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Abstract: In this study, we analyzed masses and decays of triply-heavy pentaquarks QQQnii (Q = b,¢) in the uni-

fied MIT bag model. We construct the color-spin wave functions of the triply-heavy pentaquarks and use the numer-
ical variational method to compute all the ground-state masses of these systems. By excluding the scattering states in
configuration spsce, we computed the decay width ratios of each decay channel relative to the maximum width for
the compact pentaquark states, obtaining the main decay modes of the triply-heavy pentaquark systems.
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I. INTRODUCTION

In 1964, Gell-Mann [1] and Zweig [2, 3] independ-
ently formulated a quark model using quarks as funda-
mental constituents. This model provides a more system-
atic understanding of numerous hadronic systems, sug-
gesting the possible existence of multiquark states bey-
ond the conventional hadrons. In the 1970s, several theor-
ies and models emerged to explore these multiquark
states [4], including the MIT bag model [5, 6], constitu-
ent quark model [7], string model [8, 9], QCD sum rules
[10—12] and their variants, and lattice QCD methods [13].

In comparison to conventional hadronic states, our
understanding of exotic hadronic states remains relat-
ively limited. After years of experimental searches, the
Belle experiment discovered a distinct particle in 2003,
X(3872) [14], which markedly differed from traditional
hadronic states. In 2015, the LHCb experiment observed
structures resembling pentaquark states, namely
P.(4380)" and P.(4450)*, in the decay AY— J/ypK-
[15]. In 2019, the P.(4450)* state was identified as a two-
peak structure comprising P.(4440)* and P.(4457)* [16].
In 2021, the LHCb collaboration discovered two tetra-
quark states, Z.(4000)* and Z.(4220)*, containing a
strange quark in the decay process B* — J/y¢K* [17].
Furthermore, observations such as P, [18, 19], Z.(3900)*
[20, 21], Z.(4430)* [22, 23], and others have represented
significant advances on multiquark states, particularly re-
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garding their mass spectra and decay behaviors. Since
then, several peculiar hadronic states or candidates have
been discovered in high-energy physics experiments,
making the investigation of exotic hadronic states one of
the focal points.

Since the experimental confirmation of the doubly
charmed baryon E/' [24, 25], theoretical investigations
on multiquark states containing two or more heavy
quarks were started [26—32]. Other studies explored po-
tential triply-charm molecular pentaquarks such as E..D;
and E.D5 [33], and compact pentaquark states with a
qqQQQ configuration (where g = n,s; Q = ¢,b) [27]. Mo-
tivated by these findings, our research focuses on the con-
figuration of the triply-heavy pentaquark state QQQni. In
this configuration, this state can be perceived as a
pentaquark state formed after the creation of ni com-
bined with a QQQ, as shown in Fig. 1.

This study investigated the masses and partial decay
width ratios of the triply-heavy pentaquark stateQQQnn,
categorized according to the different heavy flavor quarks
into ccenii, cchnii, bbenii, and bbbnii. The MIT bag mod-
el has broad applications in baryons [34], mesons [35],
pentaquark states, and hybrids [36, 37]. In the framework
of the MIT bag model, the masses of QQQn#n are calcu-
lated by using specific model parameters and fundament-
al relations. In this paper, based on the partial decay
width ratios, we discuss the decay modes of various spe-
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Fig. 1.  (color online) The triply-heavy baryon QQQ com-
bines with the creation of a light-flavored meson nii to form
the triply-heavy pentaquark state QQQnii.

cific configurations.

The structure of this paper is organized as follows. In
Section II, we introduce the MIT bag model, which is
utilized to calculate the theoretical masses of QQOQOni.
Section III outlines the proposed methodology for com-
puting partial decay width ratios; this section contains
four subsections presenting the calculated results and de-
cay mode analyses for cccnii, ccbnit, bbcnii, and bbbnii,
listing the decay products accordingly. Finally, Section
IV summarizes this study.

II. MIT BAG MODEL

The MIT bag model describes hadrons as a funda-
mental physical representation of valence quarks con-
fined within a spherical "bag". For a hadron described by
a bag of radius R, the model provides a mass formula ex-
pressed as follows [38, 39]:

4 Z
M(R)=Zwi+§7rR3B—§0+MBD+MCMI, (1)

w; = (m* + ’i‘z)'/2 )
1 i R2 .

1

The first term in the equation denotes the cumulative
relativistic kinetic energy of all valence quarks confined
within the bag. For any quark i/, the relativistic kinetic en-

Xi
ergy comprises both the mass m; and momentum R The

parameter x; is related to the bag radius R by the follow-
ing equation [38, 39]:

Xi
1 —m;R— (m?R% + x2)1/2"

tanx; =

3)

This equation is obtained by applying bag surface
boundary conditions to the following doublet spinor wave
function within the context of the bag model:

Jo(xir/R)U

W=Ni| y__x i ur/R)T U

: el (4)
(w; +m;)

The bag radius R is determined using the variational
method, whereas x; is iteratively solved using Eq. (3)
[38].

The second term is the volume energy, where the con-
stant B denotes the energy density difference between
perturbative and non-perturbative QCD vacuum. The
presence of the third term accounts for zero-point energy,
crucial for maintaining the overall stability of the bag.

The final two terms in Eq. (1) represent the interac-
tion between quarks. The Mpp term denotes the binding
energy within the confinement bag between two heavy
quarks or between a heavy quark and a strange quark [40-
42]. These binding energies can be expressed in a con-
stant form [35]:

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

The fifth term, Mcy, is known as chromomagnetic
interaction, representing the interaction between quarks
confined within the bag by the lowest-order gluon ex-
change [43]. The chromomagnetic interaction Mcyy 1S ex-
pressed as follows [35]:

Meyvy = - Z(/li A0 0)Cij. (6)

i<j

In the context of the chromomagnetic interaction for-
mula, the subscripts 7 and j represent indices for quarks or
antiquarks, /4 denotes the Gell-Mann matrices, o denotes
the Pauli matrices, and C;; represents the coupling para-
meters. For the color and spin factors within the chromo-
magnetic interaction formula, we employ the following
matrix element formula:

8
A A = 3 Tl A" T A ), @

a=1

3
(T j)xy = ZTr(/\/jxo—a/\/i,v)Tr(Xj‘xoﬂij)' ®)

a=1

The subscripts » and m in Eq. (7) and x, y in Eq. (8)
represent the fundamental vector components of the col-
or and spin wave functions for hadrons, with ¢ and y sym-
bolizing the color and spin vector bases relevant to
quarks. Once the color-spin wave functions are estab-
lished, the matrices for these two factors can be calcu-
lated using the above equations.

Concerning the parameter C;; in the chromomagnetic
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interaction My, the following relation is satisfied [38]:

s(R) _ _
Cij =3 =5 it ;. ©)

In the mass formula of the MIT bag model (Eq. (1)),
all parameters except for R and x; are constants. The para-
meters are represented as follows: Z,, which denotes the
ground-state energy constant; B, which represents the bag
constant; and m;, which denotes the mass of the quark
species i or its respective antiquark [35]:

Zy = 1.83, B4 =0.145 GeV,
m, =0 GeV, m; =0.279 GeV, (10)
m. =1.641 GeV, m;, =5.093 GeV.

Given that we do not consider the isospin effects
(both cases of m,-, 4 = 0), the masses for the isoscalar and
isovector QQQnn pentaquarks are degenerate. When we
mention a state, we mean all isospin multiplets of this
state and assume the readers assign its isospin them-
selves. By utilizing the given parameters, we limit the
variables to only two components: R and x;. The paramet-
er x; in momentum represents a solution to a transcend-
ental equation, serving as an intermediary reliant on the
variable R. Initially, an estimated value for x; is applied to
Eq. (3) to solve for R. One can then apply, for a given
wave function composed of spatial and color-spin parts,
the variational method to Egs. (1) and (3) to interatively
solve for R and x; consistently and thereby compute the
masses of triply-heavy pentaquarks [28, 35].

III. DECAY CHANNELS OF THE QQ0ni(Q = b,c)
SYSTEM

Using the MIT bag model described in the previous
section, the mass of the studied triply-heavy pentaquark
state can be calculated. With the initial mass, one can fur-
ther research the process of decay. Before starting the
study of the triply-heavy pentaquark state decay, certain
scattering states need to be eliminated. To differentiate
these scattering states from other compact pentaquark
states, it is necessary to employ the color-spin wave func-
tions corresponding to each eigenvector of the triply-
heavy pentaquark state.

The color-spin wave functions of the triply-heavy
pentaquark state resulting from the coupling of baryonic
and mesonic decay products can be studied in two differ-
ent manners: coupling between the baryon color singlet
and meson color singlet, denoted as 1., and coupling
between the baryon color octet and meson color octet, de-
noted as 8.. The color wave functions corresponding to
these two coupling modes for the triply-heavy pentaquark

states are provided in the appendix [44].

Y = cilq19203)5, 19455, + 21916243, 1qads)s, +-+ (1)

For the color-spin wave function structure with the
coefficient 1. in the above equation, the coupling of S-
wave baryon and meson via scattering state may produce
a baryon with spin S; and a meson with spin S, . If the
pentaquark has a strong coupling with 1., then the prob-
ability associated with this specific vector |c;|* tends to a
value closer to 1. When the vector satisfies |c;* > 0.8, it
will be identified as a scattering state. Such states are to
be excluded. The compact pentaquark state with the form
8. can also decay by exchanging quarks to convert 8. in-
to 1..

When QQQ®ni exchanges quarks, we can identify
the compact states in the QQn® Qn configuration accord-
ing to the compact pentaquark states found before. Given
that the symmetry of the QQn® Qi configuration is not as
high as that of the QQQ®nn configuration, it will con-
tain some non-physical states. Therefore, it is necessary
to search for compact states under the QQQ®nn config-
uration. The decay channels of the compact pentaquark
state can be further investigated once the scattering state
is eliminated.

Here, we specifically study the two-body decay mode
A — B+C. For two-body decay, the partial width for-
mula for each decay channel corresponding to the eigen-
vectors is as follows [44—46]:

2L+1

i =yio—- i2’ 12
Vam% lcil (12)
my = \/m§+k2+ \/mé+k2. (13)

In Eq. (12), T; denotes the partial width of the decay
channel i, while y; represents a quantity determined by
the dynamics of the decay process, a denotes the coup-
ling constant, and m, corresponds to the mass of the ini-
tial compact pentaquark state before decay. The coeffi-
cient ¢; corresponds to the probability amplitude of the
wave function calculated by diagonalization of the chro-
momagnetic interaction matrix and L represents the orbit-
al angular momentum. Given that we focus on ground
states, let us set L =0. The symbol k represents the mo-
mentum of the decay products in the rest frame for the
decay system. The momentum £ for the decay products
can be computed using Eq. (13). Additionally, mp and mc
represent the masses of the baryon and meson produced
in the decay, respectively. The mass parameters of the de-
cay products are primarily sourced from the Particle Data
Group [35, 47, 48], while the mass parameters of the
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triply-heavy baryons are derived from calculations based
on the MIT bag model [28].

The decay coefficient y; for the two-body decay
A — B+C depends on the spatial wave functions of the
initial and final states. For decay channels composed of
scalar mesons (or vector mesons) and baryons with spe-
cific flavor combinations in the products, the correspond-
ing y; values are the same. For instance, if particle 4 un-
dergoes decay, the resulting particle B (a baryonic
product) can be either B(J =1/2) or B*(J =3/2), while
the resulting particle C (a mesonic product) can be either
C(J=0) or C*(J =1). For each decay channel in this de-
cay process, the relation between the decay coefficients is
as follows [44, 49, 50]:

(14)

YBc = YBc* = YBC = YBC*-

This relation applies to decay processes in which the
baryons and mesons in the decay products possess a def-
inite flavor configuration. Note that for the degenerate
pentaquarks of isoscalar and isovector, they have the
same QQn® On decay modes and relevant partial widths,
indicating that the width ratios between the decays with
final states having different isospin / are equal. Note also
that there are no isospin-dependent interactions in the ad-
opted model for spectrum and width investigations.

For a compact pentaquark with a specific J* quantum
number and mass, when the flavor compositions of the
resulting baryons and mesons after decay are given, mul-
tiple decay channels can exist. Among these channels, we
selected the partial width of one decay channel as a refer-
ence standard. Then, we calculated the ratio of the partial
widths of the remaining decay channels to that of the se-
lected channel. This allowed us to obtain the partial de-
cay width ratios for all decay channels involving specific
flavor combinations of baryons and mesons, along with
their corresponding decay products.

For the triply-heavy pentaquark states, there exist
three possible J¥ quantum numbers: 1/27, 3/2°, and
5/27.In this study, we classified pentaquark states ac-

Table 1.

cording to each J” quantum number and flavor configur-
ation, and analyzed them accordingly. The analysis of
QOQOni(Q =b,c) in the following four subsections is
mainly divided into two aspects: the scattering states,
which are distinguished from the compact pentaquark
states; and the decay channels and partial decay width ra-
tios of the compact pentaquark states.

A. cccnin system

Using the previously described MIT bag model ap-
proach and chromomagnetic interaction, we obtained the
masses and eigenvectors of the cccnii type pentaquark
states listed in Table 1. Let us first focus on the eigen-
vectors of the ccenii type pentaquark states. According to
the color-spin wave functions provided in the appendix
for the QQQnn type, we observe the following feature of
the J¥ quantum numbers: for J” =1/2", only the third
coefficient in each eigenvector corresponds to a 1, state;
for JP =3/27, both the second and third coefficients in
the respective eigenvectors correspond to a 1. state; and
for J¥ =5/27, there is only one coefficient in the eigen-
vector, which also corresponds to a 1. state.

When the J¥ quantum number is 1/2-, the square of
the coupling coefficient with 1. in the eigenvector corres-
ponding to the state with a mass of 5.741 GeV is below
0.8. Hence, this state cannot be defined as a scattering
state. Similarly, the coefficients coupled to 1, at 5.827
and 5.963 GeV indicate that they cannot form a scatter-
ing state either. In summary, when J” =1/2-, the states
of the cceni configuration have no scattering states.

When JP=3/2", the square of the coefficients
coupled to 1. in the eigenvectors at 5.372 and 5.786 GeV
are greater than 0.8, indicating that both states are scatter-
ing states.

The case of J* =5/27 is of particular interest. Unlike
color-spin wave function systems of the triply-heavy
pentaquark states with J© quantum numbers of 1/2- and
3/27, the color-spin wave function system with J* =5/2~
in the ccenin configuration (QQQnn configuration in the
appendix) shows that only the scattering state exists.
Therefore, the decay of the triply-heavy pentaquark state

Masses, bag radius, eigenvectors, and scattering states of the triply-heavy pentaquark state cccnii system for each J”

quantum number. The unit of mass is GeV whereas the unit of bag radius is GeV~'.

State JP Ro Mass Eigenvector Scattering state
ceenit 1/2- 5.437 5.741 (0.302, 0.499, 0.812)
5.523 5.827 (-0.839,-0.273, 0.471)
5.665 5.963 (0.455,-0.827, 0.330)
3/2° 5.424 5.372 (=0.108, 0, 0.994) Qeeem
5.555 5.786 0,1,0) Qeecp/w
5.546 5.854 (0.994, 0, 0.106)
5/27 5.555 5.786 (@) Qeecplw

103110-4



Masses and decays of triply-heavy pentaquarks

Chin. Phys. C 48, 103110 (2024)

with respect to J” =5/2" is no longer discussed in the
cceni configuration.

Table 1 lists the decay products corresponding to the
scattering states. The missing scattering states corres-
pond to the compact triply-heavy pentaquark states.

After excluding the scattering states, the remaining
compact cccnin pentaquark states exhibit two decay com-
binations of ccc®nn and ccn®cii, as shown in Fig. 2.

Fig. 2. The triply-heavy pentaquark state cccnii system has
two decay combinations: the 1. state of cccnii decays via
cce®nii, or ccenii transforms through the exchange of quarks
into the form ccncii, which then decays through ccn®cii in its
1. state.

When the J” quantum number is 1/27, there exist
three states with masses of 5.741, 5.827, and 5.963 GeV.
In the case of the ccc®nii type decay, the resulting bary-
on in the 1, coupling can only be Q... of J=3/2, and the
corresponding meson can be either p or w of J=1. For
the two possible decay channels, their decay coefficients
satisfy the following relation:

‘errrw = yﬂ<‘rrl) = ygrrr” : (15)

Using Egs. (12) and (13), we can obtain the partial
decay width of each state on a specific decay channel. By
choosing the channel with the largest partial decay width
as a reference, we can obtain the partial decay width ra-
tios for the states at 5.741, 5.827, and 5.963 GeV.:

I'(ccenn Qccc
(ceenit —= Lece + ) _ () 970 205741 GeV:

I'(cecenin — Qe +p)
I'(ccenin — Q.. + W)

=0.983, at 5.827 GeV; 16
I'(ccenin — Qe +p) a © (16)

I'(ccenn — Qoo + W)

=0.990, at 5.963 GeV.

I'(ccenn — Qe +p)

Regarding the ccn®cii type decay, the resulting bary-
on in the decay includes Z..(J = 1/2) and E!.(J =3/2). In
addition, the resulting meson also includes two possible
particle types, namely D and D*.

When JP =1/27, according to the color-spin wave

functions in the QQnQn section of the appendix, the
cce®nii state coupled with 8. transforms via quark ex-
change to the ccncn state coupled with 1.. If decay oc-
curs in the form of ccn®cn, there exist three decay chan-
nels: 2.®D, E.®D", and E, ®D*. The momentum k
can be calculated using Eq. (13) based on the masses of
Ee, 2., D, D*, and the cccnin obtained from the MIT bag
model.

According to the previously defined expression of y;,
we can obtain the following relation:

YE.D = Y=E.D* = Y=:.D = VEi.D*- (17)

The obtained decay coefficients y; for each decay
channel, along with the coefficients of the momentum k,
are inserted into Eq. (12). The partial decay widths for
each decay channel can thus be calculated. For each com-
pact pentaquark state, the decay channel with the largest
decay width is chosen as the standard. By calculating the
partial decay width ratios of other decay channels to the
maximum partial decay width, we obtain the partial de-
cay width ratios for each decay channel.

For J¥ =1/27, using the decay width of Z,.D as the
standard, the decay width ratios for the pentaquark state
with mass of 5.741 GeV are

['(ccenn — Ef, + D*)

=0.010,
I'(cccnn — E.. + D)

I'(ccenin — E.. + DY)

(18)

- — =0.063.
I'(ccenin — 2., + D)

For the pentaquark state with 5.827 GeV, using the
decay width of Z..D* as the standard, the partial decay
width ratios are

[(ccenin — E; + D) 0.008

I'(ccenn — E.. + D¥)
I'(ccecnn — E.. + D)

(19)
=0.055.

I'(ccenn — .. + D¥)

Finally, for the state at 5.963 GeV, using the decay
width of E!_D* as the standard, the partial decay width ra-
tios for each decay channel are

[(ccenn — B + D) 0.005

['(ccenn — E:, + D*)
I'(ccenn — E.. + D)

(20)
=0.033.

I'(ccenin — B} + D*)

For JP=3/2", the decay channels for the decay
cen®cn include three possible combinations: E} ®D,
E.®D*, and E; ®D*. Following the same calculation
process, using E. ® D* as the comparative standard, we
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obtain the following results:

I'(ccenn — Z,. + DY)

=0.204,

I'(ccenn — E:, + D*)
I'(ccenn — EX + D)

1)
=0.708.

I'(ccenin — E:, + D*)

Table 2 shows the partial decay width ratios of all de-
cay channels for compact pentaquark states with cccnn
structure.

The results in Table 1 shows that for the ccenii sys-
tem with J¥ = 1/27, none of the three states is a scatter-
ing state. When the cccnii system undergoes decay in the
ccc®nii manner, the J©=1/2" decay channels include
Qe and Q...p, while the J* =3/2~ decay channel is
Q... There is no shared decay channel between these
two cases.

When decayed in the ccn® cn configuration, the three
states with J* quantum number 1/2° have the same de-
cay channels; however, the dominant decay channels are
completely different. The dominant decay channels are
those in Table 2 with a partial decay width ratio equal to
1.

The decay channel Q.7 in the ccc®nn configuration
is forbidden when J” = 1/2-, because it would violate the
conservation of angular momentum. If the triply-heavy
pentaquark state cccnii were to decay into the Q... chan-
nel in the ccc®nii configuration, the resulting decay
products would generate a mutual orbital angular mo-
mentum of L = 1. While this would satisfy the conserva-
tion of angular momentum, the presence of orbital angu-
lar momentum would violate parity conservation after de-
cay. Therefore, the Q.. decay channel is disallowed.
The same holds true for other forbidden decay channels.

B. ccbnin system

Next, we investigate the decay channels present in the
structure of the compact pentaquark states with flavor
composition ccbnii. Using the specific color-spin wave
functions of the QQQnn type and the obtained eigen-
vectors, we differentiate between the scattering and com-
pact pentaquark states for ccbnii, as shown in Table 3.

After excluding the scattering states, decay widths of
the remaining compact pentaquark states are analyzed.
The approach for handling the ccbnii system is similar to

that of the cccnin system. The difference is that the decay
channels of the compact pentaquark state cchnii involves
three configurations of cch®ni, ccn®bii, and cnbQcii, as
shown in Fig. 3.

C C
(Y b

b n

n

n

Fig. 3.
three decay combinations: the 1. state of cchnii decays via

For the triply-heavy pentaquark state ccbnii, there are

ccb®nit, or ccbnii transforms through the exchange of quarks
into the 1, states of ccnbii and cbncii, and subsequently decays
accordingly.

The color-spin wave function of the cch®nn type has
three 1, states each for J* =1/2~ and J” =3/2". Consid-
ering that mesons of the nn configuration include
particles @ and p with spin 1, then there are six decay
channels. If these compact triply-heavy pentaquark states
decay into the 1, state of cchb®nn, the decay coefficients
of their six decay channels satisfy the following relation:

Yar, o =Y 0 TV, 1 = Yowmw = VQwp = Ve (22)

For the same case, the decay coefficients of decay
channels in the ccn®bn and cbn®ci configurations also
satisfy a similar relation:

YEi B = VB = V=i B = VE(B>

=cc

(23)

g, 0" =Yg b+ = VEeD* = Vg, p = VE;.D = VEpD-

Using Egs. (12) and (13), we can obtain the partial
decay width ratios of the three configurations, as shown
in Tables 4 and 5.

In the states of J¥ = 1/27, the three states with masses
of 9.087 GeV, 9.109 GeV, and 9.144 GeV are primarily
dominated by the decay channel Q.,p. However, as the
mass increases, the dominant decay channel begins to

Table 2. Partial decay width ratios for the decays of the pentaquark configurations ccc®nii and ccn®cin.The unit of mass is GeV.

ccc®@nn cen®cn
JP Mass — —
Qeccp Qeecw Qeeem 2.D* Z.D ZeeD* ZeeD
1/2~ 5.741 1 0.970 0.010 0.063 1
5.827 1 0.983 0.008 1 0.055
5.963 1 0.990 1 0.005 0.033
3/2° 5.854 0 0 1 0.708 0.204
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Table 3. Masses, bag radius, eigenvectors, and scattering states of the triply-heavy pentaquark state ccbni system for each J”
quantum number. The unit of mass is GeV.
Ry =5.338GeV~!
State Jr Mass Eigenvector Scattering state
ccbni 1/27 8.699 (-0.081,-0.004, —0.068, —0.062, —0.001, —0.001, 0.001, 0.993) Qeepm

9.087 (-0.048,-0.437,-0.312, 0.131, -0.027, —0.575, 0.600, —0.019)
9.109 (-0.079, -0.073, 0.035, 0.074, 0.254, —0.668, -0.686, 0.001)
9.144 (0.153, 0.162, 0.859, —0.084, 0.108, —0.292, 0.323, 0.066)
9.172 (-0.714, 0.088, —-0.009, —0.676, 0.050, —0.068, 0.084, —0.100)
9.203 (0.596, 0.134, 0.200, —0.621, —0.373,-0.237, -0.068, —0.004)
9.324 (0.308,-0.309, -0.081, -0.317, 0.810, 0.206, 0.059, —0.001)
9.299 (-0.032,-0.810, 0.335,-0.149, -0.353, 0.187, —0.222, 0.008)

3/27 8.712 (0.078,-0.041,-0.002, —0.040, 0, —0.995, 0) (O3
9.113 (-0.047,-0.015, 0.151,-0.019, 0.201, —0.003, 0.966) Qccpp/w
9.124 (0.031, 0.009, —0.089, 0.012,-0.971, 0.002, 0.218) Q' plw
9.181 (0.715,-0.679,-0.093, —0.093, 0.031, 0.088, 0.031)
9.214 (0.584, 0.653,-0.417, 0.209, 0.086, 0.011, 0.090)
9.253 (-0.165,-0.277,-0.191, 0.925, 0.027, -0.039, 0.030)
9.313 (0.333,0.184, 0.866, 0.299, —0.084, 0.005, —0.093)

5/2° 9.126 (0, 1) Qpplw
9.281 (-1,0)

Table 4. Partial width ratios for the decays of the pentaquark configurations cch®nii and ccn®bii. The unit of mass is GeV.

ccb®nin ccn®bn
JP Mass QP Q) w Qo Qccvp Qecpw Qcepm =i .B* =B ZeeB* ZeeB
1/27 9.087 0.865 0.847 1 0.982 0.002 0.112 0.029 1
9.109 0.897 0.881 1 0.984 0 0.003 0.204 1
9.144 0.776 0.764 1 0.986 0.063 0.027 0.541 1
9.172 0.304 0.300 0.484 0.478 1 0.361 1 0.074
9.203 1 0.988 0.085 0.084 0.004 0.001 1 0.731
9.299 0.685 0.680 1 0.992 0.002 1 0.821 0.005
9.324 1 0.988 0.084 0.083 0 1 0.001 0.054
3/27 9.181 0.083 0.082 1 0.085 0.084 0.246 0.760 1
9.214 0.870 0.860 0.021 1 0.990 0.002 0.012 1
9.253 0.359 0.355 1 0.439 0.435 0.381 1 0.065
9.313 0.782 0.776 0.003 1 0.993 1 0.218 0.087

5/2° 9.281

change. The dominant decay of the 9.172 GeV state is the
decay channel Q..,7, because the eigenvector of the de-
cay channel Q.7 at 9.172 GeV is larger than the eigen-
vector of the other decay channels. In addition, the other
states are more inclined to p/w meson decays.

Combined with the result of J* =3/2-, we conclude
that other decay channels are also possible when the z
meson decay channel is dominant. However, when the

decay channel of the meson product is p/w, almost no de-
cay of the = meson occurs. This indicates that a decay is
more likely to occur through channels with higher
product mass.

For the two configurations of ccn®bn and cbn®ci, it
can be clearly observed that as the mass increases, the
product mass of the dominant decay channel also in-
creases slowly, which is reflected in the angular mo-
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Table 5. Partial width ratios for the decays of the pentaquark configurations chn®cii. The unit of mass is GeV.

chbn®cn
JP Mass g; D g;.D g,.D" ZpeD* g,.D ZpeD
1/2- 9.087 0.005 0.010 0.015 1 0.391
9.109 0.017 0.122 0.021 0.899 1
9.144 0.033 0.026 0.262 1 0.019
9.172 0.137 0.201 0.206 0.033 1
9.203 0.010 1 0.031 0.048 0.002
9.299 0.919 0.164 1 0.012 0.070
9.324 1 0.049 0.171 0.054 0.049
3/2° 9.181 0.292 1 0.007 0.245
9.214 0.147 0.035 1 0.618
9.253 0.939 0.046 0.182 1
9.313 1 0.140 0.111 0.374
5/2° 9.281 1

mentum of the decay product. Moreover, the partial de-
cay width ratios of these dominant decay channels are, in
most cases, significantly larger than those of other pos-
sible decay channels.

C. bbcnn system

For the bbcnn system, the coefficients corresponding

to the 1. state in the calculated eigenvectors can differen-
tiate scattering states among states for various J¥
quantum numbers, as presented in Table 6.

After excluding the scattering states, for the remain-
ing compact pentaquark states in bbcnii, there exist three
decay configurations: bbc®ni, bbn®cn, and bcn®bi.
The decay coefficients for the different decay channels
within these three decay configurations satisfy the follow-

Table 6. Masses, bag radius, eigenvectors, and scattering states of the triply-heavy pentaquark state bbcnii system for each J”
quantum number. The unit of mass is GeV.
Ro =5.164GeV™!
State JP Mass Eigenvector Scattering state
bbcni 1/27 12.034 (—0.027,-0.003, —0.097, —0.046, —0.007, 0.001, 0.001, 0.994) Qppent

12.443 (0.007, —0.009, —0.254, —0.086, —0.290, 0.602, 0.693, —0.031)
12.453 (-0.032,-0.109, 0.075, 0.039, 0.109, —0.703, 0.688, 0.009)
12.479 (-0.079,-0.101, —0.882, —0.247, —0.150, —0.284, —0.175, —0.101)
12.574 (0.904, 0.256, —0.140, 0.273, —0.122, —0.092, 0.007, 0.023)
12.584 (-0.210, —0.253, —0.256, 0.894, 0.137, 0.089, —0.003, 0.011)
12.647 (—0.053, —0.299, 0.234, 0.122, —0.890, —0.176, —0.121, 0.020)
12.685 (0.358,-0.871, 0.048, —0.197, 0.237, 0.122, —0.029, 0.004)

3/27 12.047 (0.23, 0.043, 0.004, —0.062, 0, —0.997, 0) Q.
12.446 (-0.018, 0.067, 0.204, —0.066, —0.217, 0.008, 0.950) Qppep/w
12.462 (—0.008, 0.034, 0.076, —0.032, —0.966, 0.004, —0.242) Qppplw
12.503 (—0.088, 0.777, 0.199, —0.568, 0.093, 0.067, —0.118)
12.596 (0.091, -0.611, 0.251, —0.743, 0.035, 0.023, —0.053)
12.619 (0.878, 0.120, —0.430, —0.143, —0.051, 0.033, 0.078)
12.645 (0.461, 0.041, 0.816, 0.311, 0.083, —0.004, —0.128)

5/2° 12.463 (0, 1) Qpeplw
12.619 (1,0)
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ing relations:

Yoy, 0 =Y 0 =Y, 1 = YQpew = YQupep = Y Qpperts

be
Y=, 0 = YEuD = YE;,D = VEuDs (24)

g, B =Yg, B = VEpeB = VE;B=VE BT VEuB

For each compact pentaquark of a bbcni system, the
partial decay width of each decay channel can be ob-
tained from Eq. (12). The partial decay channel with the
largest decay width is selected for each state in the specif-
ic configuration as a reference, thus obtaining the partial
decay width ratios for the corresponding decay channel of
each state. We list them in Tables 7 and 8.

The structures of the bbcnii and ccbni systems are
similar. Given that the masses of the bbcnii system are
larger, they are more likely to decay. Therefore, as the
mass of the bbcnii system increases, the characteristics of
the decay channels become more evident.

When the bbcnii system decays through the bbc®nn
configuration, the two states at 12.443 GeV and 12.453
GeV and J? =1/27, and the partial decay width ratios of
the four decay channels Q;, .0, Q;,.w, Qupep, and Qpp.w
are all larger. However, the bbcnii system begins to tend
to the dominant decay channels Q;, o and Q;, w as the
mass increases. When J* =3/2, the two decay channels
Qupep and Q. always dominate.

When the bbcnii system decays in two configurations
of bbn®cn and bcn® bii, it becomes evident that the de-

Table 7. Partial width ratios for the decays of the pentaquark configurations bbc®nii and bbn®cii. The unit of mass is GeV.

bbc ®@nii bbn®ci
JP Mass ()] Qe Q. Qppep Qppew Qpper 5, D E,,D EppD* EpD
1/2~ 12.443 0.713 0.704 1 0.988 0.003 0.010 0.034 1
12.453 0.985 0.973 1 0.989 0.0002 0.047 0.909 1
12.479 1 0.989 0.398 0.394 0.185 0.071 0.043 1
12.574 1 0.992 0.006 0.006 0.086 0.615 1 0.120
12.584 1 0.992 0.002 0.002 0.020 0.051 1 0.012
12.647 1 0.993 0.493 0.490 0.016 1 0.090 0.039
12.685 1 0.994 0.058 0.057 0.001 1 0.113 0.075
3/27 12.503 0.583 0.578 0.430 1 0.991 0.022 1 0.085
12.596 0.425 0.422 0.233 1 0.993 0.300 1 0.030
12.619 0.416 0.413 0.217 1 0.993 1 0.656 0.009
12.645 0.409 0.407 0.012 1 0.994 1 0.204 0.085
5/2° 12.619 1

Table 8. Partial width ratios for the decays of the pentaquark configurations bcn®bii. The unit of mass is GeV.

ben® bin
Jr Mass ;B E;.B E,.B’ EpeB* E,.B EpcB
/2 12.443 0.066 0.139 0.018 0.103 1
12453 0.028 0.043 0.170 1 0538
12.479 0.087 0.342 0.254 1 0.058
12.574 0.013 1 0.287 0.115 0.530
12.584 0.006 1 0.112 0.870 0.821
12.647 0 0.022 1 0.004 0330
12.685 1 0.002 0.084 0.084 0.075
3/27 12503 0372 0.671 0.628 1
12.596 0518 0.783 0.435 1
12.619 0.618 1 0.628 0575
12.645 1 0.021 0.045 0.422
5/2° 12.619 1
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cay channel tends to increase the decay product mass
with the increase of mass. Tables 7 and 8 show that the
angular momentum of the decay products increases.

D. bbbnn system

Finally, concerning the bbbni system, similar to the
earlier cccnin system, after excluding the scattering states
using the calculated eigenvectors, we obtain the values
listed in Table 9.

The compact pentaquark states bbbni have two de-
cay configurations: bbb®nn and bbn®bn. The decay
coefficients for different decay channels satisfy the fol-

Table 9.

lowing relations:

YQupw = YQup = Vs

(25)

V=80 = VE;, B = VYE,8° = YEuB-

Using the same computational method, the decay par-
tial width ratio for each decay channel of bbbni are lis-
ted in Table 10.

In the decay process of the bbb®ni configuration,
there are distinct decay channels for each J* quantum
number. However, in the bbn®bn configuration, the an-

Masses, bag radius, eigenvectors, and scattering states of the triply-heavy pentaquark state bbbnii system for each J”

quantum number. The unit of mass is GeV whereas the unit of bag radius is GeV~'.

State JP Ro Mass Eigenvector Scattering state
bbbnn 1/2° 5.032 16.032 (0.357,-0.928, 0.111)
4.940 15.957 (—0.933,-0.355, 0.064)
4.996 15.792 (0.018, 0.126, 0.992) Qpppp/w
3/2° 5.011 15.796 0,1,0) Qpppp/w
4.972 15.967 (0.999, 0, 0.034)
4.846 15.377 (=0.035, 0, 0.999) Qpppm
5/2° 5011 15.796 0 Qo] w
Table 10. Partial width ratios for the decays of the pentaquark configurations bbb ®nii and bbn®bii. The unit of mass is GeV.
bbb®@nn bbn®bn
JP Mass Qppip Quppw Quppmt BB ELB EppB* EpyB
1/27 15.957 1 0.995 0.023 1 0.236
16.032 1 0.995 1 0 0.124
3/2° 15.967 0 0 1 0.608 0.198

gular momentum of decay products increases with the in-
crease of mass of decay channels dominated by different
states.

IV. SUMMARY

This study comprehensively investigated the proper-
ties of the triply-heavy pentaquark state QQQnn within
the framework of the MIT bag model. We provide a de-
tailed characterization of the mass ranges for different
systems of QQQmni. In this process, we observed that for
the cccnin system, the mass range is approximately
5.7-6.0 GeV, while the ccbnii system has a mass range of
9.1-9.3 GeV. The mass for the bbcnin system is within
the range of 12.4-12.7 GeV, and the bbbnn system has a
mass of approximately 16.0 GeV. Given that the masses
of the triply-heavy pentaquarks calculated in this study

are all above their respective baryon-meson thresholds,
all these pentaquarks are unstable in the two-body strong
decay.

In addition to mass, we also systematically studied the
partial decay width ratios of decay channels for different
configurations in each QQQni system. Given that the an-
gular momentum is conserved during decay, this limits
some types of decay channels. If there is an orbital angu-
lar momentum L = 1 between the two particles produced
by the decay, then conservation of angular momentum
can be satisfied. However, the parity will have an addi-
tional —1 related to the orbital angular momentum, result-
ing in non-conservation of parity for the entire decay pro-
cess. Therefore, some decay channels are prohibited.

After excluding the scattering states, we found that as
the mass of each configuration of the triply-heavy
pentaquark state increases, and the dominant decay chan-
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nels (i.e., the decay channels with the partial decay width
ratio equal to 1 in each state) tend to the states with the
increase in angular momentum of the decay products. The
partial decay width ratio of the final dominant decay
channels will be much larger than that of other decay
channels. This suggests that once the momentum re-
quired for decay is satisfied, the residual mass will be as
large as possible in the form of decay products.

We hope that these conclusions can be verified in fu-
ture experiments on the triply-heavy pentaquark state

QQQ0ni.

APPENDIX A: COLOR AND SPIN WAVE
FUNCTIONS

o1 =1[(12)°31%(45)*)

1 _ _
= — [2 (rrgb? +ggbrg + bbrgb — rrbgr — bbgrb

43
- ggrbg) + (rgbrf + grbri+ gbrgg +bgrgg + brgbl_a
+rbgbb — brgri —rbgri — rgbgg — grbgg — gbrbb
— bgrbb + rgghg + grgbg + gbbrb + bgbrb + brrgF
+rbrg¥ — rgrb7 — grrb7 — gbgrg — bggrg — brbgb
— rbbgbh)|,

(A1)

¢1 = 1(12)°31°(45)")
= é [3 (rgrbf —grrbr +rggbg — grgbg +gbgrg
— bggrg + gbbrb — bgbrb + brbgb — rbbgh
+brrgr— rbrg;") +2 (rgbbl} — grbbB + gbrrv
—bgrri+brggg — rhggg) - (rgbr;" — grbrv
+ gbrgg —bgrgg + brgbb — rbgbb + rghgg
— grbgg + gbrbb — bgrbb + brgri — rbgr?)} s (A2)

o% =1[(12)*3]'(45)")
1

T332 [(rb~reb+ rbg~brg + bgr—gbr)r7

+ (grb —rgb+rbg—brg+bgr— gbr)gg
+ (grb —rgb+rbg—brg+bgr— gbr) bE] . (A3)

X1 = (2131245 1)s2,x5 = 1(12)13132(45)1)32,
X5 =1012)1310@45)0)3 2, x5 = [1(12)13112(45)1)32,
X5 =11(12)03112(45)1)32,x5 = [1(12)13132(43)1) 12,
x5 = 11021311 2(45) D12, x8 = 11(12)13112(45)0)1 2,
Xo =11(12)03112(45) D172, x 1o = I[(12)6311245)0)1 2. (A4)

APPENDIX B: PENTAQUARK WAVE
FUNCTIONS

A.Wave function of pentaquark QQQnn (flavor :Q; =
0,=05)

a. JP=5/2":

o1 = 11(12)331,(43)])s 2. (B1)
b. JF=3/2":

1 1 _
7 (d1x5 — Poxs) = 5 (I(12)§313 (4522
~[[(12)131 ,(45)%)32) s
b2 = 1(12)3315,(43) )30,
b3xs = 1(12)3315,(43)8)3 )2 (B2)

c.JP=1/2":

1 1 -
v (b1xo — dox7) = N (IL(A2)5315 .45 P12

= [[(12)331} ,435)})1 ).
1 1 _
@ (Prx10— Paxs) = % (|[(12)g3]?/2(45)§>1/2
= [[(12)331} L4351 2).

d3xe = 11(12)331,(43) D1 2. (B3)

B. Wave function of pentaquark QQnQ’n (flavor :Q,
=0, #05)

a. JP=5/2":

dox1 = 1(12)3315,(43)8)s2.
o1 = 11(12)331,(43)])s 2. (B4)

b. JF=3/2":
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duxs = [(12)5315 ,(45))s 2.
dox2 = [(12)1315,,(43)D)s.2,
¢axs = 1(12)1313,(45)5)s 2.
$oxs = 1(12)71315 ,(45) s o,
d3x2 = [(12)]313,,(43) )3 2.
d3xs = [(12)1313,,(435)0)3 2.

d3xa = [(12)131] ,(43)])3 2. (B5)
LJP=1/2:
duxs = 1125315 ,(45) D)2,
duxi0 = 112531545512,
doxs = I[(12){315,(45)D)1 2.
¢oxr = 1(12)1315 ,(45) ) o,
¢oxs = [(12)1313 ,(45) )1 2.
¢3xs =11(12)}313,(43)1)1 )2
¢3x7 = 1(12)713]] ,(45) o,
¢axs = [(12){31] ,(43)p)1 2. (B6)

C. Wave function of pentaquark QQ’'nQn (flavor :Q,

duxs = [1(12)8313,(45)5)s 2,
dixa = 1(12)7315,(45)])3 )2,
dixs = 1(12)5313 2(43)])3 2,
doxs = [[(12)1315,,(45))3.2.
¢oxa = 1(12)1315 ,(45) s o,
daxs = [1(12)315 ,(45))s o,
¢3xa = 1(12)131,(43) s o,
$3xs = 1(12)131 ,(45)0)s 2.
¢3xa = 1[(12)}311,(45) 312

dsxs =I1(12)31; o(45)) 2 (BS)
JJP=1/2:

$1xs = [(12)1315,(45) 1)1 2,

duxr =123 (43D,

$uxs = [(A2)1313,(45))1 25

$1xo = [(12)5311 (45X 25

$x10 = [[A2)311 (455025

daxs = I1(12)}315,45) D)1 2,

¢ax7 = 1231}, (451 2,

doxs = 1112131} ,(43)0)1 2.

daxo = 111205313 ,(43)} 2.

dax10 = 11231} (45001 2.

d3xs = 1(12)}313,45))1 2,

dsx7 = [(12)73] @5 e,

d3xs = [[(12)131] n(43)5 2.

d3xo = 111205311 ,(43) 1 e,

d3x10 = 1125311 ,(43)5 )2 (B9)

=037 0»)
JP=5/27:
¢ux1 = A2)7315,(45))spa.
a1 = I1(12)7315,(45))s o,
a1 = [(12)1313,,(43)])s 2. (B7)
b. JF=3/2":
21> = [[(12)1315,,(45))35,
$1x2 = [(12)7315,(45)s 2
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