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Diffusion Monte Carlo study of deuteronlike fully light hexaquarks
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We perform a diffusion Monte Carlo study of fully light hexaquarks containing three u quarks and three
d quarks within a constituent-quark model. Both compact and baryon-baryon-like arrangements were
considered separately. All compact hexaquark configurations are found well above their corresponding
baryon-baryon thresholds, suggesting that deeply bound compact six-quark states are not favored in the
light-quark sector within this model. By contrast, several dibaryonlike configurations lie close to, but
above, the NN, NA, and AA thresholds and show spatial structures compatible with molecular states. One
configuration exhibits two well-defined nucleonlike subclusters separated by several femtometers,
characteristic of deuteronlike spatial clustering, although its calculated energy remains slightly above

the corresponding threshold.
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The study of multiquark hadrons has experienced
remarkable progress in recent years, driven by the
increasing experimental evidence for exotic configura-
tions beyond the conventional quark-model description of
mesons and baryons [1,2]. In particular, the observation
of tetraquark- and pentaquarklike candidates by the Belle,
BESIII, and LHCb Collaborations has renewed interest in
understanding the dynamics of strongly correlated multi-
quark systems in terms of the underlying quark degrees
of freedom [3-29]. Despite these advances, the possible
existence of stable or resonant hexaquark states remains
an open question, especially in the sectors of light
quarks.

The interest in six-quark states dates back to Jaffe’s
proposal of the H dibaryon [30], which triggered extensive
experimental and theoretical activity in dibaryon spectros-
copy [31-43]. From the theoretical point of view, the
description of six-quark systems requires nonperturbative
techniques capable of accurately solving the corresponding
many-body Schrodinger equation. Quantum Monte Carlo
methods have been successfully employed in several areas
of physics, ranging from quantum chemistry and con-
densed matter to ultracold atomic gases and nuclear
systems [44-48]. However, their application to hadron
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physics has been comparatively limited, mainly because
conventional hadrons are two- and three-body systems
[49,50]. Nevertheless, the growing interest in multiquark
spectroscopy has motivated the extension of these tech-
niques to exotic hadrons containing four or more
quarks [51,52].

In this work, we investigate fully light hexaquark
configurations within a constituent-quark model using
the diffusion Monte Carlo (DMC) method. The DMC
approach projects out the ground-state wave function
through a stochastic evolution in imaginary time and
provides, within statistical uncertainties, a numerically
exact treatment of the correlated many-body problem
defined by the adopted Hamiltonian and Hilbert-space
truncation. This numerical accuracy should not be con-
flated with the phenomenological accuracy of the constitu-
ent-quark Hamiltonian or with that of the present restriction
to total orbital angular momentum L = 0. We analyze the
masses and structural properties of six-quark systems
containing three u and three d quarks, considering two
different choices for the internal wave function. In the first
one, all quarks are treated on the same footing, as
appropriate for a compact six-quark configuration. In the
second one, a baryon-baryon-like arrangement is intro-
duced. This is not a mere product of colorless independent
baryon functions but includes hidden-color components in
the internal wave function. Special attention is paid to the
radial distribution functions of certain structures which are
used to characterize the compact or molecular nature of the
resulting six-quark states.

The nonrelativistic six-body Hamiltonian that describes
our six-quark system is
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where m; and p; denote the mass and three-momentum of
the ith quark, respectively, 7., is the center-of-mass
kinetic-energy contribution, and r;; = r; — r; is the relative
coordinate between quarks i and j. The quark-quark
interaction is described by the pairwise potential introduced
in Refs. [53,54], and named ALI1, which contains the con-
ventional Coulomb-like, linear confining, and smeared
color-spin hyperfine terms and has been widely used in
constituent-quark model calculations. Its parameters are
fixed phenomenologically from conventional hadron spec-
troscopy and are not readjusted in the present six-quark
calculation. As discussed in Ref. [55], the resulting nucleon
mass is overestimated, giving 2My = 2060 4+ 3 MeV
instead of the experimental threshold of approximately
1878 MeV. In applications of the AL1 framework to
baryons, an additional three-body term depending on the
constituent-quark masses has been introduced phenomeno-
logically to improve agreement with the experimental
spectrum [54]. We do not include this term because it is
an ad hoc correction to the pairwise Hamiltonian and no
prescription has been given for extending it to multiquark
systems beyond baryons [55]. Consequently, the absolute
energies reported below should not be interpreted as
precision predictions for physical hexaquark masses.
Their stability must instead be assessed relative to the
corresponding two-baryon thresholds calculated consis-
tently with the same Hamiltonian. We solve the
Schrodinger equation associated with Eq. (1) using the
DMC method, whose general implementation in multi-
quark systems is described in Ref. [52].

The DMC algorithm requires the introduction of an
approximation to the exact wave function of the system,
usually referred to as the trial wave function. In the present
approach, this wave function is constructed as a single state
in the full Hilbert space:

Y7 (R, a) = ¢T(R)Zda)(m (2)

where ¢;(R) depends on the quark coordinates and the
functions y, are direct products of eigenfunctions of the
spin, isospin, and color operators

with well-defined eigenvalues. Here, &, are the Pauli

matrices acting on the spin of quark i, while Zf are the
standard Gell-Mann matrices acting in color space. The

operators Z{ denote the generators of flavor SU(3).
However, in the present work only the two-flavor (u, d)
sector is considered, so that only the components /1{ ’1, /1{ ’2,
and /1{ 3, corresponding to the isospin SU(2) subgroup,
contribute. For each set of spin, color, and isospin quantum
numbers there can be several internal functions, whose
contribution to the total internal wave function is included
through the coefficients d, in Eq. (2). Further details of the
procedure can be found in Ref. [55].

The Pauli principle is enforced by requiring antisym-
metry under the exchange of identical quarks. Since the
radial part is chosen to be totally symmetric, as discussed
below, antisymmetry must be imposed on the spin-isospin-
color wave function. A wave function is antisymmetric if it
is an eigenvector with eigenvalue one of the operator

A= 72(_1)})7)(1’ (4)

where N, is the number of allowed permutations of the
quark labels, P is the parity of the permutation, and P,, are
the corresponding permutation matrices. Once the matrix
representation of the operator in Eq. (4) is constructed in
the basis of spin-isospin-color wave functions defined
above, its eigenvectors provide the allowed antisymmetric
combinations within each sector. Different sets of anti-
symmetric functions are obtained depending on the choice
of permutations included in Eq. (4). If all six quarks are
treated on an equal footing, the resulting state corresponds
to a compact hexaquark configuration. On the other hand, if
only the first three quarks are antisymmetrized among
themselves, and likewise the last three, while the two
groups are kept distinguishable from each other, the result
is a genuine color-singlet six-quark wave function with a
dibaryonlike partition. It is not restricted to the baryon-
singlet ® baryon-singlet channel, [(¢qq); (999)1]1
because its spin-isospin-color basis also contains configu-
rations in which the individual three-quark subunits are not
color singlets while the complete six-quark state is. These
hidden-color components couple through the quark-quark
interaction and provide correlations, and hence possible
additional attraction, already in the L = O sector that are
absent from a pure product of two asymptotic color-singlet
baryons. The functions associated with the two subunits are
different and hence distinguishable, irrespective of whether
they are orthogonal [56] or not.

To complete the definition of the trial wave function in
Eq. (2), we specify the radial component ¢;(R). In this
work, we restrict ourselves to states with total orbital
angular momentum L = 0. This restriction excludes
D-wave components. In a conventional nucleon-level
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description of the physical deuteron, the tensor interaction
couples the dominant 3S; component to the 3D, one, and
the resulting S-D mixing is important for a quantitative
account of its binding and structure. The AL1 interaction
employed here contains Coulomb-like, confining, and
hyperfine spin-spin terms, but no tensor term capable of
generating this physical 35,-3D; coupling. Accordingly,
simply extending the spatial basis to L =2 without
introducing the corresponding tensor dynamics would
not provide a realistic description. Both ingredients would
be required to resolve effects on the few-MeV scale
characteristic of deuteron binding and could modify the
precise location of the (S,7) = (1,0) state relative to
threshold. The present calculation should therefore be
regarded as a study of deuteronlike spatial clustering within
the L =0 six-quark sector rather than as a complete
dynamical description of the physical deuteron. The radial
wave function depends only on the set of interparticle
distances and is symmetric under permutations of the
spatial coordinates. As in previous DMC studies of multi-
quark systems [52,57], we use the form

¢r(R) = Hexp(_aijrij)’ (5)
i<j
where the coefficients a;; are chosen to satisfy the cusp
conditions associated with the Coulomb-like part of the
potential for each pair of constituents.

We now discuss the spectrum obtained for the six-quark
configurations in the S =0, 1, 2, 3 and /=0, 1, 2, 3
channels. The calculated masses are summarized in Table 1.
The quoted uncertainties correspond to the statistical errors
associated with the DMC simulations.

In the fully antisymmetric quark sector, we consider only
the configurations allowed by symmetry [58]. The lowest
compact configuration is found in the (S,1,J7)=
(1,0,17) channel, with a mass of 2716 +7 MeV. It is
followed by the (0,1,0") state, with a mass of
2778 £5 MeV. Both states lie above the nominal AA
threshold, which in the present model is 2M, =
2614 MeV [55]. At fixed isospin, the compact configura-
tions listed in Table I exhibit a tendency for the higher-spin
state to lie at higher energy: the (3,0,3%) and (2,1,2%)
channels are located around 2.88 GeV, above their
(1,0,17) and (0,1,0%) counterparts, respectively. This
ordering should not, however, be interpreted as a universal
relation between total spin and mass. Within the ALI1
Hamiltonian, the explicit spin dependence originates from
the color-spin hyperfine interaction, whose expectation
value is determined not by S alone but by the complete
color-spin structure of the wave function together with the
isospin and Pauli constraints. For the compact L = 0 states,
these constraints restrict the allowed spin-isospin-color
combinations and happen to produce the ordering shown
in the table. Higher orbital angular momentum would alter

TABLE 1. Calculated energies, in MeV, for the lowest fully
light hexaquark configurations in the different spin-isospin
channels considered in this work. Missing entries correspond
to channels forbidden by symmetry constraints and *“---” corre-
sponds to DMC simulations in which the two baryons separate an
infinite distance from each other. The quoted uncertainties
represent the statistical errors of the DMC calculation. The last
column provides a qualitative classification inferred from the
closest two-baryon mass thresholds.

Configuration (S,7) JP Energy (MeV) State label [58]
Compact 1,0 1t 2716 +7 Dy,
Compact 0, 1) ot 2778 +5 D
Compact 3,0 3% 2878 + 6 Dy
Compact 2,1 2t 2883 + 4 Dy,
Compact (1,2) 1t 2992 +2 Dy,
Compact 0,3 ot 3197 +£ 4 Dy
Configuration (S,1) JP Energy (MeV) Threshold
Dibaryon 0,0) ot 2078 &= 6 NN-like
Dibaryon ©,1) 0Ff 2086 +£9 NN-like
Dibaryon ©0,2) 0F 2764 £2

Dibaryon 0,3 0F 2625 +5 AA-like
Dibaryon 1,0 1°F 2072 £8 NN-like
Dibaryon a,1n 1t 2091 +£4 NN-like
Dibaryon 1,2 1+t 2347 £5 NA-like
Dibaryon (1,3) 1t 2698 +4

Dibaryon 2,00 2t  2614+4

Dibaryon 2,1 2F 2344 + 4 NA-like
Dibaryon 2,2) 2°F 2352 +5 NA-like
Dibaryon 2,3 2F e e
Dibaryon (3,0 3* 2857 + 4

Dibaryon 3,1 3* 2864 £5

Dibaryon (3,2) 3°F e

Dibaryon (3,3) 3°

the spatial permutation symmetry and, consequently, the
allowed internal structures, so the same ordering need not
persist. Indeed, previous DMC calculations found nearly
degenerate J* = 0" and 1" fully heavy tetraquarks [52],
nearly degenerate isoscalar and isovector J©¢ = 1*+ ccni
tetraquarks [59], and even a reversed spin ordering for
compact fully heavy pentaquarks [60]. Hence, no general
monotonic dependence E = E(S) or E = E(I) is implied
by the model. The largest-isospin compact states, (1,2, 17)
and (0,3,07), lie around 3 GeV or above. Therefore, none
of these configurations are stable against dissociation into
two-baryon channels within this model.

On the other hand, the dibaryonlike sector displays
several configurations close to the corresponding two-
baryon thresholds associated with the NN, NA, and AA
channels. The available channels depend on the accessible
values of the total spin and isospin of the two baryons into
which the multiquark can split. If several such channels are
available, we consider the lowest mass threshold. For
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FIG. 1. Radial distribution functions rp(r) for the compact
fully light hexaquark configurations studied in this work, where
r=r, —r;| denotes the relative distance between any two
quarks.

instance, the (S,1,JF) = (0,0,0%), (1,0,1%), (0,1,0%),
and (1,1,17) configurations lie moderately above the
2My = 2060 MeV threshold [55]. The apparent spin-
dependent crossovers among these NN-like states are not
statistically significant: at / =0, the (0,0) and (1,0)
energies differ by only 6 MeV, while at I = 1, the (0, 1)
and (1, 1) energies differ by only 5 MeV. Both differences
are comparable to the quoted DMC statistical uncertain-
ties. More generally, the dibaryon energy reflects the
interplay among the relevant two-baryon threshold,
color-spin correlations, hidden-color components, and
spatial clustering; no simple monotonic dependence on
total spin is therefore expected. The (0,3,0") configura-
tion lies above, but close to, the 2M, threshold, whereas
the (1,2,1%), (2,1,2%), and (2,2,2") configurations
dissociate into a nucleon and a A through a fall-apart
process. The remaining combinations are either substan-
tially higher in mass or separate infinitely and cannot be
assigned to a particular two-baryon threshold. Overall, our
results are qualitatively consistent with previous studies
showing that deeply bound fully light hexaquark configu-
rations are unstable with respect to the relevant baryon-
baryon thresholds [31,37,61].

There is a correlation between those mass results and the
underlying structure of the multiquarks. Figure 1 represents
the probability of finding another quark at a given distance
from a selected one in the fully antisymmetric structures.
This magnitude is 7p(r), where r = |r, — r;| denotes the
relative distance between the two quarks and p(r) is the
quark density at a distance r. The fact that all quarks are
equivalent in these compact structures means that we have a

single curve for each spin-color-isospin configuration. All
compact configurations exhibit localized distributions with
maxima at distances of approximately 1 fm. Although the
broader profiles in Fig. 1 generally correspond to configu-
rations with larger S and/or I, both quantum numbers and
the underlying color-spin structures change simultaneously.
The relatively small variations should therefore not be
interpreted as a monotonic dependence on either S or
I alone.

In Fig. 2 we show the most representative examples of
baryon-baryon-like configurations. Since the system con-
tains two sets of indistinguishable quarks, there are,
a priori, three distinct characteristic interquark distances.
The distance r, characterizes correlations between quarks
belonging to the first baryonic subunit, whereas rys
describes correlations within the second one. Finally, r4
measures correlations between quarks belonging to differ-
ent subunits and may therefore be used as a proxy for the
separation between the centers of mass of the two baryonic
clusters, although the two quantities are not strictly
equivalent. For the sake of comparison, we display also
the distributions corresponding to a nucleon and a A
baryon.

What we see is that the structures correlate perfectly to
the findings in the mass sector. For instance, in the
(1,0,17) case, the two baryonic structures correspond to
two nucleons separated by a distance whose maximum is
~4 fm, in perfect agreement with its NN mass threshold,
according to Table I. The (1,2, 11) hexaquark have one of
the units similar to a nucleon and another as a A, while the
(0,3,07") structure corresponds to two A’s joined together.
The final hexaquark, (3,0,17) is a compact object that
cannot be separated into two subunits and whose mass is
similar to the analogous D3 state. At this point we have to
stress that the fact that those subunits remain close to each
other is not an artifact of the form of the spatial wave
function used [Eq. (5)], since the DMC algorithm is able to
split the system into two when both pieces are color-
less [60].

Summarizing, we have studied both the masses and
configurations of all possible uuuddd hexaquark states
using the DMC technique. We find that the masses and
structures are strongly correlated, with several near-thresh-
old configurations. The (S,1,J°) = (1,0,1%) state is
particularly interesting: its radial distributions reveal two
well-defined nucleonlike subclusters separated by a com-
paratively large distance. Here, the term “deuteronlike”
refers specifically to this emergent two-nucleon spatial
clustering in a genuine six-quark L = 0 wave function,
whose hidden-color components can provide correlations
beyond a pure NN3S; product state. It does not imply a
complete dynamical description of the physical deuteron.
The calculated energy, 2072 &= 8 MeV, lies 12 +£9 MeV
above the consistently calculated model threshold,
2My = 2060 + 3 MeV. By comparison, the physical
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FIG. 2. The same as Fig. 1 for different baryon-baryon-like configurations.

deuteron has a binding energy B, ~ 2.2246 MeV [62]. The
present L = 0 calculation, with an interaction that lacks
tensor-induced 3$,-*D, mixing, cannot resolve dynamics
reliably on this few-MeV scale. Including both higher
partial waves and the corresponding tensor interaction may
shift the precise position of the state relative to threshold;
therefore, the conclusion that it is slightly unbound applies
only within the adopted L = 0 AL1 framework.
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