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We present the ground-state energy spectra of dibaryons composed of single-flavor quarks, specifically
systems with strangeness S ¼ −6 and charm C ¼ 6. Our lattice QCD study is based on Nf ¼ 2þ 1þ 1

MILC ensembles with highly improved staggered quark sea quarks, spanning four lattice spacings and two
spatial volumes. We employ valence quark propagators realized using a relativistic overlap action, evaluate
correlation matrices with carefully designed operator bases, and extract reliable ground-state energy
estimates in the S ¼ 0 and S ¼ 2 spin channels. We explore their binding characteristics and interaction
dynamics by examining the energy separation between the dibaryon states and the corresponding two-
baryon thresholds. These results contribute to a deeper understanding of single-flavor dibaryon states as a
function of the quark masses. In the S ¼ 0 channel, the Ωccc-Ωccc system exhibits a clear signal of a bound
state, while the Ω-Ω system lies very close to the threshold, making it difficult to draw definitive
conclusions. For S ¼ 2, both systems are found to be unbound.
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I. INTRODUCTION

Dibaryons form the simplest yet important subgroup in
the hadron family that provides a well-defined framework
for studying baryon-baryon interactions, which are key
to our understanding of nuclear forces and binding in
nuclei. Deuteron, a bound state of the np system in coupled
3S1 −3 D1 partial waves, remains to be the only stable
dibaryon discovered, despite several decades-long exten-
sive experimental searches. Recent investigations by the
WASA-at-COSY collaboration have reported possible
evidence for the existence of a light dibaryon resonance,
d�ð2380Þ [1], which is probably constituted of aΔΔ system
bound by approximately 100 MeV, as predicted by Dyson
and Xuong [2]. A comprehensive review of the past and the
ongoing experimental efforts on various dibaryon channels
and related theoretical proposals can be found in Ref. [3].
The abundance of nucleon(N)-rich targets and beams in

experiments naturally implies the availability of a rich

collection of NN scattering data. However, dibaryons with
strangeness have been relatively less accessible in experi-
ments, owing to their large masses and relatively short
lifetimes. On the theoretical front, there have been sub-
stantial efforts in understanding interactions in light dibary-
ons as well as dibaryons with strangeness. Investigations
aiming at a deeper understanding of how hyperons interact
with nucleons, with other hadrons, and between themselves
can have important multidisciplinary implications. These
studies provide crucial inputs in constraining low energy
constants in effective field theories in describing nuclear
many-body calculations relevant in experimental efforts
using large nuclei reactions [4]. They also can have
important implications on the properties of astrophysical
objects [5–8]. In this context, dibaryons with heavier
quarks provide a valuable setting to study baryon-baryon
interactions with minimal interference from chiral effects,
offering a cleaner probe into the fundamental dynamics of
strong interactions.
Earliest theoretical predictions for dibaryon states date

back to 1963, when Oakes considered baryon-baryon states
including the deuteron to form a multiplet, and predicted
the existence and masses of other members in the multiplet
[9]. In 1964, Dyson and Xuong [2], using the SUð6Þ
symmetry of color and light flavors, argued several light
dibaryon states denoted as DIJ, where I and J refer to the
total isospin and total angular momentum. This included
D03, whose predicted mass was remarkably close to that of
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the observed d�ð2380Þ. Since D03 [d�ð2380Þ] and D30

belong to the same dibaryon multiplet, the experimental
observation by the WASA-at-COSY collaboration of d�
suggests the possible existence of the D30 state. Unlike d�,
D30 could be a truly exotic dibaryon,which can be composed
entirely of sixupor six downquarks,making its experimental
search particularly compelling [3]. By studying dibaryons
composed entirely of strange quarks or their counterparts in
the heavy quark sector, one can systematically approach
calculations at lower quark masses, ultimately gaining
insights into the formation of dibaryons in the light sector
without strangeness, as originally predicted inRef. [2]. There
have been ongoing searches and theoretical proposals to
explore isospin-3 dibaryons, such as those composed entirely
of six up or six down quarks and analogous, fully strange
dibaryons [10–13].
Theoretical studies on interactions with single-flavored

two-baryon systems in the strange and heavy flavor sectors
are limited. Two quantum channels that are relevant in the
study of S-wave scattering of single-flavored two-baryon
systems correspond to those with J ¼ 0 and 2. Different
variants and extensions of quark potential models have been
utilized to investigate these systems with light, strange, as
well as heavy quark flavors [14–20]. The predictions for
scalar dibaryons vary from deeply bound with respect to the
lowest strong decay thresholds, to shallow bound states, and
to strong interaction unstable resonances, even for the heavy
flavor sector. Although a general agreement on an unbound
J ¼ 2 dibaryon system can be observed across various
studies, the possibility of a bound state was not ruled out
in some of the studies. Theoretical predictions for the binding
in these systems remain conflicting, with different models
yielding varying conclusions, notably the discrepancies
between the quark delocalization color screening model
and the chiral quark model [17].
In this context, lattice QCD methodologies provide a

robust first-principles framework for investigating such
dibaryon states while circumventing model-dependent
assumptions and pave the way for a more definitive
understanding of the interactions in these systems.
However, lattice QCD studies of baryon-baryon scatterings
and dibaryons face significant challenges, primarily due to
the severe signal-to-noise problem in lattice QCD correla-
tion functions [21], which worsens at large Euclidean time
separations and complicates the reliable extraction of
ground-state energies. This issue is particularly pronounced
in light and strange dibaryons. As a result, lattice inves-
tigations in these sectors have often been performed at
heavy and unphysical pion masses to mitigate signal-to-
noise limitations. Recent progress in lattice QCD studies of
dibaryons has been made across lighter and strange sectors,
cf. [22–27]. Additionally, significant advancements have
been achieved in mitigating the signal-to-noise ratio prob-
lem in the investigations of multibaryon systems [28–31].
Two-baryon states involving only Ω or Ωccc, referred to

as D6s and D6c, respectively, are appealing from a lattice

QCDperspective as the interactionswithin are anticipated to
be dominated by the valence strange or charm quarkmasses.
The chiral light quark mass effects are only subdominant as
the leading contributions are expected to arise from higher
order two-pion exchange processes [32]. This means the
interactions in these systems rely less on extrapolation to the
physical pion mass. The spin-3=2 baryons composed
entirely of charm or strange quarks (Ωccc and Ω) represent
the lightest states in their respective sectors. Owing to their
large masses, studies involving purely strange and charm
quarks are computationally cheaper and signal-wise cleaner
than their light flavor counterparts. For these reasons, the Ω
baryon mass is often used as a benchmark for scale setting,
owing to its clean signal, low computational cost, and
precise experimental determination. Meanwhile, the Ωccc
baryon serves as an excellent system for studying quark
confinement dynamics, as it is largely unaffected by leading
light-quark effects. Such dibaryons provide a valuable probe
into the dynamics of two-baryon interactions at heavy quark
masses, offering insights intowhether these interactions lead
to bound-state formation. The existence of anydeeply bound
state would require an explanation beyond the traditional
meson-exchangemechanismsused in nuclear physics, as the
meson masses would be very heavy.
Lattice QCD studies of singly flavored dibaryon systems

are limited to a few, with only three lattice investigations
available for the Ω-Ω system [33–35] and a single study
for Ωccc-Ωccc [36] and Ωbbb-Ωbbb [37], respectively. In
Ref. [33], the authors investigated the Ω-Ω system on Nf ¼
2þ 1 lattice QCD ensembles using anisotropic Wilson-
clover fermions and a pion mass of ∼400 MeV. The
finite-volume scattering analysis performed following
Lüscher’s prescription [38] in Ref. [33] suggested a weakly
repulsive interaction in both the S ¼ 0 and S ¼ 2 channels.
In contrast, a HALQCD study with Nf ¼ 2þ 1 PACS-CS
configurations indicates an attractive interaction, though not
strong enough to form a tightly bound state at mπ ≈
700 MeV [34]. In a follow-up investigation at a near-
physical pion mass of mπ ≈ 146 MeV, the interaction
remainsweakly attractive, with a potential strength sufficient
to support a very shallow bound state in the S ¼ 0 channel
[35]. On similar lines, the Ωccc-Ωccc system in the S ¼ 0
channel on the same near-physical pion mass ensembles was
observed to be strong enough to host a shallow bound state
[36], although inclusion of Coulombic interactions were
found to make the system unbound. In our previous
publication [37], we found the Ωbbb-Ωbbb system to be
bound by around 80 MeV with respect to 2MΩbbb

.
To gain a more comprehensive understanding of single-

flavor dibaryons towards lighter quark masses, we inves-
tigate the Ω-Ω and Ωccc-Ωccc systems using a similar
ensemble setup as utilized in our previous study [37].
Our study aims to gain a deeper understanding of their
binding properties and interaction strengths in the S-wave
interactions in these singly flavored dibaryon systems with
J ¼ 0 and J ¼ 2 quantum numbers.
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The paper is organized as follows: Section II outlines the
lattice setup used in this work, detailing the valence and sea
actions, the interpolators used, evaluation of correlation
matrices, and the subsequent analysis of our lattice setup.
The results are presented in Sec. III, followed by con-
clusions and discussion in Sec. IV.

II. LATTICE DETAILS AND OPERATOR
CONSTRUCTION

We adopt the same lattice setup as used in our previous
works [37,39–48]. For self-containment, we provide a brief
discussion here. In this work, we utilize five lattice QCD
ensembles featuring two distinct spatial volumes, four
distinct lattice spacings, and Nf ¼ 2þ 1þ 1 dynamical
highly improved staggered quark (HISQ) fields, generated
by the MILC collaboration [49,50]. We present the ensem-
ble details in Fig. 1 and Table I. The strange and charm
quark masses in the sea sector are tuned to their physical
values, while the light quarks are set heavier than their
physical values, with the light-to-strange quark mass ratio
(ml=ms) set as f0.1; 0.2g (see Table I for details). The
gauge field dynamics are governed by a one-loop, tadpole-
improved Symanzik gauge action, with coefficients tuned
through Oðαsa2; nfαsa2Þ [51].
In the valence sector, we use an overlap action to describe

the dynamics of strange and charm quarks [52,53]. The
valence strange quark mass is tuned to its physical value by
ensuring that the lattice-determined mass of the fictitious
pseudoscalar s̄s meson matches 688.5 MeV, a value derived
from pion and kaon masses in lattice simulations [54]. The
valence charm quark mass is tuned on each ensemble by
setting the kinetic mass of the spin-averaged 1S charmonium
state, aMkin

c̄c ¼ 0.75aMkinðJ=ψÞ þ 0.25aMkinðηcÞ, to the
physical value of 3068 MeV, following the Fermilab pre-
scription [55]. More details about this method of charmmass
tuning can be found in our work [56,57], where we also
explored an alternative approach based on tuning the charm
mass using the pole mass of mesons.

A. Interpolators

The finite-volume energy spectra are extracted from two-
point correlation functions given by

Cijðtf − tiÞ ¼
X
x

hΦiðx; tfÞΦ̃†
jðtiÞi

¼
X
n

Zn
i Z̃

n†
j

2En e−E
nðtf−tiÞ; ð1Þ

where fΦiðx; tÞg are carefully chosen interpolating oper-
ators optimized for maximal overlap with the states of
interest. The overlap factors Zn

i ¼ h0jΦijni encode the
coupling of these operators to energy eigenstates. The
exponential time dependence evident in the spectral decom-
position provides access to the ground-state energies at
asymptotic times.
A wall smearing of the quark fields on Coulomb-gauge

fixed configurations is assumed at the source time slice (ti)
to optimize overlap with low-momentum states. This setup
effectively eliminates nonzero momentum modes in the
free-field theory. This method is empirically observed to
suppress excited-state contamination in interacting scenar-
ios and has been utilized in lattice QCD calculations for a
long time. A point sink maintains a well-defined signal
in the correlation measurements with minimal smearing
effects, facilitating precise energy extraction and ensuring
robust ground-state mass determination. However, the
combination of wall sources and point sinks leads to an
asymmetric setup, and thus results in non-Hermitian
correlation matrices. To highlight this asymmetric nature
of correlation matrices, we represent the operators at the
source time slice and the corresponding overlap factors
with a “ ˜” in Eq. (1). This may result in negative and
complex spectral amplitudes in Eq. (1), potentially leading
to incorrect estimation of the true ground-state energy. As
demonstrated in our earlier works [44,45,48] on multiquark
systems, we employ not only the wall-source to point-sink
setup but also alternative strategies for constructing corre-
lation functions. These alternatives include the use of
different operator choices and sink smearing techniques
such as box smearing [58]. These approaches, combined
with careful fitting, ensure reliable ground-state energy

FIG. 1. Five lattice QCD ensembles are used in this work. The
markers assigned to each ensemble will remain consistent
throughout the paper. Refer to Table I for detailed ensemble
specifications.

TABLE I. Parameters of lattice QCD ensembles used in this
work. More details about the ensembles can be found in
Refs. [49,50].

Ensemble L3 × T ml=ms msea
π (MeV) mπL a (fm)

S4 643 × 192 1=5 315 4.29 0.042
S3 483 × 144 1=5 319 4.52 0.0582
S2 323 × 96 1=5 313 4.51 0.0888
S1 243 × 64 1=5 305 4.48 0.1207
L1 403 × 64 1=10 217 5.23 0.1189
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extraction with excited-state contamination mitigated by
appropriately chosen fit windows.
To enhance the access to ground-state energy, we

evaluate correlation matrices, CðtÞ, for a basis of inter-
polating operators, fΦiðx; tÞgN , where N is the number of
operators in the basis. CðtÞ are solved variationally follow-
ing the solutions of a generalized eigenvalue problem:
CðtÞvn ¼ λnðt; t0ÞCðt0Þvn. Here, the eigenvalue correlators
λnðt; t0Þ carry all the time dependence information and
exhibit an approximately single-exponential behavior at
large Euclidean times, enabling a systematic extraction of
ground-state energy. The eigenvectors vn are expected to be
time independent with the assumption that CðtÞ is saturated
with the lowest N levels in the appropriately chosen values
of t and t0. Large time behavior of the effective mass, given
by meffðτÞ ¼ lnð λ0ðτþt0;t0Þ

λ0ðτþ1þt0;t0ÞÞ, is used to identify plateaus

and to choose an optimal fit range, ensuring a reliable
extraction of the ground-state energy. Possibility of bound
state formation is inferred by comparing the extracted
dibaryon mass ED with the corresponding baryon masses,
with a necessary condition for binding given by
ΔE ¼ ED − 2EB < 0, where EB denotes the mass of a
single baryon.
As in other hadronic systems composed of fermions, the

Pauli exclusion principle and the antisymmetric color
structure dictate that the spin component of single-flavored
baryons remains symmetric in the s-wave configuration,
suggesting S ¼ 3=2. On a finite cubic lattice, spin-3=2
reduces to the H irreducible representation (irrep) [59].
While a single operator is sufficient to access the ground
state, we utilize two operators from independent embed-
dings of the H irrep to enhance signal plateau and thus
ensure a better control over systematics. These embeddings
form the basis of construction for spin components of our
Ωqqq operators, as outlined in Table II. Based on the Dirac
spinor indices in the Dirac-Pauli representation [59], the
embeddings are classified as nonrelativistic [N] and rela-
tivistic [R]. The nonrelativistic embedding [N] utilizes only
the components with ρ ¼ þ; s ¼ � (referring to quark
spinor indices 1 and 2), as these survive in the non-
relativistic limit. In contrast, the relativistic embedding
[R] includes components with ρ ¼ −; s ¼ � (referring to
quark spinor indices 3 and 4), which vanish in the non-
relativistic limit due to their leading nontrivial velocity
dependence. Here, ρ and s denote the chiral and spin-parity
components of the Dirac spinor, respectively [59]. Note that
the total parity of single baryon and dibaryon systems being
studied here is positive, and, hence, is suppressed in the
operator descriptions for brevity.
Similar to the case of single-flavor baryons, the Pauli

exclusion principle plays a crucial role in deciding the
allowed quantum channels in the two-Ω and two-Ωccc
systems as well. Generally, two spin-3=2 baryons can lead
to total spin states S ¼ 0, 1, 2, or 3. However, the
requirement of an antisymmetric wave function in an

s-wave configuration, combined with a symmetric flavor
structure, restricts the system to only two allowed spin
channels: S ¼ 0 and S ¼ 2. This constraint applies to both
the Ω − Ω and Ωccc-Ωccc systems. We will incorporate this
symmetry property in constructing operators with the
appropriate quantum numbers for the target dibaryon
systems. This approach was employed in our previous
work [37], where we studied the maximal-bottom dibaryon
system, building upon the framework given in [33,59]. We
briefly discuss the operator construction below.
As discussed, we consider only s-wave interactions in

two-baryon systems. The requirement of an antisymmetric
wave function in this case restricts us to the two allowed
spin channels: S ¼ 0 and S ¼ 2. The dibaryon operator,
denoted as Oa;b

Sj
, is designed through direct product of

single baryon operators, Oa
b1 and Ob

b2, followed by pro-
jection to the relevant total spins using Clebsch-Gordan
(CG) coefficients:

Oa;b
Sj

¼ Oa
b1 · CG ·Ob

b2; ð2Þ

with Sj being the third component of the total spin of the
dibaryon system. To access the S ¼ 0 and S ¼ 2 channels
in finite volume, the continuum-based operators are pro-
jected onto the corresponding irreducible representations of
the octahedral symmetry group. This is achieved through
the reduction formula,

½S�Oa;b
Λ;λ ¼

X
Sj

S
S;Sj
Λ;λ O

a;b
Sj
; ð3Þ

where S
S;Sj
Λ;λ represents the reduction coefficients, Λ denotes

the finite-volume irrep, λ refers to its row. In this setup, the
S ¼ 0 state subduces to the one-dimensional A1 irrep,
whereas the five components of the S ¼ 2 state are
distributed among the two-dimensional E and the three-
dimensional T2 irreps [60]. Spin structures of the dibaryon
operators, constructed following this prescription, are
explicitly given in Eq. (4). The superscripts a, b on O

TABLE II. The spin component Sz of baryon operators (Oi
j)

relevant in this work. Oi
j refers to the jth row single baryon

operator of N or R embedding of finite volume H irrep fxyzgS
refers to the symmetrized form of the three quark spinor indices x,
y, and z, representing the spin structure of the single baryon
operator. For more details about operator construction,
cf. Ref. [59].

Sz
Operator

(N) Spin
Operator

(R) Spin

þ3=2 ON
1

f111gS OR
1

f133gS
þ1=2 ON

2
f112gS OR

2
f233gS þ f134gS þ f143gS

−1=2 ON
3

f122gS OR
3

f144gS þ f234gS þ f243gS
−3=2 ON

4
f222gS OR

4
f244gS
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distinguish between nonrelativistic [N] and relativistic [R]
embeddings, as detailed in Table II. More details about CG
coefficients and subduction coefficients are given in
Appendix B:

½0�Oa;b
A1;1

¼ 1

2
ðOa

1O
b
4 −Oa

2O
b
3 þOa

3O
b
2 −Oa

4O
b
1Þ;

½2�Oa;b
T2;1

¼ 1ffiffiffi
2

p ðOa
1O

b
3 −Oa

3O
b
1Þ;

½2�Oa;b
T2;2

¼ 1

2
ðOa

1O
b
2 −Oa

2O
b
1 −Oa

3O
b
4 þOa

4O
b
3Þ;

½2�Oa;b
T2;3

¼ 1ffiffiffi
2

p ðOa
2O

b
4 −Oa

4O
b
2Þ;

½2�Oa;b
E;1 ¼

1

2
ðOa

1O
b
4 þOa

2O
b
3 −Oa

3O
b
2 −Oa

4O
b
1Þ;

½2�Oa;b
E;2 ¼

1

2
ðOa

1O
b
2 −Oa

2O
b
1 þOb

3O
b
4 −Oa

4O
b
3Þ: ð4Þ

B. Wick contractions

Given the symmetric flavor structure, the maximum
number of distinct Wick contractions in correlation func-
tions between Ωqqq-Ωqqq dibaryon operators is four. The
possible contractions are shown in Fig. 2. Utilizing the two
single-baryon embeddings, one can assume the dibaryon
interpolator basis of size 4. In the spin-0 case, only three of
these interpolators are linearly independent, forming a
correlation matrix of size 3; whereas, in the spin-2 case,
only two linearly independent operators remain. In the
spin-2 case, assuming both single baryons in the [N]
embedding at either the source or the sink leads to an
effectively vanishing result, stemming from the symmetry
constraints imposed by the spin-2 wave function, which

prevent a purely [N] embedding from coupling effectively
to physical states [33]. Diagrams C and D lead to distinct
values only when the dibaryon operator is built from a
combination of different single-baryon embeddings at the
source and at the sink. In all other cases, diagrams C and D
become indistinguishable from diagrams B and A, respec-
tively. We utilize these symmetry relations to identify the
minimal set of Wick contractions that are required to build
the full correlation matrices in our investigation.
The correlation functions, given in Eq. (1), are con-

structed for a fixed source time slice and varying sink time
slices. For spin-0, we have three operators (½0�ON;N

A1;1
,

½0�ON;R
A1;1

, ½0�OR;R
A1;1

) in the A1 irrep and the corresponding
correlation matrix is as follows:

½0�CA1;1ðtÞ ¼

2
6664
h½0�ON;N

A1;1
j½0�ON;N

A1;1
i h½0�ON;N

A1;1
j½0�ON;R

A1;1
i h½0�ON;N

A1;1
j½0�OR;R

A1;1
i

h½0�ON;R
A1;1

j½0�ON;N
A1;1

i h½0�ON;R
A1;1

j½0�ON;R
A1;1

i h½0�ON;R
A1;1

j½0�OR;R
A1;1

i
h½0�OR;R

A1;1
j½0�ON;N

A1;1
i h½0�OR;R

A1;1
j½0�ON;R

A1;1
i h½0�OR;R

A1;1
j½0�OR;R

A1;1
i

3
7775: ð5Þ

In the case of spin-2, there are five third components of
the spin and, hence, we can construct five correlation
matrices corresponding to the three rows of T2 and two
rows of E. With two distinct operators for each spin
component (½2�ON;R

Λ;λ ,
½2�OR;R

Λ;λ ), these correlation matrices
take the following form:

½2�CΛ;λðtÞ ¼
" h½2�ON;R

Λ;λ j½2�ON;R
Λ;λ i h½2�ON;R

Λ;λ j½2�OR;R
Λ;λ i

h½2�OR;R
Λ;λ j½2�ON;R

Λ;λ i h½2�OR;R
Λ;λ j½2�OR;R

Λ;λ i

#
: ð6Þ

In the case of single baryon correlations, the maximal
flavor symmetry suggests only a single effective Wick

contraction out of six different possible Wick contractions.
We build the correlation matrices out of the two operator
embeddings list in Table II as

CrðtÞ ¼
� hON

r jON
r i hON

r jOR
r i

hOR
r jON

r i hOR
r jOR

r i

�
; ð7Þ

where r refers to the row of the corresponding H irrep
representing the single baryon.

C. Energy extraction and related systematics

In this subsection, we briefly discuss the energy extrac-
tion strategy and associated systematics. Although the

FIG. 2. Illustration of the four possible distinct Wick contrac-
tion diagrams for the Ωqqq-Ωqqq dibaryon two-point correlations.
The superscripts a and b on O denote the single-baryon
embeddings used in the operator construction.
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single nonrelativistic operator yields reliable signals for
single baryons and spin-zero dibaryons, charm and strange
systems may be more strongly influenced by relativistic
effects, unlike their comparatively heavier bottom counter-
parts. With a hope to accommodate these relativistic
effects and to enhance the ground-state plateau, we incor-
porate both nonrelativistic and relativistic operators
as discussed in the previous subsection, forming an
expanded operator basis, and investigate the ground-
state energies in the baryon and spin-0 dibaryon finite
volume spectra. To assess the impact of the expanded
operator basis, we present effective mass plots, defined as

meffðτÞ ¼ lnð CðτÞ
Cðτþ1ÞÞ with CðτÞ being the two-point corre-

lator at source-sink separation τ, on the S3 lattice for both
the Ω baryon and its spin-0 dibaryon counterpart in Fig. 3.
The S3 ensemble, being relatively fine, provides a clearer
illustration of the effective mass plateauing.
We do not observe any significant enhancement in the

signal quality, including potential relativistic effects, even
for the strange system. This can be observed from the
consistency between the mass estimates from single and
multioperator bases. To illustrate the consistency in esti-
mates from the upper (CUT

x ) and lower (CLT
x ) triangular

correlations in the asymmetric wall-source to point-sink
setup [see Eqs. (7) and (5)], we present the effective masses
together with correlation functions constructed using only
nonrelativistic operators (C11

x ) for the single baryons (top)
and spin-0 dibaryons (bottom). The consistency of mass
estimates reflects the remnant Hermiticity properties that

we observe in our correlation functions, despite using the
asymmetric setup. This was also observed in other systems
we have investigated in the past [37,44,45]. We also
provide the corresponding extracted mass estimates in
Table III. The effective mass plots along with the final
fit choices made for the Ω, Ωccc, D6s, and D6c systems on
the finer lattice S3 are presented in Fig. 4. The use of
relativistic operators is essential to access the spin-2
dibaryon states, as pure nonrelativistic operators lead to
trivial cancellations in this case [33].
Taking the example of the charm system, a detailed

assessment of the spectral signals from individual operator
pairings is presented in Appendix A, where instead of using
the full correlation matrix, correlation functions con-
structed from specific pairs of operators are examined.
The signal quality is consistently good across all combi-
nations, providing confidence in the robustness of our
analysis. All ensembles exhibit similarly reliable signals
and are employed in the subsequent investigation of states
in the dibaryon systems presented in this work.
To assess the effects of reduced finite-volume sym-

metries on the spin-2 sector, we make a comparative study
of corresponding estimates obtained from different rows of
the relevant finite-volume irreps. To this end, we examine
the consistency in the effective masses extracted from all
five rows of the D6s and D6c operators in the T2 and E
irreps. In Fig. 5, we present such a comparison made on the
S3 lattice, where the quality of the signal allows a reliable
comparison across different rows. The fit estimates in the
respective cases are presented as bands. A consistent
pattern across all five rows can be seen from the figure,
and a similar observation is made throughout all ensembles
employed in this study. In this context, we present the
relevant two-baryon threshold also in Fig. 5 to gauge the
influence of the observed fluctuations with respect to the
observed energy shifts. Despite the small fluctuations
between different rows of the T2 and E irreps, the mass
estimates obtained lie well above the corresponding two-
baryon thresholds, as is evident from the figure, and do not
qualitatively affect the conclusions we make in the spin-2
sector. The observed consistency points to subdominant
reduced symmetry effects on our estimates for the ground
states in the spin-2 sector. Accordingly, in the subsequent

FIG. 3. Effective mass plots for the Ω baryon and its spin-0
dibaryon counterpart on the S3 lattice. Results are shown using
only nonrelativistic operators correlation function C11

x as well as
with the full expanded operator basis, considering both the upper
CUT
x and lower CLT

x triangular parts of the correlation matrices as
defined in Eqs. (5) and (7).

TABLE III. Extracted masses of the Ω baryon and the D6s
dibaryon in the spin-0 sector, given in lattice units on the S3
lattice. Results are shown using the nonrelativistic [N] operator
basis in the correlation function (CF), and include values obtained
from both the upper and lower triangular parts of the respective
correlation matrices.

CF Ω D6s (spin-0)

C11
x 0.4985(45) 1.0061(72)

CLT
x 0.4995(41) 1.0051(80)

CUT
x 0.4993(40) 1.0048(79)
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analysis, we average over these rows in the analysis of the
spin-2 dibaryon states. A detailed discussion on the energy
shifts observed here is provided later in the next section.
Next, we reexamine the identified ground-state plateaus

by assessing the changes in the approach to the plateau with
varying sink smearing procedure. To this end, we compare
the ground-state estimates determined from the standard
wall-to-point setup with those from the box-sink approach.
The latter is argued to be an improvised version of the
former, wherein the evaluated correlations are expected to
have reduced artifacts associated with the asymmetry of
wall-to-point correlators [58]. This comparison aids in
demonstrating the reliability of our extracted ground-state
energy estimates that we quote. The extracted energies

from the full correlation matrix, using both wall-to-point
(Cx) and box-sink (CBS

x ) constructions, remain consistent
within statistical uncertainties. For the charmed system on
the S3 lattice, this consistency is detailed in Table IV and
visualized in Fig. 6, confirming the robustness of the
extracted ground-state energies across variations in the
sink structure. The rise-from-below behavior observed in
wall-to-point correlators persists with the box-sink setup,
though with reduced magnitude, reflecting a partial reduc-
tion in correlator asymmetry.
We also observe that the use of a multioperator setup that

includes both nonrelativistic and relativistic operators
yields effective masses that have reduced effects from
the asymmetric setup. A similar behavior is also observed
in baryon correlators when relativistic operators are used at
both source and sink. This mitigation of the rising-from-
below behavior can be observed in the effective mass plots
obtained from the matrix elements of the correlation
matrices defined in Eqs. (7) and (5), and illustrated in
detail in Appendix A. However, the corresponding corre-
lators between relativistic operators alone are noticeably

FIG. 5. Effective mass plots for the spin-2 dibaryon systems
D6c and D6s for different rows in the Tþ

2 and Eþ irreps on the S3
lattice, along with the corresponding two-baryon thresholds, read
off from Fig. 4.

TABLE IV. Extracted energies for the Ωccc and spin-0 D6c
states on the S3 lattice using different sink structures. The
consistency across the two setups demonstrates the reliability
of the identified ground-state plateaus.

CF Ωccc D6c (spin-0)

Cx 1.3206(19) 2.6298(71)
CBS
x 1.3216(18) 2.6300(57)

FIG. 4. Effective mass plots along with the final energy
estimates for the Ωccc, Ω baryons and their corresponding
spin-0 dibaryon states D6c and D6s on the S3 lattice.
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noisier and not suitable to be considered alone for any
analysis leading to sensible results.

III. RESULTS

Following the systematic extraction of finite-volume
eigenenergies, we present the key results and observations
from our analysis. We present our assessment and infer-
ences from the observed energy splittings between the
ground-state energies and the associated two-baryon
thresholds across all the ensembles. In an elastic system,
a negative energy shift with respect to the two-baryon
threshold is a clear indication of attractive interaction,
whereas a positive energy shift suggests repulsive inter-
action, assuming no contaminating effects from higher
partial waves. We present these energy differences ΔE ¼
ED − 2EB in Tables V and VI for spin-0 and spin-2
dibaryons, respectively.
A negative energy shift is evident in the spin-0 dibaryons

in the charm system with a statistical significance of more

than 1σ across all of the lattices, suggesting an attractive
interaction. However, energy shifts in the scalar dibaryons
in the strange sector are observed to be consistent with the
Ω-Ω threshold within 1σ errors, suggesting no conclusive
evidence for the nature of the underlying interaction. In the
spin-2 sector, the energy levels are consistently observed to
be positively shifted with respect to the two-baryon thresh-
olds, pointing to the repulsive nature of interactions at both
the quark masses studied.
Now we discuss the volume dependence of the observed

energy shifts in the dibaryon systems. We present these
energy shifts ΔE as a function of spatial lattice extent in
Fig. 7. Observation of consistent negative energy shifts
(ΔE < 0) across all ensembles in the ground states is
indicative of the potentially bound nature of the system. For

FIG. 6. Effective mass plots for the Ωccc (top) and spin-0 D6c
(bottom) state on the S3 lattice, comparing different sink
structures. The box-sink results are with radius 5.

TABLE V. Summary of extracted energy shiftsΔE in the spin-0
channel for strange and charmed system.

ΔE (spin-0)

Ensemble Charm Strange

S4 −54ð29Þ 22(37)
S3 −39ð28Þ 21(38)
S2 −67ð37Þ −13ð54Þ
S1 −70ð34Þ −86ð64Þ
L1 −64ð29Þ 19(64)

TABLE VI. Summary of extracted energy shiftsΔE in the spin-
2 channel for strange and charmed system.

ΔE (spin-2)

Ensemble Charm Strange

S4 91(24) 540(41)
S3 86(23) 628(70)
S2 24(32) 318(94)
S1 42(35) 367(75)
L1 44(25) 294(133)

FIG. 7. ΔE plotted against the lattice spatial extent for both
charm and strange systems in the spin-0 and spin-2 channels.
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the spin-0 charmed dibaryon,ΔE remains negativewith little
variation across volumes, consistent with a bound state. In
contrast, for the spin-0 strange dibaryons,ΔE shows no clear
volume dependence and stays zero within 1σ uncertainties,
making it difficult to draw a definitive conclusion. On the
other hand, the energy splittings in spin-2 channels at the
strange and charm sectors show positive energy shifts,
indicating repulsive interactions and the absence of any
bound states. Therefore, we exclude the spin-2 systems from
further continuum or amplitude analysis.
Being composed of heavy quarks, the charmed scalar

dibaryons could be subject to strong discretization effects.
To address these effects, these energy shifts are fit to the
functional form fðaÞ ¼ c0 þ c1a2, with errors determined
following a bootstrap procedure. The continuum extrapo-
lation enables a more definitive assessment of potential
binding in the D6q system at the charm and strange points
based on the observed energy shifts at finite lattice spacing.
The resulting extrapolations are presented in Fig. 8. The
continuum value for binding energy in the charmed system
is found to be −45ð24Þ MeV. In contrast, the strange
system yields a continuum value of 32(34) MeV, sug-
gesting a ground-state energy consistent with the energy of
the two-baryon threshold. We also perform a more appro-
priate finite-volume treatment à la Lüscher [38,61] for
ΩqqqΩqqq scattering using these extracted ground-state
energies and with a zero range approximation for the
amplitude supplemented with a leading quadratic lattice
spacing dependence presented above. The resultant binding

energies in the charm and strange sectors are consistent
with the continuum extrapolated numbers we have quoted
above. Assessing these results based on the observed quark
mass dependence, they are qualitatively consistent with our
earlier lattice study of bottom-flavored dibaryon [37]. For
the strange system, our near-threshold ΔE aligns with
previous findings of weak attraction or repulsion in theΩ-Ω
system [33–35]. In the charm sector, our observation
supports the possibility of a bound Ωccc-Ωccc state, quali-
tatively similar to the conclusions in Ref. [36] in the pure
QCD scenario, albeit with a deeper binding (with a large
uncertainty) in our case. Assuming a molecular picture for
the Ωccc-Ωccc system with a separation of 1.1 fm [20],
electrostatic effects will reduce the observed binding further
by about 10 MeV, and even more, if it were a more compact
system. The Ω-Ω would be less influenced by such electro-
static effects owing to the smaller total electric charge and a
relatively large size of the system, with the expected shift
being of the order of 1 MeV, as also observed in Ref. [35]. In
the spin-2 sector, the binding energies obtained for the
charmed and strange dibaryon systems remain more than
3σ above threshold in the continuum limit, indicating
repulsive interactions in the tensor channels.
To further quantify the observed quarkmass dependence of

the spin-0 dibaryon ground states, we analyze the energy
splitting between the dibaryon and the corresponding two-
baryon threshold on the finest lattice, S3, by varying the
valence quarkmass. Specifically,we investigate four different
quark masses: mq ¼ ms (physical), mq ¼ mc (physical),
mq ¼ m1.38c, and mq ¼ m1.72c, and compare our numbers
with those obtained at the bottom quark mass mq ¼ mb

(physical) [37]. As the quark mass increases, we observe a
clear trend of stronger binding of the spin-0 dibaryon state
with respect to the noninteracting threshold, indicating an
increasingly attractive nature of interactions at the heavier
quark masses. This observation is consistent with our
previous investigation of bottom-flavored dibaryons, where
stronger binding was observed [37]. The corresponding
energy shifts for different quark masses are summarized in
Table VII and illustrated in Fig. 9.

FIG. 8. Continuum extrapolation of the energy shifts ΔE for
spin-0 dibaryon systems composed of charm (above) and strange
(below) quarks. The energy shifts, expressed in MeV, are plotted
as a function of the lattice spacing squared (a2) and fitted using
the form fðaÞ ¼ c0 þ c1a2. The extrapolated values at a → 0
represented by the black data point provide a continuum estimate
of the binding behavior in each case.

TABLE VII. Energy shift ΔE ¼ MD − 2MB in the spin-0
channel for the Ωqqq-Ωqqq system on the S3 lattice, shown for
four different quark masses: mq ¼ ms, mq ¼ mc, mq ¼ m1.38c,
andmq ¼ m1.72c. The corresponding estimate at the bottom quark
mass is taken from Ref. [37]. The increasingly negative values of
ΔM with heavier quark masses indicate stronger binding.

mq ΔE (MeV)

ms 21(38)
mc −39ð27Þ
m1.38c −56ð30Þ
m1.72c −63ð23Þ
mb [37] −71ð7Þ
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IV. SUMMARY AND DISCUSSION

In this work, we present a lattice QCD investigation of
dibaryon systems with maximal charm and strangeness in
spin-0 and spin-2 channels. The study is performed using
five lattice QCD ensembles with Nf ¼ 2þ 1þ 1 dynami-
cal flavors generated using the highly improved staggered
quark (HISQ) action. These ensembles span four distinct
lattice spacings and include two different spatial volumes,
enabling a systematic assessment of discretization and
finite-volume effects. In the valence sector, the strange
and charm quarks are treated using the overlap action.
To extract ground-state energies reliably, we employ a

carefully designed operator basis in the evaluation of
correlation matrices for single baryons and dibaryons, and
implement a variational program following the solutions of a
generalized eigenvalue problem (GEVP). The robustness of
our ground-state energy extraction is demonstrated through
consistent effective mass plateaus across different operator
combinations. Additionally, we validate our ground-state
mass plateau identification by comparing the standard wall-
to-point correlators with an alternative box-sink setup, both
yielding consistent estimates within uncertainties. We sum-
marize the main findings of our analysis below:

(i) The charmed scalar dibaryon system consistently
exhibits a negative energy shift across all ensembles,
indicating attractive interactions. A continuum extra-
polation of the observed energy shifts yields a binding
energy of ΔE ¼ −45ð24Þ MeV, supporting the pres-
ence of a bound state. The inclusion of electrostatic
effects reduces the strength of this bindingby 10MeV.
Furthermore, by varying the valence charm quark mass
on a fine S3 lattice, we observe that the attraction
strengthens with increasing quark mass, reinforcing the
trend seen in previous heavy-quark dibaryon studies.

(ii) In the spin-0 channel, the strange system exhibits
energy shifts that are consistent with zero within 1σ
uncertainties. The continuum extrapolation yields a
binding energy of ΔE ¼ 32ð34Þ MeV, indicating
only a weak interaction. In this case, the inclusion of
electrostatic effects leads to a mild reduction in the

binding energy, by about 1 MeV, which does not
significantly alter the qualitative picture.

(iii) In the spin-2 channel, both the strange and charm
dibaryon systems exhibit consistent positive energy
shifts, suggesting repulsive behavior across most
ensembles, with no indication of binding. This trend
is consistently observed across all operator rows of the
T2 and E irreps and across all lattice spacings and
spatial volumes. The repulsion is more pronounced in
the strange sector compared to the charm system.

In our previous works, we explored a range of dibaryon
candidates, and it is useful to compare the current findings
with those earlier results. For this purpose, we present a
summary in Table VIII and Fig. 10, showcasing various
dibaryon systems across different spin channels. These
candidates range from triply heavy to fully heavy dibary-
ons, as studied in Refs. [37,42,43,47]. Although the strange
dibaryon examined in this work does not fall under the
heavy dibaryon category, it is included here for complete-
ness and comparative context.
Our results highlight the potential existence of bound

states in the charmed scalar dibaryon sector, while strange
dibaryons appear to be near the scattering threshold. To
establish these conclusions more firmly, future high statistics
studies involving detailed finite-volume analyses will be
essential to clarify the pole patterns in the respective ampli-
tudes and their residues in these channels. Additionally,
further theoretical investigations employing effective field
theories and phenomenological models across a range of

FIG. 9. Energy shiftΔE in the spin-0 channel for theΩqqq-Ωqqq
system as a function of Eps=Eηc on the S3 lattice. The trend shows
increasing attraction with heavier valence quark mass. The result
for mq ¼ mb is taken from Ref. [37].

TABLE VIII. Summary of our results for various dibaryon
systems, includingΩ-Ω andΩccc-Ωccc studied in this work, along
with earlier heavy dibaryon candidates from Refs. [37,42,43,47].
The energy shift for each dibaryon system is listed and also
illustrated in Fig. 10. The notation used for the listed systems is
adapted from the respective references from which the corre-
sponding results are drawn.

Dibaryon Reference Spin ΔE (MeV)

Ω-Ω This work S ¼ 0 32(34)
Ωccc-Ωccc −45ð24Þ
Ωbbb-Ωbbb [37] S ¼ 0 −81ð16Þð14Þ
Hbcs [43] S ¼ 0 −29ð24Þ
Ωccb-Ωbbc −52ð13Þ
Ωb-Ωbb −29ð13Þ
Ωc − Ωcc [42] S ¼ 1 −26ð9Þ
Σb-Ξbb 3(50)
Σc-Ξcc −8ð17Þ
Ωbcb-Ωbcb −66ð11Þ
Ωccb-Ωbcb −48ð13Þ
Ωccb-Ωccb −24ð16Þ
Ωbb-Ωbb [47] S ¼ 0 −38ð40Þ
Ωb-Ωbb −43ð43Þ
Ωcc-Ωcc 6(17)
Ωc-Ωcc −16ð20Þ
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quark masses, from light to heavy, would provide valuable
insights into how quark mass variations influence dibaryon
formation and binding dynamics.
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APPENDIX A: DETAILED SPECTRAL RESULTS
BY OPERATOR PAIRING

To complement the discussion in the main text, we
present here a detailed analysis of effective masses obtained

FIG. 10. Comparison of our results for the Ω-Ω and Ωccc-Ωccc systems with our previous studies on heavy dibaryon candidates
[37,42,43,47]. While the Ω-Ω system, composed of six strange quarks, is not typically categorized as heavy, it is included here for
completeness and direct comparison. The plotted values represent energy shifts of the dibaryon states relative to their respective
noninteracting two-baryon thresholds in different spin channels. The labeling of the systems in the figure is consistent with the notation
used in the respective source references.

FIG. 11. Effective mass plots of the charmed scalar dibaryon D6c correlation matrix elements [Eq. (5)] on the S3 lattice.
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from individual correlation matrix elements, rather than
those of the solutions of the generalized eigenvalue
problem (GEVP). This allows for a clearer understanding
of the relative contributions and signal quality from differ-
ent operator structures. We focus on the Ωccc baryon and
the corresponding spin-0 D6c dibaryon channel. In Figs. 11
and 12, we present the effective masses for the correlation
matrix elements presented in Eqs. (5) and (7) for the
charmed scalar dibaryons and the Ωccc baryons, respec-
tively, measured on the S3 ensemble. The suffix super-
scripts in the legend labels Cij

x indicate the correlation
matrix row (i) and column (j) entries, respectively.
The relativistic operators can be observed to mitigate the

rising from below asymptotic behavior of the correlation
functions evaluated in the asymmetric setup we utilize. This
behavior might be indicative of a more positive definite
overlap factor, improving the fidelity of the signal.
However, this increase in relativistic content also comes
with enhanced statistical noise, making the individual
correlators less stable. Nevertheless, when all of these
operator combinations are used together in the full corre-
lation matrix, the generalized eigenvalue problem (GEVP)
allows for a cleaner extraction of the ground state. The
resulting mass estimates show better consistency and give
us increased confidence in the extracted values.

APPENDIX B: CG AND SUBDUCTION
COEFFICIENTS

Here, we present the Clebsch-Gordan (CG) and sub-
duction coefficients used in constructing dibaryon oper-
ators. The CG coefficients ensure proper coupling of single
baryon operators to form total angular momentum eigen-
states. The subduction coefficients project these continuum
spin states onto the relevant irreducible representations of

the octahedral group in the finite volume. The list of CG
coefficients for S ¼ 0, 2 is given below:

(i) S ¼ 0; Sj ¼ 0

3=2 1=2 −1=2 −3=2
3=2 0 0 0 1=2
1=2 0 0 −1=2 0

−1=2 0 1=2 0 0

−3=2 −1=2 0 0 0

(ii) S ¼ 2; Sj ¼ 0

3=2 1=2 −1=2 −3=2
3=2 0 0 0 1=2
1=2 0 0 1=2 0

−1=2 0 −1=2 0 0

−3=2 −1=2 0 0 0

(iii) S ¼ 2; Sj ¼ 1

3=2 1=2 −1=2 −3=2
3=2 0 0 1=

ffiffiffi
2

p
0

1=2 0 0 0 0

−1=2 −1= ffiffiffi
2

p
0 0 0

−3=2 0 0 0 0

FIG. 12. Effective mass plots of the Ωccc baryon correlation matrix elements [Eq. (7)] on the S3 lattice.
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(iv) S ¼ 2; Sj ¼ −1

3=2 1=2 −1=2 −3=2
3=2 0 0 0 0

1=2 0 0 0 1=
ffiffiffi
2

p

−1=2 0 0 0 0

−3=2 0 −1= ffiffiffi
2

p
0 0

(v) S ¼ 2; Sj ¼ 2

3=2 1=2 −1=2 −3=2
3=2 0 1=

ffiffiffi
2

p
0 0

1=2 −1= ffiffiffi
2

p
0 0 0

−1=2 0 0 0 0

−3=2 0 0 0 0

(vi) S ¼ 2; Sj ¼ −2

3=2 1=2 −1=2 −3=2
3=2 0 0 0 0

1=2 0 0 0 0

−1=2 0 0 0 1=
ffiffiffi
2

p

−3=2 0 0 −1= ffiffiffi
2

p
0

We know that S ¼ 0 continuum spin subduces only onto
the one-dimensional A1 irrep; hence,

S0;0
A1;1

¼ 1; and hence from Eq: ð3Þ ½0�Oa;b
A1;1

¼ Oa;b
0 :

ðB1Þ
On the other hand, S ¼ 2 continuum spin subduces onto the
two-dimensional E irrep and onto the three-dimensional T2

irrep of the octahedral group. The subduction coefficients
for T2 irrep are

Sj 2 1 0 −1 −2
λ

1 0 1 0 0 0

2 1=
ffiffiffi
2

p
0 0 0 −1= ffiffiffi

2
p

3 0 0 0 1 0

Using these subduction coefficients in Eq. (3) gives

½2�Oa;b
T2;1

¼ Oa;b
1 ; ðB2Þ

½2�Oa;b
T2;2

¼ 1ffiffiffi
2

p ðOa;b
2 −Oa;b

−2 Þ; ðB3Þ

½2�Oa;b
T2;3

¼ Oa;b
−1 : ðB4Þ

Similarly, the subduction coefficients for E irrep are

Sj 2 1 0 −1 −2
λ

1 0 0 1 0 0

2 1=
ffiffiffi
2

p
0 0 0 1=

ffiffiffi
2

p

Again, using these subduction coefficients in Eq. (3) we get

½2�Oa;b
E;1 ¼ Oa;b

0 ; ðB5Þ

½2�Oa;b
E;2 ¼

1ffiffiffi
2

p ðOa;b
2 þOa;b

−2 Þ: ðB6Þ

Using Eqs. (B1)–(B6) and the Clebsch-Gordan coeffi-
cients, we obtain the final dibaryon operators as presented
in Eq. (4).
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