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We report the first lattice quantum chromodynamics (QCD) study of deuteronlike (np-like) dibaryons
with heavy quark flavors. These include particles with the following dibaryon structures and valence quark
contents: ΣcΞccðuucuccÞ, ΩcΩccðsscsccÞ, ΣbΞbbðuububbÞ, ΩbΩbbðssbsbbÞ, and ΩccbΩcbbðccbcbbÞ,
and with spin (J) parity (P), JP ≡ 1þ. Using a state-of-the art lattice QCD calculation, after controlling
relevant systematic errors, we unambiguously find that the ground state masses of dibaryons
ΩcΩccðsscsccÞ, ΩbΩbbðssbsbbÞ, and ΩccbΩcbbðccbcbbÞ are below their respective two-baryon thresh-
olds, suggesting the presence of bound states that are stable under strong and electromagnetic interactions.
We also predict their masses precisely. For dibaryons ΣcΞccðuucuccÞ, and ΣbΞbbðuububbÞ, we could not
reach to a definitive conclusion about the presence of any bound state due to large systematics associated
with these states. We also find that the binding of these dibaryons becomes stronger as they become heavier
in mass. This study also opens up the possibility of the existence of many other exotic nuclei, which can be
formed through the fusion of heavy baryons, similar to the formation of nuclei of elements in the periodic
table.
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A deuteron is a bound state of two baryons, a proton and
a neutron, and is made of six light valence quarks. In the
early Universe, deuterons were created and their stability is
responsible for the creation of other elements. Interestingly,
the strong interactions between quarks, which bring sta-
bility to deuterons, also allow various other six-quark
combinations leading to the possible formation of many
other dibaryons. However, no such strong-interaction-
stable dibaryons, though speculated about many times
[1–8], have been observed yet [9]. Using a state-of-the-
art first principles calculation of lattice quantum chromo-
dynamics (QCD), here we report, for the first time, a
definite prediction of the existence of other deuteronlike
spin-1 dibaryons. We also predict their masses precisely.
These new subatomic particles could either be made of
six heavy quarks (charm and bottom) or heavy and strange
quarks. Such dibaryons are stable against strong and
electromagnetic decays, but, unlike the deuteron, they
can decay through weak interactions. We also find that
such dibaryons become more strong-interaction stable as
they become heavier. We expect that prediction from this
calculation will initiate more theoretical works on heavy
dibaryons, particularly to understand their binding mecha-
nism, and may as well aid in discovering these new

subatomic particles at future experimental facilities, such
as at the upgraded Large Hadron Collider and future high
energy heavy ion facilities. In fact this study opens up the
possibility of the existence of many other exotic nuclei,
which can be formed through the fusion of heavy baryons,
similar to the formation of nuclei of elements in the
periodic table. Formation of these hadrons perhaps also
enhances the possibility of a quark-level analog of nuclear
fusion as discussed recently [10]. Further study of these
exotic states can also provide information on the strong
interaction dynamics at multiple scales.
The particular dibaryons (D) [We identify the two-flavor

spin-1 dibaryonswith the symbolD and name them asDq1q2 ,
which are made of two baryons with valence quark contents
ðq1q1q2Þ and ðq1q2q2Þ. In this notation the deuteron is
Dud ≡ npðuududdÞ. Such dibaryons may be called as D
dibaryons.], which we investigate, are heavy quark analogs
of deuteron (np). They have the spin-(J) parity (P) quantum
numbers: JP ¼ 1þ, with the following dibaryon configura-
tions:Dcu≡ΣcΞccðuucuccÞ,Dcs ≡ΩcΩccðsscsccÞ,Dbu≡
ΣbΞbbðuububbÞ, Dbs ≡ ΩbΩbbðssbsbbÞ, and Dbc ≡
ΩccbΩcbbðccbcbbÞ. Here, Σq;Ξqq;Ωqq;Ωq1q2q2’s are heavy
baryons with the usual nomenclature of the Particle Data
Group [11], and u, s, c, b inside brackets are various quark
flavors. We find that Dcs, Dbs, and Dbc are stable against
strong and electromagnetic decays, and thus it will be
interesting to carry out further theoretical studies on their
bindingmechanisms aswell as their productionmechanisms.
However, for Dcu and Dbu, we find the ground state masses
are consistent with their respective two-baryon thresholds,
and therefore our results are not currently precise enough to
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reach a definitive conclusion on their stability. Incidentally,
only recently tetra- [12–14] and pentaquark [15,16] states
have been discovered and those are made of heavy quarks.
Recent model and lattice QCD studies also suggest the
existence of other heavy tetraquark hadrons [17–23]. It is
thus natural to search for six-quark states made of heavy
quarks and our predictions provide a first indication for the
existence of such heavy hadrons. Dibaryons have been
studied through various models over the years [1–8],
However, it is quite crucial to have first principles lattice
QCDbased studies on these states to predict theirmasses and
to understand their structures. In fact, a few lattice QCD
studies have already been carried out [24–30]. However,
those are mainly focused on light quarks with spin-0 states
[24,25,28,29], studies of deuteron in Refs. [26,27], as well as
studies of spin-2 states [30]. This work is the first lattice
study onheavydibaryons.A lattice dibaryon calculationwith
heavy quarks is advantageous over the light counterparts in
two ways. The two-point correlators are less noisy in
comparison with light dibaryons and, secondly, the signal-
to-noise ratio of the two-point correlators is far better in
comparison to the light quark calculations. Both of these
provide an added advantage in our calculation and help
in reliable extraction of binding energies of these heavy
dibaryons.
The lattice setup that we use here is similar to what was

used in Refs. [21,31–33]. Below we elaborate it further for
the sake of completeness.
A. Lattice ensembles.—Three sets of dynamical 2þ1þ1

flavors (u=d, s, c) lattice ensembles, within a volume of
about 3 fm, generated by the MILC Collaboration [34] with
HISQ fermion action [35], are employed for this study.
Lattice spacings, using the r1 parameter, for these ensembles
are measured to be 0.1207(11), 0.0888(8), and 0.0582(5) fm,
respectively [34], which are also found to be consistent with
scales obtained through Wilson flow [36].
B. Quark actions.—In the valence sector, from light to

charm quarks, we utilize the overlap action which has exact
chiral symmetry at finite lattice spacings [37–39] and
no OnðmaÞ; n ¼ 1; 3; 5; � � � errors. A nonrelativistic QCD
(NRQCD) formulation [40] is adapted for the bottom quark
with an Oðαsv4Þ improved Hamiltonian with nonperturba-
tively tuned improvement coefficients [41]. For reliable
extraction of the ground states we employ a wall source and
point sink.
C. Quark mass tuning.—We tune both the charm and

bottom quark masses using the Fermilab prescription for
heavy quarks [42] in which we equate the lattice-extracted
spin-averaged kinetic masses of the 1S quarkonia states
with their physical values [11]. Following Ref. [43] we tune
the strange quark mass to its physical value.
D. Dibaryon interpolators.—The dibaryon interpolating

operator with spin (J ¼ 1) and antisymmetric in flavors
ðq;QÞ ∈ ðs; c; bÞ is constructed as

DqQ ¼ 1
ffiffiffi
2

p ðΩqqQðCγjÞΩQQq − ΩQQqðCγjÞΩqqQÞ; ð1Þ

where ΩqqQ and ΩQQq are spin-1=2 baryons defined as
ðΩqqQÞα ¼ ϵabcqaαðxÞqbμðxÞðCγ5ÞμνQc

νðxÞ and ðΩQQqÞα ¼
ϵabcQa

αðxÞqbμðxÞðCγ5ÞμνQc
νðxÞ. Here Latin letters indicate

color, while Greek letters indicate the spinor degree of
freedom. The various deuteron analogs with appropriate
flavor antisymmetry are listed in Table I.
In a lattice QCD formulation [44], the mass (m) of a

particle is extracted in two steps: first by calculating the
two-point Euclidean time (τ) correlator (hCðτÞi) of the
interpolating source and sink operators, over many gauge
configurations, and then extracting the exponent (m) by
fitting the exponential decay (hCðτÞi ∼ e−mτ) of that corre-
lator at large Euclidean time. Following the dibaryon
structure of deuteron [d ¼ ð1= ffiffiffi

2
p Þðpn − npÞ], the spin-1

flavor-antisymmetric dibaryon interpolating fields are con-
structed with the appropriate spin projection of two
individual spin-1=2 baryons, as shown in Table I. We then
calculate the two-point correlators with those interpolating
fields and from the exponential decay of these correlators
we calculate the lowest energy states, i.e., the ground state
masses of each dibaryon. Masses of individual baryons are
also calculated similarly (See Supplemental Material [45]
for more details on the calculation procedure and error
analysis).
The next step is to find the relative energy levels of the

ground state dibaryons with respect to their two-baryon
thresholds. Since baryon number is a conserved quantity
in the standard model of particle physics, these spin-1
dibaryons can have only two strong decay channels: either
to two spin-1=2 baryons or to two spin-3=2 baryons.
Interestingly, we find that the ordering of masses for these
two combinations is different with the charm and the
bottom quarks. While the sum of masses of two spin-
1=2 charmed baryons (Σc and Ξcc or Ωc and Ωcc) are
smaller than that of two spin-3=2 charmed baryons
(Ωqqq;q¼u;s and Ωccc), for the bottom quark this trend is
opposite, i.e., MΣb

þMΞbb
>MΔuuu

þMΩbbb
, MΩb

þMΩbb
>

MΩsss
þMΩbbb

, and MΩccb
þMΩcbb

> MΩccc
þMΩbbb

.
These observations are consistent with known experimental
results and lattice determination of baryon masses
[32,33,47]. After computing the dibaryon masses we then
calculate their mass differences from both the spin-1=2

TABLE I. Structures of spin-1 heavy dibaryons that we study in
this work.

DQq Interpolating fields

Dbc
1ffiffi
2

p ðΩccbΩbbc −ΩbbcΩccbÞ
Dbs

1ffiffi
2

p ðΩbΩbb −ΩbbΩbÞ
Dcs

1ffiffi
2

p ðΩcΩcc −ΩccΩcÞ
Dbu

1ffiffi
2

p ðΣbΞbb − ΞbbΣbÞ
Dcu

1ffiffi
2

p ðΣcΞcc − ΞccΣcÞ

PHYSICAL REVIEW LETTERS 123, 162003 (2019)

162003-2



and spin-3=2 two-baryon thresholds. When the mass
difference of a dibaryon from its closest threshold is
negative and the finite volume effects are convincingly
small, that particular dibaryon is likely to be a bound state.
We compute the aforementioned mass differences at

multiple lattice spacings within our lattice setup. Our
results are shown in Fig. 1. Mass differences from spin-
1=2 and spin-3=2 thresholds are shown by red and green
colors, respectively. The upper plot is for the dibaryon
DbcðΩccbΩcbbÞ, the middle one is for DbsðΩssbΩsbbÞ,
and the bottom one is for DcsðΩsscΩsccÞ. It should be
noted that these dibaryon energy levels are already com-
puted at their physical quark masses and therefore only
require a continuum extrapolation and finite volume
corrections. For the continuum extrapolation, the energy
levels are computed at three lattice spacings, indicated by
different marker styles, and we use a linear in a2 ansatz as
well as with an a2 lnðaÞ term. Note that use of overlap
action, which has exact chiral symmetry on lattice, ensures
no OnðmaÞ; n ¼ 1; 3; 5; � � � errors, which then assures that
higher order discretization errors are smaller, particularly
at the finest lattice. In addition, since we calculate mass
splittings, rather than masses, errors due to finite lattices are
in good control. The errors shown include both statistical as
well as systematic errors, which are then added in quad-
rature to get the final errors (see Supplemental Material [45]
for details on error analysis).
From these figures it is quite apparent that the ground

state masses ofDbc,Dbs, and Dcs lie below their respective
closest two baryon thresholds by about 4, 2, and 3 sigma
errors, respectively. Next, it is natural to ask if these mass
differences obtained at finite volume lattices (L3) are
indeed the physical binding energies that hold these
dibaryons together from decaying to individual baryons.
To sort this out one needs to study finite volume corrections
of these lattice computed energy levels. Fortunately for
multihadron systems this has already been worked out
[54–56] and the finite volume corrections, ΔFV, for such
systems was found to be ∼Oðe−k∞LÞ=L, where k∞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðm1 þm2ÞB∞
p

, m1, m2 being the masses of threshold
states, and B∞ the infinite volume binding energy. Since
herem1,m2 are masses of two baryons with multiple heavy
quarks, ΔFV receives a large suppression even when B∞ is
of a few MeV. This assures that the binding energies for
these dibaryons, particularly for Dbc, will be very close to
the extracted mass differences that we showed in Fig. 1.
Since we use the strange, charm, and bottom quark masses
already at their physical values, the extracted mass
differences, after assuming negligible finite volume cor-
rections, are indeed the physical binding energies of these
dibaryons. However, to confirm the bound state nature of
these dibaryons, particularly for Dbs and Dcs, one needs
to carry out a detail finite volume study [49] and we will
address that in the future.
For dibaryons, Dcu and Dbu we first perform chiral

extrapolations with a constant plus a term linear in m2
π .

Because of the presence of light quarks, the signal-to-noise
ratios in the correlation functions of these states are rather
poor. Moreover forDbu, one decay product is the resonance
state Δuuu, which needs to be addressed with adequate
finite volume study [49]. With the current lattice setup, it is
therefore difficult for us to make a precise conclusive
statement about the stability of these two dibaryons. In the
future, such a study can be carried out with the availability
of more computing resources. However, following the

FIG. 1. Mass differences between various spin-1 heavy dibary-
ons (Dq1q2 ) from their two-baryon threshold states. Red points
represent mass differences when the threshold states are with
spin-1=2 baryons and the green points are the same with spin-3=2
baryons. Results are shown at three lattice spacings and at the
continuum limit with shaded bands as one sigma error.
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example of the deuteron, if we assume they are also bound,
our results suggest that their binding energies will be much
smaller compared to the other three dibaryons mentioned
above. The final values of the dibaryon masses are
calculated by adding the known two-baryon threshold
masses to the continuum value of binding energies that
we extracted. For masses of yet-to-be discovered baryons
we use their lattice values as calculated in this work and
in Refs. [32,33,47]. We also use the subtraction method
[32,33,47,51] utilizing the spin-average value of 1S char-
monia and bottomonia and find results consistent with the
above mass estimates. The final values of the dibaryon
masses are shown in the third column of Table II. In Fig. 2
we show the relative energy levels of these dibaryons
with respect to their spin-1=2 and spin-3=2 two-baryon

noninteracting strong-decay thresholds. It is quite apparent
that the dibaryons Dbc;Dbs, and Dcs lie below their
respective closest thresholds (horizontal zero line) by about
4, 2, and 3 sigma errors, respectively, while for the other
two, Dbu and Dbu, we could not reach a definitive
conclusion due to large errors. It may be noted here that
we have obtained our results from simulations with a finite
number of statistical ensembles, and on space-time grids
with finite lattice spacings and finite volume, and hence
these are associated with both statistical and systematic
errors. Our final results are obtained after carefully
addressing those errors and we elaborate on that in the
Supplemental Material [45].
Interestingly, our results point out that the strong binding

energies of these heavy dibaryons increase as they become
heavier in mass. To confirm this pattern we also calculate
similar dibaryons, Dbq, with bottom quark at its physical
value while varying the other quark mass (mq) between the
charm to five times the bottom quark masses (formq > mb,
we use the same tuning coefficients as for mq ¼ mb).
Of course, such quarks are unphysical and so are these
dibaryons, but since they obey the same strong dynamics
they can clarify the pattern of stability. In Table II, at the
bottom part, we tabulate the binding energies of these
unphysical dibaryons (these results are obtained only at our
finest lattice).
To depict it more clearly, in Fig. 3 we plot these binding

energies for dibaryons DbqðΩbbbΩqqqÞ with q varying from
light to all the way to the bottom quark. It clearly shows that
the spin-1 dibaryons become more stable when they are
heavier. We even calculate such dibaryons with much higher
quark masses (which are of course unphysical) and observe
that their binding energies decreasewhenmq > mb and they
vanish at very large quark masses (mq → ∞). This suggests
that the combination DbqðΩbbbΩqqq;q¼bÞ has the maximum
binding.

FIG. 2. Relative energy levels of the spin-1 dibaryons and their
respective two-baryon noninteracting strong-decay threshold
states. The horizontal line is for the closest threshold (normalized
to zero) while 1=2 and 3=2 signify the spin of the constituent
single baryons of the two-baryon threshold.

TABLE II. Energy differences between spin-1 heavy dibaryons
and their two-baryon thresholds. The third column shows the
predictions of masses for the stable dibaryons. The bottom part of
the table is for dibaryons with unphysical quark q with its mass
(mq) varying in between the charm and 5 times the bottom quark
masses. The errors within brackets incorporate both statistical and
systematic errors added in quadrature.

Dibaryon

Energy difference
from spin-1=2
threshold [MeV]

Energy difference
from spin-3=2
threshold [MeV]

Mass
[MeV]

Dbc −91ð12Þ −52ð13Þ 19 105(21)
Dbs −287ð45Þ −29ð13Þ 16 004(17)
Dcs −26ð9Þ −90ð20Þ 6381(20)
Dbu −350ð110Þ 3(50)
Dcu −8ð17Þ −75ð46Þ
Dbqðmq¼1.38mc

Þ −60ð10Þ
Dbqðmq¼1.72mcÞ −87ð8Þ
Dbqðmq¼2.07mcÞ −101ð8Þ
Dbqðmq¼mbÞ −109ð5Þ
Dbqðmq¼2mbÞ −85ð10Þ
Dbqðmq¼5mbÞ −15ð8Þ

FIG. 3. Binding energy of the spin-1 dibaryon Dbq where we
kept the bottom quark fixed and vary the other quark q from light
to bottom quarks. Along the x axis we show the ratio of the
pseudoscalar mass at mq (mπq ) to that at the bottom quark (mηb ).
As the mass of the quark q increases (mq ¼ mu to mb), the
dibaryon binding energy also increases.
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The strong binding of these dibaryons and the pattern
that it increases with the increase of quark mass is pointing
towards an interesting strong dynamics in the heavy
hadrons. It is to be noted that for the doubly heavy
tetraquarks, lattice studies [19,21–23] found a complete
opposite patterns where the strong binding increases as the
light quark becomes lighter. This suggests that the strong-
binding mechanisms of spin-1 heavy tetraquarks and spin-1
heavy dibaryons are different and certainly this needs to be
investigated further, perhaps similarly to the way it was
investigated in Ref. [22] for the heavy tetraquarks.
The stability of these dibaryons against the strong and

electromagnetic decays opens up the possibility of finding
these and even more complicated higher nuclei with many
heavy quarks, similar to nuclei of various elements in our
periodic table. Similar to the role of the deuteron in the
nuclear fusion cycle for the creation of elements, these
dibaryons can help the fusion processes of heavy baryons
to produce nuclei with heavy quarks. Such nuclei can be
studied theoretically in the future with adequate computa-
tional resources and it may well be possible to discover
them in future higher energy heavy ion facilities. It will also
be interesting to see if the formation of such states has any
implication in cosmology. Formation of such hadrons also
enhances the speculation on the possibility of a quark-level
analog of nuclear fusion which was discussed recently in
Ref. [10]. For example, formation of Dbs through fusion
of Ωbb and Ωb, as well as through fusion of Ωbbb and Ωsss,
are highly exothermic with the release of energy about 300
and 30 MeV, respectively. We also find that reactions such
as B1=2

qbb þ B1=2
qqb → B3=2

bbb þ B3=2
qqq, q≡ c, s, u=d and B3=2

ccc þ
B3=2
qqq → B1=2

qcc þ B1=2
qqc, q≡ s, u=d, are highly exothermic

(here we represent BJq1q2q3 as a baryon with spin J and
quark contents q1, q2, and q3).
Since these dibaryons involve quarks with masses over a

wide range, studies of their properties will be helpful to
understand the strong dynamics at multiple scales. Because
of the presence of multiple heavy quarks they will decay via
various possible weak decay processes. For example, Dcb
can decay through b → c, b → s, and c → s to various light
baryons and multiple mesons, which can interfere among
themselves. Detailed analysis of these multiple ways of
decay may also be an ideal place to study hadronic
interference in weak decay processes. Furthermore, this
work, particularly the strong binding of heavier dibaryons,
motivates us to study other heavy dibaryons, namely, spin-0
states as well as heavy quark analogs of the H dibaryon.
Results on those dibaryons will be reported in the future
which, taken together with the findings here, may well be
able to infer important information on the dynamics and
binding mechanisms of heavy hadrons and perhaps also for
the nuclei with heavy quarks.
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