK K Sum

1- 7028.1,1,1) T 2.5 (2.6%) 0.7 (0.7%) 18.3 (18.9%) 75.5 (77.8%) 97.0
I'NRiRC 3.9 (3.6%) 0.5 (0.4%) 21.5 (19.6%) 83.7 (76.4%) 110

|70,48, 1, 1,%‘) I'nr 39.3 (51.3%) 0.2 (0.3%) 18.3 (23.8%) 18.8 (24.5%) 76.6

I'NrirC 62.4 (59.4%) 0.1 (0.1%) 21.5 (20.5%) 20.8 (19.8%) 105

|70,210, 1, 1,%‘) I'nr 2.5 (20.2%) 0.7 (5.6%) 4.6 37.1%) 4.7 (37.9%) 12.5

I'NRirC 3.9 (26.2%) 0.5 (3.4%) 5.4 (36.2%) 5.2 (34.9%) 15.0

%_ 70,28, 1, 1,%‘} I'nr 1.2 (8.5%) 6.2 (44.0%) 2.6 (18.4%) 4.1 (29.1%) 14.1
g re 0.8 (5.6%) 7.2 (50.7%) 2.4 (16.9%) 3.8 (26.7%) 14.2

7048.1,1,3) T 1.9 (26.8%) 4.8 (67.6%) 0.3 (4.2%) 0.1 (1.4%) 7.1

I'NRiRC 1.3 (16.0%) 6.5 (80.2%) 0.2 (2.5%) 0.1 (1.2%) 8.1

|70, 10, 1, l,%‘) I'nr 1.2 (14.6%) 6.2 (75.6%) 0.7 (8.5%) 0.2 (2.4%) 8.3

I'NRiRC 0.8 (9.1%) 7.2 (81.8%) 0.6 (6.8%) 0.2 (2.3%) 8.8

%_ 70,48, 1, 1,%_> 'k 11.3 (79.6%) 0.7 (4.9%) 1.6 (11.3%) 0.6 (4.2%) 14.2
I'NRiRrC 7.6 (76.0%) 0.5 (5.0%) 1.5 (15.0%) 0.5 (5.0%) 10.1

%Jr 56,2 8,2,0,%+> I'nr 0.3 (1.5%) 0.9 (4.5%) 0.9 (4.5%) 17.8 (89.5%) 19.9
g re 45 (5.4%) 8.8 (10.5%) 3.9 (4.6%) 66.8 (79.5%) 84.0
Expt. [1,65] (10 + 10%) (30 + 15%) (30 + 15%) (30 + 15%) 24415

state so it lies in the region of the anticipated Roper state
analog. (See Fig. 1.) However, it is found to have J¥ =
3/27 [63,64] so that it is excluded from a candidate for the
Roper-like state. According to PDG, this resonance has the
estimated decay width of ' = 24f118 MeV [1]. However,
the data span a wide range. For example, the old data of
1970s and 1980s cover from about 12 MeV to about
103 MeV. Therefore, new measurements at modern facili-
ties have been strongly called for.

Recently, the LHCb Collaboration found a rather large
width of 36.0 £ 4.0 MeV in the decay of B, - J/WYAK
[7]. Meanwhile, the BESIII Collaboration observed an
even larger width of 54.4 4+ 15.7 MeV in the analysis of
¥(3686) — K~AZ" [2]. However, they also measured a
rather smaller width of 17.0 &= 15.0 MeV in the process of
ete”™ — E"E* [6]. Therefore, although the BESIII data
have large experimental error bars, the issue of scattered
data points is still not resolved and more precise mea-
surements in various processes are required. On the other
hand, the wide range of the measured decay widths may
suggest the possibility of the overlap with other reso-
nances in this mass region. Although its spin and parity
was found to be 3/27 [63,64], it cannot be excluded that
the data might be contaminated by other nearby reso-
nances such as the Roper-like state with J© = 1/2" or yet
unidentified resonances.

We compute the decay widths of Z(1820) with various
configurations and the results are tabulated in Table V. We
first check the role of the relativistic corrections. Similar to
the results of the previous subsection, we observe that the

relativistic corrections are relatively small (less than 20%)
for the negative parity states. However, with the same phase
space factor, the decay width for the J* = 1/2* assignment
experiences a large increase. Again, this is consistent with
what we have found in the heavy baryon case [49].

As shown in Table V, all the states of J* =3/2~ and
5/2~ and one of J¥ = 1/2~ (the |70,210) configuration)
have small decay widths of around 10 MeV. Instead, large
decay widths of around 100 MeV are predicted for the J¥ =
1/2" state and for |70,% 8) and |70, 8) of J¥ = 1/27. As
for the branching fractions, the 1/2~ states generally have
a small fraction to the E(1530)x channel as a result of the
d-wave nature. On the other hand, the 3/2~ states decay
into E(1530)z in s-wave making it a dominant decaying
channel. However, the 5/2~ and 1/27" states decay to all
decay modes in d-wave and p-wave, respectively. For the
5/2~ state, a large branching fraction to the Ex channel is
observed, while the decay of the 1/27 state is dominated by
the K channel.

For further exploration, we consider the branching ratios
of the E(1820) decays. The branching ratios of =(1820)
decay was measured in the K~ p scatterings in the 1960s
[65]. The measured data read

B(Ex) = 0.1 £0.1, (21a)
B(E(1530)7) = 0.30 £ 0.15, (21b)
B(AK) = 0.30 £ 0.15, (21c)
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B(ZK) = 0.30 £ 0.15. (21d)
From Table V, we find that the |70,28, 1, 1,%‘) configu-
ration has a fair agreement with the data. In order to have a
better fitting, mixing with other 3 /2~ configurations would
be considered, but the study of Ref. [52] indicates that the
|70,28,1,1, %‘> configuration is the dominant. We also note
that the measured branching fractions are not compatible
with the 5/27 or 1/27 states. In particular, the 5/2~ state
has a large branching ratio of B(Ex) = 76% while 1/2~
state has a small value of B(E(1530)z) = 3.4%. Such
values are not consistent with the data and we conclude that
the observed Z(1820) with a relatively small decay width is
compatible with J¥ = 3/2~. Figure 6 shows the contour
plot of the decay width as a function of model parameters.

Being motivated by the dispersion of the data, we also
consider the scenario that other resonances exist in the mass
region of 1.8 GeV. Table V shows that the 70,28) and
70,*8) states of J¥ =1~ may have large decay widths.
However, these states are already identified as candidates
for 2(1690) and E(1620). Then the other candidate which
may have a large decay width is the Roper-like state with
JP =1/2%. In the present model study, when we assume
that the mass of this state is 1823 MeV, its decay width is
predicted to be about 80 MeV, and it becomes even larger if
we assume a higher mass. The obtained decay width of this
state as a function of the quark model parameters m and k is
given as a contour plot in Fig. 7, which shows that the
decay width is sensitive to model parameters. Furthermore,
the role of the relativistic corrections is nontrivial. For
comparison with the cases of other Roper and Roper-like
states with strangeness S =0 or S = —1, we present the
decay widths of N(1440), A(1600), and X(1660) in
Table VI

M'nr +RC (MeV)

0.03

0.02 A1

k [GeV3]

0.01 A

10

0.3 0.4 0.5
m [GeV]

FIG. 6. Contour plot for the decay width of Z(1820)° with the

[70,28, 1,1, %‘) configuration as a function of the quark mass m

and spring constant k. The black dashed lines are the exper-
imental data from PDG [1] and BESIII [6].

M'nr +rC (MeV) <00

400

300

200

100

0.3 0.4 0.5
m [GeV]

FIG. 7. Contour plot of the predicted decay width of the Roper-
like state [56,28,2,0,4") as a function of the quark mass m and
spring constant k. The mass of this state is assumed to be
1823 MeV.

Although we have assigned J© = 1/2~ states to Z(1690)
and E(1620), it may be plausible that the large decay width
observed in a few old experiments may indicate the
presence of another resonance of J” = 1/27. In order to
distinguish these scenarios, we consider the ratios of
branching fractions. Table V shows that both the |70,% 8)
of JP =1/2~ and the radially excited J* = 1/2% states
have the dominant decay channel of >K. Therefore, if a
resonance is discovered around 1.8 GeV in the =K channel,
its quantum number cannot be easily identified. However,
we find that the ratio of branching fractions,

_ I'(E(1820) — Ex)
R i) = 22
2(1530)7 7 1(2(1820) — E(1530)7) (22)

may be useful to distinguish the spin-parity quantum
numbers as in the heavy baryon sector [66]. Table V
indicates that all the 1/2~ states have very suppressed
decay into E(1530)x and the ratio has a quite large value,
while for the 1/27 state, it is the opposite and the ratio is
less than 1.2 Therefore, a large width with dominant £K and
RE’(’mOM close to unity would be good signatures of the
Roper-like E resonance.

Before closing this subsection, we mention some
similarities between Z and ZE. baryon spectra. In the
spectrum of E. baryons, there are two nearby states:
E.(2970) which is claimed to be the Roper-like state [31]
and E.(2965) which is recently observed by the LHCb
Collaboration [67]. These states were discovered in
different channels, namely, the E.(2970) was found in
the E.zx invariant mass while the Z.(2965) was in the

2Our estimates from Table V are Rgfl s30)2 7.8, 620, 7.8 for

JP = 1/27 states and 0.5 for J* = 1/2* state.
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TABLE VI. Predicted decay widths of the Roper resonance and its siblings in the quark model in the units of MeV. We use the mass of
initial and final states from PDG [1]. The branching fraction for each decay mode is indicated in parentheses.
1—‘Expt- [”
State Channel 'k I'NRyRC (Pole) (BW)
N(1440) Nn 12.1 (91.7%) 151 (92.1%) (55-75%)
Arn 1.1 (8.3%) 12.9 (7.9%) (6-27%)
Sum 13.2 164 ~175 ~350
A(1600) Xr 4.0 (19.9%) 41.3 (37.0%) (10-60%)
2(1385)x 0.8 (4.0%) 9.4 (8.5%) (9 +4%)
NK 15.3 (76.1%) 60.9 (54.5%) (15 -30%)
Sum 20.1 112 ~180 ~200
%(1660) zr 4.3 (59.7%) 50.7 (60.5%) (37 £ 10%)
2(1385)x 0.6 (8.3%) 6.1 (7.3%)
Ar 1.6 (22.2%) 24.0 (28.6%) (35 £ 12%)
NK 0.7 (9.2%) 3.0 (3.6%) (5-15%)
Sum 7.2 83.8 290:{(‘)‘0 ~200

A K invariant mass. In the heavy baryon sector, the
Roper-like Z, resonance cannot decay into the A.K
channel because of the spin selection rule [33], which
excludes the possibility that the E.(2965) could be a
Roper-like state. Furthermore, it was reported that
E.(2970) and E.(2965) have different decay widths,
namely, ['[E,(2970)°] = 287} MeV and T'[Z.(2965)°]=
14.1£0.9MeV. In the quark model, E.(2965) with a
smaller width can be accommodated as a P-wave exci-
tation or the negative parity state [68]. In the case of
strangeness S = —2 resonance, however, there is no such
spin selection rule and the KA decay mode is allowed as
shown in Table V. However, as the case of E,. baryon
spectrum indicates, one cannot exclude the scenario that
the Roper-like = resonance would exist in the mass region
of 1.8 GeV.

D. Z(1950) resonance

In PDG, E(1950) is rated as a three-star resonance with
I' =60+ 15 MeV, but its spin and parity are unknown [1].
As mentioned by PDG, E resonances observed in the mass
region between 1875 and 2000 MeV are collected as E(1950)
and it would be possible that there are more than one =
resonance near this mass as predicted by quark models.’
In fact, as shown in Table I, there are seven negative parity
states but only three of them are observed as we have
discussed in the previous subsections. In addition, one cannot
exclude the case that positive parity states may also exist in
this mass region. In the present work, we explore the
possibility that the radially excited state of the decuplet

*In Ref. [69], it was suggested that there are three = resonances
in this mass region which have J* =1/27, 5/2*, and 5/2",
respectively. See also Refs. [52,70].

E(1530) with J* = 3/2" has a mass around 1.95 GeV being
motivated that the Roper-like state would have a mass about
400-500 MeV higher than the corresponding ground state.

The calculated decay width of E(1950) with various
quark configurations are presented in Table VII. The general
behaviors of the predicted widths are similar to what we have
discussed for £(1820) in the previous subsection, except that
the X(1385)K channel is now open. It is found that the J* =
3/2~ states have the dominant £(1385)K channel partly due
to the s-wave nature. The [70,% 10, 1, 1,%‘) configuration
thus becomes very broad. We also find that the 5/2 state
has a dominant 2z channel. This observation would be
helpful in searching for negative parity resonances in this
mass region.

Since we are also interested in the Roper-like states, we
consider the radial excitations of = baryons. There can be
two radially excited states of E with 1/2% and 3/2" that
belong to the octet and decuplet baryons, respectively, as
listed in Table 1. If we assume that the first radially excited
JP =1/27% state has a mass around 1.95 GeV instead of
1.8 GeV, we would have a decay width of 170 MeV, which
is much larger than the estimated width of about 60 MeV
[1] on top of that its mass is higher than the ground state by
640 MeV. Therefore, it would be difficult to interpret
2(1950) as the first radially excited state with J* = 1/2F.
Instead, we consider the first radially excited state of
JP =3/2". Then the mass difference between Z(1950)
and E(1530) is about 420 MeV and the decay width is
estimated to be about 100 MeV. This state also decays to
each mode in p wave, but the branching fraction to the K
channel is observed to be small. Since there may exist
several = resonances, including negative and positive parity
states, more precise measurements are required to clarify
the issue.
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TABLE VII.  Predicted decay width of 2(1950)° with various quark model configuration in the units of MeV. We use the mass of initial
and final states from PDG [1]. The branching fraction for each decay mode is indicated in parenthesis.

State Er E(1530)x AK K >(1385)K Sum
%‘ [70,210, 1, 1,%‘) I'nr 2.2 (12.6%) 4.6 (26.4%) 3.5 (20.1%) 4.3 (24.8%) 2.8 (16.1%) 17.4
I'Nr4RC 4.3 (21.5%) 3.0 (15.0%) 4.7 (23.5%) 5.4 (27.0%) 2.6 (13.0%) 20.0
%‘ [70,48, 1, 1,%‘) I'nr 4.5 (12.5%) 4.8 (13.3%) 0.8 (2.2%) 0.5 (1.4%) 25.5 (70.6%) 36.1
I'NR4RC 3.0 (7.4%) 9.3 (22.9%) 0.7 (1.7%) 0.4 (1.0%) 27.2 (67.0%) 40.6
|70,210, 1, 1,%—> I'nr 2.8 (2.4%) 11.7 (9.9%) 1.9 (1.6%) 1.2 (1.0%) 99.9 (84.7%) 118
I'Nr4RC 1.9 (1.5%) 14.9 (12.0%) 1.8 (1.5%) 1.1 (0.9%) 104 (83.9%) 124
%‘ [70,48, 1, 1,%‘) I'nr 26.7 (67.4%) 4.8 (12.1%) 4.6 (11.6%) 2.8 (7.1%) 0.7 (1.8%) 39.6
I'nrire 181 (62.6%) 3.2 (11.1%) 4.3 (14.9%) 2.6 (9.0%) 0.7 (2.4%) 28.9
%* |56,28,2,0, %+) I'nr 0.2 (0.7%) 2.5 (8.6%) 0.7 (2.4%) 22.6 (77.7%) 3.1 (10.6%) 29.1
I'Nr4RC 6.0 (3.5%) 25.9 (15.2%) 4.9 (2.9%) 118 (69.5%) 15.1 (8.9%) 170
%* 56,2 10,2,0, %*) I'nk 0.8 (6.8%) 1.5 (12.8%) 2.8 (23.9%) 1.5 (12.8%) 5.1 (43.6%) 11.7
I'N\kirc 240 22.6%) 16.2 (153%) 19.6 (18.5%) 7.9 (7.5%) 37.8 (35.7%) 106

Expt. [1] 60 £ 20

V. Q BARYON DECAYS

In this section, we discuss the low-lying Q resonances in
the quark model including the newly observed Q(2012)
and its LS partner. We also discuss its first radial excitation
that could be discovered in future experiments [9,11].

A. ©(2012) resonance

The ©(2012) resonance was observed by the Belle
Collaboration [3,5,8]. In PDG, it has been nominated as
a three-star resonance with I' = 6.43@ MeV, but its spin
and parity quantum numbers are yet to be measured [1]. In
quark models, the mass and width of this state can be best
explained by assuming an orbital excitation with J¥ =
3/27 [20-22]. Although the quark model provides a natural
explanation, however, there exist molecular interpretations
as its mass is close to the Z(1530)K threshold [15-19].

In the present work, we compute the decay width of
Q(2012) in the quark model including the relativistic
corrections. In addition to the 2K channel, the three-body
decay of EKr is also considered. Since the mass of
Q(2012) lies below the Z£(1530)K threshold, Q(2012) —
E(1530)K decay is not allowed. However, its decay into the
three-body final state of 2K is allowed but its decay width
has not been estimated in any quark model calculation. In
the present work, we consider this decay as a sequential
process going through Z(1530) as shown in Fig. 9. This
process contains two interaction vertices, namely,
Q(2012) — E(1530)K and E(1530) — Ex.* For the first

*One may also consider two-step decay process of
Q(2012) - EK* — E(Kx). However, the threshold energy of
the ZK* channel is about 2207 MeV which is much larger than
the mass of (2012). On the other hand, the Z(1530)K channel
has the threshold energy of about 2025 MeV.

vertex of ©(2012) — Z(1530)K, we use the interaction
Hamiltonian with and without relativistic corrections.
However, for the second vertex of E(1530) — Ex, we
extract the coupling of the quark model with the relativistic
corrections to reproduce the data as shown in Table II. The
details of the three-body decay calculation are given in the
Appendix.

Our results for the decays of Q(2012) as a J© =3/2~
state are given in Table VIII. The predicted width is at the
order of a few MeV, which is in fair agreement with the
data, I = 6.43’2 MeV. The contour plot for the decay
width as a function of the model parameters is shown in
Fig. 8. If Q(2012) is regarded as a J¥ = 1/2" state, the
predicted width becomes much larger being around
20 MeV because of the s-wave nature of the ZK decaying
channel. In this case, the obtained decay width over-
estimates the experimental value. Therefore, Q(2012) is
most likely to be a J¥ = 3/2~ state, which supports the
conclusion of other quark model calculations reported in
Refs. [20-22].

In addition, the width of the ©(2012) — EKxz decay is
also tabulated in Table VIII. We find that this partial decay
width is suppressed although €Q(2012) decays into the

TABLE VIII.  Predicted decay width of ©(2012) in the units of
MeV. We regard this resonance as the {70,210, 1, 1,37) state. We
use the mass of initial and final states from PDG [1]. The branching
fraction for each decay mode is indicated in parentheses.

State Channel 'k I'NR4RC Dy [1]
Q(2012) EK 2.63 (96.7%) 2.41 (95.6%)

EKrn 0.09 3.3%) 0.11 (4.4%)

Sum 2.72 2.52 6.4139
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FIG. 8. Contour plot of the decay width of ©(2012) — ZK with

the [70,2 10, 1, 1,%‘) configuration as a function of the quark

mass m and spring constant k.

K T
// //
Q¥ p gpeg—p =
2(1530)

FIG.9. Three-body decay of Q* — EKz through Z(1530). We
sum up the contributions from all possible channels. We note that
the intermediate states can be Z(1530)~ and Z(1530)°.

E(1530)K channel in s wave. It can be understood by the
fact that Z(1530) resonance band is located well outside the
Dalitz plot as shown in Fig 10. As for the comparison with
the recent data measured by the Belle Collaboration [5], we
compute the ratio defined by

- - I(Q = Z(1530)K = ExK
pegk - T2 BUSIOR 2 20K) o3
=K Q" — 2K)
0.48 A
0.46 A

m2(Km) [GeV]
o
S

0.42 4

(1530)

—
=]
—

0.40 -

215 220 225 230 235
m2(=m) [GeV]

FIG. 10. The Dalitz plot of Q* - EKz decay. The E(1530)
resonance band appears outside the Dalitz plot because of the
limited phase space.

With the relativistic corrections included, the ratio is
estimated by the quark model as

[REFK ] g = 4.5%, (24)
which is consistent with the measured ratio [5]

[REFK] < 11:9%. (25)
It is worth noting that no significant signal of Q(2012) is
found in the experimentally measured EK 7 invariant mass
and only the upper bound of the branching ratio is provided.
In this regard, we provide a further evidence that the
©Q(2012) is well explained in the quark model as a J¥ =
3/2~ state. This contrasts with the assumption of molecular
structure of Q(2012). In this case, a large value of the ratio
Rgg” is already predicted [15,18], which is not consistent
with the observed ratio although further refinements seem to

make it difficult to rule out the interpretation of molecular
structure [16,17,19].

B. LS partner of the Q(2012)

To further understand the internal structure of Q(2012),
more precise measurements of the decay width and
determination of its spin and parity are certainly needed.
Another clue to understand its structure would be found by
searching for its spin-orbit (LS) partner of J* = 1/2". In
the quark model, it is natural to expect to have its LS
partner, while it is hard to generate such a state in the
molecular scenario of (2012). Therefore, the discovery of
the LS partner would a useful tool to distinguish the two
models.

In the quark model with SU(6) classification, there are
two negative parity Q baryons, i.e., the [70,210,1,1,17)
and |70,% 10,1, 1,%‘) states [21,24]. If the quark model
picture is justified and supported, the 1/2~ state should be
discovered. Furthermore, precise measurements of their
masses would shed light on our understanding of the
vanishing LS splitting in the light baryon sector [71].

In this exploratory study, we adopt the mass of the 1/2~
state as 1957 MeV following the quark model of Ref. [21]
and compute its decay width. With this mass, only the
decay channel into 2K is open and the results are shown in
Table IX. Figure 11 shows the parameter dependence of the
decay width calculated in our model. In contrast to the case
of ©(2012) of J* = 3/2, this shows that the predicted

TABLE IX. Predicted decay width of the LS partner of
Q(2012) with the |70, 10,1, 1,%‘) configuration in the units
of MeV. Its mass is assumed to be 1957 MeV [21].

State Channel FNR FNR+RC

70,210, 1,1,17) Bk 17.5 19.5
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FIG. 11. Contour plot of the decay width of the LS partner of

©(2012) with the |70,210, 1,1, %‘) configuration as a function of

the quark mass m and spring constant k. Its mass is assumed to be
1957 MeV [21].

width for the 1/2~ state has large model uncertainties.
However, a width of around 20 MeV is obtained by using
the central values of the parameters and we find that the
obtained width is insensitive to the variation of the initial
mass. Thus this missing resonance could be searched for in
current experimental facilities.

C. Roper-like Q baryon

As in the E spectrum, we now consider the decay of the
Roper-like Q resonance in the quark model. The first radial
excitation of the Q baryon has JP =3/2% with the
configuration of |56,%10,2,0, %““) Several quark model
calculations predict that its decay width is rather small
[20,21]. However, as we have learned in our previous
studies, the quark model with the nonrelativistic interactions
in Eq. (16) failed to reproduce the observed large width of
Roper-like heavy baryons [66] and the relativistic effects are
found to play an important role, in particular, in the decays of
radially excited states [49]. Therefore, it would be mean-
ingful to see how the relativistic corrections contribute to the
decay width of the Roper-like € baryon.

The Roper-like resonances are expected to have a mass
about 400-500 MeV larger than the ground states. In our
model, the radially excited states of the octet baryons and
anti-triplet heavy baryons are discussed in Ref. [33]. Here we
extend our work to the radially excited states of decuplet
baryons as well. The prediction on the mass of this state is
model-dependent [21,38,48] and we take its mass as
2169 MeV following the quark model calculation of
Ref. [21]. The obtained width with two open channels is
shown in Table X and its contour plot is given in Fig. 12. As
expected, the relativistic corrections are quite large similar to
the cases of other siblings studied in Ref. [49]. The width is
estimated to be around 100 MeV although large model

TABLE X. Predicted decay width of the Roper-like Q reso-
nance with the |56,% 10,2,0,%+) configuration in the units of
MeV. Its mass is assumed to be 2159 MeV [21]. The branching
fraction for each decay mode is indicated in parentheses.

State Channel I'nr I'NRyRC
56,410,2,0,3%) EK 8.4 (38.7%)  68.2 (58.2%)
Z(1530)K  13.3 (61.3%) 48.9 (41.8%)
Sum 21.7 117

uncertainties are seen as depicted in Fig. 12. Therefore,
experimental search will help understand the internal struc-
ture of the Roper resonance and its analog states.

VI. SUMMARY

In the present work, we have investigated the decays of
the excited states of E and Q baryons. In particular, we
focus on the possible Roper-like states in these baryon
spectra. The data collected in Fig. 1 show that the Roper
resonance and its siblings have the excitation energy close
to 500 MeV from the corresponding ground state, which
leads to the speculation that there might exist such
analogous states with a similar mass gap in multistrange-
ness baryons as well. In fact, there are a few states observed
in 2 baryons in this mass region, and they are classified as a
single resonance as explained in PDG [1]. Therefore, more
precise measurements in various reactions at current and
planned experimental facilities [9—11] will clarify the issue
and will provide a decisive information on the structure of
radially excited states.

Being motivated by this observation, we have explored
the decays of the low-lying = and Q resonances in various
decay channels including the relativistic corrections. As in

I'ng +rC (MeV)

1000
800

600

k [GeV3]

400

200

0.3 0.4 0.5
m [GeV]

FIG. 12. Contour plot of the decay width of the Roper-like Q
resonance with the |56,%10,2,0,3") configuration as a function

of the quark mass m and spring constant k. Its mass is assumed to
be 2159 MeV [21].
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the case of heavy baryons [49], the relativistic corrections
generally play an important role in the decays of decuplet
states and the Roper-like states. In the case of negative
parity states, however, such corrections are found to be
insignificant.

In the quark model, we found that the decay properties of
E(1620) and E(1690) resonances favor the spin-parity
quantum numbers of J¥ = 1/27. Assumption of J¥ =
1/27 for these states results in small decay widths, which
is very difficult to explain the data. For the E(1820)
resonance, we found that the decay width is compatible
with the 3/2~ assignment [63,64]. But, inconsistencies
among the data on its decay width and branching ratios
should be further clarified in future experiment as there
might be a Roper-like state with a similar mass. We also
found that if 2(1950) is assigned as a J* = 1/27 state, the
predicted width becomes much larger than the data and its
excitation energy is quite large as compared to other Roper-
like resonances. However, we expect that the radial
excitation of the decuplet E baryon with J¥ =3/2F
may exist in this energy region. The predicted decay
properties of this Roper-like state would be useful to
search for this state in experiments.

As for Q baryons, we found that the newly observed
©(2012) could be naturally explained as a J¥ = 3/2~ state
in the quark model. In particular, we provide another
evidence; namely, the quark model prediction is consistent
with the ratio RZX* observed by the Belle Collaboration [5].
As another test of the quark model, we suggest searching
for the LS partner of Q(2012) since its existence may
distinguish the quark model and molecular pictures.
Discovery of this state would be crucial to further clarify
its internal structure.

For the Roper-like multistrangeness resonances, we
expect that they are broad resonances having decay widths
of larger than 100 MeV. This is very different from the
predictions of the leading contribution of nonrelativistic
quark models [20,21] because of the crucial role of the
relativistic corrections. In fact, other Roper-like resonances
such as A(1600) and X(1660) have large decay widths of
around 200 MeV. It is worth noting that a large branching

fraction to XK and REE’ISSO)” close to unity can be a

signature of the Roper-like = resonance with J¥ = 1/2+,
Further experimental investigation of a broad resonance in
the excitation energy of around 500 MeV is highly
desirable to find the missing Roper-like multistrangeness
resonances. Although precise understanding of the struc-
ture of these resonances requires the inclusion of the meson
cloud effects, our findings will serve as a guide for a more
sophisticated and refined theoretical approaches.
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APPENDIX: THREE-BODY DECAY OF ©(2012)

In this Appendix, we present the details of computing
the three-body decay of the ©(2012) with J¥ = 3/2~ into
EKr. We consider this decay as the sequential process
going through the E(1530) in the intermediate state as
depicted in Fig. 9. In such a decay, the Z(1530) contrib-
utes virtually to the ZKz decay because of the limited
phase space as illustrated in Fig. 10. However, due to the
s-wave nature of the E(1530)K system, the tail contri-
bution is expected to be non-negligible. This situation is
similar to the decay of A.(2625) — A.zx where X.(2525)
is off-shell [72]. On top of this decay mechanism, one may
also consider the contribution from the EK* intermediate
state from which the K* meson decays into the K7 system.
But, it is highly off-shell so that its contribution is
expected to be suppressed and will not be considered
in the present calculation.

In order to describe the decay process, we employ the
effective Lagrangian in nonrelativistic approximation to
model the three-body decay as a successive two-body
decays. The first vertex, €(2012) — E(1530)K, in
Fig. 9 is the decay of %‘ - %Jf -+ 07 and its amplitude is
given by the following two vertices,

~iTy) g = Gk xa (Ala)
—(d
_ZT§2*>—>E*K = Q?Z;*(Viquhj))(g, (Alb)

for s and d wave channel, respectively, where V;; represents
the spin transition operator from j =3/2 to j =3/2 in d
wave [66]. The spinors of the Q(2012) and E(1530) are
represented by yo+ and y=-, respectively. The outgoing
kaon momentum is denoted by ¢;.

The second vertex, which describes the E(1530) — Ex
decay, has only the p-wave component and is written as

—iTzT g, = gg;(;(s “Q))E (A2)
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where the spin transition operator S is introduced for the
transition from j =3/2 to j=1/2, ¢, is the outgoing
pion momentum, and yz is the spinor of the E baryon. The
coupling strengths ¢i, ¢¢, and g5 are determined by the
quark model by using the helicity amplitudes of these
decays. The detailed description can be found, for exam-
ple, in Ref. [66] and will not be repeated here.

The three-body decay amplitude of Q(2012) — EKx
through the intermediate Z(1530) as described in Fig. 9 is
then obtained as

T’: _y:,,T —= K
—iT — —i 2(1530)=Ez 4 Q—-E(1530)K

: L (A3)
mz, — Mz(1530) + 5 5(1530)

using the expressions of Egs. (A1) and (A2), where mg, is
the invariant mass of the Ex system, and Mz(539) and
I'z(1530) are the mass and width of the Z(1530), respec-
tively, whose values are taken from PDG [I]. Then, we
need to sum up all possible channels. The decay width is
then computed as

1 1 [
F:——/|’T|2dm%ﬂdmik,

(27)* 32M3 (a4)

where M; is the initial mass of €(2012).
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