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The search for the compact limit of multiquark states is a challenging issue. Within the framework of the
MIT bag model, we propose an effective limit bag radius of R, = 5.615 GeV~! (or 1.11 fm) for bound
states. When the bag radius of a hadron falls below this value, the bag binding energy satisfies Ez < 0,
indicating that the system has a compact intention. We consider various combinations of different numbers
and ratios of heavy and light quarks, indicating that the bag radius of hadrons depending on the number of
quarks is suppressed by the presence of heavy quarks. Focusing on five-quark combinations, we find that
the average bag radius of nnccc is below the threshold R.. We take into account color-magnetic
interactions and calculate the mass, magnetic moment, binding energy, and relative strong decay width for
the nnQQQ system. We show that the binding energies of most states in the flavor combination nncc¢ are
approximately —20 MeV, whereas states involving bottom quarks have binding energies around
—120 MeV, with some decay widths suppressed by the decay constant. Additionally, the nQQQQ
system exhibits even deeper binding. Our results support the compact intention of n2QQQ and suggest that

the nQQQQ configuration demonstrates even stronger compactness.
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I. INTRODUCTION

At its inception, the quark model proposed the concept of
exotic hadronic states that could extend beyond traditional
mesons and baryons, such as tetraquarks and pentaquarks
[1,2]. In the 1970s, Jaffe and others introduced the MIT bag
model [3-5], which has since been used to calculate
double-heavy baryons [6,7], hybrid mesons [8,9], and light
flavor pentaquark states [10].

In 2003, the Belle Collaboration first reported the hidden
charm tetraquark candidate X(3872) [11]. In the following
decades, more tetraquark states were discovered sequen-
tially, including the first charged tetraquark state Z.(3900)
[12] and the first tetraquark state with open charm
T..(3875) [13]. Meanwhile, theoretical discussions have
been conducted on the structure of certain tetraquarks,
focusing on both molecular and compact scenarios [14].
Recently, the LHCb and CMS Collaborations announced
two fully charmed tetraquark systems, X(6900) [15] and
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X(6600) [16]. Many studies tend to describe fully heavy
tetraquarks in compact scenarios [17-21]. During this
period, several signals of pentaquark states were disclosed
by LHCb in the J/y p and p channels, specifically including
P.(4380)" [22], P.(4457)", P.(4440)*, P.(4312)" [23],
and P.(4337) [24]. Most studies supported the interpreta-
tion of these pentaquark states as molecular states [25-29].
Subsequently, LHCb unveiled the first candidate for a
strange pentaquark state, P, (4459)° [30], in J/wA
channel. Two years later, another strange pentaquark
state, Pjy;(4338)°, was discovered in the same channel [31].
Research on the structures of these two strange penta-
quark states mainly focuses on molecular states and
compact pentaquarks [14,32-38], while also predicting
other flavor combinations arising from both configurations
[39-44].

The interactions between molecular states and compact
states differ primarily due to the varying scales of inter-
action involved. There are several theories suitable for
compact environments, such as lattice quantum chromo-
dynamics (lattice QCD) [45], QCD sum rules [46,47], color
flux tube models [37], chromomagnetic interaction (CMI)
models [48,49], and the MIT bag model [4,50]. However,
none of these theories have been used to predict the
existence of large-scale color-singlet compact hadrons.
Whether multiquark states have a compact limit is still
an open question. If they do, what is the scale of this limit?
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Therefore, finding the compact limit of multiquark states is
an important and challenging issue.

In the present work we provide criteria for identifying
compact multiquark states within the MIT bag model
framework. This model effectively describes compact
states; however, there is a binding upper limit for multi-
quark hadrons. When the bag radius of the hadron
exceeds 5.615 GeV~!, the hadron bag will break down.
Furthermore, the binding energy of the bag can be defined
based on the limit radius, which allows us to evaluate the
compact stability of hadrons. Taking pentaquark states as
an example, we first estimate the spin-independent bag
radii for the gggQQ and ggQQQ states (where g = n, s
and Q = ¢, b). Our results indicate that for ggqgcc the bag
radius is slightly above the threshold, while for ggccc it is
slightly below, mainly due to the suppressive effect of
heavy quarks on the bag radius. Furthermore, we calcu-
lated the mass spectra, bag radii, and compact stability for
the ggQQQ and gQQQQ systems, with results support-
ing the potential for compact configurations in most states
of these systems. Additionally, we discuss the two-body
strong decays of the ggQQQ system and provide branch-
ing ratio information for decay channels such as J/ywA,
and J/wE,.

The rest of the paper is organized as follows. In Sec. 1I,
we introduce the mass formula, magnetic moment, and
related parameters provided by the MIT bag model. In
Sec. III, we analyze the model and discuss the compact
limit of multi-quark states. Section IV primarily showcases
the mass spectra and magnetic moments for ggQQQ and
gQQQQ based on the bag model, as well as the calculation
results and discussion of the partial decay width ratios for
the gqgQQQ system. Finally, in Sec. V, we provide a
concise summary of the computation results and analyses.

II. METHOD FOR MIT BAG MODEL

The bag model confines the valence quarks within a
sphere region characterized by radius R, and subsequently
employs variational methods to obtain the optimal radius
and mass of the hadron. Based on the traditional bag model
[3-5], Refs. [51,52] present an expression for hadron mass
that incorporates the chromomagnetic interactions (CMI)
between quarks as well as the nonperturbative effects. The
expression is

4 Z
M(R) = Zwi + §zzR3B - FO + My + Moy, (1)
where

w; = (m + ;2> " )

Here, the first term on the right-hand side represents the
relativistic energy sum for quarks with mass m;, while the

second and third terms correspond to the bag’s volume
energy and vacuum zero-point energy, with B and Z; being
model parameters; the last two terms Mz and My account
for the short-range interactions between heavy quarks and
the chromomagnetic interactions between quarks [53]. In
Eq. (2), the quark momentum is given by x;/R, where x; is a
dimensionless parameter derived from the boundary con-
ditions of the bag, satisfying the relation
Xi

tanx; = , 3
"1 —mR— (m?R? + x})'/? ®)

which can be obtained from the spinor wave function [3,4].

We consider the contribution of short-range interactions
between heavy quarks, denoted as M. References [54-57]
propose that there are short-range color-electric interactions
among heavy quarks. Specifically, this refers to the binding
energies between pairs such as c—c¢, b—b, b —c, ¢ — s,
and b — s, while the short-range interactions between other
combinations, suchas b — n, ¢ — n, s — s, and n — n (where
n = u, d), approach zero. Furthermore, the interactions
between heavy quarks are related to the color factors of the
hadronic wave function, expressed as

8
Z r(ch %) Tr(ch A% ), (4)

here, m and n represent the basis vectors of the color
subspace for hadrons, while 1% are the generators of the
SU@3) color group (the Gell-Mann matrices), with a =
1,2,...,8. The terms c;, and c;,, are the basis vectors for
quarks i and j in color space. In Ref. [51], the author fitted
the masses of By, Dy, J/y, and Y under the bag model,
obtaining the short-range interactions between quark pairs
represented by color 1. Furthermore, by using Eq. (4), the
binding energy derived from the fitted mesons is scaled to
baryons with quark pairs of color 3., which effectively
explains the mass spectrum of heavy flavor baryons. The
specific values are

B,, = —0.025 GeV, B,, = —0.077 GeV,
By, = —0.032 GeV, B,, =—0.128 GeV, (5)
be = —0.101 GeV.

Using the color representation 3, as the standard, we
present the following scaling relationship for the color-
electric interaction that applies to any color representation:

-4
Bug /e = 731y, 594" (6)

where R represents an arbitrary color representation.
We can determine the color factor for the pentaquarks
using Eq. (4), and then calculate the matrix elements of the
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color-electric interaction through the mapping relation
in Eq. (6), as detailed in Appendix B. These matrix
elements can then be substituted into Eq. (1) for unified
diagonalization.

The Hamiltonian for the CMI is typically expressed by
the following equation:

Hevy = _Z</li "lj)(o-i 'O-j)cijv (7)

where ; and o; are the Gell-Mann and Pauli matrices for
quark 7, respectively, and C;; is the coupling constant given
by [5,52]

e

j R AiftiL;. (8)

In the bag model framework [3,4], the magnetic moment
of a quark is

R 4w,R+2m,R -3

0= — , 9
M= 6 2w, R(@,R — 1) + m;R ©)

and the hadron can be expressed as
p=wl> 2uS;.lw). (10)

where y is the basic eigenvector of the color spin.
The relevant parameters of the bag model are given in the
Refs. [5,40,51,52] as

m, =0 GeV, m; = 0.279 GeV,
m. = 1.641 GeV, m, =5.093 GeV, (11)
Zo = 1.84, B'/* =0.145 GeV.

The solution to the mass formula Eq. (1) depends on the
parameters R and x;, where x; is the solution to the
transcendental in Eq. (3) and is contingent upon the varia-
tional parameter R. Here, the values of x; and the bag radius R
can be obtained through iterative calculations.

III. THE COMPACT LIMIT
OF MULTIQUARK STATES

Next, we will discuss the binding limits described by the
bag model. According to Eq. (1), the second and third terms
represent the vacuum states inside and outside the hadron,
respectively. In the original Ref. [5], the expression for the
zero-point energy Ey = — % was derived by considering the
truncation of gluon and quark fields at a finite scale, while
the bag constant B represents vacuum condensation in the
background field. The original work also provided results for
the masses, magnetic moments, and charge radii of hadrons
such as p, A, X, B, A, and Q, using parameters B'/* =
0.145 GeV and Z, = 1.84, which matched experimental

values well. Subsequent exploratory studies on heavy flavor
baryons confirmed that the original bag parameters B and Z
are reliable [40,51,52,58]. Additionally, color confinement
requires that the perturbative and nonperturbative vacuum
phases does not allow for the exchange of color, which means
that the hadron behaves like a cave with the boundary in a
nonperturbative vacuum. To maintain this condition, we
must ensure that the binding energy resulting from the
vacuum effect is negative. Here, we define the bag binding
energy (also referred to as the bag confinement energy) Ep,

4 Z

Epg :gﬂR3B—FO, (12)
where Z, and B are given by Eq. (11). When R <
5.615 GeV~! (or 1.11 fm), Ez < 0, and the corresponding
radius is considered as the critical value for bag confinement.
Similarly, lattice quantum chromodynamics and the
Schwinger model suggest that the string breaking limit
for the interaction between two quarks is 1.13-1.29 fm
[59-61], which is largely consistent with the result we
present here. For compact multiquark states, we can view
them as a two-body problem in color space, consisting of
an arbitrarily color 3. quark and a quark group with
anticolor 3, (see Fig. 1). Therefore, in compact states,
no quark is allowed to exceed the limits of color inter-
action. Based on this perspective, we can extrapolate the
two-body problem involving color interactions to a multi-
body problem. In the bag model, we find that an increasing
number of quarks leads to a continuous increase in the
radius of the hadron, approaching or potentially even
exceeding the bag constraint limit. Therefore, we can
exclude certain multiquark states that involve noncolor
interactions based on the bag binding energy or the limit

radius defined by Eq. (12).
Here, we investigate the effects of flavors and the number
of quarks N on the hadron bag radius R and bag binding
energy Ep. In Eq. (1), we neglect the contribution of the

FIG. 1. Multiquark states in color space. The solid red circles
represent individual color triplet quarks, while the dashed circles
indicate quark groups with color antitriplet and the blue back-
ground represents the confinement region.
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TABLEI. Ignoring the chromomagnetic interaction, we present the average bag radius and binding energy, where n represents either u
or d quarks. The unit of the bag radius R is GeV~!, while the unit of the bag binding energy is MeV.

System R Ep System R Eg System R Eg System R Eg
cnnnn 6.057 108 nini 5.984 89 nnn 5.223 —88 ci 3.975 —347
cennn 5.832 52 cinni 5.574 —10 cnn 4.862 —166 cc 3.442 —459
ccenn 5.491 -29 ceni 5.012 —134 cen 4.422 -256 bn 3.388 —471
cceen 5.273 =77 ccen 4.864 —165 ccc 4.125 =316 bb 1.948 -931
bnnnn 5.924 74 ccct 4.608 -218 bnn 4.605 =219

bbnnn 5.520 -22 binn 5.482 =31 bbn 3.854 -371

bbbnn 5050  —126 bbnii 4.701 -199 bbb 2.346 -760

bbbbn 4.308 -279 bbbii 4.145 _312

bbbbn 3484  —450 bbbb 3.073 —545

CMI terms between quarks. This is because the dependence
of the hadron bag radius R on quark flavors and the number
of quarks N is significantly stronger than the contributions
from the CMI, particularly regarding the replacement of
Q < g (where Q = ¢, b and n = u, d) and the number of
light quarks N,. The results for the bag radius R in
Refs. [40,51,52] illustrate this point. Based on the consid-
erations above, we present the spin-independent bag radius
R and bag binding energy Ep for several quark systems, as
listed in Table I. In Fig. 2, we show the variation of the bag
binding energy (or bag confinement energy) Ep as a
function of the hadron bag radius R, with solid points
corresponding to the results listed in Table I. Additionally,
Fig. 2 indicates that, although the expressions for bag
confinement differ from those of lattice QCD [59-61], their
graphical representations are similar over a finite range.
This also addresses the earlier discussion on why the scales
of the bag breaking limits provided by the bag model align
with the results obtained from lattice QCD.

The results in Table I indicate that the bag radius of
hadrons increases significantly with the number of quarks,

0.5

0.0-

-0.5

Eg(GeV)

-1.0

-1.5

1 2 3 4 5 6 7
R(Gev™1)

FIG. 2. The curve of bag binding energy as a function of bag
radius R.

while the presence of heavy quarks has a suppressive
effect on the hadron radius. This is because light quarks
enhance the nonperturbative effects of hadrons more
significantly than heavy quarks do. The numerical results
show that the radii of conventional baryon and meson
systems are both less than the critical bag radius. For the
tetraquark states, the bag radius of the all-light flavor
combination niinin (where n = u, d) exceeds the binding
limit, while the single heavy tetraquark ciinn is close to
the binding limit, and the doubly heavy tetraquark ccnin
has an average bag radius below the binding limit.
Therefore, this does not support the compactness of
tetraquark systems with all-light flavors. In the pentaquark
systems, the calculated bag radii for the flavor combina-
tions ccnnn and cccnn are approximately 5.832 and
5.491 GeV~!, respectively, both of which are close to
the limits for compact states. This also motivates us to
further investigate triply-heavy and quadruply-heavy pen-
taquark states within the bag framework.

Here, we need to clarify that in our discussion binding
criticality refers to the potential for forming compact
structures, while whether these structures are compact
or non-compact may also relate to the hadronization-
processes.

In order to check whether there is any confusion between
the limit radius of compact states and the radii of molecular
states, we can provide a rough estimate of the minimum
radius for some molecular states using the MIT bag model.
For example, the minimum radius of the DD molecular
state can be considered as the sum of the radii of two D
mesons, which is approximately 7.95 GeV~! (1.57 fm).
Similarly, we estimate the minimum radius of the BB
molecular state to be about 6.676 GeV~! (1.317 fm),
referring to the spin-independent bag radii of ci and b
provided in Table I. Here, we consider the BB molecular
state to be the molecular state with the smallest radius,
which is 6.676 GeV~!. Therefore, the limit radius of the
compact states does not encompass the scale range of
molecular states, and there exists at least a discrepancy
interval of approximately 5.615-6.676 GeV~!.
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IV. MASSES AND DECAYS
OF MULTIHEAVY PENTAQUARKS

Due to the existence of multiple flavor configurations in
triply-heavy pentaquark states, we investigate the penta-
quark state nnQQQ, which contains one heavy antiquark
(where n =u, d and Q =c¢, b). We focus solely on
pentaquark systems with heavy quark flavor symmetry,
specifically nnccc/bbb, as well as those with strangeness
S = —1,-2, such as nsccE/bbl_) and ssccé/bbl_a.

The color structure of pentaquarks can be viewed as a
coupling between two substructures: one substructure
consisting of three quarks and another substructure com-
posed of a quark and an antiquark [62-66]. By separately
considering the color configurations of each substructure,
two types of color singlet configurations can be obtained:
one corresponds to a basis vector ¢§ formed by the
coupling of two color singlets 1 ® 1, while the other
involves two basis vectors, ¢’l° and ¢§ , resulting from the
coupling of color octets 8 ® 8. The specific forms of these
three color basis vectors are provided in the Appendix A
[Egs. (A2)-(A4)]. Since we only consider the ground
state, the spin basis vectors for the pentaquarks can be
constructed from the spins of the two substructures using
Clebsch-Gordan coefficients, resulting in a total of 10
basis vectors, denoted as y; (where i = 1,2,3...10), as
shown in Eq. (A5). The color-spin basis vectors ¢!yf

can be derived based on the group algebra of
SU(3), ® SU(2),, as presented in Egs. (A6)—(AS).

For pentaquarks, there are various flavor combination
representations. For instance, the nsccc pentaquark state
can undergo three strong decay processes: E.J/y, E..D;,
and Q..D, which are described by the wave functions of
three different representations: csn ® c¢, ccn @ sc, and
ccs @ nc, as shown in Table XVI. The choice of basis
vectors may vary due to flavor symmetry; for example, the
symmetry of ccn @ s¢ or ccs @ nc is higher than that of
csn @ cc (not considering the symmetry of cc here), which
results in a greater number of basis vectors for csn ® c¢
compared to ccn @ s¢ or ccs @ nc. Therefore, the eigen-
states for csn @ cc¢ include nonphysical states. These
nonphysical states can be excluded by matching them with
the eigenvalues from the representations of ccn @ s¢
or ccs @ nc.

According to the color-spin basis states of the penta-
quarks given in Table X VI, we can solve for the eigenvalues
and eigenstates of Eq. (1). The general form of the
eigenstates is as follows:

= piay + by by A+, (13)
where the eigenstate of the pentaquark system is a color-spin
mixing state. The coefficient ¢ in front of ¢¢ describes the
combination of color 1 ® 1. When |c3|*> > 0.8, it is sug-
gested that this configuration corresponds to scattering

states of baryon and meson [62,66]. In addition, the
identification of scattering states should take into account
the eigenstates in each final state representation. If a
particular state satisfies the scattering state condition in
any of these representations, it should be classified as a
scattering state, as it tends to decay rapidly to that final state
and has a large decay width.

After obtaining the eigenstates of the hadrons, we can
discuss the partial widths of the strong decays of the
pentaquarks. Drawing on the methods employed in these
studies [49,62,63,67,68], we consider only the S-wave
decay:

I =yak- |Ci|2, (14)

here, I'; represents the width of decay channel i, y; is related
to the decay dynamics, « is the coupling constant, k is the
momentum of the final state hadrons, and |c;|* denotes the
contribution of the corresponding decay final state com-
ponent. For the two-body decay process A — B+ C,
momentum conservation in the center-of-mass frame
requires that the momentum of the final state products k
satisfies the equation

mA:\/m%—kkva\/mzc—i—kz, (15)

in the case of pentaquarks, B represents a baryon and C
represents a meson. This decay mode is classified as OZI-
superallowed [3].

The initial state mass of the hadron can be obtained by
solving Eq. (1), while the final states can be determined based
on flavor combinations and spin basis vectors. For example,
for the pentaquark nsccc with total angular momentum
J = 1/2, there are several possible flavor combinations, such
as nsc @ cc, ncc @ s¢, and scc @ nc. The corresponding
final state combinations of baryons and mesons should be
E:J v, B, B D E. Dy, Q..D, and Q:.D*. In Eq. (14),
the coefficients c; are determlned by the coefficients of
@% in the eigenstates. For certain decay final states whose
baryon masses remain experimentally unknown in this
paper, such as &, E,,, B}, Q.., Q7., and Q,,, £}, , we
use the results from the bag model calculations [51].

For specific processes, such as the decay final states with
configuration nsc @ c¢ and J = %, possible states include
E:J v, B, 2% /y, and E.J/w. In Eq. (15), the coef-
ficients y; depend on the spatial wave functions of the initial
and final hadronic states, and in the heavy quark limit [68],
the values of y; should satisfy the following relation:

YLy = V. = V=l = VELI y- (16)

Therefore, we can study the ratios of decay widths based on
the factor |c;|? - k. Furthermore, I'; strongly depends on
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TABLE II.

The bag radius R of the pentaquark state nnccé is measured in units of GeV~!, with the representation of the eigenbasis

given by ccn @ nc, the mass spectrum is expressed in units of GeV, the magnetic moment is provided in units of y,, and the binding

energy Ep is measured in units of GeV, and - -

-” represents scattering states.

I JP R, Eigenvector (ccn ® nc) Mg Hbag Ey
1 5/2° 5.571 e 5.837 4.479, 1497, —1.484 —0.010
3/2° 5.570 —0.14, —-0.15, 0.39, 0.43, 0.63, —0.30, —0.36 5.963 0.601, 0.471, 0.341 —0.010
5.556 0.72, —-0.15, 0.39, —0.36, 0.01, 0.19, —0.36 5.831 3.563, 0.524, -2.515 -0.014
5.476 0.26, 0.68, 0.24, 0.28, 0.26, 0.34, 0.39 5.784 0.708, 0.175, —0.358 —0.032
5.425 —0.62, 0.14, 0.47, —0.40, —0.02, 0.42, —0.17 5.746 2.654, 0.410, —1.834 —0.044
1/2- 5.646 —0.11, 0.20, 0.23, 0.22, —-0.52, —0.72, —0.16, 0.17 5.996 0.963, 0.753, 0.544 0.007
5.562 0.41, —0.70, 0.31, —0.30, —0.05, —0.11, —0.33, 0.17 5.838 3.731, 1.157, —1.418 —0.012
5.450 0.20, —0.35, —0.03, 0.71, 0.23, —0.14, 0.46, 0.23 5.767 0.905, 0.253, —0.399 —0.038
5.346 —0.17, 0.30, 0.54, —0.03, 0.51, 0.07, —0.13, 0.55 5.704 0.744, 0.300, —0.143 —0.061
0 5/2° 5.595 e 5.914 1.502 —0.005
3/2° 5.563 0, 0.33, 0.28, 0.39, —0.68, —0.23, —0.37 5.878 1.346 -0.012
5.407 0, 0.02, —0.49, 0.32, 0.07, 0.61, —0.53 5.781 1.153 —0.048
5.441 0, —0.6, 0.32, 0.43, —0.25, 0.39, 0.36 5.592 0.110 —0.040
1/2- 5.511 0.10, 0.06, 0.12, —0.53, 0.23, —0.46, 0.64, —0.14 5.837 0.301 —0.024
5.420 —0.13, -0.07, —0.10, 0.17, 0.58, —0.42, —0.44, —0.48 5.755 —0.093 —0.045
5.469 —0.80, —0.46, 0.28, —0.01, —-0.11, 0.10, 0.18, —0.15 5.603 —0.804 —0.034
5.265 -0.3, -0.17, —-0.67, —0.23, 0.11, —0.21, —0.08, 0.55 5.529 0.004 -0.079

|c;|* - k, which allows us to make rough estimates of the

partial decay widths based on the values of |c;|*k [67].

A. qq000 system

Next, we discuss the pentaquarks nnccc with numerical
results presented in Table II. Due to spin symmetry, the states
with J = 5/27 are all scattering states. For the isospin state
with quantum number / = 1, the masses range in 5.70—
6.00 GeV, and the lightest state (1/27,5.704) exceeds
the lowest threshold of the baryon-meson pair X 5. For
the isospin state with quantum number / = 0, the mass range
is 5.50-5.90 GeV, and the lightest state (1/27,5.529)
exceeds the lowest threshold of the baryon-meson pair
A.n.. Additionally, except for the state (I,J7,M) =
(1,1/27,5.996), all other states have binding energies
greater than —10 MeV.

In Table III, we present the decay branching ratios for the
two color-flavor configurations of nnccc, specifically
nnc @ cc and ccn @ cn. According to Eq. (16), for spins
determined by the flavor configuration of the final state,
such as (I,J%) = (1,3/27), we have ys ;/, = s =
Ys:s)y- Therefore, we only need to compute the values
of |¢;]> - k and then calculate the ratios to obtain the partial
decay width ratios. Here, we define the decay final state
corresponding to the maximum value of k - |¢;|* as 1 and
indicate the final states with corresponding values less than
150 MeV in parentheses.

For the nnc ® cc configuration, the maximum values of
lc;|? - k for the I =1 states, such as (3/27,5.784) and
(1/27,5.704), are 121 MeV, and 139 MeV, respectively.
For the I=0 states (3/27,5.592), (1/27,5.837),
(1/27,5.755), and (1/27,5.529), the corresponding

maximum values of |c;|>-k are 137, 24, 76, and
144 MeV, respectively.

Based on the results from Tables II and 11, the following
states are noteworthy: (I, J*, M) includes (1,3/27,5.784),
(1,1/27,5.704),  (0,3/27,5.781),  (0,1/27,5.755),
(0,3/27,5.592), and (0, 1/27,5.529). On one hand, these
states have binding energies that exceed —30 MeV; on the
other hand, their decay widths are suppressed due to the
relatively small values of |c;|? - k. Therefore, it is highly
likely that they will be observed experimentally through
decay channels involving X.J/y and J/wA.,.

The results for the nnbbb present in Table IV. The mass
range of this system is 15.60-16.10 GeV, with the minimum
masses for isospin states of 1 and 0 being (1,1/27,15.839)
and (0, 1/27,15.653), respectively, both of which exceed
the lowest thresholds of the baryon-meson pairs .7,
and A,n,,. Furthermore, compared to the nnccc system, it
exhibits smaller mass splittings, magnetic moments, and
radii, reflecting the suppressive effect of the heavy quark
cluster. Additionally, the increase in bag binding energy is
particularly notable, with a binding energy Ep of approx-
imately —150 MeV, indicating a higher degree of compact
stability for the nnbbb system compared to nncce.
Furthermore, in Table V, we present the decay branching
ratios for the color-flavor configurations nnb @ bb and
nbb ® nb. The states with quantum numbers (I,J7, M)
are (1,5/27,15.882) and (0,5/27,16.012), which are
believed to correspond to the scattering states of X;Y and
E,,B*, respectively. For the nnb ® bb configuration, the
corresponding quantum numbers are (1,3/27,16.090),
(1,1/27,16.095), (0,3/27,15.994), (0,3/27,15.959),
(0,1/27,15.977), and (0, 1/27,15.937). The strong decay
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TABLE IIL

The final states with a decay width ratio of 1 are assumed to have the largest |c;|? - k values, with the corresponding final

states having |c;|? - k values of approximately 0.1 GeV denoted in parentheses. A “0” indicates a branching ratio less than 1 x 107, the
star denotes states below the threshold, and - - - represents scattering states.

nnc @ cc ccn @ cn
I JP Mass AC’/IC ACJ/W ZC']C z"C‘]/l// Z:"/]C Z:J/l// ':‘CCD E?CD_* ECClj* E‘:CD
1 5/2= 5837
3/27  5.963 0.006 1(0.053) 0.014 1 0.378 0.720
5.831 0.006 0.271 1 0 1(0.096) 0.292
5.784 1(0.121) 0.868 0.364 0.283  1(0.097) 0.826
5.746 1 0.623 0 0.001 0.017 1(0.116)
1/2=  5.996 0.024 0.086 1(0.087) 0.078 1 0.056
5.838 0.029 0.224 1 0.321 0.083  1(0.081)
5.767 1 0.315 0.127 0.365 0.051 1
5.704 1(0.139) 0.827 0.009 1 * 0.035
0 5/2= 50914
3/2= 5.878 1(0.013) 1 0.380 0.158
5.781 1(0.008) 0.008 0.670 1
5.592 1(0.139) * * 1(0.024)
1/2= 5.837 0.184 1(0.024) 0.066 0.036 1
5.755 1(0.076) 0.001 1 0.008 0.576
5.603 0.072 1 1(0.012) * *
5.529 1(0.144) 0.001 1(0.097) * *

TABLE IV. The bag radius R of the pentaquark state nnbbb is measured in units of GeV~!, with the representation of the eigenbasis
given by ccn @ nc, the mass spectrum is expressed in units of GeV, the magnetic moment is provided in units of y,, and the binding
energy Ep is measured in units of GeV, and - - - represents scattering states.

I J? Ry Eigenvector (bbn ® nb) Mg Hbag Eg
5/2~ 5.013 e 15.882 3.491, 0.808, —1.874 —0.134
3/2° 5.004 0.04, 0.31, —0.33, —0.36, —0.57, 0.37, 0.45 16.090 —0.071, —0.081, —0.091 —0.136

5.009 —0.70, 0.32, —0.18, 0.45, 0.18, —0.09, 0.37 15.883 3.497, 0.935, —1.628 —0.135
4977 0.30, 0.57, 0.52, 0.11, 0.34, 0.42, 0.13 15.866 0.788, 0.201, —0.387 —0.141
4.943 —0.65, —0.07, 0.41, —0.46, —0.07, 0.31, —0.30 15.849 3.037, 0.811, —1.416 —0.149
1/2- 5.023 —0.03, 0.05, 0.39, 0.18, —0.39, —0.71, —0.22, 0.33 16.095 —0.127, —0.136, —0.146 —0.132
5.019 0.42, —0.73, 0.28, —0.30, 0.16, 0.09, —0.25, 0.18 15.887 3.262, 0.785, —1.692 —0.133
4.961 —0.18, 0.31, 0.10, —0.72, —0.23, 0.10, —0.50, —0.18 15.859 0.644, 0.160, —0.325 —0.145
4917 0.20, —0.35, —0.45, —0.01, —-0.59, —-0.19, 0.04, —0.49 15.839 0.703, 0.163, —0.377 —0.154
0 5/2 5.014 e 16.012 0.809 —0.134
3/2° 4981 0, —0.40, —0.21, —0.35, 0.64, 0.25, 0.44 15.994 0.809 —0.154
4.907 0, —0.04, —0.47, 0.33, 0.08, 0.65, —0.49 15.959 0.272 —0.156
4.902 0, —0.55, 0.38, 0.46, —0.33, 0.32, 0.35 15.660 —0.002 —0.157
1/2- 4.947 0.03, 0.02, 0.21, -0.52, 0.13, —0.37, 0.71, —0.13 15.977 0.645 —0.148
4.869 0.03, 0.02, —0.15, —0.18, —0.53, 0.37, 0.31, 0.65 15.937 —0.343 —0.164
4,910 —0.79, —0.45, 0.29, 0.07, —-0.16, 0.17, 0.10, —0.14 15.662 0.138 —0.156
4.872 —0.36, —0.21, —0.64, —0.22, 0.30, —0.37, —0.14, 0.35 15.653 0.017 —0.164

widths of these states are suppressed by the reduced values
of [¢;]* k.

For the system nsccc with strangeness S = —1, the
results in Table VI indicate that the mass range of these
states is 6.10 —5.70 GeV. For most states, the binding
energy is greater than —10 MeV, with some states even
reaching —40 MeV. We present the decay branching ratios

for three color-flavor configurations of the nsccc state:
nsc @ cc, ccn Q ¢s, and ccs ® ¢n, as shown in Table VII.
Our specific focus is on the decay modes of the nsc ® c¢
configuration, particularly the final states Z:J/y, B,
E%., Eln., B% /)y, and E.J/y, for which we provide
the corresponding branching ratios. These states, such as
(3/27,5.764), (1/27,5.702), and (1/27,5.842), exhibit
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TABLE V. A 0 indicates a branching ratio less than 1 x 107, the star denotes states below the threshold, and - - - represents scattering

states.

nnb ® bb bbn ® bn
I JP Mass Apip AT DI/ D i § i, Y E,,B E;,B* E,,B* E;,B
1 5/27  15.882
3/2=  16.090 0 1(0.011) 0 1 0.662 0.461
15.883 0 0.783 1 0.204 1 0.056
15.866 0.288 0.654 1 0.595 0.1 1
15.849 1 0.220 0.005 0.045 0.983 1
/2= 16.095 0.063 0303  1(0.013) 0.239 1 0.103
15.887 0.014  0.071 1 0.573 0.125  1(0.082)
15.859 1 0.363 0.100 0.137 0.032 1
15.839 0.727 1 0 1 0.280 0.014
0 5/27 16.012
3/27 15994 1(0.014) 1 0.163 0.505
15.959 1(0.012) 0.016 1 0.581
15.660 1 * 0.769 1(0.051)
/2= 15977 0.125 1(0.004) 0.035 0.25 1
15937  1(0.014) 0 1 0.277 0.216
15.662 0.050 1 1(0.013) * 0.346
15.653 1 0.003 1(0.081) * 0.085
TABLE VI. The bag radius R of the pentaquark state nsccé is measured in units of GeV~!, with the representation of the eigenbasis

given by ccn @ s¢, the mass spectrum is expressed in units of GeV, the magnetic moment is given in units of yy, and the binding energy
Ep is measured in units of GeV, and - - - represents scattering states.

JP Ry Eigenvector (ccn @ s¢) My, Hiag Eg
5/2° 5.557 5.963 1.733, —1.219 —0.013
5.582 e 6.015 1.732, —1.219 —0.008
3/2° 5.421 0.03, —0.62, 0.27, 0.45, —0.22, 0.39, 0.37 5.764 0.230, —0.038 —0.044
5.527 0.54, —0.21, —0.64, 0.41, 0.05, —0.24, —0.14 5.878 0.192, —0.481 —0.020
5.542 0.33, 0.18, 0.27, —0.01, 0.03, —0.55, 0.70 5.896 1.354, —0.105 —0.017
5.546 0.22, 0.64, —0.01, 0.38, 0.25, 0.55, 0.16 5.916 1.395, —0.245 —0.016
5.548 0.71, =0.07, 0.49, —0.26, —0.09, 0.14, —0.40 5.956 0.718, —1.132 —0.015
5.556 —0.12, 0.33, 0.20, 0.47, —0.68, —0.27, —0.28 5.986 2.965, —2.061 -0.014
5.583 0.17, 0.11, —=0.41, —0.44, —0.64, 0.30, 0.31 6.052 1.150, 0.849 —0.007
1/2- 5.314 —0.28, —0.16, —0.67, —0.25, 0.05, —0.17, —0.06, 0.58 5.702 0.303, 0.496 —0.068
5.384 0.79, 0.47, —0.27, 0.04, 0.11, —0.07, —0.19, 0.17 5.775 —0.270, —0.560 —0.053
5.432 0.21, -0.27, —0.54, 0.03, —0.53, —0.01, 0.18, —0.52 5.842 0.475, 0.144 —-0.042
5.452 0.18, 0.03, 0.19, 0.01, —0.44, 0.36, 0.57, 0.52 5.879 —0.278, 0.884 —0.039
5.485 —0.16, 0.38, 0.06, —0.67, —0.37, 0.30, —0.37, —0.10 5.899 0.164, —0.017 —0.030
5.518 0.08, —0.37, 0.05, 0.42, —0.26, 0.37, —0.65, 0.22 5.946 0.002, —1.982 -0.022
5.516 0.41, -0.58, 0.32, —-0.52, —0.01, —0.33, —0.08, 0.09 5.965 1.581, —1.041 —0.023
5.593 —0.14, 0.25, 0.19, 0.22, —0.54, —0.71, —0.13, 0.14 6.086 1.004, 1.121 —0.005

significant compact stability, while their decays are sup-
pressed by the factor |c;|* - k.

The numerical values for nsbbb are listed in Table VIIL
The average bag radius is approximately 5.0 GeV~!,
with a mass range of 16.15—15.81 GeV. The mass
splitting is very small, and the bag binding energy is
about —130 MeV. Indicators such as the magnetic
moment suggest a dependence on the heavy quarks. In

Table IX, we present the decay width ratios for nsbbb. We
pay particular attention to the decay channels of the nsb ®
bb configuration, with final states including Z; Y, Z;7,,
2, By, 29T, and E) Y. The results indicate that the
decay widths of the following states: (3/27,16.050),
(3/27,16.081), (3/27,16.157), (1/27,16.030), (1/27,
16.065), and (1/27,16.162), are suppressed by the factor
lci - k.
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TABLE VII. A 0 indicates a branching ratio less than 1 x 1074, the star denotes states below the threshold, and - - - represents
scattering states.
cen @ sc ccs @ nc cns @ cc

‘IP MaSS Elejj ELLD_j Ej(D_é E(TL'D_.Y thlj* S2(,(D_>k QfLD QL(D EZ(‘]/W EZ(}/I( E?’/IL Ei”l( E‘?‘]/W Ei‘]/l//

5/27 5.963
6.015 ---

3/27 5.764 * 0.558 1(0.071) * 0.396 1(0.085) 0 0.002 0.393 1(0.124)
5.878 0.026  0.277 1(0.043) 0.003 0.169 1 0.003  0.980 1 0.148
5.896 0.001 1 0.697 0.042 0.187 0.159 0.039 0.012 1(0.081) 0.449
5916 0.133  0.075 1 0.070 1 0.014 0.070 1 0.020 0.014
5956 0.042 1(0.124) 0.127 0.269 1 0.762 1 0.217 0.005 0.009
5.986 1 0.207 0.211 1 0.510 0.093 0.305 0.203 0.360 1(0.011)
6.052 1 0.275 0.279 1 0.352  0.200 0.859 1(0.068) 0.006  0.003

1/275.702 * * 1 * * 1 * 0.0434 1(0.134) 0 0
5.775 * 0.65 1(0.020) x  1(0.020) 0.923 0 0.049 0.108 0.423 1
5.842 0 0.082 1 0 0.025 1 0.014 0.976 0.428 1(0.116) 0.208
5.879 0.238 0.894 1 0.765 0.968 1 0.021 0.053 1(0.079) 0.134  0.030
5.899 0.438 1(0.093) 0.105 0 0.64 1 0.125 1 0.103 0.233 0.072
5.946 0.235 1 0.149 0.987 1 0.014 1(0.057) 0.031 0.192 0 0.504
5.965 1(0.066) 0.072 0.117 0.006 1 0.124 1 0.023 0.001 0.359 0.024
6.086 1 0.041 0.057 1 0.048 0.051 1(0.113) 0.011 0.004 0.051 0.014

TABLE VIII. The bag radius R of the pentaquark state nsbbb is measured in units of GeV~', with the representation of the eigenbasis

given by bbn @ sb, the mass spectrum is expressed in units of GeV, the magnetic moment is given in units of x,, and the binding energy
Ep is measured in units of GeV, and - - - represents scattering states.

JrP R, Eigenvector (bbn ® sb) My, Hiag Eg
5/2 5.054 16.001 1.012, —1.668 —0.125
5.061 e 16.097 1.012, —1.668 —0.124
3/2° 4.935 0.01, —0.56, 0.37, 0.46, —0.33, 0.32, 0.35 15.821 0.001, —0.023 —0.150
4.925 —0.65, —0.06, 0.43, —0.45, —0.08, 0.31, —0.29 15971 0.484, —0.659 —0.152
4.987 0.29, 0.59, 0.53, 0.11, 0.33, 0.39, 0.17 15.986 0.111, —0.244 —0.193
5.049 —0.70, 0.30, —0.20, 0.43, 0.17, —0.11, 0.39 16.002 0.632, —0.749 —0.126
5.084 —0.02, —0.01, —0.44, 0.35, 0.11, 0.65, —0.50 16.050 0.679, —1.581 -0.119
5.092 0.01, —0.40, —0.21, —0.37, 0.64, 0.26, 0.42 16.081 1.872, =2.925 —0.117
5.144 -0.05, —0.30, 0.35, 0.36, 0.57, —0.38, —0.43 16.157 0.094, —0.125 —0.106
1/2- 4.896 —0.35, 0.20, —0.66, —0.23, -.29, —0.36, —0.14, 0.37 15.814 0.041, 0.011 —0.159
4.953 0.79, 0.46, —0.29, —0.06, 0.16, —0.16, —0.10, 0.14 15.823 0.112, 0.059 —0.147
4.982 0.20, —0.34, —0.46, —0.01, —0.60, —0.17, 0.05, —0.49 15.962 0.151, =0.178 —0.140
5.012 —0.18, 0.32, 0.09, —0.70, —0.22, 0.10, —0.52, —0.19 15.980 0.095, —0.153 —0.134
5.074 0.42, -0.73, 0.27, —0.28, 0.15, 0.08, —0.28, 0.18 16.005 0.532, —0.780 —0.121
5.085 0.04, 0.03, —0.12, —0.20, —0.53, 0.39, 0.31, 0.64 16.030 —0.812, 0.827 —0.118
5.104 0.04, 0.01, 0.21, —-0.55, 0.13, —0.37, 0.69, —0.13 16.065 1.448, —1.86 —0.114
5.198 0.03, —0.06, —0.38, —0.18, 0.41, 0.71, 0.21, —0.32 16.162 —0.332, —0.266 —0.094

The numerical results for the ssccé and ssbbb systems
with strangeness S = —2 are presented in Tables X and XII.
For the ssccc system, the mass ranges from 6.18 t0 5.98 GeV,
with the states (3/27,6.014) and (1/27,5.975) showing
significant binding energies and enhanced compact stability.
In contrast, the mass distribution for the ssbhbb system
spans from 16.24 to 16.00 GeV, with binding energies
typically around —120 MeV. Additionally, the decay width

information for both the sscc and ssbbb systems is shown

in Tables XI and XIII.

B. ¢000Q system

In this section, we present information on the bag radius,

mass spectrum, magnetic moment, and bag binding energy
of the nQQQQ system, specifically including ncccé and
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TABLEIX. A 0indicates a branching ratio less than 1 x 10~*, the star denotes states below the threshold, and - - - represents scattering
states.

bbn ® sb bbs ® nb bns ® bb

JP Mass E;,B: E;,B, E,B: E,B, Q,B° Q,B° Q.,B Q,B =Y En, =W, = =T ZT

5/27 16.001
16.097 ---

3/27 15.821 0.842 0.819 1 0.629 0.911 1 0 0 0.361 1
15.971 0.064 1 0.894 0.025 1 0.891 0.005 0.285 1 0.317
15986 0.716 1 0.192 0.553 1 0.091 1 0.729 0.285 0.083
16.002 0.192 0.072 1 0.159 0.061 1 1 0.714 0 0
16.050 0.031 1 0.573 0.006 1 0.602 0 1(0.007) 0.067 0.181
16.081 1 0.164 0.441 1 0.145 0.496 0.240 0 0.580 1(0.005)
16.157 1 0.449 0.552 1 0.399 0.674 0 1(0.015) 0 0

1/27 15.814 0.531 0.121 1 0.545 0.121 1 0 0.386 1 0.001 0
15.823 0.809 0.462 1 0.83 0.462 1 0 0.021 0.055 0.396 1
15962 0.104 0.009 1 0.105 0.009 1 0 0.748 0.216 1 0.313
15.980 0.033 1 0.149 0.034 1 0.150 0.126 1 0.315 0.367 0.166
16.005 0.078 1 0.503 0.079 1 0.476 1 0.0122 0.004 0.063 0.020
16.030 0.309 0.214 1 0.312 0.214 1 0 0.123 1(0.016) O 0
16.065 0.255 1 0.040 0.264 1 0.040 0.154 0.133  0.425 0.047 1(0.005)
16.162 1 0.092 0.221 1 0.091 0.219 1(0.024) 0.113 0.020 0.219 0.069

TABLE X. The bag radius R of the pentaquark state ssccc is measured in units of GeV~!, with the representation of the eigenbasis
given by ccs @ s¢, the mass spectrum is expressed in units of GeV, the magnetic moment is given in units of 4y, and the binding energy

Ep is measured in units of GeV, and - - - represents scattering states.

JP R, Eigenvector (ccs ® s¢) Mo Hbag Eg
5/2° 5.626 e 6.093 —0.993 0.003
3/2° 5.643 0.21, 0.04, —0.40, —0.48, —0.65, 0.25, 0.27 6.147 0.195 0.007
5.614 0.71, —-0.07, 0.47, —0.30, 0.10, 0.22, —0.34 6.087 —1.961 —0.001
5.535 —0.32, —0.66, —0.04, —0.34, —0.18, —0.25, —0.50 6.043 —-0.379 —0.018
5.482 0.21, 0.04, —0.40, —0.48, —0.66, 0.25, 0.27 6.014 —1.255 —0.031
1/2- 5.719 —-0.18, 0.31, 0.14, 0.24, -0.55, —0.69, —0.11, 0.09 6.183 -0.379 0.024
5.608 —0.38, 0.66, —0.30, 0.31, 0.18, 0.22, 0.37, —0.14 6.088 —0.785 —0.002
5.512 0.22, —0.39, —0.01, 0.69, 0.19, —0.18, 0.43, 0.24 6.032 —0.333 —0.024
5.414 —0.16.0.27, 0.58, —0.02, 0.46, 0.01, —0.16, 0.57 5.975 0.014 —0.046
nbbbb, as well as the strangeness S = —1 systems scccc ~ masses of Ej, and Q,,, are 10.360 and 14.626 GeV,

and sbbbb (see Tables XIV and XV). For the ncccé system,
the bag radius is approximately 5.2 GeV~!, with the mass
distribution ranging from 6.93 to 7.12 GeV. The bag
binding energy is around —100 MeV, indicating a deep
binding. Additionally, the calculated mass of ncccc
exceeds the thresholds of Z!.J/w and Q...D*, where
the masses of Z}. and Q... are 3.714 and 4.841 GeV,
respectively [51]. For the nbbbb system, the bag radius
is approximately 4.3 GeV~'. Due to the color-magnetic
interactions of the b quark, the mass distribution is confined
to a very narrow range between 20.36 and 20.42 GeV, with
a bag binding energy of about —270 MeV. The masses are
also above the thresholds of E;, T and Q,,,B*, where the

respectively. For the scccc system, the bag radius is
comparable to that of nccce, and there is little sensitivity
of the bag radius and binding energy to the presence of
strange quarks. The mass distribution lies between 7.06 and
7.22 GeV. The mass range for sbbbb is between 20.44 and
20.51 GeV. Furthermore, the masses of both sccce
and sbbbb are above the thresholds of the corresponding
mesons and baryons.

Based on the results from the calculations in Secs. I[IVA
and IV B, we will provide a qualitative discussion on
multiflavor pentaquark states, focusing on two themes:

(I) The compactness potential of multiheavy penta-

quarks.
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TABLE XI. A 0 indicates a branching ratio less than 1 x 10~*, the star denotes states below the threshold, and - - - represents scattering
states.

ccs @ sc ssc @ cc
JP MaSS Q:‘CDt QCCDT: QZCDX QCCDX Q:J/l’/ Q;’/I(‘ QC‘]/W Q(‘”IC
5/2~ 6.093 s
3/2° 6.147 1 0.207 0.185 0.012 0.034 1
6.087 0.064 1(0.098) 0.423 0.017 1 0.134
6.043 0.094 1 0.282 1 0.116 0.304
6.014 0.001 0.008 1 0.908 0.002 1
1/2- 6.183 1 0.028 0.026 0.034 0.008 1
6.088 0.283 1 0.169 0.419 0.611 1
6.032 0.121 1 0.413 0.254 1 0.152
5.975 0 0.055 1 0.790 1 0.021

TABLE XII. The bag radius R of the pentaquark state sshbb is measured in units of GeV~', with the representation of the eigenbasis
given by bbs ® sb, the mass spectrum is expressed in units of GeV, the magnetic moment is given in units of j,, and the binding energy
Ep is measured in units of GeV, and - - - represents scattering states.

JP Ry Eigenvector (bbs @ sb) My, Hiag Eg
5/2 5.103 16.124 —1.482 —0.115
3/2° 5.106 —0.06, —0.27, 0.35, 0.38, 0.58, —0.36, —0.43 16.229 —0.996 —0.114
5.099 -0.7, 0.30, —0.23, 0.45, 0.13, —0.10, 0.38 16.124 —1.280 —0.115
5.069 0.28, 0.60, 0.48, 0.13, 0.33, 0.42, 0.18 16.109 —-0.278 —0.122
5.042 0.65, 0.04, —0.42, 0.45, 0.06, —0.33, 0.29 16.095 —1.089 —0.128
1/2~ 5.127 —0.04, 0.08, 0.35, 0.19, —0.43, —0.72, —0.21, 0.29 16.235 —0.149 —0.109
5.104 0.42, —0.73, 0.29, —0.30, 0.11, 0.04, —0.27, 0.18 16.126 —1.338 -0.114
5.057 0.19, -0.32, —0.09, 0.72, 0.22, —0.10, 0.49, 0.18 16.104 -0.272 —0.124
5.014 0.19, —0.33, —0.48, —0.01, —0.58, —0.16, 0.06, —0.52 16.086 —0.269 —0.134

TABLE XIII. A 0 indicates a branching ratio less than 1 x 107, the star denotes states below the threshold, and - - - represents
scattering states.

bbs ® sb ssc ® bb
JP Mass Q[th_j beB—f thE beE QZT anb QbT anb
5/2° 16.124 cee
3/2° 16.229 1 0.572 0.393 0.569 1 0.387
16.124 0.116 1 0.074 1 0.119 0.075
16.109 1 0.206 0.069 0.190 0.586 1
16.095 0.035 0.779 1 0.786 0.036 1
/2~ 16.235 1 0.089 0.180 0.233 0.073 1
16.126 0.024 1 0.269 0.095 0.017 1
16.104 0.041 1 0.149 0.351 1 0.107
16.086 0.081 0.011 1 1 0.736 0.003
(II) The threshold characteristics and strong decay prop-  short-range interactions between heavy quarks, these inter-
erties of multiheavy pentaquarks. actions can influence the internal dynamics of hadrons in

As shown in Table I, the impact of light-flavor quarks on ~ multiheavy flavor systems. Therefore, in the case of triply
the hadronic bag radius is significantly greater than that  heavy pentaquarks, the short-range interactions among heavy
of heavy-flavor quarks. On one hand, considering the  quarks may lead to the formation of a core (see Fig. 3). On the
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TABLE XIV. The bag radius R of the pentaquark state ncccc is measured in units of GeV~!, with the representation of the eigenbasis
given by cc/bbn ® nc/b, the mass spectrum is expressed in units of GeV, the magnetic moment is given in units of y, and the binding
energy Ep is measured in units of GeV, and - - - represents scattering states.

State JP R, Eigenvector (ccn/bbn ® cc/bb) Mg Hoag Eg
nceec 5/2- 5.298 e 7.065 2.891, 0.056 —-0.072
3/2- 5.315 0.44, —0.14, -0.31, —0.67, —0.30, 0.38, 0.08 7.085 1.311, 0.047 —0.068
5.273 —-0.51, —0.13, —0.61, —0.25, 0.45, —0.09, 0.27 7.039 2.380, —0.281 -0.077
5.084 -0.21, 0.62, 0.38, —0.53, —0.05, —0.26, 0.26 6.927 1.346, 1.306 —-0.119
1/2- 5.398 0.29, —0.44, —0.04, —0.32, 0.57, 0.54, 0.04, —0.03 7.122 1.105, 0.556 —-0.050
5.246 0.07, —=0.49, 0.37, 0.24, —0.54, 0.33, —0.34, 0.23 7.023 1.165, 0.302 —-0.083
5.158 0.64, 0.25, 0.10, 0.29, —0.04, 0.07, 0.51, 0.41 6.975 —-0.630, —0.166 —-0.103
nbbbb 5/2- 4.385 e 20.401 1.383, —0.948 —-0.263
3/2° 4.378 —0.45, 0.15, 0.31, 0.65, 0.30, —0.39, —0.07 20.412 0.677, —0.458 —0.265
4.324 0.51, 0.12, 0.61, 0.27, —0.45, 0.10, —0.27 20.386 1.337, —0.819 -0.276
4.205 -0.19, 0.62, 0.38, —0.54, —0.07, —0.25, 0.26 20.341 —-0.253, —0.218 —-0.300
1/2- 4.411 0.28, —0.43, —0.06, —0.33, 0.59, 0.53, 0.05, —0.04 20.422 0.107, —0.248 —-0.258
4.307 0.21, —0.45, 0.38, 0.28, —0.51, 0.36, —0.22, 0.31 20.381 0.179, —-0.277 —-0.279
4.259 0.62, 0.35, 0.02, 0.23, 0.07, 0.01, 0.56, —0.35 20.362 0.058, 0.096 —-0.289

TABLE XV. The bag radius R of the pentaquark state scccé is measured in units of GeV ™!, with the representation of the eigenbasis
given by cc/bbs ® sc/b, the mass spectrum is expressed in units of GeV, the magnetic moment is given in units of y,, and the binding
energy Ep is measured in units of GeV, and - - - represents scattering states.

State JP Ry Eigenvector (ccs/bbs @ c¢/bb) Mg Hoag Eg
sceet 5/2- 5.324 e 7.174 0.282 —-0.066
3/2- 5.339 —0.044, 0.13, 0.30, 0.68, 0.30, —0.38, —0.08 7.188 0.161 —-0.063
5.303 0.51, 0.14, 0.61, 0.25, —0.45, 0.09, —0.27 7.155 —0.067 —-0.071
5.127 —-0.22, 0.62, 0.38, —0.53, —0.05, —0.27, 0.26 7.059 1.295 —0.109
1/2- 5.419 0.29, —0.45, —0.04, —0.31, 0.56, 0.55, 0.04, —0.02 7.224 0.582 —0.045
5.279 0.02, —0.50, 0.36, 0.22, —0.54, 0.32, —0.37, 0.20 7.141 0.289 —-0.076
5.192 0.65, 0.22, 0.13, 0.30, —0.08, 0.09, 0.48, 0.42 7.098 —-0.105 —0.095
sbbbb 5/2- 4419 e 20.491 —0.798 -0.257
3/2- 4.389 —-0.45, 0.15, 0.31, 0.66, 0.30, —0.39, —0.07 20.504 —-0.382 —-0.263
4.392 0.51, 0.12, 0.61, 0.27, —0.45, 0.10, —0.27 20.482 —0.684 —-0.262
4.286 -0.19, 0.62, 0.38, —0.54, —0.07, —0.25, 0.26 20.442 -0.222 —0.284
1/2- 4.470 0.28, —0.43, —0.06, —0.33, 0.59, 0.43, 0.05, —0.04 20.513 —-0.227 —0.246
4.377 0.19, —0.45, 0.38, 0.27, —0.51, 0.36, —0.24, 0.30 20.478 —-0.256 —-0.265
4.334 0.62, 0.33, 0.03, 0.24, 0.05, 0.01, 0.56, 0.36 20.461 0.103 -0.271

other hand, the bag binding energy of multiheavy penta-
quarks is generally negative, which also supports their
compactness.

In our results, nearly all multiheavy pentaquarks have
masses above the lowest thresholds of baryons and mesons.
Therefore, we provide some qualitative explanations based
on the bag model to elucidate why compact structures
exhibit such threshold characteristics. For compact penta-
quark systems that satisfy the binding energy condition
Ep < 0, the increase in the number of quarks significantly
enhances the nonperturbative effects of hadrons, resulting
in generally higher energies for these compact systems
compared to the thresholds of mesons and baryons.

Furthermore, although they have the potential for compact-
ness, their compact stability remains lower than that of
traditional mesons or baryons, which can be explained by
the bag binding energy. As shown in Fig. 3, the average
radius Rp = 5.516 GeV~! for the pentaquark state nsccé
(ignoring chromomagnetic interactions), and according to
Eq. (12), its binding energy is Ep = —23 MeV. For the
baryon nsc, the average radius is Rz = 4.86 GeV~!, with
a binding energy of Ez = —166 MeV. For the meson cc,
the average radius is R, =3.4GeV~!, with a binding
energy of Ep=—471 MeV. Therefore, the strong decay
processes of compact pentaquark states can be approx-
imately understood in the bag model framework as a
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Strong Decay

FIG. 3. Distribution of heavy quarks and decay schematic in
triply heavy pentaquark states, where R; (with i =P, B, M)
represents the radius of the pentaquark state, baryon radius, and
meson radius, respectively.

process of releasing binding energy, leading to a direction
toward higher compact stability.

V. SUMMARY

We investigated the limiting binding radius under color
interactions within the framework of the MIT bag model,
which is set at 5.516 GeV~!. We found that this value is
consistent with the limit of color interactions between
quarks predicted by lattice quantum chromodynamics
(QCD). Furthermore, the confinement patterns predicted
by the bag model are similar to the curves provided by lattice
QCD atacertain scale. We extended this result to multiquark
systems to evaluate their potential for forming compact
structures. In our study of pentaquarks, we examined several
combinations of heavy and light flavors and found that the
flavor combination nnncc has a bag radius that is close to
and slightly above the binding limit, while the average radius
for the flavor combination nnccc is below the binding limit.
This suggests that there may exist pentaquark states with
higher compact stability in the nnccc system. Subsequently,
we took into account chromomagnetic interactions and
calculated the radius, magnetic moment, mass, and bag
binding energy for both the triply and quadruply heavy
flavor pentaquarks. Additionally, we investigated the partial
width ratios of the triply heavy flavor pentaquarks in the
baryon-meson representation.

For the nncce system, the predicted mass range is 5.53—
6.00 GeV. After considering the chromomagnetic inter-
actions, the binding energies of most states are above
—20 MeV. Additionally, the mass distribution ensures that
each state has at least one strong decay channel, although
for some decay channels, the decay width is suppressed due
to phase space or final state occupancy effects. For the
nnbbb system, the mass range is distributed between 15.60
and 16.10 GeV. All binding energies are above —120 MeV,
indicating a strong binding. Furthermore, we have calcu-
lated the triplet or quadruplet heavy pentquarks with

strangeness quantum numbers S = —1, -2, and we have
also predicted the magnetic moments for each state. Our
theoretical rationale for the potential compact configura-
tions of multiquark states, particularly pentaquarks, is
based on two main aspects: first, the bag binding energy
defined by the bag model indicates the presence of compact
stability; second, we take into account the short-range
interactions between heavy quarks.

One insight from the bag model is that compact hadronic
states have a limiting radius, which could be related to the
confinement properties of hadrons. The study of multiquark
states can provide evidence for this conclusion, particularly
since triplet pentaquarks may exist at a relatively sensitive
scale. Additionally, we look forward to more extensive
studies of multiquark states from lattice QCD, as well as
richer experimental data to support our conclusions.
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APPENDIX A: COLOR AND SPIN
WAVEFUNCTIONS

For the pentaquark state, the direct product among the
five quarks can be regarded as the product of a group
formed by three quarks and a quark—antiquark pair, leading
to the following expression:
BR3®3)’B®3)=(10808010)(148). (Al)
On the right side of the above equation, there are two color
combinations of 8 ® 8, which can each yield a color
singlet. Additionally, 1 ® 1 can also produce a color singlet
combination. Therefore, the pentaquark state can be char-
acterized by a total of three types of color singlet wave
functions, as shown in the following expression:

1
ot = m [(2bbgr —2bbrg+ gbrb — gbbr + bgrb — bgbr

—rbgh + rbbg—brgb + brbg)b + (2rrbg—2rrgb
+rgrb—rgbr+ grrb — grbr +rbgr — rbrg+ brgr
—brrg)7+ (2ggrb —2g9gbr —rggb + rgbg— grgb

+ grbg+ gbgr — gbrg+ bggr —bgrg)g. (A2)
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1

= 7 [((3bgbr—3gbbr—3brbg+3rbbg—rbgb —2rgbb
+2grbb + brgb + gbrb —bgrb)b + (3grrb —3rgrb
—3brrg+3rbrg—rbgr—2gbrr+2bgrr — grbr

+rgbr+ brgr)7+ (3grgb —3rggb +3bggr —3gbgr

¢

—grbg+rgbg+2rbgg—2brgg+ gbrg—bgrg)g),
(A3)

P __
3 =

¢ [(grbb — rgbb + rbgh — brgb + bgrb — gbrb)b

1
3v2
+ (grbr—rgbr+rbgr —brgr+bgrr—gbrr)7
+(grbg—rgbg+ rbgg—brgg+ bgrg— gbrg)g).

(A4)

For the spin basis of the pentaquarks, a similar treatment
can be applied, which can be regarded as the spin
summation of the three-quark group and the quark—
antiquark pair:

)(11) = |[(12)13]3/2(45>1>5/27 )(5 = |[(12>13]3/2(45)1>3/2’
)(§)= |[(12)13]3/2(45)0>3/2’ )(f = |[(12)13]1/2(45)1>3/2’
)(g): |[(12)03]1/2(45)1>3/27 )(g: |[(12)13]3/2(45)1>1/2,
)(5: |[(12)13]1/2(45)1>1/Zv )(g = |[(12)13]1/2(45)0>1/2,
)(5 = |[(12)03]1/2(45)1>1/2, )({)0 = |[(12)03]1/2(45)0>1/2
(AS)

Here, the indices 1, 2, 3, 4, and 5 refer to the quarks, while
the subscripts in parentheses indicate the spins of the
respective subgroups. The outermost subscript denotes
the total spin of the pentaquark state, which is crucial
for determining the decay final states discussed in the text.

The basis vectors of the pentaquarks states are described
by the algebra of the SU(3) ® SU(2) groups, resulting in a
total of thirty basis vectors, which are labeled according to
their angular momentum The basis vectors for angular
momentum J = %, J = and J=53 are shown as follows.

JP=5/2-
b = |[(12) ]3/2(45)51;)5/27 by = |[(12)%3]§/2(45) >5/2’ P31 = |[(12) ]3/2(45)95/2 (A6)
JP=3/2"
dixr= |[(12)?3}§/2(45)§>3/2, dixz= |[(12)?3}§/2(45)3>3/2, Dixs= |[(12)?3]§13/2(45)§>3/2,
brs= |[(12)83ﬁ/2(45)§>3/27 b2 = |[(12)?3}§/2(45)§>3/2, b3 = |[(12)?3]§/2(45)§>3/2’
Poxa= |[(12)§3ﬁ/2(45)21;>3/2’ hoxs = |[(12)(§)3}21;/2(4§)21;>3/2, D32 = |[(12)%3B/2(45){>3/2a
Gz = 112331 ,(45)8)3/20 axa=11(12)33]} ,(45)1)3 20 axs = [(12)33]},(45)D)3 )2 (A7)
JP=1/2"
dire = [[(12)7313,(45)1) 10, duer = [(12)73]}, (451 2. Pirs = |[(12)(1’3]1/z( 5)6)1/2:
$io = [(12)§313 . (4510 duxio = [[(12)F3]F,(45)8) 12 = [[(12)13]3,(45)})1 2.
dor = 102130 ,45) 010, doars = (1) ,(45)8)1 2. daxo = I[(12)33]1/2< 5)D 121
hr10 = |[(12)83]?/2(45)g>1/2, hixe = \[(12)?3]§/2(45){>1/2, hax7 = |[(12)?3]1/2< _){>1/2’
dsxs = 1[(12)33]} ,(45)0)1 25 dsxo = [(12)33]} L (45)1)1 2, $sri0 = |[(12)33]1,(43)8) 1 2- (A8)

For these color-spin bases, all upper indices denote color representations, while the lower indices represent spin, with 1, 2,
3, 4, and 5 corresponding to the quark labels. When considering specific flavor configurations, it is crucial to
simultaneously account for the color, spin, and flavor symmetries of the substructures, ensuring that the chosen complete
basis adhere to the Pauli exclusion principle. For example, in the cases of the flavor combinations nnc @ cc (I = 1),
ss¢ @ c¢, and cen @ nc for J = 5/2, we must consider that the diquark substructure (12), is flavor symmetric and has
symmetric spin. Therefore, the color symmetric basis vector ¢,y is excluded because it does not satisfy the Pauli principle.
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TABLE XVI. Considering the flavor configuration, the color-spin eigenbasis of the pentaquark state.
System 1 Jr Color-spin wave functions
nnc @ c¢/nnb @ bb 0 5/27 dixr, P
3/2° D12 P13 Dixa oxs, daxs
1/2~ D1xe D1x7, D1xs, Doxo, Dax 10> P3x9, P3x 10
1 5/2° doxi, Py
3/2° D15 Pox2s Doz Poxa D3k B3)3> Paxa
) 1/27 P29, P10 D6 Pox7. Paxs: D3xer D3x7. P3xs
cen @ nc/bbn @ nb 5/2° box1, ha3x
3/2° D1xs, Doxns Doxzs Doxas D3y D3x3: D3xa
_ 1/27 P1x9. P1x10- Poker Pox7: Daxs: D3xe. D3x7. P3xs
csn @ c¢/bsn ® bb 5/2° D11 Poxi Pax
3/2° D12 DXz Dixa Dixs, Doxas Doxzs doxas haxss iy dixss d3xa $3xs
1/2- Dixes PLX7> DiXs PLXos D1 X 10> DoXes Pox7, DoXss
~ ~ Dax9s Pox 10> P3xe D37, P3xss D3Xos P3x 10
ccs @ nc/cen @ s¢/bbs @ nb/bbn @ sb 5/2° box1, da3x
3/2° D1x5s Pox2s o3 PoXas D3xos P3)3> P3xa
. 1/27 $1x9. P1x10- Poker Pox7: Doxss D3xer D3x7. P3xs
ssc @ cc/ssb ® bb 5/2° box1, ha3x
3/27 D15y Pox2> D3 PoXas DXy P3)3> Paxa
~ 1/2~ D1x9: D1 10- P26 P2x7. Doxss D3Xes P37 Paxs
ccs @ s¢/bbs @ sb 5/2° box1, da3x
3/2° Doy Pox3> Doxas P3x2 D3x3s P3xa
B 1/2~ D129, D1x10- P26 P2x7. Doxss D3Xes P37 Paxs
cen @ cé/bbn @ bb 5/27 b1 3
3/2° D15y Pox2s D3 Poxas D3xos P3)3> Paxa
1/2- D1x9s Prxo> PoXes Pox7> Doxss P3Xe> Pax7s P3xs

TABLE XVII. The color factors of quark pairs in the pentaquarks.

9192 9193 9144 4195 9293 9294 q29s 4394 q3qs 4495
R
04 05) 3 I 1 _2 ) 1 2 i u :
(5. 4%) -4 -3 0 0 -8 0 0 0 0 e

Finally, after considering these factors, the color-spin
eigenbasis of the pentaquarks corresponding to the flavor
combinations discussed in this paper is presented in
Table XVI.

APPENDIX B: MATRIX ELEMENTS OF THE
COLOR-ELECTRIC INTERACTION

For the pentaquark state, there are three color wave
functions. We provide the specific values of the interquark
color factors according to Eq. (4). Considering the penta-
quark system ¢q;¢,¢939495, the diagonal elements are listed
as examples in Table XVIL

After obtaining the color factors, we can substitute
specific flavor configurations. Taking csn @ c¢¢ as an
example, we can extend this to the pentaquark state using

Eq. (6). The diagonal elements of the color interaction can
be represented as follows (where B, =0 and n = u, d
quarks):

m —_tp g g g g lp o mi
B — 2 cSs 8 cc 4 cc 8 cSs 4 cS 4 cer
. 7 1 7 1 1

1‘482 :Bcs +§Bcc +ZBCC +§Bcs +ZBCS +ZBCC’ (B2)
d)P

M% =B, +2B,.. (B3)

The matrix elements of the color electric interactions can be
substituted into Eq. (1) for unified diagonalization.
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