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We present results of the first lattice QCD calculation of three-flavored heavy dibaryons both in the
flavor-symmetric and in the antisymmetric channels. These dibaryons have spin zero, and the three-
flavored states are constructed using various possible combinations of quark flavors with at least one of
them as the charm (¢) or the bottom (b) quark i.e., namely, H.(cudcud), H,(budbud), H,.;(bcsbes),
Hegi(cslesl)n,m, Hyg(bsibsl) and Hy.(belbel); 1 € u, d. We compute the ground state masses of these
dibaryons and the calculations are performed on three Ny =2+ 1 + 1 HISQ gauge ensembles of the
MILC Collaboration, with lattice spacings a = 0.1207, 0.0888 and 0.0582 fm. A relativistic overlap action
is employed for the valence light and charm quarks and a nonrelativistic QCD Hamiltonian with improved
coefficients is used for the bottom quarks. Unlike the doubly heavy tetraquarks, deuteron-like heavy
dibaryons and dibaryons with only bottom quarks, for which lattice QCD calculations have predicted
deeply bound strong-interactions-stable states, for these H,.(cudcud), H,(budbud), H.g(cslesl),
Hp,(bslbsl) dibaryons we do not find any such deeply bound state at the physical quark masses.
However, for H,,.,(bcsbcs), our results indicate the presence of an energy level 29 + 24 MeV below the
lowest two-baryon elastic threshold, which could be relevant for its future experimental searches.
Moreover, we find that the energy difference between the lowest state and the lowest elastic threshold,
which could well be interpreted as the binding energy for such heavy dibaryons (H,,,), increases with the
increase of quark masses (m; > m,). Taken together, our findings indicate the possibility of the existence
of the physical H,., dibaryon while all other physical three-flavored dibaryons are much closer to
their thresholds suggesting either they are weakly bound or unbound, resolving which requires further
detail study. Our results also point that the binding of a dibaryon configuration becomes stronger with the
increase of its valence quark masses which suggests an interesting aspect of strong interaction dynamics at

multiple scales.

DOI: 10.1103/PhysRevD.106.054511

I. INTRODUCTION

Quantum chromodynamics (QCD), the theory of strong
interactions of quarks and gluons, predicts a very rich
energy spectra of hadronic states comprising various quark
flavors from light to the bottom [1]. While most of the
observed hadrons are classified as mesons and baryons
within quark models, QCD also allows the existence of
other bound state configurations of quarks (and antiquarks),
which are generically known as exotic hadrons. Indeed the
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recent discovery of a large number of new subatomic
particles, the so-called X, Y, and Z hadrons [2-8], including
tetraquarks [9-14] and pentaquarks, [15,16] have con-
firmed the existence of a new class of subatomic particles
in Nature. These discoveries naturally have created tre-
mendous excitement to the field of hadron spectroscopy
[1-8]. In terms of the number of valence quark content,
these recent discoveries have so far been limited to four
(tetra)- and five (penta)-quark states, and except the
possible finding of a broad d*(2380) resonance [17]' no
new six (hexa)quark state has yet been discovered. It is
therefore natural to investigate the existence of hadrons
with six valence quark configurations within QCD, with the
goal that QCD-predicted such states can guide in discov-
ering them in future at high energy laboratories.

"This resonance peak structure is also reported to be tied to a
triangle singularity [18].
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In our visible universe, so far deuteron is found to be the
only stable six-quark bound state with a binding energy of
about 2.2 MeV which has been modelled to be the result of
a many body interactions of two nucleons [19,20]. The so-
called H(udsuds)-dibaryon is another highly speculated
compact six-quark bound state with strangeness S = —2,
spin J = 0 and isospin / = 0. In the first calculation of
H-dibaryon, a binding of 70 MeV was predicted using the
MIT bag model [21]. Thereafter this state had seen a
thorough investigation in the past four decades through
various model studies [22-25]. However, till date, exper-
imental searches have ruled out the existence of such a
deeply bound state [26,27]. The H dibaryon has also been a
subject of numerous lattice QCD calculations in recent
years and the results have also ruled out a deeply bound
state, and rather indicate an unbound or a very weakly
bound state if at all it exists [28—32]. However, to confirm
the existence of such a state through lattice QCD calcu-
lations, it is essential to perform chiral and continuum
extrapolations to the physical limits, along with a detailed
finite-volume amplitude analysis of the pole distribution
in the scattering amplitude across the complex energy
plane [33]. Light dibaryons have also been studied in other
channels. For example, in the SU(3), quark model, one
expects attraction in dibaryon states without quark Pauli
blocking and with attractive color-spin interaction from
one-gluon exchange, AA — XX — NE (H-channel), AA,
and NQ states [34,35]. Recent experimental and theoretical
studies based on femtoscopy also suggest the possibility of
a NQ bound state in the J* = 2" channel [36-38].

In the spirit of finding H-dibaryon, six-quark states in the
isosinglet channel but with heavy quarks have also been
explored in several model calculations with results not
favoring a bound state [39—42]. On the contrary, recently
in a first principles lattice QCD calculation it was found
that strong-interactions-stable deuteron-like heavy dibary-
ons can exist if at least two of the quarks in a dibaryon
have heavy flavors [43]. Lattice calculations have also
been performed recently for single-flavored heavy dibary-
ons with charm as well as bottom flavors. While using
HALQCD potential method the bindings for 'S, Q... —
Q... has been reported to be about —5 MeV [44], a direct
calculation for Q,,,, — Q,,,;, dibaryons finds a deep binding
of about =90 MeV in the 'S, channel [45].

Hence it is interesting to investigate the nature of quark
mass dependence of H-like three-flavored dibaryons,
particularly whether such a state is bound with one or
more heavy quark content. Any clear indication on the
existence of heavy H-like three-flavored dibaryon from
lattice QCD calculations will be attractive for searching
them at high-energy laboratories. Moreover, a detailed
study of quark mass dependence on the binding energy
can further reveal the intriguing dynamics of heavy quarks
in dibaryons which can further illuminate our knowledge of
strong interactions at multiple scales.

Lattice QCD is an ideal tool for studying multi-hadron
systems since in addition to being a first principles method,
it is also possible to obtain quantitative results through
lattice QCD at any quark masses, including at their
unphysical values. As a result it provides a unique tool
for systematic study of the quark mass dependence of
binding energies, which otherwise is not possible to obtain.
Moreover, with adequate computing resources it is possible
to keep track of all the systematic uncertainties associated
with such calculations. In recent years, beside the regular
single-hadron energy spectra, lattice QCD methodology
has been used successfully in studying multi-mesons as
well as multi-baryons and nuclear systems [46—53]. These
studies involve multifold challenges, namely evaluating a
large number of Wick contractions, addressing the poor
signal-to-noise ratio and the associated finite volume
effects. Moreover, because of their exceedingly large
numbers, the computational cost of Wick contractions
for multi-baryon states can even exceed the cost of quark
propagator computation and new algorithms are necessary
to address this issue. New methods have indeed been
developed, namely sink momentum projection [54], evalu-
ating simultaneous contractions [55] and manipulation of
permutation symmetry through tensor properties [56],
which help to somewhat mitigate the computational cost.
Besides Wick contractions, the issue of reliable ground
state determination is also important due to the worsening
of signal-to-noise ratio for multi-hadron systems [46]. The
main challenge here is the need for a variational calculation
with multi-baryon operators with good sources which can
clearly separate the ground state from excited states. To
overcome this issue a study has recently been performed
employing both methods of point sources and distillation,
and it reaches to the conclusion that more precise results
for multi-hadron systems can indeed be obtained through
operator smearing through distillation [31]. Another crucial
challenge in searching for bound states is a detailed finite-
volume amplitude analysis of the pole distribution in the
scattering amplitude across the complex energy plane [33].
This requires calculations either at different physical
volumes or in different momentum frames. Both of these
require significant computational resources.

Working with heavy quarks can somewhat mitigate some
of the aforementioned challenges associated with multi-
baryon systems. For example, it is expected that the effect of
chiral dynamics will be less severe in heavy multi-baryon
systems and hence the signal-to-noise ratio in correlation
functions may possibly be improved. Moreover, due to the
presence of heavy hadrons at thresholds, a relatively large
suppression of the finite volume effects on the extracted
energy levels is expected for heavy dibaryons. Of course,
light quarks in heavy dibaryons can still produce not-so-
good signal-to-noise ratio and the presence of a light baryon
at the threshold can also enhance the finite volume effects.
While there have been numerous multi-baryon lattice QCD
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studies with light and strange quarks, there is almost no
investigation on multibaryons with heavy flavors until
recently [43-45]. As mentioned before, in a first of its kind,
deuteron-like dibaryons with heavy quarks were investigated
recently and it was found that such states with charmed-
bottom, strange-bottom and strange-charmed flavor combi-
nations have large binding energies [43]. Large binding has
also been found for the dibaryon which has only bottom
quarks [45]. Interestingly, multiple lattice groups have
predicted the large binding energies of tetraquarks with
heavy quark contents [57-60]. Further, the exotic states that
have been discovered in the last two decades are all have
heavy flavors [1,9-16].

Inspired by those theoretical and experimental studies,
here we perform a pilot study of three-flavored heavy
dibaryons using lattice QCD and report the findings. In
particular, we investigate the spin — 0 H-like dibaryons in
the isosinglet (/ = 0) and isotriplet (/ = 1) channels by
replacing the two strange quarks with the heavy flavors
yielding dibaryons with the following quark contents:
04q19.0919, where Q =c or b and q; = u, d, s. These
states are therefore charm and bottom quark analogs of
H-dibaryon and also belong to SU(3) 27-plet. Our results
from this study do not support any physical bound state
with deep bindings for any three-flavored H-like heavy
dibaryons for isosinglet configurations. Energy levels for
the isotriplet dibaryons are found to be even higher,
suggesting possible scattering states. For example, for the
cases of H.(cudcud), H,(budbud), and H.g(cslesl),
Hy1(bsibsl), Hyg(belbsl); | € u,d, we do not find any
energy level far below their respective lowest threshold.
However, for the physical isosinglet H,,.,(bcsbcs) dibaryon
we find an energy level consistently below its lowest elastic
threshold in all lattice ensembles utilized in this work. When
extrapolated to the continuum, this energy difference is found
to be —29(24) MeV. Although the large errobar prohibits
us to reach to a conclusive evidence for the existence of
Hpes(besbes), this pilot study definitely indicates that if there
is any deeply bound three-flavor dibaryon, then it has to be
Hpes(besbes). A further study with a large statistics and
more control over systematics is now called-for to conclude
about the binding nature of this state, and if a positive result is
found from such a study there will be enough motivation for
searching this dibaryon experimentally.

The paper is organized as below. In Sec. II, we discuss
the details of our lattice set up. Next we elaborate the
relevant interpolating fields used in this study. In Sec. III,
we discuss the details of the analysis and present the results.
Finally, in Sec. IV, we provide a discussion of the results
from this study and possible future outlooks.

II. LATTICE SET UP AND INTERPOLATING
OPERATORS

The lattice set up that we employ for this work is
similar to the one used in our previous works in

TABLE 1. Parameters of lattice QCD ensembles used in this
work.

L3xT my* (MeV) m,L a (fm)
243 x 64 305.3 4.54 0.1207(11)
323 x 96 312.7 4.50 0.0888(8)
483 x 144 319.3 4.51 0.0582(5)

Refs. [43,59,61,62], but we describe it here for complete-
ness. The gauge ensembles utilized for this calculation
are generated by the MILC Collaboration with N, =
241+ 1 flavors of sea quarks using HISQ action [63].
We employ following three sets of lattice ensembles as
listed in Table I. For these ensembles the strange and charm
sea-quark masses were set to their physical values on these
ensembles. The scale was set by the MILC Collaboration
using the r; parameter and the corresponding lattice
spacings are listed in the last column of Table 1. These
values were also found to be consistent with the scales
obtained through Wilson flow [64].

For the valence fermions, as in our earlier works
[43,59,61,62], we employ a relativistic overlap action for
light to charm quarks. A gauge fixed wall source is utilized
to compute the valence propagators. The strange quark
mass is tuned by setting the unphysical pseudoscalar mass
s5 to 688 MeV [65]. The charm quark mass is set to its
physical value by equating the kinetic mass of the spin-
averaged 1S-charmonia, §(3M,,, + M, ), to its experi-
mental value. For the bottom quark, we use a nonrelativistic
QCD (NRQCD) formulation [66], where the Hamiltonian
includes all the terms up to 1/(am,)? and leading order
term of 1/(am,,)?, with m,, as the bare bottom quark mass.
The NRQCD Hamiltonian is given by H = Hy + AH,
where the interaction term, AH, as used here, is given by

AH (%) L _(V-E-E.V
- 8(amy,)? @ 8(am,,)? ( - )
1 S 1 ~
- VxE-ExV)- .
3 8(mb)26 (V x x V) —c¢y amba
A& (A<2))2
1
ooy “16(am,)?” m

with ¢; ¢ as the tuned improvement coefficients [67].
The bottom quark mass is tuned by setting the kinetic mass
of the spin-averaged 1S-bottomonia, i(SM r+M,), toits
experimental value. The bottom quark propagators are
computed following the usual NRQCD evolution of the
above Hamiltonian.

As mentioned above, we use overlap fermions for
the light valence quark propagators, and in Table II below,
we list the range of valence quark masses and the
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TABLEII. Range of pseudoscalar meson masses on each of the
ensembles used in this work.

L’xT
243 x 64
323 x 96
483 x 144

a (fm)
0.1207(14)
0.0888(5)
0.0582(5)

m, (MeV)
688
688

9399
6175
5146
4120
2984
688
645
576
550
480

corresponding pseudoscalar meson masses that we use for
three different ensembles.

We now elaborate the interpolating operators used in
calculating the three-flavored heavy dibaryons in this work.
These are local six-quark interpolating operators projected
onto the antisymmetric and symmetric flavor representa-
tions and have already been explored in the literature in the
context of searches for the H dibaryon in previous lattice
calculations [59,68,69] as well as in model studies [22,23].
In the context of the present work, the charm and bottom
quarks replace the strange quarks and accordingly the
quantum numbers of the states. The interpolating operator
is constructed as products of three diquarks as

[eBcdef]
= €ijk€1mn(ﬁic}’5p+0j>
x (€'CysP f™) (e CysP 2™ (X,1),  (2)

where the alphabets with bold calligraphy, (e,Z,-¢,
, e, f), indicate quark fields at the site (X, ), C is the
charge conjugation operator and P, = (1 + y4) is used for
the positive parity projection. With this notation, the
antisymmetric combination is represented as [68]

Hps = (101g01q) — [1g1Qq0] - [¢1qQ1Q]),  (3)

where the flavor Q € (¢, b) represents the heavy quark
flavor of charm c¢ or bottom b. Similarly the flavor
q € (c,s) when Q = b, and the flavor [ is understood to
be the light flavor. In addition to the antisymmetric channel,
we also have computed the flavor-symmetric channel, for
which the interpolating operator is given by

: (3[01qQ1q] + [Iq10q Q] + [q1qQ1Q]).  (4)

Héql - V3

One can easily notice that, by construction, these states are
the heavy quark generalisation of the singlet and the 27-plet
of the SU(3) flavor symmetry. By choosing the appropriate
quark flavor for Q, ¢ in Eq. (2) one obtains three possible
flavor combinations namely H,.;, H;» and H,.,;. We also
consider the case where g = [, i.e., two degenerate light
flavors with isospin symmetry. These dibaryons will be
denoted as H;, and H,. corresponding to the case of Q = b
and Q = c respectively.

The noninteracting two-baryon thresholds for the above
six-quark configurations related to these dibaryons involve
both light and heavy single baryons, as will be discussed
in the next section. Those single baryon correlators are
computed using the standard interpolating operators for
single baryons.

III. ANALYSIS AND RESULTS

In this section we discuss our calculations and present
the results with relevant analysis. With the operators (O)
so constructed, using the interpolating fields as given in
Egs. (2)—(4), we compute the single baryon and dibaryon
two-point correlation functions between source (#;) and
sink (75) time slices,

Coltity) = Ze"'*}@l@(@, 1)O(%;,1,)[0).  (5)

X

For each case the ground state mass is obtained by fitting
the respective average correlation function Cy(7) with a
single exponential at sufficiently large times (r = 77 — ;).
Coulomb gauge fixed wall sources are employed to obtain
good overlap to the ground states. The single-baryon
correlators are utilized to evaluate the noninteracting
two-baryon states. To evaluate the possible bindings of
the dibaryon states it is foremost important to find first the
threshold levels and particularly the lowest noninteracting
two-baryon energy level. Below we discuss that.

A. Threshold energy levels

We first discuss the relevant thresholds for the charm
and bottom dibaryons, H,(cudcud) and H,(budbud). To
represent the correlation functions C(r) showing their
signal saturation, signal-to-noise ratio and possible fit
ranges, we calculate the effective masses as defined below,

C(z)
C(r+ 1)] (6)

Mgy = log {
Figure 1 shows the representative effective mass plots of
the various possible noninteracting two-baryon correlators
(C7(1)). These are obtained from the separate two baryon
(B and B,) correlators as

Cr(7) = Cp,(7) X Cp, (7). (7)
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FIG. 1.

Effective masses, as defined in Eq. (6), showing the ordering of the noninteracting two-baryon thresholds corresponding to the

dibaryons H, (top left), H,, (top right), H,,; (bottom left), and H,,., (bottom right). The relative position of the lowest noninteracting
two-baryon state for each case matches with that shown in Table III. All effective masses (here and hereafter) are shown in terms of the

lattice unit a = 3390.5 MeV.

The top left plot in Fig. 1 shows the effective masses of
possible noninteracting two-baryon threshold states corre-
sponding to H., namely X.Z. A.A., and NE.., color
coded in black (diamond), blue (square) and red (circle),
respectively. Similarly, the top right plot shows the effective
masses of X,%,, A,A,, and NE,, for the possible non-
interacting two baryon states corresponding to the dibaryon
‘H,,. In both cases, the results are computed at the SU(3)
symmetric point, which corresponds to am; = am, =
0.028 for the 48% x 144 lattice with the lattice spacing
a = 0.0582 fm. In both cases, the lowest threshold can be
seen to be that of NEy,. This is in contrast with the H
dibaryon case, where the lowest threshold is that of the two
noninteracting A baryons. In addition, the splitting between
the AypAy and the NE increases as the heavy quark mass
becomes heavier—from the charm quark to the bottom
quark. This is also consistent with the known experimental
results for heavy baryons [1], and lattice determination of
single baryons [61,62,70] where experimental results are
not available. Taken together experimental values of light
and charmed baryons and lattice extracted values for
bottom baryons, one arrives at the following numbers at
the physical quark masses [1,61,62,70],

M(AA) — M(NE) = —21.7 MeV,
M(AA,) — M(NE,.) = 13.05 MeV,

That is, whereas the lowest threshold state is AA for the
light H-dibaryon, the lowest threshold states for H,. and H,,
are N2.. and NE,,, respectively. We also further point out
that in the literature for searches of bound heavy charm
dibaryons [39], the ground state of the dibaryon is often
compared incorrectly with the A A, threshold instead of
the correct threshold NE... The X%, thresholds in both
cases turn out to be higher in energy, similar to the SU(3)
case of the H dibaryon.

Similarly, in the bottom two plots of Fig 1 we show
the representative effective masses of the various possible
noninteracting thresholds for the dibaryons H,; and H,,,..
Here the possible elastic thresholds for H,,; are the two-
baryons EE,;,, X, B, 5, £,€,, and for H,,,, those are
Q.Qpps QoeQppy Qep Qs Q.. From the ordering of
states it is clear that the lowest elastic thresholds for these
dibaryons are EE;;, and Q.Q,,;, respectively.

We identify the lowest thresholds of other dibaryons
using the experimental values of the single baryons [1] as
well as lattice-determined values of them when experimen-
tal results are not available, particularly for the bottom
baryons [61,62,70]. In Table III, we tabulate all the possible
elastic threshold states for the dibaryons that we study in
this work. The second column shows the possible non-
interacting two-baryon states in ascending order of energy
and the third column shows the lowest threshold state.

The noninteracting two-baryon threshold energy levels
(E7) corresponding to the two-baryon combinations of
Table III, for a given quark mass combinations (g,¢,¢3),
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TABLE III. Lowest and the possible other noninteracting two-
baryon states for H and heavy H-dibaryons.

Dibaryon Possible thresholds Lowest threshold
H AN, NE, XX AN

H, NE s AA 2.5, NE,,

H, NEy,, ApAp, Zp2y NZ,,

H(TS[ ZQL‘C’ EE(TL" ECEL'7 Z(TQ(T ZQCC

Hbsl E‘E‘bb’ Zbe’ E‘bE‘b’ Zth E‘Ebb

7_tbcl chcbba E‘cchb’ 2bg2ccbv E:ch'cb z:cgzcbb
Hbcs chcblw Qccgbb’ chch» Qchcb chcbb

are calculated by adding the single baryon masses extracted
at those quark masses,

Er(q19293) = Mg, (419293) + Mp,(q19295)-  (9)

The extracted single baryon masses are found to be
consistent with our previous calculations in Refs. [61,62].

As mentioned previously, the lowest two-baryon non-
interacting states at light quarks and heavy quarks are
different. This is illustrated in Fig. 2 for the possible
noninteracting two-baryon states for the dibaryon H,,;.
We show the variation in terms of the ratio of pseudoscalar
meson mass at a quark mass to the #;, mass. For comparison
purpose we keep the lowest threshold for all cases at the
same level but maintain the relative energy differences
between various thresholds. While below the charm quark
mass the lowest and highest threshold states are .., and
2.2, respectively, it is completely opposite at the bottom
quark mass. Similar level crossings are also found for other
dibaryon threshold energy levels. It is therefore crucial to
identify the relative positions of threshold energy levels at a
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FIG. 2. The relative positions of the energy levels of the
noninteracting two-baryons states, corresponding to the dibary-
ons H,,;, are shown at various quark masses, from light to heavy
(shown in terms of ratio of pseudoscalar meson mass (11,) to the
1, mass). The lowest thresholds are kept at the same energy level
(dashed line) for comparison. The change in the two-baryon
particle content of the lowest threshold is clearly visible as one
moves from light to heavy quark masses.

given quark mass for studying heavy dibaryons. It will be
very interesting to find a phenomenological explanation
behind the minimization of total energy of these threshold
levels leading to the observed ordering as shown in Fig. 2.

B. Calculation of energy differences

The ground state energies (E3,) of the dibaryons are
obtained by fitting the correlators constructed with the
operators as mentioned in Egs. (2)—(4), with a single
exponential form at large times: C(z) ~ e£0". We then
calculate the energy difference (AE; ) between the ground
state energy of a dibaryon (EOH) and the elastic threshold
energy level (EY) as

AEy = EY, — Ej. (10)
For each dibaryon, the whole process of calculating AEy, is
performed through a bootstrap method.

We also calculate these energy differences, AEjy,
by taking the ratio of the dibaryon correlators to the
two-baryon correlators as

R (T) . CH (T>

_—:Ae_AEHI+...
Cp, (1) x C,(7)

(11)

A fitting to the above ratio-correlator can also give the
energy difference AE,,. While such a ratio-correlator offers
the advantage of reducing the systematic errors, one must
be careful in using it as it can possible produce a fake
plateau in R(7) due to the saturation of different energy
states at different time windows. We therefore mostly
extract the AEy, values through direct fitting of individual
correlators Eq. (10) and the ratio-correlators method
Eq. (11) is used for consistency checks.

We now present our results for these heavy dibaryons.

C. Flavor-antisymmetric #, and 7,

We first present our results for the flavor antisymmetric
H.(cudcud) and H,(budbud) dibaryons. In Fig. 3 we
show the representative effective masses of H,. (top row)
and H, (bottom row) at two light quark masses corre-
sponding to the pseudoscalar masses 480 and 550 MeV.
The lowest threshold energy levels extracted from the two
baryon noninteracting states, NE.. and NE;,, at those
quark masses, for H, and H,, respectively, are shown by the
red horizontal lines. It is evident that both the dibaryon
energy levels, within the statistical error, overlap with their
respective two-baryon noninteracting states at large times.
Correspondingly AE, between the lowest-energy state and
the two-baryon elastic thresholds NE, is found to be
consistent with zero for all the light quark masses consid-
ered here. At even lighter quark masses signal-to-noise for
the dibaryon correlation functions found to be much poorer
and with the large error they overlap further more with the
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FIG. 3.

Effective masses of H,(cudcud) and H,(budbud) with the physical charm (m,.) and bottom (m,) quark masses and at two

values of light quark masses (m, = m, ) corresponding to the pseudoscalar meson masses 480 MeV and 550 MeV. The corresponding
two-baryon noninteracting energy levels, extracted at those quark masses, are shown by the horizontal lines. These plots show that the
dibaryon and noninteracting two-baryon energy levels are consistent to each other signifying the absence of any deeply bound state.
These correlation functions are computed at lattice spacing a = 0.0582 fermi.

two-baryon noninteracting energy levels. Because of the
large statistical error we do not include the data below the
480 MeV pion mass in this pilot study, and hence are
unable to conclude on the relative positions and nature of
these dibaryon energy levels with respect to their respective
thresholds at the physical quark masses. However, given
the trend of the results that we find from higher to the lower
quark mass it is highly unlikely that there are any deeper
bound state at the lighter quark masses both for the three-
flavored H,(cudcud) and H,(budbud) dibaryons.

D. Flavor-antisymmetric # .y, 5 g, H pers AN F e

In Fig. 4 we show the representative effective masses of
Hg(cslesl); | C u,d, where the strange and the charm
quark masses are set to their physical values whereas the
light quark mass (m;) is varied. The pseudoscalar meson
masses corresponding to these light quark masses are
shown inside the figures. The noninteracting two-baryon
state that is lowest in energy is %,Q... At each light quark
mass (m;) we compute its energy by adding the baryon
masses of X(I/ls) and Q(ccs), and the thresholds thus
obtained are represented by the horizontal lines. We find
that for all ranges of m, the effective masses of 'H_;, at large
times, are either consistent with the two-baryon noninter-
acting state or stay above that. The effective masses for
the cases with m; < m, are found to be quite noisy with
large errorbars and are not shown here. Within the large
statistical error above time slices 1.5 fm, they overlap with

the thresholds indicating the absence of any energy level
much below the thresholds. Here again, it is very likely that
the physical states H,.,, and H,,, are either resonances or a
scattering states or loosely bound states near the two-
baryon thresholds. To identify that one needs much more
statistics and scattering amplitudes analysis of these finite
volume energy levels.

In Fig. 5, similarly we show the effective masses of the
dibaryons H,, where the strange and the bottom quark
masses are set to their physical values and the third quark
mass (m;) is varied over a range. Here the elastic threshold
state is E(ss/)E(bbl) and is shown by the horizontal line in
each plot. At m; = m, we find the lowest energy for H,,; is
consistent with the elastic threshold though its central value
lies just below that. Here again, at the lighter quark masses
we do not find any energy levels much below the threshold
that we can distinguish from the threshold within the
statistics used in this pilot study. It is very likely that there
is no deeply bound state of H,,,; dibaryons at the physical
quark masses. However, there are hints of an energy level
below the threshold for each unphysically large values of
m; (>m,.), and the energy splitting (|AE|) between them
increases as m; increases further.

Next we discuss the dibaryons H,,.;(bclbcl); 1 C u,d. In
Fig. 6 we show their representative effective masses, where
the charm and the bottom quark masses are set to their
physical values and the other quark mass (m;,) is varied over
a range. As shown in Fig. 2, the corresponding lowest
thresholds are different at different quark masses and those
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FIG. 4. Effective masses of H,; dibaryons with the physical strange () and charm quark masses (m.) but at various values of m;,
corresponding to the pseudoscalar meson masses from 688 MeV to that of #,. The various threshold energy levels are shown by the
horizontal lines and the ground state of these dibaryons states are consistent to those. Correlation functions are computed at lattice
spacing a = 0.0582 fermi.

are shown by the horizontal lines. Here the main observa-
tion is that unlike the previous cases, we find an energy
level consistently below the threshold, particularly when m;
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is large. We fit the H,,; correlators with a single expo-
nential and extract its ground state energy Ey, , at a large
time. The fit ranges and fit values with one standard
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FIG. 5. Effective masses of H,; dibaryons with the physical strange () and bottom quark masses (m,) but at various values of m;,
corresponding to the pseudoscalar meson masses from 688 MeV to that of #;,. The various threshold energy are shown by the horizontal
lines. The ground state energy of these dibaryons are found to be mostly consistent to these threshold energy levels. Correlation
functions are computed at lattice spacing a = 0.0582 fermi.
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FIG. 6. Effective masses of H,.; dibaryons with the physical charm (m,.) and bottom quark masses (m,) but at various values of m,
(my; < m; < my,) corresponding to the pseudoscalar meson masses from 688 MeV to that of #,. The various threshold energy levels are
shown by the horizontal lines. The extracted energy levels (magenta bands) of these dibaryons are found to be mostly below to these
threshold energy levels. Correlation functions are computed at lattice spacing a = 0.0582 fermi.

deviation (o) are shown by the magenta band. We find it
to be consistently lower than the threshold values for
most quark masses for my; < m;: Ey, < E'" . The energy
difference AE = E}!, — Ey,,  increases as the quark mass
m; increases from light to the bottom quark masses.

At m; = my, the relevant state is the physical three-
flavored ‘H,,., dibaryon which is particularly interesting.

40
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FIG. 7. Continuum extrapolation result for the energy differ-
ence (AE) between the ground state of the dibaryon H,,., and the
lowest energy level of the corresponding noninteracting two-
baryon state Q.Q.,,. The point with the star symbol shows the
continuum extrapolated value obtained with a form AE(a) =
A + Ba?, a being the lattice spacing. The green band depicts the
fitted one standard deviation error band.

We find that at large times the lowest-energy level is below
but consistent with the threshold within 1.5-¢ error band.
We extract the AE value of H,,., on three lattice spacings
and show the results in Fig. 7, and also tabulate that
in Table IV. A continuum extrapolation with the form
A+ Ba® yields a value of AEj.|.onm = —29(24) MeV.
This form of extrapolation is justified by the usage of
overlap fermions which have no O(ma) error. One can also
use the O(a’log(a)) term. However, with only three data
points, inclusion of such terms is not possible for us.
Though the continuum value is consistent with zero within
1.5¢ band, it is clearly noticeable that the ground state
energy of H,., is consistently below the noninteracting
threshold state €2,.Q;, on all three lattice ensembles. The
extrapolated continuum result suggests that the Hp.
dibaryon possibly has nonzero binding. With the given
statistics and with fits without considering correlations

TABLE IV. The energy difference (AE) between the ground
state of the H,., dibaryon and the lowest energy level of the
noninteracting two-baryon states. The last column is the con-
tinuum extrapolation results from three different lattice QCD
ensembles with a form AE(a) = A + Ba®.

a (fm) AE (MeV) AE"SS|_y (MeV)
0.01207 —32(28)

0.0888 —21(20) —29(24)
0.0582 -32(18)

054511-9



PARIKSHIT M. JUNNARKAR and NILMANI MATHUR

PHYS. REV. D 106, 054511 (2022)

between the thresholds and dibaryon correlators, it will not
be possible to reach a definite conclusion about the nature
of binding for H,.. Moreover a detail finite volume
amplitude analysis of the extracted energy levels is essen-
tial to reach a definite conclusion which is beyond the scope
of this calculation. Nevertheless, findings from this pilot
study are definitely encouraging for pursuing a more
quantitative study in the future to achieve that goal.

At the lighter quark masses the signal-to-noise ratio
found to be much poorer. Though the central values of the
extracted energy levels for H,,.; dibaryons are always found
to be below the lowest threshold, with the given statistics
they are consistent with the lowest threshold. One needs a
detail finite volume amplitude analysis with more statistics
to find if there is a loosely-bound state, or a resonance at
threshold or a scattering state for H,,.,, and H,,.; dibaryons.

In Table V we show AFE values for H,. at various
pseudoscalar meson masses corresponding to the quark
masses m; < m; < my,. In Fig. 8§ we show the variation of
AE,,;. Following HQET it is expected that the variation of
AFE will scale with heavy quark masses [71]. We thus plot
AE,. as a function of pseudoscalar masses which also
scale with quark masses in the heavy quark limit. The
x-axis is normalized by the mass of 7, so that at the bottom
quark its value becomes 1. The error bands shown in the
figure are obtained by fitting AE,.; as a function of x =
My /0, with the forms AE(x) = A + Bx (cyan), AE(x) =
A + Bx + Cx? (magenta) and AE(x) = A + Blog(x) (gray).
It is interesting to note that a logarithmic form also fits the
data very well which could be phenomenologically inter-
esting to consider for other splittings for their heavy quark
mass dependence.

From the above discussion it is quite apparent that when
any of the quark mass in a three-flavored dibaryon H, , .
becomes heavier its binding tends to increase. Therefore
the strongest binding is expected for the case when
my, = mgy, = m, = m,. In Fig. 9 we show the effective
mass plot of this case which shows that the lowest energy
state lies much below the corresponding elastic threshold.
The extracted AE for this case is found to be —99(8) MeV,

TABLE V. The energy difference (AE) between the ground
state of the H,, dibaryon and the lowest energy level of the
noninteracting two-baryon states. The pseudoscalar meson
masses (1) corresponding to various quark masses m, in
between the strange and the bottom quark masses are shown
by the first column.

mys (MeV) AE (MeV)
688 —32(18)
2985 —45(13)
5146 —58(12)
6175 —60(10)
9399 -67(9)

20 1 A+ Bz
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N N ] A+ Blogts) _|
=
ER)
&
g —404
> H
_and "lbes
<1 —60 Hieq + +
(my =m,)
—80+ ! Hoeq
(mg = my)
—100 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
T = My /My,
FIG. 8. The energy difference (AE) between the ground state

of the H,., dibaryons and the lowest energy level of the
noninteracting two-baryon states at various values of the quark
mass m, in between the strange to the bottom quarks. This
figure shows that the finite volume AE, which is related to the
infinite volume binding energy of H,,, increases with m,,
leading to the result that while the physical dibaryon H,,, is
more likely bound or weekly bound, other heavier unphysical
dibaryons are more likely strongly bound as m, increases. Error
bands represent the fitting forms: AE(x) = A + Bx (cyan),
AE(x) =A+ Bx+ Cx*> (magenta), and AE(x)=A+
Blog(x) (gray), where x is the ratio of the pseudoscalar meson
mass at m, to the 5, mass (x = mp/m,,).

on the fine lattice ensemble. Interestingly, it is consistent
with the binding energy, —109(5) MeV, of deuteron-like
heavy dibaryons when all quark masses are set at the
bottom quark mass [43], and also with the binding energy,
—89715(12) MeV, of the single-flavored heavy dibaryon at
the bottom quark mass [45]. It indicates that at very heavy
quark masses, bindings of the single, two- and three-
flavored dibaryons are similar.
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FIG. 9. Effective mass of the very heavy three-flavored di-
baryon with all the quark masses set to the bottom quark mass.
The energy difference |AE| between the lowest energy level and
the elastic threshold is the largest (~100 MeV) in this case
indicating the strongest binding of this unphysical three-flavored
dibaryon.
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The conclusions on H,,.; dibaryons are the following:

(I) We find a finite volume energy level below the
threshold for H,,., for all the ensembles used here. A
continuum extrapolation yields this energy differ-
ence from threshold AEj | = —29(24) MeV
(Table IV and Fig. 7).

(IT) This energy difference increases as the quark mass
m; increases and it becomes maximum at the bottom
quark mass (m; = m,;,) (Table V and Fig. 8).

(IIT) There is no finite volume energy level much below
the lowest thresholds for the physical H,,.;; [ C u, d,
dibaryons. However, there is an indication for a
finite-volume energy level close to the threshold
which we could not resolve and needs to be
investigated further to find whether that energy level
is associated with a closely bound state, or a
resonance at threshold or a scattering state.

E. Flavor-symmetric three-flavored heavy dibaryons

We now discuss the results of the flavored-symmetric
cases. In Fig. 10 we plot the effective masses of the flavored-
symmetric H,,; dibaryon at m; = mg (top plot) and m; =
m, (bottom plot), while keeping the m, and m,; at their
physical values, and compared them with that of the
flavored-antisymmetric dibaryons. The data with black
squares and blue circles represent the flavored-symmetric
and antisymmetric cases, respectively, while the red line
represents the noninteracting lowest energy levels of the two
baryons. A general feature that we find is that the extracted
lowest energy levels for the flavor-symmetric configurations
are always found to be higher than that of the antisymmetric
cases. We observe that the symmetric H,. states, at
m; = mg and m; = m,., are above their respective elastic
threshold energy. Most possibly they are scattering states or
resonances above the threshold, and a detailed scattering
amplitude analysis of the extracted energy levels is necessary
to determine that. However, at the very heavy quark masses,
particularly when m; = m,. = m;,, we observe large bind-
ings, but always smaller than the corresponding symmetric
cases. For other flavored-symmetric states, for example, for
'H,,; and H,.z;, we also observe that the lowest energy levels
are always higher than their corresponding noninteracting
threshold energy levels. Since we do not find any signature
of a distinguishable extra energy level below the thresholds
for any of the symmetric cases we will not discuss them
further in this work.

F. Finite volume effects

We extracted dibaryon energy levels on Euclidean
lattices at finite volume (3 fermi box extent). These cannot
be directly associated with the physical states. In order to
do that one needs to perform a finite volume analysis
through the scattering amplitude analysis of these finite
volume energy levels [33]. However, for multihadron states
with heavy quarks, it has been noted in Refs [43,59] that the
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FIG. 10. Effective masses of H,,; dibaryon for the symmetric
flavored cases (black square), in comparison to the antisym-
metric flavored cases (blue circle), at m; = m; (top), m; = m,
(middle), and m; = m, on the finest lattice QCD ensemble
employed. The threshold energy levels are shown by the
horizontal lines. The extracted lowest energy levels for the
flavor-symmetric dibaryons are always found to be higher than
that of the antisymmetric cases.

finite volume corrections to infinite volume binding energy
of the relevant hadronic state receives a nontrivial large
suppression from the masses of the noninteracting heavy
hadrons [72-74] as

Apy = Epy — Eq, x O(e™*L) /L,

with ko, = \/(m; + m,)B. (12)
Here k, is the binding momentum of the infinite volume
state, Epy is the energy level computed on a cubic lattice,
and (m;, m,) are the masses of the two noninteracting
hadrons with the threshold energy mi; + m,. Therefore,
Agy is expected to be smaller for larger values of m;
and m,; that is, when the threshold state consists of two
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heavy hadrons as in the dibaryons that we are studying.
However, as shown in Table III, for most of these three-
flavored dibaryons, one is a light baryon out of the two-
baryons at the threshold. In particular, for ‘H,. and H,,
because of the presence of nucleon at the threshold
(NEgg), the combination m; + m, may not provide a
stronger suppression in comparison to the case of tetra-
quarks [59] and two-flavored heavy dibaryons [43].
Nevertheless, the volume suppression still is expected to
be larger than that of light dibaryons. For the cases of H,,,
and H,,.,, volume suppression would be even larger. For
the unphysical dibaryons as shown in Fig. 8, the presence
of two heavy baryons will bring back larger volume
suppression and one can argue that the energy levels
mentioned in Table V are expected to be closer to their
infinite volume limits. Nevertheless, it will be important to
perform a finite volume analysis, in particular for 7/, and
'H,,, as was performed in Ref. [31], where infinite volume
binding energy was computed by locating the bound state
pole in the scattering amplitude [33]. Such an analysis is
not possible within the framework of our current setup and
we would like to pursue that in future.

Beside the statistical and finite volume effects, other
systematic errors are also involved in this work, namely,
mixed action partially quenching, discretization, scale
setting, mass tuning, fit window and electromagnetism.
In Ref. [43] we estimated such errors can be as large as
10 MeV. The parameters set used in this work are similar
to that Ref. [43] and hence we expect similar systematic
errors, particularly for the dibaryons H,., and those
heavier in masses. For other dibaryons involving light
quarks these systematics are expected to be larger and
without addressing them properly it is not possible to reach
a definitive conclusion for their natures of binding.

IV. SUMMARY AND DISCUSSION

In this work, we report the first lattice QCD study of
three-flavored heavy dibaryons both in the flavored-
symmetric and antisymmetric channels. These states are
the heavy quark analogs of the much investigated
H-dibaryon and are in the SU(3) 27-plet of quark flavors.
From this pilot study we summarize our findings below.
First, in the flavor-symmetric channel, for the physical
dibaryons H.(cudcud), H,(budbud), H.g(cslesl),
Hyi(bslbsl); | € u, d, within our statistics we do not find
any energy level much below their respective lowest elastic
thresholds, which suggests that there is no deeply bound
dibaryons in these channels. Most likely they are either
loosely bound states near their respective thresholds or
resonances just above the thresholds or scattering states. On
the other hand, for H,.,(bcsbes), we find an energy level
below the corresponding lowest noninteracting threshold,
Q... An extrapolation of the energy difference AEy,,
between the ground state of this dibaryon from the
noninteracting €.y, yields AEy, = —29 + 24 MeV.

Though this result on AEy, —has a large error, and is
consistent with zero within 1.5 standard deviations, there is
a clear trend that it is consistently below the lowest
threshold energy level in all the three lattice ensembles
employed in this work. Since H,,., is a physical state and
could be an attractive dibaryon candidate to be searched
in future at high energy laboratories, this finding of the
possibility of an energy level below the threshold from this
pilot study is very interesting and calls for an extension
with more statistics and better control over systematics.
However, for these three-flavored dibaryons, when the light
quark mass is set to an unphysically high value, for
example for H,., with m; > m,, while keeping the charm
and bottom quark masses at their physical values, we
always find an energy level much below the respective
threshold energy level. That clearly indicates the possibility
of strong binding of those unphysical dibaryons. Moreover,
the energy difference from the respective elastic threshold
becomes deeper as the quark mass m; increases, as shown
in Fig. 8. For the dibaryon H,,;, we also find the presence
of an energy level below the elastic threshold at m; ~ m,,
though somewhat closer to the threshold than that of H,,;.
For the dibaryon H_;, within the statistics employed in this
study we do not find an energy level below its lowest
threshold that can be distinguished from the lowest thresh-
old for any value of quark masses m; employed in this
work. For the flavor-symmetric channels the corresponding
energy levels are observed to be always higher than those
of flavor-symmetric cases, suggesting possible scattering
states or resonances above the thresholds. Taken together
all results, we can summarize that for the three-flavored
dibaryons H,,, ,,,,, there is no deeply bound state if any of
the quark mass (m,) is below the charm quark mass.
However, we find strong indications of a shallow level
below the threshold for the physical H,,., state which needs
to be probed further. Moreover, an energy level below the
threshold always emerges when all the three quark masses
become heavier than the charm quark mass, and the binding
increases with the increase of quark masses.

We would also like to point out that there are different
dynamics as far as binding is concerned for the three-
flavored light and heavy dibaryons. That is reflected through
the presence of different types of two baryons at their
respective elastic thresholds. For the H-dibaryon, which is
the lightest three-flavored dibaryon, the elastic threshold
state is AA [with M(AA)—M(NE)=-21.7MeV]. This
also continues to be the case at the SU(3) point. However,
for the heavy three-flavored dibaryons, H,. and H,, the
lowest thresholds are NE.. and NE,,, respectively (with
M(AA.) —M(NE,.)=13.05MeV and M(A,A,)—
M(NE,,) = 158(30)) [1,61,62,75]. The presence of a
doubly heavy baryon lowers the threshold for a heavy
three-flavored dibaryon.

The results obtained in this work, when are taken
together with the findings in doubly-heavy two-flavored
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deuteron-like dibaryons [43], all-heavy single-flavored
dibaryons [45] and doubly heavy tetraquarks [57-60],
point to an interesting dynamics of the heavy multi-hadron
systems. A common pattern emerges that for a doubly-
heavy multiquark hadron, the heavier the two heavy quarks
the stronger is the binding. However, the mass of other
quarks (or antiquarks) towards the strong binding of these
systems are quite intriguing. In the case of doubly-heavy
tetraquarks, the heavier the heavy quarks (or antiquarks)
and lighter the light antiquarks (or quarks), the stronger
is the binding [31,59]. On the contrary, for the heavy
dibaryons, binding increases when all the quarks are
heavier, that is, in the presence of a light quark the binding
decreases. In addition, while for various two-flavored
dibaryons with two heavy quarks, the third quark can still
be lighter to have an energy level below the elastic
threshold, for the three-flavored case only H,. shows
such behaviour. All other physical three-flavored H-
dibaryons are most likely either unbound or very weakly
bound. That is, the two-flavored heavy dibaryons have
stronger binding than that of three-flavored heavy dibary-
ons. However, when all the quarks become much heavier
(my, 4,.9, ~ Myp) the one-, two-, and three-flavored dibary-
ons all exhibit similar strong binding.

The study pursued here is the first effort to investigate
the three-flavored heavy dibaryons. Given the amount of
theoretical and experimental efforts put into the exploration
of the H dibaryon state, our motivation has been to
elucidate the trend of the lattice ground state energy levels
with respect to the elastic thresholds as the strange quark
becomes heavier. In doing so, our hope has been to identify
a possible favorable three-flavored channels in charm
and/or bottom sectors which may exhibit a bound state,
and guide in discovering them in future given the large

experimental data being collected and to be collected for
heavy hadron spectroscopy at various laboratories. This
pilot study indicates that the dibaryon H,(bcsbes) is
possibly such a bound state. Considering the feasibility
of discovering it in high energy experimental laboratories,
it will thus be worthwhile to pursue a more detailed study in
future to get a definite conclusion on the binding of this
state. That can be accomplished with the variational method
combined with the use of distillation method for dibaryon
systems as in Ref. [31] or with the potential method [50].
Along with that, as mentioned earlier, a detailed finite-
volume analysis is needed to discern the pole distribution in
the scattering amplitude across the complex energy plane.
We will pursue such a study in future.
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