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We investigate the internal structure of the Ωð2012Þ− by analyzing lattice QCD simulation and
experimental data within Hamiltonian effective field theory, considering both JP ¼ 1=2− and 3=2−

assignments. The couplings to the dominant decay channel ΞK̄ and the near-threshold channel Ξð1530ÞK̄
are determined through the quark-pair-creation model. By studying the lattice QCD spectra in these two
spin-parity scenarios, we extract the masses and widths of the resonances. We notice that the JP ¼ 3=2−

resonance is consistent with the observed Ωð2012Þ− while the recently reported Ωð2109Þ− may be a
JP ¼ 1=2− Ω.

DOI: 10.1103/xdbd-v5hb

Introduction. In 2018, the Belle Collaboration first observed
the Ωð2012Þ− in its decay channels Ξ0K− and Ξ−K0

s using
the eþe−-collision data near the resonances ϒð1SÞ, ϒð2SÞ
and ϒð3SÞ [1], and further studied the three-body decay
Ωð2012Þ− → K̄Ξð1530Þ → K̄πΞ [2,3]. In 2024, evidence
for the Ωð2012Þ− was reported by the BESIII Collaboration
in the process eþe− → Ωð2012Þ−Ω̄þ þ c:c: with a signifi-
cance of 3.5σ [4]. Notably, in the same experiment, a new
resonanceΩð2109Þ, was also observed with a significance of
4.1σ, providing evidence for another excited Ω hyperon.
Most recently, the ALICE Collaboration reported a signal
consistent with the Ωð2012Þ− with a significance of 15σ in
pp collisions at

ffiffiffi
s

p ¼ 13 TeV [5]. The Ωð2012Þ− is
classified by the Particle Data Group (PDG) as a three-star
excited state of the Ω− with the mass and width being [6]

MΩð2012Þ− ¼ 2012.4� 0.7� 0.6 MeV;

ΓΩð2012Þ− ¼ 6.4þ2.5
−2.0 � 1.6 MeV: ð1Þ

The Ωð2012Þ− is the first excitation in the Ω− spectrum.
In the naive quark model Ω− is made of three identical
strange quarks similar to Δþþ or Δ−. However, the first
excited state Δð1600Þ shares the same spin-parity as the
ground-state Δð1232Þwhile in the Ω sector the first excited
state Ωð2012Þ− is proposed to have JP ¼ 3=2− or 1=2−,
which is different from that of the ground-state Ωð1672Þ−.
This reflects not only a parity flip but also a possible change
in spin, suggesting a fundamentally different excitation
mechanism. Investigating the strange quark system is a
crucial step toward unveiling the nature of the strong
interaction [7,8].
In this context, the most pressing question concerns the

uncertain nature of the Ωð2012Þ−, in particular whether it
exhibits a quark-model-like or molecular structure, as well
as its spin-parity assignment. Before the discovery of the
Ωð2012Þ−, many models had already been applied to
the excited states of Ω− with JP ¼ 1=2− or 3=2− [9–20].
The three-quark structure has been adopted to explain the
Ωð2012Þ− [21–36], including the chiral quark model
[21,29], QCD sum rule [22,23,31], quark-pair-creation
model [24], and so on. Moreover, the mass of the
Ωð2012Þ− lies only 16.5 MeV below the Ξð1530ÞK̄ thresh-
old, which has led to interpretations of this state as a
possible Ξð1530ÞK̄ molecular configuration or a dynami-
cally generated resonance [37–50].
Lattice QCD starts from the first principles of QCD,

which is expected to provide useful insights into the
internal structure of Ωð2012Þ−. In earlier studies, the
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Bern-Graz-Regensburg Collaboration [19] and hadron
spectrum Collaboration [20] investigated the negative-
parity 1P baryons Ω with spin-1=2 and spin-3=2 on the
lattice. The former employed two mass-identical light
quarks with the chirally improved fermion action, while
the latter used an anisotropic clover action to generate
gauge configurations. These results were all obtained on a
smaller spatial lattice volume with L ≃ 1.98 fm. The Ω
baryon masses were also studied by the coordinated lattice
simulations collaboration, where the Nf ¼ 2þ 1 gauge
configurations were generated along trajectories maintain-
ing an approximately constant trace of the bare quark mass
matrix [51]. By describing the positive-parity Ω masses
with the N3LO SU(3) chiral perturbation theory expres-
sions, the lattice scales were thus determined and then used
to obtain the negative-parity masses.
Recently, lattice QCD simulations for the Ω− baryon

spectrum were released by employing smeared three-quark
operators on the PACS-CS configurations [52] and, nota-
bly, the nodes of corresponding radial wave functions were
also identified. However, the shifts in the finite-volume
energy levels caused by nearby scattering states were not
analyzed and thus the widths of the resonances were not
extracted. We apply Hamiltonian effective field theory
(HEFT) on these results with spatial lattice volume L ≃
2.9 fm to further study the odd-parity Ω− in this work.
HEFT describes resonance positions, decay widths,

scattering phase shifts, and inelastic effects in the infinite
volume, meanwhile it is also applicable to analyze hadron
excitations from the lattice QCD simulations in the finite
volume [53–66]. In particular, examining the eigenvectors
of the Hamiltonian in finite volume helps probe the internal
structure of coupled-channel systems. HEFT has been
successfully used to study the nucleon excited states, the
Δ resonance, the Λð1405Þ and Λð1670Þ, and so on.
This paper is organized as follows. In the Section on

framework we outline the HEFT framework as applied to
the negative parity Ωð2012Þ− hyperons. In the following
Section the corresponding numerical results and discussion
are presented. Finally, a summary and concluding remarks
are provided.

Framework. The spin-parity JP of Ωð2012Þ− could be
either 1=2− or 3=2− [21], and we will examine both these
odd-parity systems. This section introduces the framework
for the relevant interaction, the T matrix at infinite volume,
and matrix Hamiltonian at finite volume, from which one
can obtain the masses and widths related to the resonances.

Interaction: The Hamiltonian reads

H ¼ H0 þHint; ð2Þ

where the kinetic-energy Hamiltonian H0 is written as

H0 ¼ jΩ0im0
ΩhΩ0j

þ
X
α

Z
d3k⃗jαðk⃗Þi½ωαMðkÞ þ ωαBðkÞ�hαðk⃗Þj: ð3Þ

The m0
Ω can be interpreted as a “bare baryon” composed of

a three-quark core, which is not dressed by coupling to
meson-baryon channels. Here jαi ¼ jΞK̄i or jΞð1530ÞK̄i,
and

ωαBðMÞ ðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

αBðMÞ þ k2
q

ð4Þ

is the energy of the particle. The subscripts αB and αM
represent the baryon and meson separately in channel α.
The interaction Hamiltonian of this system is

Hint ¼
X
α

Z
d3k⃗fjαðk⃗ÞigJα;Ω0

ðk⃗ÞhΩ0j

þ jΩ0igJ†α;Ω0
ðk⃗Þhαðk⃗Þjg; ð5Þ

where the coupling gJα;Ω0
ðk⃗Þ can be determined with the

phenomenological models.
In this work we use the quark-pair-creation model to

constrain these couplings with which the pole and the
lattice QCD results of the Ωð2012Þ will be then studied.
This approach has been successfully applied to the analysis
for the D�

s0ð2317Þ, D�
s1ð2460Þ, and their bottom analogs in

both infinite and finite volumes [67,68].
In the quark-pair-creation model, the operator T̂ is

introduced to describe that a pair of qq̄ is pulled out from
the vacuum [69–77]

T̂ ¼ −3γ
X
m

h1m; 1 −mj00i
Z

d3k⃗4d3k⃗5δ3ðk⃗4 þ k⃗5Þ

× Ym
1

�
k⃗4 − k⃗5

2

�
χ451;−mφ

45
0 ω45

0 b†4ðk⃗4Þd†5ðk⃗5Þ: ð6Þ

Here, φ45
0 and ω45

0 are the color and flavor wave functions

of the q4q̄5 pair created by operator b†4ðk⃗4Þd†5ðk⃗5Þ from the
vacuum. χ451;−m represents the spin triplet state and the solid

harmonic polynomial Ym
1 ðk⃗Þ≡ jk⃗jYm

1 ðθk;ϕkÞ reflects the
momentum-space distribution of the P-wave quark pair.
The helicity amplitudes can be obtained with the wave
functions in quark model

MMΩ0MΞMK̄ ðk⃗Þ ¼ hΞK̄jT̂ jΩ0i; ð7Þ

and the details can be found in Ref. [24] where γ ¼ 6.95 is
used. With the same approach and the wave function of
Ξð1530Þ in Ref. [24], we can also calculate
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MMΩ0MΞð1530ÞMK̄ ðk⃗Þ ¼ hΞð1530ÞK̄jT̂ jΩ0i: ð8Þ

The partial wave amplitude MJLðkÞ is also used in this
work

MJLðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πð2Lþ 1Þp
2J þ 1

X
MB;MC

hL0; JBCMjJMi

× hJBMB; JCMCjJBCMiMMMBMCðkẑÞ; ð9Þ

where J=JB=JC andM=MB=MC represent the total angular
momenta and their third components of Ω0=B=C, corre-
spondingly. L is the orbital angular momentum between the
final states B and C and JBC is their total spin. Additionally,
the exponential form factor with the cutoff Λ ¼ 1 GeV is
used to truncate the hard vertices [76,77], and finally

gJα;Ω0
ðkÞ ¼ MJLðkÞe− k2

2Λ2 : ð10Þ

T matrix at infinite volume: The T matrix for two particle
scattering can be obtained by solving a three-dimensional
reduction of the coupled-channel Bethe-Salpeter equations

Tα;βðk; k0;EÞ ¼ Vα;βðk; k0;EÞ

þ
X
λ

Z
q2dq

Vα;λðk;q;EÞ
E−ωλðqÞ þ iϵ

Tλ;βðq;k0;EÞ;

ð11Þ
where ωλðkÞ is the center-of-mass energy of channel λ

ωλðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

λB
þ k2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

λM
þ k2

q
: ð12Þ

The coupled-channel potential can be calculated from the
interaction Hamiltonian

Vα;βðk; k0;EÞ ¼ gJ†α;Ω0
ðkÞ 1

E −m0
Ω
gJβ;Ω0

ðk0Þ: ð13Þ

The pole position of Ωð2012Þ can be determined by
locating the pole of the T matrix. The pole is located on the
second Riemann sheet. More specifically, we replace the
integration variable q with q × exp½−iθ� only for the ΞK̄
channel. Due to the form factor exp½− q2

2Λ2�, we maintain
0 ≪ θ < π=4 to prevent exponential divergence.

Matrix Hamiltonian at finite volume: In the finite volume,
the matrix Hamiltonian H is also composed of a free part
and an interaction part. They can be obtained by discretiz-
ing the Hamiltonians in Sec. II A.
In the system with 3=2−, the free H0 is

H0 ¼ diagfm0
Ω;ωΞð1530ÞK̄ðk0Þ;ωΞK̄ðk1Þ;ωΞð1530ÞK̄ðk1Þ; � � �g

ð14Þ

where the momenta kn can only take discrete values
corresponding to a box of length L, k2n ¼ ð2πL Þ2n with n≡
n2x þ n2y þ n2z and ni being the integer.
The interacting 3=2− Hamiltonian Hint can be written as

0
BBBBBBBBBBB@

0 g̃
3
2
†
Ξð1530ÞK̄;Ω0

ðk0Þ g̃
3
2
†
ΞK̄;Ω0

ðk1Þ g̃
3
2
†
Ξð1530ÞK̄;Ω0

ðk1Þ � � �

g̃
3
2

Ξð1530ÞK̄;Ω0
ðk0Þ � � �

g̃
3
2

ΞK̄;Ω0
ðk1Þ 0 � � �

g̃
3
2

Ξð1530ÞK̄;Ω0
ðk1Þ � � �

..

. ..
. ..

. ..
. . .

.

1
CCCCCCCCCCCA

ð15Þ

where

g̃Jα;Ω0
ðknÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
C3ðnÞ
4π

r �
2π

L

�
3=2

gJα;Ω0
ðknÞ: ð16Þ

The gJα;Ω0
ðkÞ can be derived from Eq. (10) and C3ðnÞ

denotes the number of ways in which the sum of the
squares of three integers equals n.
We emphasize that the sum over n starts from n ¼ 0

for S wave whereas from n ¼ 1 for higher partial waves
since the higher-partial-wave interaction vanishes for zero

momentum. For JP ¼ 3=2− Ω, the dominant decay chan-
nel, ΞK̄, proceeds via D wave, while the near-threshold
channel Ξð1530ÞK̄ decays via S wave. In contrast, the
partial-wave assignments are reversed for the JP ¼ 1=2−

system, with the corresponding adjustments to Eqs. (14)
and (15).
One can obtain the mass spectrum in the finite volume by

solving the eigenvalues of H ¼ H0 þHint. To study the
spectra of odd-parity Ω at the larger pion masses, we need
to know the masses of the basic hadrons. For the mass of
mΞðm2

πÞ andmK̄ðm2
πÞ, we employ a smooth interpolation of
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the corresponding lattice QCD results [55,78,79]. We
assign a positive slope κΞð1530Þ to mΞð1530Þðm2

πÞ

mΞð1530Þðm2
πÞ¼mΞð1530ÞjphysþκΞð1530Þðm2

π−m2
πjphysÞ: ð17Þ

We fix mΞð1530Þjphys ¼ 1.533 GeV from the PDG [6]. Due
to the lack of Ξð1530Þ lattice QCD data, we relate its slope
to that of Δð1232Þ since they have same spin parity. The
Δð1232Þ slope κΔð1232Þ ¼ 0.972 GeV−1 was provided in
Ref. [66]. κΞð1530Þ ¼ κΔð1232Þ=3 ¼ 0.324 GeV−1 is approx-
imately used because the Ξð1530Þ contains one light quark
whereas the Δð1232Þ has three light quarks in the naive
quark model. Similarly for the bare Ω baryon, we still
introduce

m0
Ωðm2

πÞ ¼ m0
Ωjphys þ αðm2

π −m2
πjphysÞ: ð18Þ

Since the Sommer scheme [80] is used to set the lattice
spacing in lattice QCD data, the strange quark mass
increases slightly with the light quark masses and therefore
a slope parameter is necessary in any fits.

Numerical results and discussion. In this section, we study
the energy spectra of Ω− hyperons with JP ¼ 3=2− and
JP ¼ 1=2−. We consider two channels ΞK̄ and Ξð1530ÞK̄
and a bare baryon core to account for the three-quark
configuration. We first fit the lattice QCD data in the finite
volume to constrain the parameters of HEFTand then extract
thepolepositionof theΩ− resonance in theinfinitevolume.By

comparing the obtained masses and widths with experiment,
the preferred spin-parity of Ωð2012Þ− will be analyzed.

The JP ¼ 3=2− system: The lattice QCD data for the
masses of the JP ¼ 3=2− Ω are plotted as a function of m2

π

in Fig. 1. We can use HEFT to fit them well, which gives
the bare mass m0

Ωjphys ¼ 2.110� 0.018 GeV and the slope
α ¼ 0.000� 0.067 GeV−1. The slope with the central
value being zero is consistent with the fact that the bare
Ω contains no light valence quarks, but the uncertainty
allows for a small nontrivial slope, which is to be expected
in the Sommer scheme. We plot the best-fit finite-volume
eigenvalues and components of the eigenstates with HEFT
in Figs. 1 and 2, respectively.
From Fig. 2, for the ground state in the small mass region

the largest component is Ξð1530ÞK̄, albeit with a signifi-
cant bare state contribution. The bare core contribution
dominates at larger pion masses. The second eigenstate
consists almost entirely of ΞK̄ and only a little bare core
and thus it would not be easily observed on the lattice using
local three-quark interpolating operators. The third eigen-
state is sequentially dominated from the bare core to
Ξð1530ÞK̄ as the pion mass increases. The fourth eigenstate
is mainly made up of ΞK̄.
Based on Fig. 2, we highlight the low-lying states with

the largest bare Ω contribution using red bold lines in
Fig. 1. These states should be the most likely to be observed
on the lattice using local three-quark operators. One notices
that all the five lattice QCD data are close to the corre-
sponding red bold curve within one error bar. Indeed, the
dominance of the bare basis state in the third finite-volume
eigenstate provides an explanation for the increased energy

FIG. 1. Pion-mass dependence of the finite-volume energy for the
JP ¼ 3=2− system with m0

Ωjphys ¼ 2.110 GeV and the mass slope
α ¼ 0. The solid red line indicates the largest contribution of the
bare basis state in the Hamiltonian model eigenvector. The broken
line denotes noninteracting meson-baryon energies. The brown and
blue shaded regions represent the impacts on the finite-volume
energies induced by 10% and 20% variations of the creation
strength γ in the 3P0 model, respectively. The lattice results are
taken from the CSSM group [52] in 2þ 1 flavor QCD [79].

(a) 1st eigenstate (b) 2nd eigenstate

(c) 3rd eigenstate (d) 4th eigenstate

FIG. 2. Pion-mass dependence of the eigenvector components
with HEFT for the lowest four eigenstates of the JP ¼ 3=2−

system.
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observed in the lattice QCD results as the lightest quark
mass is approached. Thus, HEFT is successful in explaining
why the lattice QCD spectrum in this region is observed.
We also present the non interacting energy levels in

Fig. 1, with the ΞK̄ and Ξð1530ÞK̄ channels shown as red
dashed and blue dash-dotted lines, respectively. The big
gap between the eigenenergies of the HEFT and the
noninteracting meson-baryon energy levels reflects the
presence of complicated interactions associated with res-
onance. With the parameters of HEFT constrained well by
the lattice QCD data, we can use it to search for the
resonance pole in the infinite volume.
We find a pole of the T matrix at ð2012� 8Þ−

ð1.6� 0.2Þi MeV, meaning that the mass is around
2012 MeV and the width is 3.2� 0.4 MeV. Therefore,
the preferred spin parity of the Ωð2012Þ− is JP ¼ 3=2− in
our approach.
These results indicate that the Ξð1530ÞK̄ channel plays a

crucial role in shaping the structure and generating the real
part of the Ωð2012Þ− pole within the HEFT framework, as
evidenced by both the finite-volume energy spectrum and
the position of the resonance pole. Meanwhile, the ΞK̄
channel is responsible for providing the imaginary part of
the pole, and thus contributes to the resonance width. Both
channels, together with the bare core, are indispensable for
achieving a consistent and realistic description of the
Ωð2012Þ− resonance.

The JP ¼ 1=2− system: Our results for the JP ¼ 1=2−

system are presented in Figs. 3 and 4. The lattice QCD data

at small pion masses are very close to the HEFT spectrum,
and the datum at the largest pion mass deviates from the
second eigenenergy of HEFT by just over 1σ. Figure 4
shows that the D-wave Ξð1530ÞK̄ channel contributes
negligibly across all of the lowest four eigenstates. In
general, our model can describe this system near the
physical region very well.
From Fig. 3, the lattice QCD data typically lie near the

red bold lines, with the exception of the last datum. Our
HEFT analysis suggests that an early plateau associated
with the second excited state was fit, and further Euclidean
time evolution is required to resolve the lowest lying state.
In view of these considerations, we constrain ourselves

to the region mπ ≤ 520 MeV in the fit. With the mass
slope also included in the fit for the first four lattice
QCD data, we obtain m0

Ωjphys ¼ 2.150� 0.024 GeV and
α ¼ 0.000� 0.144 GeV−1. This gives the pole at ð2052�
20Þ − ð13� 2Þi MeV with a slightly larger error bar for the
JP ¼ 1=2− resonance. In this case, the width is much larger
than that of the Ωð2012Þ−.
However, recently the BESIII Collaboration reported a

new excited state, the Ωð2109Þ, having a significance of
4.1σ, with mass 2108.5� 5.2stat � 0.9syst MeV and width
18.3� 16.4stat � 5.7syst MeV [4]. Given the larger mass
and broader width, our analysis recommends the Ωð2109Þ
is assigned spin-parity 1=2−. This needs further experi-
mental confirmation through a direct measurement of the
spin and parity.

The sensitivity analysis of creation strength γ: The dimen-
sionless parameter γ characterizes the creation strength of

FIG. 3. Pion-mass dependence of the finite-volume energy for
the JP ¼ 1=2− system with m0

Ωjphys ¼ 2.150 GeV and the mass
slope α ¼ 0. The solid red line indicates the largest contribution
of the bare basis state within HEFT. The broken line denotes
noninteracting meson-baryon energies. The brown and blue
shaded regions represent the impacts on the finite-volume
energies induced by 10% and 20% variations of the creation
strength γ in the 3P0 model, respectively. The lattice results are
taken from the CSSM group [52] in 2þ 1 flavor QCD [79].

(a) 1st eigenstate (b) 2nd eigenstate

(c) 3rd eigenstate (d) 4th eigenstate

FIG. 4. Pion-mass dependence of the eigenvector components
with HEFT for the lowest four eigenstates of the JP ¼ 1=2−

system.
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the quark–antiquark pair in the 3P0 model. We adopt the
established value of γ ¼ 6.95 reported by different groups
in Refs. [24,81–84]. However, there should be some
uncertainty in determining this strength. Thus, we have
explored the effect of changing it by 10% or 20% in order
to see the sensitivity of our results. Its impacts on the finite-
volume spectra are plotted as brown and blue shades in
Figs. 1 and 3. As can be seen in the figures, such variations
of γ induce small changes in the finite-volume energies,
which are less than the error bars of lattice QCD data.
The sensitivity of γ also brings the uncertainties of poles

in the infinite volume. We list the poles with the error bars

½2012� 8Δm0
Ω
� 910%γð1720%γÞ�

− ½1.6� 0.2Δm0
Ω
� 0.410%γð0.820%γÞ�iMeV; JP ¼ 3=2−;

½2052� 20Δm0
Ω
� 1610%γð3220%γÞ�

− ½14� 2Δm0
Ω
� 410%γð820%γÞ�i MeV; JP ¼ 1=2−;

where the subscripts refer to the originations of the
uncertainties. One can notice that the changes of poles
resulting from 10% variation of γ are close to those from the
Δm0

Ω given by the previous fit program.

Summary. In this work, we have investigated the odd-parity
Ω baryons with HEFT, including the bare Ω and the
channels ΞK̄ and Ξð1530ÞK̄. The finite-volume spectra
with JP ¼ 1=2− and 3=2− were analyzed and the pole
positions subsequently extracted from the infinite-volume
T matrix.
The lattice QCD simulations provide valuable informa-

tion for these Ω− states. HEFT describes both the lattice
QCD data and the relevant resonances very well. The good
description of Ω spectra indicates that the mass slope of the
Ξð1530Þ based on quark composition is reasonable. This
offers a reference point for future lattice QCD studies of Ξ
baryons and their excited states. Based on the current
analyses, there exist two odd-parity Ω baryon resonances
with the pole positions around 2.0 ∼ 2.2 GeV. The

resonance with 3=2− has a narrow width and the other
with 1=2− has a broader width. This can be understood
simply as the threshold of the decay channel Ξð1530ÞK̄ is
very close to the masses of the resonances and thus
suppressed by the phase space. In addition, the ΞK̄ channel
is in D wave for 3=2− and S wave for 1=2−. Therefore, it is
expected that the 3=2− state exhibits a narrower width.
The accuracy of the extracted pole position for 3=2− is

better than that for 1=2−. We find a pole of the T matrix at
ð2012� 8Þ − ð1.6� 0.2Þi MeV, meaning that the mass is
around 2012 MeV and the width is 3.2� 0.4 MeV.
Therefore, the preferred spin-parity of the Ωð2012Þ− is
JP ¼ 3=2− in our approach.
For the JP ¼ 1=2− resonance, the pole extracted from

the lattice QCD data is ð2052� 20Þ − ð13� 2Þi MeV.
Compared with the experimental mass and width, it is
natural to associate Ωð2109Þ− with the assignment JP ¼
1=2− due to the higher mass and larger width.
As more data is generated on the lattice by using different

interpolating operators includingmomentum projected two-
particlemeson-baryon interpolating fields, the assignmentof
theΩð2109Þ−with JP ¼ 1=2− may be improved.Withmore
precise lattice QCD and experimental data in the future, we
may also incorporate additional channels such as Ωη and
ΞK̄�ð892Þ to further refine the description of the Ωð2012Þ−
and explore higher excited states.
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