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Within the framework of an equivparticle model employing mean-field approximation, we investigate
systematically the mass spectra of color-singlet N-quark configurations with N = 3, 6, 9, 12, 15, and 18,
which are assumed to be spherically symmetric with quarks occupying the 1s;,, state, i.e., compact
multibaryon states. At a given quark number N, these states collectively form a single irreducible
representation under SU(6) symmetry. Our analysis yields comprehensive mass formulas that characterize
these SU(6) multiplets, providing a unified description of their mass spectra. In order to effectively
constrain the parameter space of the model and improve the prediction accuracy, we carry out a Bayesian
parameter inference based on the experimental masses of eight baryons and Ds. The posterior probability
density functions and their correlations of the model parameters are examined, based on which we further
predict the masses of various multibaryon states and provide their 68% and 90% credible intervals. In our
prediction, H-dibaryon, D3, and the dibaryon with S = —6 are all bound states relative to AA, AA, and QQ
thresholds, while slight probabilities of other stable dibaryons (23.64% more stable than Q™= for the state
with I = %, S = —5 and 92.49% more stable than E°Z~ for the state wtih I = 0, S = —4) and tribaryons
(0.25% more stable than Z~E°Z0 for the state wtih § = —6, I = 1/2; 2.19% more stable than AE’Z~ for
the state with S = —5, I = 0; and 2.21% more stable than AAZEL for the state with S = —4, I = 1/2) are
observed as well. For heavier compact multibaryon states, it is unlikely for them to be stable. The stable and
unstable multibaryon states examined in this work may persist in compact stars, which could be helpful for
us to understand the essence of pulsarlike objects.

DOI: 10.1103/rvfc-vt39

I. INTRODUCTION

Quantum chromodynamics (QCD) predicts the possible
existence of exotic quark configurations beyond conven-
tional mesons and baryons. These include multiquark states,
multibaryons, quark nuggets, and even compact stellar
objects composed of quark matter. However, due to the
nonperturbative nature of QCD and the notorious sign
problem in lattice simulations, our current understanding
of such objects largely depends on various QCD-inspired
effective models. Various theoretical approaches have been
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employed to study multibaryon systems, e.g., the bag model
[1-7], nonrelativistic quark cluster model [8—11], Skyrme
model [12-15], and diquark model [16]. For strange multi-
baryons (strangeons), the interactions have been examined
using diverse frameworks such as the quark cluster model
[17], extended 6 — @ — p mean-field model [18], Lennard-
Jones potential model [19], linked bag model [20,21], and
so on. Theoretical investigations on the properties of quark
matter have been conducted within several well-established
frameworks, including the MIT bag model [22,23], Nambu-
Jona-Lasinio model [24], perturbative QCD approaches
[25], field correlator method [26], quasiparticle model
[27-32], equivparticle model [33-37], and so on.

Over the past few decades, various models have been
used to predict the properties of multiquark states. For
example, Dyson and Xuong extended the quark model to
include four-, five-, and six-quark states [38]. They sim-
plified the Gursey—Radicati mass formula [39] to the

Published by the American Physical Society
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SU(2) case and determined the spin- and isospin-dependent
parameters by fitting the masses of the deuteron and the NA
resonance Dj,, subsequently predicting the masses of D,
and Djy to be around 2.35 GeV. In the SU(3) chiral
constituent quark model with coupled AA and CgCy
configurations, d* is predicted to be a compact hexaquark
state with a binding energy of 47-84 MeV with its mass of
2380-2417 MeV, where the hidden-color component domi-
nates (66%—68%) [40]. The pure AA structure model yields
smaller binding energies (29—62 MeV) and fails to explain
the narrow width [41]. The D,z molecular model proposed
by Gal and Garcilazo (mass 2363 4+ 20 MeV) requires
mixing with a AA core (@ ~ 5/7) to satisfy the experimental
upper limit for single-pion decay branching ratios [42,43].
Other approaches like lattice QCD (binding energy
3040 MeV) [44] and QCD sum rules provide scattered
results but generally support d* as a bound state below the
AA threshold [45], with its exact structure awaiting further
experimental verification. The H-dibaryon was originally
proposed as a stable state within the framework of the bag
model [1,2]. However, recent lattice QCD simulations
suggest that the H-dibaryon is either weakly bound or
unbound [46,47]. The dibaryon QQ with quantum numbers
S =—-6,1 =0, and J = 0 was predicted in the flavor SU(3)
Skyrmion model [48] and later confirmed as a bound state in
quark-delocalization, color-screening model (QDCSM) cal-
culations [49]. Recent (2 + 1)-flavor lattice QCD simulations
with m, ~ 146 MeV show this state exhibits overall attrac-
tion near the unitary regime, supporting its experimental
search via pair-momentum correlations in heavy-ion colli-
sions [50]. In a wide range of parameter spaces in models like
the bag model, it has been shown that strange quark matter
(SQM), consisting of roughly equal numbers of u, d, and s
quarks, could be more stable than ordinary nuclear matter
[51-54]. This opens the possibility for the existence of exotic
objects such as strangelets [23,55-58], nuclearites [59,60],
meteorlike compact ultradense objects [61], and strange
stars [62,63].

The exotic objects mention above are expected to be
formed under extreme conditions. The H-dibaryon may
appear in high-density neutron star cores, requiring a
balance between o attraction and @ repulsion, with its mass
near the A-A threshold but slightly above 26 + 11 MeV
[64-66]. RHIC’s STAR measurements of AA correlations in
200 GeV Au-Au collisions reveal slightly attractive inter-
actions [67,68], while ALICE’s dedicated H-dibaryon
search (via H - Apn~decay) in Pb-Pb collisions of LHC
found no evidence, setting mass limits of 2200-2231 MeV
(binding energy < 31 MeV) [69]. Zhang et al. predicted a
stable diomega particle (Q€) with strong binding
(~100 MeV) that could be formed in heavy-ion collisions,
offering new possibilities to study exotic quark states [70].
Vidana et al. examined the possible emergence of d*(2380)
in neutron stars, predicting its presence in about 20% of
heavy star cores, which reduces the mass of the most massive
star by 15% and introduces new cooling mechanisms via

neutrino emissions [71]. For SQM and nonstrange quark
matter (#dQM), it may be formed through the following
mechanisms in various high-energy processes, e.g., heavy-
ion collisions [72], mergers of binary compact stars [73—77],
core-collapse supernova [78], and the hadronization process
in the early Universe [52].

In this paper we consider the possible color-singlet
N-quark states in the framework of an equivparticle model,
where mean-field approximation (MFA) is employed [79].
These N-quark states are assumed to be spherically
symmetric with quarks occupying the 1s,/, state, which
are thus all in positive parities. To fix the masses of baryons
and multibaryon states, the correction from the color-
magnetic part of one-gluon-exchange interaction needs
to be accounted for, where the coefficients for each
flavor-spin multiplet should be fixed separately. As the
allowed states must be totally antisymmetric with respect to
flavor, spin, and color, the color-spin tensor operators in the
mass formulas are expressed in simple flavor-spin tensor
operators, where the contributions of the different SU(6)-
breaking tensor operators can be identified. To constrain the
model parameters, we further construct a likelihood func-
tion using the experimental masses of eight baryons and
Dy3;, and employ Bayesian inference to provide the
posterior distribution of the parameter sets, where the mass
spectra of multibaryon states can be estimated along with
the corresponding posterior probability density functions.

This paper is organized as follows. In Sec. I A, we
present the theoretical framework of the equivparticle
model. The formulas to fix the properties of baryons and
multibaryon states are indicated in Sec. II B with the center-
of-mass corrections accounted for. Section II C is devoted
to the color-magnetic part of one-gluon-exchange inter-
action in the mass formulas. To fix the parameters and
estimate the uncertainties of model predictions, in Sec. II D
we illustrate the Bayesian inference approach adopted in
this work. The obtained results on the properties baryons
and multibaryon states are then presented in Sec. III.
Finally, we give our conclusion in Sec. IV.

II. THEORETICAL FRAMEWORK
A. Equivparticle model

1. Quark mass scaling

In the framework of the equivparticle model [33-37,80—
94], the strong interactions between quarks are described
using density and/or temperature dependent quark masses.
In this approach, the mass of quark i is determined by

m; = my +my({n;, T}), (1)

where n; stands for the number density of quark flavor j,
T the temperature, and m, = myy = 3.415 MeV, my =
93 MeV the current quark masses [95,96]. In this work we
adopt the following mass scaling for quarks, i.e.,
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m;(ny)

where ny, =) ,_, ;,n;/3 is the baryon number density.
Note that the current quark masses are multiplied by a factor
f to accommodate running quark masses [97,98]. The
second term is fixed at vanishing densities and represents
the linear confinement with the confinement strength
D = -3(2/x)"*on*/ Y (qq)e» which is connected to
the string tension o, the chiral restoration density »n*, and
the sum of the vacuum chiral condensates ) (gq)o [80].
The third term is fixed by reproducing the leading-order
perturbative QCD results at large densities with C =

213\ 2a, /37 [90], where a; is the strong coupling con-
stant. In principle, the equivparticle model adopted here can
be viewed as one type of energy density functional for quark
matter, where the parameters f, D, and C are fixed by
reproducing the experimental mass spectra of baryon octets,
baryon decuplets, and dibaryon Dy; as illustrated in
Table V.

= fmi+ Dy + Cny?, (2)

2. Lagrangian density

The Lagrangian density of the equivparticle model reads
_ . 1
L= wilir'o, —m; - eqiy"Aw; = 3 AuA™. (3)
i

where y; represents the Dirac spinor of quark flavor i, m;
the mass, ¢; the charge (¢, = 2¢/3 and g, = ¢, = —e/3),
and A, the photon field with the field tensor

A, =0,A, —d,A,. (4)

12 (Z

Adopting the Euler-Lagrange equation, one obtains the
equation of motion for quarks

r*(i0, — eqiA, — Vyd,0)wi = muy;. (5)

The term Vy arises from the density dependent quark
masses, i.e.,

1 dml
6
=3am Zwlu/, (6)

The equation of motion for photons is given by

A# = ezqz"/_/i}’”llfi = 62J7e- (7)

i

B. Baryon and multibaryon states

1. Spherically symmetric systems in MFA

For spherically symmetric systems, the Dirac spinor of
quarks can be expanded as

1 ([ iGy(r)
W;zknl(r) = ~
r\ F,(r)e-F

where G,,(r)/r and F,(r)/r are the radial wave functions
for upper and lower components, and Y;m (0, @) is the spinor
spherical harmonics. The quantum number « is defined by
the angular momenta (I, j) as x = (—1)/H+1/2(j +1/2)
with j = [ 4 1/2. By utilizing MFA and inserting Eq. (8)
into the Dirac equation, we can easily obtain the one-
dimensional radial Dirac equation through the integration of
the angular component, i.e.,

Viv+Vis - % + Gk Ginc
d P = Eink ’ (9)
aTy Viv=Vis/ \ Fin Fin
where ¢;,, is the single particle energy. The mean-field scalar
and vector potentials of quarks can be obtained as

Jrea.  ®

Vis = fmio + my(ny), (10)
1 dml
Vy=-——0u s Ag, 11
V=3 dn, i:uzdsnl +eqiAo (11)
where my(n,) = 4 Cnl/ . The vector potential

arises as a result of the densny dependence of quark masses
and is crucial for ensuring thermodynamic self-consistency
[90,99]. Due to time-reversal symmetry, the photon field is
left with time component and is fixed by

eZqini. (12)

We then adopt no-sea approximation neglecting any
contributions from antiquarks. For given radial wave
functions, the scalar and vector densities are fixed by

50 = 35 s 1O

—V2A0 —

?]. (13a)

- |Fim<(

)= I G P+ Fe(APL (130)

where the degeneracy factor of each single particle levels is
3(2j + 1) = 6|x|. The quark numbers N; = [4zr’n;(r)dr
(i = u, d, s) are obtained by integrating the density n,(r) in
coordinate space.

Finally, the total mass in MFA can be obtained with

= Z6|K|Eink - / 127720y (r)Vy (r)dr

i,n,K

- /Zﬂrznch(r)er(r)dr, (14)
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where the last term represents the contribution of Coulomb
energy. At fixed parameters C, D, f, and quark numbers N,
we numerically solve the coupled system comprising the
Dirac Eq. (9), mean-field potential Eqgs. (10), (11), and
density Eqs. (13) within a finite box by iteration in
coordinate space with the grid width 0.001 fm.

2. Center-of-mass correction

The obtained solution for a color-singlet N-quark state
can be viewed as a wave packet of the physical particle with

various total momentum 13, where the actual mass M, can
be approximately obtained with [100]

= (Vg ey s

with E; determined by Eq. (14). The expectation value of
the squared total momentum (P?) is obtained as described
in Ref. [101]. Subsequently, by introducing I" with

%:<%>:< [-2)~ 1—@, (16)

0

the actual mass with center-of-mass corrections is obtained
with

C. One-gluon-exchange interactions

1. Classification of N-quark states
Here we consider the light quarks (u, d, s) occupying only
the 1s;/, orbital, which can accommodate a maximum of
18 quarks. Therefore, the N-quark states can be decomposed

into flavor (F), spin (J), and color (C) classifications as
follows [3]:

SU(18) o SU(3,F) ® SU(2,J) ® SU(3.C), (18)

To take into account certain quantum numbers of these
states, we consider decomposing SU(18) as follows:

SU(18) o SU(6, FJ) ® SU(3,C). (19)
Since we are dealing with SU(3,C) singlet states and quarks
must be totally antisymmetric with respect to flavor, spin,

and color, the irreducible representation (irrep) of SU(6, F.J)
can be fixed uniquely. We further decompose SU(6, FJ) into

SU(6, FJ) 5 SU(3, F) ® SU(2,J). (20)

The decomposition for SU(6, F.J) irreps in flavor and spin is
then presented in Table 1.

_Ey Consider the fact that SU(3, F) symmetry is broken, we
My =2, (17) oo
r adopt another decomposition, i.e.,
TABLE I. Decomposition of SU(6, F.J) irreps in flavor and spin at fixed baryon numbers B = N/3.
B Decomposition
! Bl =21 ®[21] + 3] ® [3]
56=8Q2+10Q@4
2 [33] = [6] ® [33] + [51] ® [42] + [42] ® [51] + [42] ® [33]
+[33] ® [6] + [33] ® [42] + [411] ® [42] + [321] ® [51]
+ [321] ® [42] + [222] ® [33]
490=28@1+35®3+27T®5+271+10"® 7
+10°®3+10®3+8®5+8®3+1Q®1
3 [333] = [333] ® [9] + [333] ® [72] + [333] ® [63] + [432] ® [81]
+[432] @ [72] + [432] ® [63] + [432] ® [54] + [522] ® [63]
+ [441] @ [63] + [531] ® [72] + [531] @ [63] + [531] ® [54]
+ [621] ® [54] + [54] ® [54] + [63] ® [63]
NVO=1Q10+16+14+83R8+8R6+8R4
+8®2+10Q@4+10"®4+27TQ6+27Q 4
+27@24+35®2+35Q@2+64Q4
4 [3333] = [66] ® [66] + [651] ® [75] + [642] ® [84] + [642] ® [66]
+[633] ® [93] 4 [633] ® [75] + [552] ® [75] + [543] ® [84]
+ [543] ® [75] + [444] ® [66]
490=28"@1+35Q®3+2705+27T®1+10"® 7
+10°®3+103+8QR54+8®3+1Q®1
5 [33333] = [654] ® [87] + [663] & [96]
56" =8@2+10"®@4
6 [333333] = [666] ® [99]

1=1®1
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TABLE II. Hypercharge, SU(4,J,), and strange quark spin content of the SU(6, F.J) irreps.

B Decomposition

! Bl=01) @[] @0 +(0)® 2] & [1]
=D e 2+ (-2)®[0] @ [3]
6=201+10®2+4Q@3+1Q4

2 33 =02) @B ®[0] +(1)®[32] @[] + (0) ® 31] ® 2]
+(0) @221 @ [11] + (=) ® 3] ® 3] + (-1) ® 21] ® [21]
+(=2)® 2Bl +(-2)® [11] ® [22] + (=3) @ [1I] ® [32]
+(=4) ® 0] ® [33]

490=50®1+60®2+45®3+20,@ 1 +20® 4
120, ®2+10®3+6®1+4@2+1®1
+

3 333) = (3) ® 333] ® [0] + (2) ® [332] ® [1] + (1) ® [331] ® [2]
+(1) ®[322] ® [11] +(0) ® [321] ® [21] +(0) ® [33] ® [3]
+(-1) ® [311] @ [22] + (-1) ® [32] ® [31]
+(=2) ® B1] ® [32] + (-3) ® 3] ® [33]
980 =20"® 1 +45" ®2+ 60" ®3+36"® | +64 ®2
+50®4+36®@1+60®3+45®@2+20Q® 1

4 [3333] = (4)@[3333]@[o]+(3)®{3332} 1]
+(2) ® [3331] ® [2] + (2) ® [3322] ® [11]
+(1) ® 333] ® [3] + (1) ® [3321] ® [21]
+(0) ® [332] ® [31] + (0) ® [3311] ® [22]
+(=1) ® [331] ® [32] + (-2) ® [33] ® [33]
490=1"Q1+4"®2+10"R3+6"Q® 1 +20"® 4
+200®24+45 ®34+200Q 1 +60F 2+ 50 ® 1
5 [33333] = (2) ® [3333] ® [3] + (1) ® [3332] ® [31]
+(0) ® [3331] ® [32] + (-1) ® [333] ®
56" =1"Q4+4®3+10"®2+20'® 1
6 [333333] = (0) ® [3333] ® [33]
F=1el

33]

TABLE III. Decomposition of SU4, 1J,) irreps in isospin and nonstrange spin.

Irrep Dim (1,J,)

[0] ) (0.0)

[1] Q) )

2] (10) (1,1) & (0,0)

3] 20) 3.9 @9

[11] (6) (1,0) ® (0, 1)

[21] (20,) G.2)® ;.9 ;.3

[22] (20,) (2,0) @ (1,1) ® (0,2) & (0,0)

31] (45) 2.1 @ (1.2)® (1,1) @ (1.0) & (0,1)

32] (60) GreGeGhed.det)en.)

[33] (64) 2.1)® (2,00 (1,2) ®2(1,1) ® (1,0) & (0,2) & (0, 1)
[111] (10) (1,1) ® (0,0)

[211] (20,) (2.0)® (1.1) ® (0.2) & (0.0)

[221] (50) (3,0)® (2,1) ® (1,2) @ (1,0) & (0,3) & (0, 1)

[222] (36) 3)0G.2)®G.2)®G.y)

321] (45) 2D (1.2)® (L)@ (1.0)® (0,1)

[322] 50) 3.0 2, 1)@ (1,2) & (1,0) & (0,3) & (0,1)

[331] (60) 3)0GI®GENSG3S GG

[332] (60) GH®GEHSGHNSGE.3)S(G.3)®G.3)

[333] (64) 2,1)® (2,00 (1,2) ®2(1,1) & (1,0) ® (0,2) & (0, 1)
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SU(6,FJ) D U(1,Y) ® SU(4,1J,) ® SU(2.J,),  (21)

where Y is the hypercharge, I the isospin, J,, the total spin
of nonstrange quarks, and J; the total spin of strange
quarks. The decomposition for SU(6, F.J) irreps

W= (Y.(v).J,) (22)

is then indicated in Table II, where (v) corresponds to SU
(4,1J,) irreps. We further decompose SU(4, 1J,,) according
to the isospin symmetry and the nonstrange quark spin
symmetry, i.e.,

Su(4,1J,) > SU(2,I) ® SU(2,J,). (23)
These decompositions are given in Table III.

2. Color magnetic interaction

The one-gluon-exchange interaction between quarks is
particularly important in estimating the properties of multi-
baryon states. According to the quark wave function in
formula (8), the color current of quark i can be expressed as
follows:

B =ALL)W, 2

356 =4 L eap(Zxw). e
where

L) =GP+ IF)P. (@6)

Mi(r) = Gi(R)Fi(r) + GUr)Fi(r).  (2)

In this work, we consider the cases where u, d, and s quarks
occupy only the first orbital 1s,/, (with [ = m = 0), there-

fore [Y’, (6, ¢)|* = 1/4x. The contribution from one-gluon-

exchange interaction can be regarded as a correction to the
mass formula (17), i.e.,

drdr
ij
AM =) o //|r_

l<]

(Fi) T3 (7))
= AM® + AM™, (28)

which is divided into the color-electric AM¢ and color-
magnetic parts AM™. In this work, to simplify our calcu-
lation, we neglect the self-energy diagram and the color-
electric part of one-gluon-exchange interaction AM¢, which
are expected to be addressed in the quark mass scaling by
properly readjust the parameters as they are spin independent
[87]. Then Eq. (28) for multibaryon states can be reduced

nto

AM = Zz"y ,,/ M( / r()drdr (29)

i<j

Here a are the strong coupling constants for the one-gluon-
exchange interaction between quark i and quark j, which are
in principle running with the energy scale along with the
parameters f and C [102,103]. In this work, nevertheless, we
treat them as constants and adjust them according to the mass
spectra of baryons and dibaryon Dgy;. The interaction
coefficients a; ; are fixed according to the classification of
N-quark states illustrated in Sec. IIC 1. As illustrated in
Ref. [3], the coefficient a; ; can be fixed as follows

3 3
dy = N(N =10) = N = SN+ N, + N,
4—' 4—> 2—»
FACy + Cy— AP T =~ Th + 5T,
37 3773
3 4—>
= TN3 =N, = Cy+ 41 + 275,
4 3
3 2,
—ZN2-N,-Z7% 30
aSS 2 S N 3 ) ( )

where N, and N, denote the nonstrange and strange quark
numbers with N = N,, + N, respectively. C5 and C, are the
second-order Casimir operators’ expectations for the SU(3)
and SU(4) groups, which can be fixed based on Tables I
and II. The irreps of SU(3), after decomposition as shown in
Table 1, are given by [vy,v,,v3]. By defining p = v, — 13
and ¢ = v;3 — vy, the quadratic Casimir operator C3 can be
expressed as

C; == (p*+pg+q*+3p+3q). (31)

wl»—

Similarly, the quartic Casimir operator C, for SU(4) is given
by

C, = 2N,(N, + 1) +%N(N —18) —%(N —9)Y.  (32)

Here Y =
spin, J . the total spin of the nonstrange quarks, J s the total

1N N, represents the hypercharge, T the iso-

spin of the strange quarks, and 7 the total spin of the entire
system. When the quantum numbers corresponding to the
system are given, the contribution to the energy correction of
the color-magnetic part of the one-gluon exchange inter-
action can be calculated, and the total energy can be
obtained,

M = My + AM. (33)
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D. Bayesian inference approach

The core concept of Bayesian parameter inference is the
Bayesian theorem, which is expressed as follows:

___ P(DIM)P(M)
PIMID) = D piM)aM

(34)

Within this framework, P(M|D) represents the posterior
probability of model M given the dataset D, which is the
core objective of our analysis. P(D|M) is the likelihood
function, representing the conditional probability that
model M correctly predicts the data D. P(M) is the prior
probability of model M before considering the data. The
denominator of Eq. (34) serves as a normalization constant
and is used to compare multiple models to determine which
one can better explain the experimental data.

In this work, there are six model parameters, i.e.,
Di=12..6 = C, VD, f.a", o, af. By providing the
quantum numbers of the multibaryon state and the appro-
priate model parameters, we can fix various physical
properties of baryons and multibaryon states. In our
previous studies [79], we used the least squares method
to fit the model parameters and found they follow the
following functional relations, i.e.,

VD/MeV = 90 x 1.4437C + 60.5, (35)
f=127°C+14, (36)

am = 0.97 x 2.14€ 4 0.2, (37)

o = 0.79 x 2.14€ + 0.09, (38)

@ =0.2. (39)

To better conduct Bayesian inference, we introduce a small
offset to these formulas to generate new parameters for the
model and conduct uniform random sampling within its
prior range (see Table IV).

Once the six parameters obtained through sampling are
substituted into the model, the resulting theoretical mass
my, ; is then used to assess the likelihood of the selected
parameters reproducing the experimental mass ey, j,

TABLE IV. Prior ranges for the offsets to the parameters
obtained with Egs. (35)—(39).

Parameters Lower limit Upper limit
C -1.0 0.5
5D /MeV -5.0 5.0

of —0.05 0.15
oay" —0.1 0.1

ooy’ -0.1 0.15
ooy’ —0.1 0.2

where j ranges from 1 to 9, as presented in the dataset
D(ml,zw_g) in Table V.
Then the likelihood is obtained with,

)2
9 exp |:_ (mlh.jz;rzftxp.j) :|
J

) V2no;

P, [D(m, o|M(pi2.6)] =

(40)

The uncertainties are fixed by 6; = /0%, ; + oy, ;, While

the experimental uncertainties o, ; on the baryon masses
are negligible. In this work we are interested in examining
the possible stable multibaryons with small masses and fix
the associated uncertainties in model predictions. In such
cases, as indicated in Table V, we set the uncertainties 6; =
om,; = 3 MeV for baryons with masses less than 1.35 GeV
and o; = oy, j = 10 MeV for the rest to account for the
uncertainties of our model predictions [79], which are
expected to give better predictions on the masses of light
multibaryons as the parameters C, f, ai", o}*, a}* are better
constrained with the energy scale close to that of light
baryons.

A Markov-chain Monte Carlo (MCMC) method using
the Metropolis-Hastings algorithm is employed to simulate
the posterior probability density function (PDF) of the
model parameters. The PDFs of individual parameters and
their pairwise correlations are derived through marginali-
zation over the remaining parameter space. Specifically, the
marginal PDF for the i,, parameter p; is given by,

_ [P(D|M)dp,dp,...dps
P(pi|D) = [ P(D|M)P(M)dp,dp,...dps" e

Following the standard MCMC algorithm, we discard the
initial burn-in samples (the first 50,000 steps) as the chain

TABLE V. Data for the masses .y, of baryons and D3 used in
the present work [96]. The most probable values of the eight
baryons and D3 along with their corresponding credible intervals
(68% and 90%) predicted by our model my, are indicated as well.

Mg, MeV 6 MeV my,(68%) MeV  my,(90%) MeV
p 938272046 3.0 937.7433 9377533
A 1115.6836 30 111474 1114738
Tt 1189.377 30 1187.3%3) 1187.313%
A 1232 30 1236073 1236.014%
20 131486 30 13177428 1317.7:4]
s 1382.8 100 13912439 1391.257¢
=0 15318 100 1532.9+39 1532.91 %%
Q- 16724529 100 1660.6°%, 1660.67/%
Dy 2357 100 2333316 2333.313¢
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has not yet converged to the target equilibrium distribution.
The subsequent samples are retained for posterior infer-
ence, enabling robust estimation of the six-dimensional
parameter probability density functions.

III. RESULTS AND DISCUSSIONS

Employing the equivparticle model described in
Sec. II A with MFA illustrated in Sec. II B, we can obtain
the mean-field contribution for the energy of any baryon or
multibaryon state at a fixed baryon number B via iteration,
where the center-of-mass correction outlined in Sec. II B 2
is applied. With fixed quantum numbers according to the
symmetry decomposition indicated in Sec. I1C2, the
energy correction from the color-magnetic interaction
can be fixed by Eq. (29), then the mass of any baryon
or multibaryon is obtained with Eq. (33).

To calibrate the model parameters and achieve a rea-
sonable uncertainty estimation of our model predictions,
the Bayesian parameter inference described in Sec. II D is

2.4

1.6

0.8

0.0

0.4

?

0.0

s

6VD (MeV)

-0.4

adopted, where the experimental hadron masses illustrated
in Table V are used. As specified in Table IV, the prior
distributions of the parameters are assumed to be uniform.
The obtained constraints on parameters are presented in
Fig. 1, which shows the PDFs of the six parameters from
Bayesian analysis, as well as their 90% and 68% posterior
credible intervals. The probability distributions for the
parameters obtained here basically exhibit a single peak
structure, which means that the experimental masses of
baryons and D3 used in this paper have relatively good
constraints on the six parameters of the model. The
corresponding most probable values and the upper and
lower limits of 68% and 90% credible intervals are
indicated in Table VI. Here, parameter C is relatively free
and can be sampled from —1 to 0.5 as indicated in Table IV.
The other parameters are sampled and combined with those
estimated with functions (35)—(39) at fixed C. Note that the
color-electric part of the one-gluon-exchange interaction is
neglected in this work, whose effects are nonetheless
expected to be included in the mass scaling in Eq. (2).

of
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PDFs of the six parameters (represented by the blue curve) and their correlations (represented by the red and yellow curves,

corresponding to the 68% and 90% confidence intervals) obtained through Bayesian analysis from the masses of baryons and Dy listed

in Table V.
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TABLE VI. Values for the most probable parameter set along
with the corresponding single-parameter posterior confidence
interval (68% and 90%). The prior distribution is shown in
Table IV.

Parameters 90% 68%

C 0.15910755 0.159%0%0
8V D/MeV 0.051703% 0.05110%
of 0.064143% 0.0641643¢
bay" 0.0111003% 0.011595%
salt 0.07970 0% 0.079:0 %3
say’ 0.14959737 0.1497074

In particular, C > 0 corresponds to the first-order pertur-
bative interaction [87], while at C < 0 the one-gluon-
exchange interaction dominates [90]. The peak value of
C lies in between 0.2 and 0.4, which becomes 0.159 in the
most probable parameter set. This indicates a repulsive
interaction among quarks and could be attributed to the
first-order perturbative interaction. It is worth mentioning
that the peak of the posterior marginal distribution of §v/D
is almost at zero, which means that the Eq. (35) accurately
describes the evolution of /D with respect to C. The peak
in the PDF of 6f is located between 0.05 and 0.1, which
means that the running parameter f of the current mass of
quarks is larger than that of Eq. (36). The broader peaks
observed for the PDFs of o} and @} than that of a}”"
suggest larger parameter uncertainties, which stem from the
fact that the uncertainties ¢ for light baryons are smaller
than that of heavy baryons as indicated in Table V. From the
perspective of the peak of the posterior distribution, the
strong coupling constants seem to be underestimated in
Egs. (37)—(39), and its peaks are all positive, indicating
larger contributions in the energy correction of the color-
magnetic part of the one-gluon-exchange interaction.

Based on the two-dimensional joint posterior PDFs in
Fig. 1, the correlations between parameters can be iden-
tified. For example, there is a relatively obvious positive
linear correlation between 6f and da*, which is mainly
attributed to the similar role in varying strange quark
masses and strange-nonstrange quark interactions. Slight
positive correlations between the parameter pairs of-da}",
sas-6a™, and negative correlations 8f-6a*, 8f-6v/D are
observed. For the remaining parameter pairs, the correla-
tions are not distinctive with the two-dimensional joint
posterior PDFs showing almost circular shape.

The obtained PDFs for the masses of the eight baryons
and D(; employed for Bayesian inference are presented in
Fig. 2, while the most probable values along with their 68 %
and 90% credible intervals are listed in Table V. Note that
the most probable values listed in Table V are fixed
adopting the most probable parameter set instead of the
median values for each hadron. Evidently, for light baryons

such as nucleons N, A, Z, &, and A, our model reproduces
their experimental masses generally well, which are
enclosed within the 68% intervals with ¢ ~3 MeV. For
heavier baryons, the deviation from the experimental
masses grows quickly and approaches to ¢~ 10 MeV.
For example, the most probable mass of Q™ predicted by
the model differs from the experimental value by approx-
imately 12 MeV and does not fall within the 90% credible
interval. For the spin partner states £ and X**, the most
probable mass of X* with J = 1/2 is very close to the
experimental value and lies within the 68% confidence
interval, while that of X** is approximately 9 MeV larger
than the experimental value and exceeds the 90% confi-
dence interval. For A*™* resonant state, although the
experimental value differs from its most probable mass
by 4 MeV, it still falls within the 90% credible interval. In
general, the credible intervals are roughly consistent with
the uncertainties o; adopted for Bayesian inference and
enclose the experimental masses, while model predictions
on the mass spectra are consistent with the experimental
values for light baryons with masses below 1.35 GeV.

Beside baryons, the CELSIUS/WASA collaboration
observed a clear enhancement in the 7z and dr invariant
mass spectra in the pn — dn°z° reaction at 1.03 and
1.35 GeV, suggesting an s-channel resonance (dibaryon
D3 with mass 2.36 GeV and width 80 MeV), as t-channel
AA processes alone cannot explain the effect [45].
Therefore, we adopt the experimental mass 2357 MeV
for Dg; to constrain the parameters as indicated in Table V
[104,105]. Note that partial wave analysis revealed a pole at
2380 + 10 — i(40 £+ 5) MeV in the NN 3D;—3Gj; channel,
suggesting a larger mass for the dibaryon D [106]. In this
work, the most probable mass of Dy predicted by our
model is 2333.3 MeV, which is smaller than the exper-
imental values. Nevertheless, our calculation is generally
consistent with the estimation of a constituent quark model
predicting 2342 MeV for the mass of Dy; [107], which falls
within the 90% credible interval in our current estimation.
The most probable mass relative AA(2464) threshold
binding energy is 131 MeV, while the HAL QCD collabo-
ration group recently provided a binding energy of approx-
imately 30 to 40 MeV for the double A system with the
pion mass being about two to three times its actual value
[44]. Note that in this work we treat the Dg; state as a
compact hexaquark state instead of a molecular state, which
could be the reason for the large differences in the binding
energies.

Based on the posterior distribution of the parameters for
the equivparticle model, we then conduct a systematic
study on the mass spectra of multibaryon states with baryon
numbers B ranging from 2 to 6, where the complete results
are listed in the Supplemental Material [108]. Since the
masses of multibaryon states vary little with respect to the
third component of isospin /5 due to the slight variations in
Coulomb energy, in this work we consider only the cases
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FIG. 2. PDFs for the masses (in MeV) of the eight baryons and Dy obtained adopting the prior ranges of parameters listed in Table IV
and the constraints in Table V, where the red (yellow) vertical lines represent the 90% (68%) credible interval.

with I3 = I for simplicity. The obtained results for various
multibaryon states with B =2 -6 are then presented in
Figs. 3-7, where the lowest energy states at fixed baryon
number B, isospin /, and strangeness S are indicated.

In Fig. 3, we present the posterior mass distribution for the
most stable compact dibaryons at fixed strangeness S and
isospin / with baryon number B = 2. The dashed lines
indicate the lowest mass threshold for the two baryons in
vacuum with the same quark composition. There are pos-
sibilities of several stable dibaryons with masses smaller than
the threshold of two baryons in vacuum. For example, the six-
quark state with quantum numbers S = —6,1 =0, and
JP =07 is stable according to the Q€ threshold indicated
by the thin horizontal line. In our current study, the most
probable mass of this state is 3307.621 MeV, with a 90%
credible interval of 3307.621 718735 MeV and a 68% credible
interval of 3307.621fgf§0 MeV. In particular, there is a
98.44% probability that the mass of this dibaryon is below
the mass threshold of QQ, i.e., it is likely a bound state with

the most probable binding energy being 37.25 MeV. In
literature, this dibaryon was also predicted by Kopeliovich
in the framework of the flavor SU(3) Skyrmion model [48].
Both the chiral quark model (ChQM) and the QDCSM models
have predicted the dibaryon to be bound [49,109], where the
obtained binding energies lie within the 90% credible interval
of the posterior mass in our current study. The HAL QCD
Collaboration employing (2 + 1)-flavor lattice QCD simu-
lations with near-physical pion mass (m, ~ 146 MeV) has
investigated this state as well, demonstrating that the QQ
system exhibits net attractive interaction with a binding energy
of approximately 1.6 MeV [50].

For the H-dibaryon with quantum numbers S = -2,
I =0, J =0 and the dimensionality of the SU(3) irrep
being 1, as indicated in Fig. 3, the most probable mass and
the 90% credible interval are 2120.6917315% MeV, indi-
cating a binding energy of 109.3091”%?25? MeV  with
respect to the AA system. This state is consistent with
previous investigations and was first proposed in 1977 as a
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FIG. 3. Posterior mass distribution for most stable compact

dibaryons (B = 2) at fixed strangeness S and isospin I, which are
fixed according to the PDFs of the parameters presented in Fig. 1.
The dashed lines indicate the thresholds for the minimum masses
of two baryons with the same quark contents.

deeply bound six-quark state [1,2]. With SU(3)-symmetric
quark masses (m, ~ 806 MeV) and multiple lattice vol-
umes (3.4 — 6.7 fm), the NPLQCD collaboration exam-
ined the H-dibaryon and find its binding energy
By = 74.6 £3.3 MeV [65], which is close to the lower
limit of the 90% credible interval obtained in this work.
NPLQCD also reported a candidate excited state in the SU
(3) 27-plet representation (B =~ 15.9 MeV) [65]. However,
our prediction indicates that these 27-plet states are
unbound with respect to both the AN and AA thresholds.
HAL collaboration found a weakly bound H close to
the AA threshold adopting heavy u, d quarks [110].
According to the experimental measurements of §,He
[111], it is not likely that the H-dibaryon particle is deeply
bound, where the effect of SU(3) flavor symmetry break-
ing would play an important role and should be explored
in our future works.

Beside these dibaryons, the state with / = % and S = -5
has a 23.64% probability of having a mass lower than the
mass threshold of Q~Z°, while its most probable mass is
3012.899 MeV. The mass of the state with S = —4and/ =0
has a 92.49% probability of being lower than the E°E~
threshold, and its most probable mass is 2619.599 MeV.

Figure 4 shows the most stable compact tribaryons at
fixed strangeness S and isospin / with baryon number
B = 3, which generally become less bound than dibaryons.
Nevertheless, there are still marginal possibilities for the
tribaryons to be stable according to the equivparticle model
adopted here, i.e.,

(1) 0.25% probability for the tribaryon (most probable

mass: 4064.412 MeV) with § = -6, I = 1/2, and
J =1/2 to be less than the 2-Z°Z° threshold;

4.5 F
I ¢ <
1.0 1_ <>
2l ¢t ¢ - s @
= ¥ — < -
(%] I p— —
é 3.5 i II_ v *¢
3.0 F —
=l o [ 2 iesrafsre o [ o [ o [ 3 Juefsrelsre o [ 1 ]2 Jivefsre
S=| -6 -5 -4 -3 -2 -1 0

FIG. 4. Same as Fig. 3 but for compact tribaryons with baryon
number B = 3.

(2) 2.19% probability for the tribaryon (most probable
mass: 3817.205 MeV) with §=-5, I =0, and
J = 3/2 to be less than the AZ°Z~ threshold;
(3) 2.21% probability for the tribaryon (most probable
mass: 3608.067 MeV) with § = —4, I =1/2, and
J =1/2 to be less than the AAE threshold.
For the tribaryon states with S = =2, = 1/2 and 3/2, our
model prediction suggests that they are unbound according
to the AAN and ENN thresholds. Nevertheless, in the
literature it was found that the tribaryon state with (1)J* =

(3)3" is deeply bound with the mass being 13.5 MeV
smaller than the Zd threshold [112]. Since this state cannot
decay into the AAN channel under a pure S-wave con-
figuration, its decay width is expected to be very small

[112]. For tribaryons with §=0, I =1/2, and 3/2,

60— T—T T T T T T T T T T T T T

5.5
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=lo 2] s [ueselse] o] 1|2 [ie]se
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FIG. 5. Same as Fig. 3 but for compact multibaryon states with
baryon number B = 4.
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FIG. 7. PDF for the mass (in MeV) of the multibaryon state
(B =6) fixed according to the posterior distribution of the
parameters in Table VI, where the red (yellow) vertical lines
represent the 90% (68%) credible interval.

we predict that their masses all exceed the NNN threshold.
Compared with the AAA threshold, nevertheless, the most
probable mass and 90% credible interval for the tribaryon
with § = 0and 7 = 1/2is3576.117)}75 MeV, indicating a
binding energy of approximately 120 MeV. This is in good
agreement with the deepest bound state of / = 1/2 (with a
binding energy of 84 MeV) given by Garcilazo even though
in this work we have assumed the tribaryon as a compact
state [113].

Finally, in Figs. 5-7 we present the posterior mass
distributions for the most stable compact multibaryons with
baryon numbers B = 4, 5, and 6. Our calculation suggests
that they are unbound according to the thresholds of the
masses of baryons with the same quark contents. Theoretical
models predict the four-body hypernucleus T = (n, n, A, A)

may form a Borromean bound state with binding energies
1-9 MeV, which is potentially detectable through the
d+d— T+ K"+ K" reaction [114]. In Fig. 7, the red
and yellow solid lines respectively represent the 90% and
68% credible intervals for the mass of multibaryon state with
B = 6. This state is unbound according to the 6A threshold.
Meanwhile, a spin-zero and charge-neutral six-baryon state
(u, d, s combinations) as a minimal stable “quark-a” particle
could potentially be bound by ~140 MeV/nucleon through
strangeness-enhanced interactions [115]. Beside the baryons
and multibaryons illustrated here, the obtained mass spectra
of all baryon and multibaryon states with quantified uncer-
tainties are presented in the Supplemental Material [108].

IV. SUMMARY

In the framework of an equivparticle model, we inves-
tigate systematically the mass spectra of color-singlet
N-quark states with N = 3,6, 9, 12, 15, and 18 employing
mean-field approximation. In particular, we solve the Dirac
equation of quarks and consider the quarks occupying only
the 1s, /, state, where the N-quark states are assumed to be
spherically symmetric. By considering the center-of-mass
corrections and one-gluon-exchange interactions, the
masses of various baryon and multibaryon states can be
fixed by properly addressing the color-magnetic part of the
one-gluon-exchange interaction at fixed baryon number
B = N/3, strangeness S, and isospin /.

In order to effectively constrain the six free parameters of
the model, we carry out a Bayesian parameter inference
based on the experimental masses of eight baryons and Dy;.
The posterior probability density functions and their
correlations of the model parameters are examined.
Based on the posterior distribution of parameters, we
further make predictions on the masses of multibaryon
states and provide their 68% and 90% credible intervals.
Our findings are listed as follows:

(i) For dibaryons (B = 2), we identify a particularly
stable state (S = —6, I = 0, J© = 01) with the most
probable mass being 3307.621 MeV (binding en-
ergy 37.25 MeV) and a 98.44% probability for the
mass to lie below the Q€ threshold. The H-dibaryon
(S = —2,1 = 0) emerges as another promising can-
didate with a most probable mass 2120.691 MeV
and binding energy 109.309 MeV, though lattice
QCD studies suggest somewhat smaller binding
energies [110]. Notably, we find a S=—-4,1=0
dibaryon state with 92.49% probability of being
bound with respect to the Z°Z~ threshold (most
probable mass: 2619.599 MeV), while the S= -5,
I=1/2 configuration shows weaker binding energy
(23.64% probability below Q~E° threshold).

(ii) For tribaryons (B = 3), we observe marginal bind-
ing probabilities for certain configurations: 2.19%
relative to AZE°E~ threshold for a S =-5,1=0

114016-12



MULTIBARYON STATES IN THE FRAMEWORK OF AN ...

PHYS. REV. D 112, 114016 (2025)

state (most probable mass 3817.205 MeV) and
2.21% relative to AAE? threshold for a S = —4,
I = 1/2 state (most probable mass 3608.067 MeV).
We have also identified a deeply bound I = 1/2
state with binding energy ~120 MeV relative to the
AAA threshold (most probable mass 3576.11 MeV),
aligning well with previous theoretical predic-
tions [113].

(iii) For multibaryon stats with B = 4 —6, our calcula-
tions generally predict unbound states relative to
their respective baryon thresholds.

The systematic mass predictions across different baryon
numbers and quantum states provide useful benchmarks for
future experimental searches of exotic multibaryon states,
particularly highlighting the H, D3, QQ, Q~E°, and E0Z-
dibaryons and certain tribaryon configurations as the most
promising candidates for stable, compact multiquark sys-
tems. Our results demonstrate that strangeness plays a crucial
role in enhancing stability in these systems, where the
multibaryon state with / =0 and S = —B are generally
more stable than the others at a fixed B, indicating the
preference over SU(3) flavor symmetry with N, =N, ,=N;,.

The current study serves as a key step toward the con-
struction of a reliable energy density functional for a unified
description of strongly interacting matter in a vast density
range starting from quark degrees of freedom, where in our
future study both the confined hadronic matter and decon-
fined quark matter are expected to be examined in a unified
manner. The stable and unstable multibaryon states exam-
ined in this work may persist in compact stars, which could
be helpful for us to understand the essence of pulsarlike
objects.
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