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Abstract

We perform a systematic investigation of low-lying singly charmed dibaryon systems with
J=1,1=0, %, 1, %, 2, % and strangeness S = —1, —2, —3, —4, —5in the chiral quark
model. According to the analysis of effective potentials, dibaryon systems characterized by
lower isospin and magnitude of strangeness exhibit stronger attractive interactions, which
may enhance their tendency to form bound states. Experimental efforts may therefore
prioritize the search for such configurations. The bound-state calculation results indicate
that we have obtained some single-channel bound states, which are XX, XX}, ¥*>, Z*X}
with] =0, S = —1; %A, ZfAwith =}, S = 0; ZZ  with I = 1, S = —1; A with
I= %, S=0,and Z*X} with [ = %, S = —2. However, these states can decay through open
channels. We have listed both these single-channel bound states and their corresponding
decay channels in this work for experimental reference and search. In the future, we need
to study the scattering processes of the open channels further to confirm whether these
states are resonance states.

Keywords: singly charmed dibaryons; effective potentials; bound states; chrial quark model

1. Introduction

Research on dibaryon states has been conducted for many years. The earliest estab-
lished dibaryon state, dating back to 1932, is the deuteron [1]. In 1977, based on the MIT
bag model, Jaffe utilized gluon exchange interactions and discovered a stabilized configu-
ration of six quarks, thereby predicting the existence of the H-dibaryon [2]. Over the past
decade, researchers have persistently pursued the search for new dibaryon states, and the
discovery of the dibaryon resonance 4* has undoubtedly inspired confidence among many
scientists and physicists [3-5]. Beyond the H-dibaryon, the NQ) configuration has emerged
in recent research as a prominently studied dibaryon system involving a strange quark. In
1987, T. Goldman proposed in two different quark models that a dibaryon state with the
strangeness S = —3 might exist [6]. Numerous studies have been dedicated to this state
over many years [7-10]. Recent theoretical studies have provided substantial evidence for
the existence of the NQ) state [11,12]. In 2019, the STAR collaboration investigated the NQ
correlation function via relativistic heavy ion collisions in Au + Au collisions, providing
supporting evidence for the existence of NQ) [13]. Recently, the ALICE collaboration has
investigated interactions between baryons containing strange quarks, specifically demon-
strating the use of NQ) correlation functions for precision calculations [14]. Inspired by
these findings, our group further investigated the p — () system from the perspective of
the quark model, including the energy spectrum, scattering phase shifts, and correlation
functions, and the results supported the existence of the p — ) bound state [15].
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The experimental discovery of the doubly charmed baryon E. by the LHCb Collabora-
tion has further stimulated research into charmed baryons [16]. Moreover, the discovery of
heavy baryons has also sparked significant interest among physicists in studying dibaryon
states involving heavy quarks. Theoretically, the substantial mass of heavy quarks sup-
presses the kinetic term in the Hamiltonian, thereby enhancing the likelihood of bound-state
formation. Consequently, a significant number of researchers have shifted their focus to
the systematic search for charmed dibaryon states. Various theoretical approaches have fo-
cused on predicting the existence of heavy-flavor dibaryons. Some theoretical studies have
employed the one-boson exchange model to investigate dibaryon states involving heavy
quarks [17-21], N. Lee et al. performed a systematic study of the possible loosely bound
states composed of two charmed baryons or a charmed baryon and an anti-charmed baryon.
Their results indicate that the H-dibaryon-like state A:A. does not exist, but deuteron-like
states E.E. and Z.Z/ may exist. In Ref. [21], Y. W. Pan et al. employed the one-boson
exchange model to study the interactions between &, and X, showing that several possible
three-charm deuteron-like hexaquark states may exist. Some theoretical studies employed
lattice quantum chromodynamics (QCD) sum rules to investigate dibaryon states with
heavy flavor. In Ref. [22], Z. G. Wang constructed color-singlet-type currents to study scalar
and axialvector E., 27 dibaryon states with QCD sum rules. Some theoretical studies have
utilized lattice QCD to investigate heavy dibaryon states [23-25]. In Ref. [23], P. Junnarkar
et al. reported the first lattice QCD study of deuteron-like dibaryons with heavy quark
flavors and found that the ground-state mass of dibaryon 3.Q). was below the two-baryon
threshold and also predicted the mass precisely. In addition, some theoretical groups
investigated heavy dibaryons within the framework of the quark model [26-30]. The work
of Ref. [28] investigated doubly heavy dibaryon systems with strangeness S = 0 in the
quark delocalization color screening model (QDCSM), and several bound systems were ob-
tained. In Ref. [30], Y. Cui et al. performed a systematic investigation of the singly charmed
deuteron-like dibaryon states (I] = 01), and several resonance states were obtained. X3
appears as a resonance state in the AA. and NE{ scattering process, and XX} exhibits a
resonance state in the NE. and NE! scattering phase shifts. To explore more dibaryon
states, it is meaningful and necessary to systematically search for dibaryon systems from
light flavor to heavy flavor with all possible quantum numbers.

This paper focuses on the study of dibaryon states containing a singly charmed quark,
with strangeness S = —1, —2, — 3, —4, and —5, angular momentum quantum number
J=1,and isospin I =0, %, 1, %, 2, % The structure of this paper is organized as follows:
Section 2 provides a concise introduction to the quark model and the resonating group
method (RGM). Section 3 presents the numerical results and corresponding discussion. The
final Section 4 delivers the conclusion.

2. Quark Model and Resonating Group Method

This work is conducted within the framework of the chiral quark model (ChQM),
using the resonating group method (RGM) to search for dibaryon bound states containing
charm quarks. This chapter will provide a brief introduction to the model and the method.

2.1. The Chiral Quark Model

The chiral quark model is one of the most common approaches to describe hadron spec-
tra, hadron-hadron interactions, and multiquark states [31]. In this model, the short-range
interaction is primarily provided by the one-gluon exchange potential, the intermediate
range attraction is generated by the meson exchange potential, while the Goldstone boson
exchange potential dominates the long-range interaction. Our study focuses on dibaryons
with strange and charm quarks, necessitating an extension from SU(3) to SU(4) flavor sym-
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metry. Within this expanded framework, the standard Goldstone boson exchange potential
is no longer sufficient; we have incorporated the following meson exchange potentials:
D-meson exchange potential between u/d and c quarks, Ds-meson exchange potential
between s and ¢ quarks, and #.-meson exchange potential between any two quarks (1/4, s,
or ¢ quarks). Here, we only show the Hamiltonian and the parameters used.

6 2
H=Z<mi+;>—n+2% (1)
i=1 i i<j
Vij = VEON(ryj) + VOO (ryj) + V7 (ryj) + VO (ry) 2)
p;

2m;”’
and the term for the kinetic energy of the center of mass is T.. The potential interaction V;;

where m; is the mass of different quarks, the kinetic energy term in the Hamiltonian is

includes the confinement potential V<ON(r;;), the one-gluon exchange potential VO°E(r;;),
the o meson exchange potential V7(r;;), and the one-boson exchange potential VOBE (rij)-
Since this study only involves calculations for the ground state, we will only present the
form of the central force here:

VOON(ry) = —ack; - Aj [} + Vo] 3)

Additionally, based on the asymptotic freedom property of QCD, the model introduces the
one-gluon exchange potential:

1 1 =n
VOGE(, .y — = A —— =
(1’1]) 4“5%‘1]' i Aj i >
1 1 40; - o 3
— +—+ - S 4
(mlz m]2 3mimj ) 41’111'1’11}'7’% l]‘| ( )

where S;; is the quark tensor operator. We consider only S—wave states in this work; the
tensor force operator does not contribute. In the chiral quark model, we introduce the
scalar o meson exchange potential (only between u and d quarks) to provide intermediate
range attraction. Its specific expression is

2 2
Asm A
—gCh et Y(mgri]-) — JY(AJT’Z']') (5)

Vo (r::) = —2ch
(rij) 471 A2 — m3 Mg

For the Goldstone boson exchange potential VOBE(r,-j) arising from spontaneous chiral
symmetry breaking, the specific expressions for each term are

3 7
VO (ri) = valry) LT A7 +vir) L AT A
a= a=

+ vy (rz'j) {(/\? . A?) sinf, — ()\? ) )\?) cos 94
12 14

+ VD(rij) 2 /\f . A? -+ VDS (T’i]') Z /\‘ZZ . /\;7
a=9 a=13

+ v,]C(rij))\}S . )\]1-5
(6)
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/ 4 127’1”11‘1’}’1]‘ A%{ - m%
Ay
Y(TI’ZXT’,']') — TY(Axrij) ;- 0']‘
my
AS
+ | H(myrij) — Q‘H(Axri,-)] 51']} )
mx
(o;-ri) (i 7)) 1
sij:#_gm.gj (8)

o)

where Y (x) and H(x) are standard Yukawa functions [31]. The model parameters are
determined as follows. The mass parameters (e.g., M, mg, my, mp, my, mp,, and my, ) take
their experimental values. The mass of u/d-quark (m,, 4), cutoff parameters (e.g., A, Ak,
and Ay), and the mixing angle 6p are empirically fit [32]. The chiral coupling constant g,
can be obtained from the 7NN coupling constant through

2
Q — § ZgthN mll,d (9)
ar 5) 4m m}

The other adjustable parameters can be determined by fitting the ground-state light baryons
and singly heavy baryons, and the MINUIT program is employed for the fitting. In quark
model calculations, equivalent coupling constants are used to describe the spectra of
%sqjq

mim; 4

where a5, 5 is associated with the quark flavor and determined by the mass difference

baryons and mesons. As shown in VOSE, the chromomagnetic term is related to

between two baryons with spins S = %, S = %, respectively. The mass of heavy quarks is
relatively large, which reduces the mass difference between the two baryons with spins
S = %, S = % Therefore, it is necessary to increase the value of s, y to counteract the
influence of quark mass and obtain a mass difference more consistent with experimental
values. Thus, a phenomenon occurs where «s,, is less than «s... However, when considering
quark mass, f::—j,;‘] remains greater than :1‘15—;;] The model parameters and the masses of the
fitted baryons with errors are shown in Tables 1 and 2, respectively. The energies listed in
Tables 1 and 2 are expressed in the natural unit system (# = ¢ = 1). Tables 1 and 2 show that
the uncertainties of the parameters are very small, so the error of the calculated baryon
spectrum is also small.

Table 2 shows that the influence of parameter errors on baryon spectra is minimal.

Table 1. Model parameters.

b (fm) M4 (MeV) ms (MeV)
ChQM  0.52088 + 0.57 x 1077 313 590 + 0.09
m. (MeV) a. (MeV fm=?) Vo (fm?)
ChQM 1700 + 0.10 49560 + 0.11 —1.0778 + 0.67 x 1073
Xsgg Ksgs Ksgs
ChQM  0.67249 + 0.14 x 1072 0.83964 + 0.13x 1072  0.71678 + 0.17 x 102
K, Mg, Qs

ChQM  0.59298 + 0.13 x 1072 0.60778 + 0.15 x 102 1.0810 + 0.50 x 102

2.2. The Resonating Group Method

The resonating group method (RGM) represents one of the most common approxima-
tion approaches for nuclear physics problems. When extending this method to six-quark
systems, the primary approximation in RGM involves assuming unchanged internal wave
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functions of the constituent baryons while focusing solely on the relative motion wave
function between the two baryons. This approximation effectively reduces the complex
six-body problem to a simpler two-body problem. The only quantity that needs to be
solved is the relative motion wave function of the two baryons.

Yo = A[M’Bl (p1, A1) @5, (P2, Az)][‘T]ISX(R)Z(R“)}] o

where the symbol A is the antisymmetrization operator. With the SU(4) extension, both
the light and heavy quarks are considered as identical particles. So, the symbol A is written
as A = 1 — 9Ps. The internal wave functions of the two three-quark clusters is ¢p ; both
pi and A; are internal coordinates. The relative motion wave function between the two
clusters is x(R), in which R refers to the relative coordinate between the two clusters.
Z(R.) denotes the center of mass motion wave function of the two clusters, where R,
represents the center-of-mass coordinate. In Formula (10), ¢ = [222] provides the total color
symmetry, I represents isospin quantum number, and S refers to the spin quantum number.
We assume that the three-quark cluster wave function ¢p, is the product of the harmonic
oscillator ground-state wave function and the isospin-spin wave function 75, (B;) and
color wave function x.,, expressed as

Table 2. The calculated masses (in MeV) of the baryons in ChQM. Experimental values (Exp) are
taken from the Particle Data Group (PDG) [33].

N A A X
ChQM 932.7 £+ 0.975 1254.03 + 0.561 1104.85 + 1.018 1207.94 + 0.878
Exp 939 1233 1116 1189
¥ 19 ) =
ChQOM  1374.63 £+ 0.675 166298 4+ 0.232 1344.26 + 0.768 1510.95 £ 0.565
Exp 1385 1672 1315 1530
Ac X Z:‘ e
ChOM  2224.08 + 0.617 2416.80 4+ 0.342 2449.04 + 0.342 2453.80 £+ 0.534
Exp 2286 2455 2520 2470
=/ ik —
e =22 Eee Qc
ChQM 254835 + 0.399 2573.26 4+ 0.398 3492.87 + 0.704 2695.61 £+ 0.232
Exp 2578 2645 3519 2695
0N
ChQOM  2713.10 £ 0.232
Exp 2700
o N34, o \3/4 A2 o2
L= —_ — o.(B;)xc (B; 11
P <37rb2> <4nb2> XP| ~345 gz | i (Bi)xe (Bi) (11)

Now, we can determine the relative motion wave function by solving the Schrodinger
equation. From the variational principle,

(0Y"|H - E[¥') =0 (12)

the Hamiltonian in the expression above is Formula (1). After performing the variation, we
can obtain the RGM equation:

/ H(R",R")x(R')dR’ = E / N(R”,R')x(R') dR’ (13)
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where H(R”,R’) and N(R”,R’) are Hamiltonian and norm kernels, specifically
expressed as

H(R",R") = (A[p120(R — R”)]|H| Al¢1426(R — R')])
N(R",R") = (A[p1¢25(R — R")]| A[¢1¢20(R — R')]) (14)

Since the operator A is Hermitian, satisfying AH = HA, A? = A, the above expression
can be written as

H(R”,R’) = ([¢1¢20(R — R”)]|H|A[p1¢26(R — R)])
N(R",R) = ([¢p1¢20(R — R")]| A[¢1¢26(R — R')]) (15)

the operator A can be written as A = 1+ A’, in which A’ represents antisymmetrization
operator acting between the two quark clusters. Thus, H(R”,R’) and N(R”,R’) can be
expressed as the sum of direct terms and exchange terms:

H(R”,R,) — HD(R,,,R,)(S(R _ R//) + HEX(R,,,R/)
N(R”, R/) — ND (R”, RI)5(R _ R") + NEX (R", RI) (16)

where the superscript D represents the direct item, and the superscript EX represents the
exchange item. Then, integrate with respect to the coordinates p1, p2, A1, A2, and R and we
can obtain the formula

(ND (R",R")

HD(R”, R’)) S(R" -R') = /¢T(P1rA1)¢§ (p2,A2)6(R —R") (;)

X ¢1(p1,A1)P2(p2,A2)8(R — R") dp1 dA1dp2dAzdR  (17)
(Ziigﬁj ﬂ) — [ gier M) (o2, A2)5(R ~ RY) ( ;j)
x ¢1(p1, M) d2(p2, A2)8(R — R') dpy dAy dpp dA2 AR (18)
So, Formula (13) can be written as
/L(R”, R')x(R")dR’ = 0 (19)
where

L(R”,R') =H(R",R") — EN(R",R’)

Ve oo
=3+ VAR ~ B §(R" ~ ')
+ HEX (R", R’) _ ENEX (R", Rl) (20)

In the above equation, the approximate mass for the two-quark system is defined as p.
E..; = E — Ej;;; denotes the relative motion energy, and Vr]gl represents the direct term in
the interaction potential.

Formula (19) is a differential-integral equation that is difficult to solve. Therefore,
we will not directly solve this equation here but will expand the relative motion wave



Universe 2025, 11, 351

7 of 24

function x(R) using a series of known Gaussian wave functions with different generating
coordinates S; (i =1, 2, ---n):

1 3\
X(R)_\/E<2nb2> ;Ci

1

X /exp{ 4b2 (R S) :|YLM(§z)d§1 (21)

where L denotes the orbital angular momentum between the two clusters. As all systems
studied in this work are S-waves, L = 0. The center of mass motion wave function is

6 3/4 _3R2
Z(Rc) = <> e (22)

7tb?

and, for the orbital wave functions, ¢4 (S;) and ¢g(—S;) represent single-particle orbital
wave functions centered at different reference points:

1 % 7(711*51'/2)2
(pa(si) = <7Tb2> e w2,

1 1 _(rﬁJrS,/Z)
Pp(—Si) = (nbz) e (23)

Formula (10) can be rewritten by substituting Formulas (21)—(23):

‘Féq Z Ci iVi (24)

= i /\/71_[4)“ ﬁli}gbﬁ(_

X [[’11151(31)’71252(32)]ISYLM(@’)}]
x [xe(B1)xe(B2)]', (25)

Finally, substituting Formula (21) into Formula (13) leads to the algebraic form of the
RGM equation:

] ]

where H; ; represents the Hamiltonian matrix elements (H;; = (;|H|¢;)), and N; ; is the
overlap (Nj; = (i;|¢;)). By solving Equation (26), the energy and wave function of the six-
quark system can be obtained. More details on the resonating group method can be found
in Ref. [34].

3. Results and Discussion

In this work, we systematically investigate S-wave singly charmed (C = 1) dibaryon
states with the angular momentum | = 1, isospin [ = 0, %, 1, %, 2, %, and strangeness
S=-1, -2, =3, —4, —5. In the following discussion, we will first introduce the
construction of the wave function, study the interaction between two baryons by calculating
the effective potentials, and finally perform bound-state calculations on the system to search
for possible dibaryon states.
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3.1. Wave Function Construction

The total wave function of the six-quark system consists of spatial, flavor, spin, and
color components. The detailed construction of the spatial wave function is presented in
Section 2.2. Here, we introduce the wave functions of baryons and dibaryons separately.
Due to the numerous channels involved in the system, we will use NE; as an example for
detailed elaboration.

In order to construct the wave function of the six-quark system, we must first
construct the baryon wave functions. For the NE. channel, the involved baryons are
p(uud), n(udd), Z%(dsc), EF (usc). The spin, flavor, and color wave functions of these four
baryons will be presented in detail below.

(1) Baryon spin wave functions: The system involves a total of 8 distinct spin wave
functions, as detailed in Ref. [30]. The spin wave functions used in this channel are
listed below:

X?% \%(Zaaﬁ — oo — Ban)
X(;% :7("‘5“ — Baw)

where the symbol « represents the spin-up state; the symbol § represents the spin-down
state. We use x¢ 5 to denote the baryon spin wave function, where S and S; represent
the spin quantum number and its third component, respectively. For wave functions with
identical quantum numbers but different symmetries we distinguish them using different
superscripts. For example: )(1 1 and )(1 1 represent symmetric and antisymmetric wave

functions with spin quantum number %

(2) Baryon flavor wave functions: The system involves a total of 36 distinct flavor
wave function configurations, as detailed in Ref. [30]. The flavor wave functions for these
four baryons are, respectively, expressed as

K2 = \ﬁ (udd + dud — 2ddu)
2/

X{4 L= \/T(udd —dud)
2,73 2
lecl | = 1(tilcs + cds — csd — scd)
2/7 7 2
2o _ /1
Xy, = E(stc — 2sdc + csd + dcs — cds — scd)
273
1
X{31 = =(ucs + cus — csu — scu)
vz 2
f4 1
X1 1 =/ == (usc — 2suc + csu + ucs — cus — scu)
33 12

Similar to the spin wave function, we use X’II, 1. to denote the baryon flavor wave
function, where I and I, represent the isospin quantum number and its third component,
respectively. Here, both light quarks and heavy quarks are treated as identical particles
with SU(4) symmetry.

(3) Baryon color wave function: Each quark carries one of three color charges: red
(r), green (g), or blue (b). As is well known, all physically observed hadronic states must
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be color singlets (colorless), which implies that the color wave function must be fully
antisymmetric. The color wave function for a baryon cluster can be expressed as

xt = \/g(rgb —rbg + gbr — grb + brg — bgr)

Since the spin, flavor, and color degrees of freedom are independent, we directly
multiply the three parts of the wave functions to obtain the total wave function of the
baryon, denoted as (])E s.» Where [ is the third component of isospin, S; represents the third
component of spin, and B denotes the baryon. The system involves a total of 80 distinct
baryon wave functions, as detailed in Ref. [30]. The wave functions of the four baryons can
be expressed as

1 1
¢ = 2()& AT X 1)(‘?21))(“
272 272 272 2/2 272
B, 1 1 2
¢, = > (7({ ,1?&11 +X£ 1Xq21>xc
272 272 2’2 2,772 272
1 3 4
Py = 5 (XJ; Rret +X£ _1XU21>XC
272 272 2’2 272 2

By substituting the wave functions of the flavor, spin, and color components according
to the given quantum numbers of the system, the total flavor-spin—color wave function of
the dibaryon system can be obtained. The wave function of the dibaryon is then constructed
by coupling the two baryon wave functions using Clebsch—Gordan coefficients according
to the total quantum numbers. Therefore, the wave function of NE, is expressed as

INEe) =1/ 5 {4’}17 1979 — 9191
22 22 2/2° 22
All possible channels are listed in Table 3.
Table 3. The channels involved in the calculation.
1 S Channels
0o -1 AA; NE. NE. NE} LY, Z¥% ¥*%, 2 %)
-3 AQ AQF AQ EE, BE,. BEF B*E, B*EF B*E,
-5 Q0. QO3
70 NZ, NI Z.A ZEA
-2 PIICID NS NEHAD IRCD MEAICH MICHS VUCHD VI MAICHD Ve
1 -1 Y. NE. NEL AZ. A X AX! AEF
NE: B AEALE! L2 BXA LT
-3 Y BE X QX0 BLEX
BB BEY 2O, QXF 2O BFES
5 0 LNIZINZA XA
-2 Y EXE LE, L EF LEF BEYF B XF BIX* BEFEF EX S
2 -1 EAEANYY! 222y, BXA XYY
5 0 A TIA

3.2. The Effective Potential

In particle physics, the effective potential refers to a simplified model potential that
describes interparticle interactions by integrating out microscopic degrees of freedom and
reducing complex many-body interactions to an equivalent particle- or two-body potential
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function [35]. In this work, the effective potential between the two baryons can be expressed
in the following form:

V(Si) = E(Si) — E(e°) (27)

The symbol S; denotes the distance between the two baryon clusters, E(co) represents the
interaction energy at a sufficiently large separation distance, and E(S;) is explicitly given by

(Yeq(Si) | H| ¥eq(Si))
(Yoq(Si)|Yeq(Si))

E(S;) = (28)
Ye4(S;) represents the specific wave function of a dibaryon state; (Ye,(S;) | H| ¥e,(S;))
and (Ye,(S;)[¥eq(S;i)) are Hamiltonian matrix and the overlap of the states. The overlap
of the states is always positive, so the sign variation of the effective potential cannot be
caused by the scalar product between wave functions. The effective potentials for systems
with different quantum numbers and varying strange quarks are presented in Figures 1-11.
Although most of them have attractive and repulsive regions, as long as there is a negative
minimum potential between two hadrons, it indicates the existence of an attractive potential
between these two hadrons, which may form a bound state.

For the I =0, S = —1 system, the effective potentials of different channels are shown
in Figure 1. Among these eight channels, only the NE} channel exhibits a purely repulsive
interaction, while the other seven channels all exhibit attractive potentials. Additionally,
the effective potential of XX, X2}, X*%;, and 2*X} is deeper than that of the other three
channels, indicating that these four channels are more prone to forming bound states. The
attractive potential region of X is 0.5-2 fm, and the deepest attractive potential has a
value of about 100 MeV at a distance of around 1 fm between the two clusters. Meanwhile,
the repulsive potential region of XX is 0-0.5 fm.

400 400

300

200

100

V(S;) (MeV)

-100

Figure 1. The effective potentials of different channels of the singly charmed dibaryons with
I =0, S = —1. All states exhibit attractive potentials except NZ; (double-dot dash).

For the I =0, S = —3 system, the effective potentials of different channels are shown
in Figure 2. AQY}, EE., EE}, E*E] and E*E} channels exhibit attractive potentials, while
the other four channels have purely repulsive potentials. Also, the effective potentials of

ek

E8. and EE] are deeper than that of the other three channels, indicating that these two
channels are more prone to forming bound states. Meanwhile, the attractive potential
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region of EE; is 0.6-2 fm, and the repulsive potential region of this state is 0-0.6 fm. The
deepest attractive potential is less than 50 MeV at a distance of around 1 fm between the
two clusters.
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Figure 2. The effective potentials of different channels of the singly charmed dibaryons with
I =0, S = —3. All states exhibit attractive potentials except AQ), AcQ), EE,, E*E,.

For the I =0, S = —5 system, the effective potentials of different channels are shown
in Figure 3. We can identify two distinct channels in this system. Both Q(); and QQ)} states
exhibit a weakly attractive potential. Consequently, we conclude that neither channel is
likely to form bound states.

250

200 -~ . TTmme QQ |
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Figure 3. The effective potentials of different channels of the singly charmed dibaryons with
I =0, S = —5. Both Q) and Q)] states exhibit attractive potentials.

For I = %, S = 0 system, the effective potentials of different channels are shown in
Figure 4. It can be observed that this system exhibits four distinct channels, among which
only the NX} channel has purely repulsive interactions, while the other three channels
exhibit attractive interactions. Furthermore, the effective potentials of both the X:A and
XA are deeper than the N state. In comparison, the £.A and XA are more likely to
form bound states. Meanwhile, the attractive potential region of £’ A is 0-2 fm, and the
deepest attractive potential is more than 100 MeV at a distance of around 0.6 fm between the
two clusters.

For the I = %, S = —2 system, the effective potentials of different channels are shown
in Figure 5. Among these ten channels, only the £E} channel has a purely repulsive effec-
tive potential, while the other nine channels all exhibit attractive interactions. Furthermore,
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within these nine attractive channels, we note that four specific channels, ¥.5, X5, E¥7,
and E/X*, exhibit significantly deeper effective potentials, indicating their greater propen-
sity to form bound states. Meanwhile, the attractive potential region of X5, >.5., E¥., and
Ei>* is 0.6-2 fm, and the deepest attractive potential is more than 25 MeV at a distance
of around 1 fm between the two clusters. The repulsive potential region of these states is
0-0.6 fm.

300

200

V(S;) (MeV)

(=}

-100

-200 L L

S; (fm)

Figure 4. The effective potentials of different channels of the singly charmed dibaryons with
I= %, S = 0. All states exhibit attractive potentials except NX} (dashed line).

For the I =1, S = —1 system, the effective potentials of different channels are shown
in Figure 6. Among these fourteen channels, a total of seven channels exhibit attractive
interactions, specifically %, E:A, ELA, ¥Xf, £.2%, BXA, £*%f, while all other channels
have purely repulsive behavior. Furthermore, the effective potential of the XX state is
deeper than the seven other channels. We therefore conclude that the XX state is more
likely to form bound states. Meanwhile, the attractive potential region of X% is 0.5-2 fm,
and the deepest attractive potential is close to 25 MeV at a distance of around 0.9 fm
between the two clusters. The repulsive potential region of this state is 0-0.5 fm.
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Figure 5. Cont.
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Figure 5. The ffective potentials of different channels of the singly charmed dibaryons with
I= %, S = —2. All states exhibit attractive potentials except ZE? (dotted line).

For the I =1, S = —3 system, the effective potentials of different channels are shown
in Figure 7. Only the Z/E* state exhibits a very weakly attractive effective potential, while
all other channels have purely repulsive interactions. Consequently, bound-state formation
is unlikely in this system.

Forthe I = %, S = 0 system, the effective potentials of different channels are shown
in Figure 8. The NZXZ. channel has a purely repulsive potential. The remaining three
channels, NX%, A, and L} A, exhibit attractive potentials, with the XA channel showing
deeper potential compared to the other two, indicating a greater propensity for bound-
state formation. Meanwhile, the attractive potential region of XA is 0.6-2 fm, and the
deepest attractive potential is more than 25 MeV at a distance of around 1 fm between the

two clusters. The repulsive potential region of this state is 0-0.6 fm.
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Figure 6. The effective potentials of different channels of the singly charmed dibaryons with
I =1,5 = —1. The I%, EA, ELA, X}, L.X*, EXA, £*5F channels exhibit attractive poten-
tials and the other channels have a purely repulsive potential.

For the I = %, S = —2 system, the effective potentials of different channels are shown
in Figure 9. Five states, X.E., 257, E/X* E*YY, and EXX*, exhibit very weakly attractive
potentials, while other states exhibit purely repulsive behavior. Although these five states
exhibit attractive potentials, the potentials are too shallow to support bound-state formation
under these conditions.

For the I =2, S = —1 system, the effective potentials of different channels are shown
in Figure 10. This system contains a total of seven channels, among which the E.A and
2Y.. channels exhibit purely repulsive interactions, while the remaining channels exhibit
weakly attractive potentials. Although these channels exhibit attractive effective potentials,
the interaction depths are exceptionally shallow. Consequently, we conclude that no bound
states can exist in this system under the given conditions.
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Figure 7. Cont.
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Figure 7. The effective potentials of different channels of the singly charmed dibaryons with I =1,
S = —3. All states exhibit purely repulsive potentials except Z,Z* (dashed line).
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Figure 8. The effective potentials of different channels of the singly charmed dibaryons with I = %,
S = 0. All states exhibit attractive potentials except N2 (solid line).

For the I = %, S = 0 system, the effective potentials of different channels are shown
in Figure 11. We can observe that this system consists of two channels, both exhibiting
attractive potentials. The potential well of the £.A channel is deeper than that of the
2*A channel. However, the attraction in these two channels is too weak to support a
bound state.

From the study of the effective potentials above, it can be observed that some states
exhibit deeply attractive interactions, some exhibit weakly attractive interactions, while
others are purely repulsive. These findings provide valuable insights for the subsequent
research on bound states and resonance states.
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Figure 9. The effective potentials of different channels of the singly charmed dibaryons with I = %,

S = —2. All states exhibit attractive potentials except L5, L&/, &
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I =2, S = —1. All states exhibit attractive potentials except Z.A and XX.

The effective potentials of different channels of the singly charmed dibaryons with
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Figure 11. The effective potentials of different channels of the singly charmed dibaryons with
I= %, S = 0. All states exhibit attractive potentials.

3.3. Bound-State Calculation

To investigate possible bound states, we conduct systematic bound-state calculations.
We calculate the energies of each single channel. Meanwhile, we also consider the effects of
channel coupling and perform coupled-channel calculations. The computational results
are listed in Tables 4-14. In these tables, the first column indicates the particle species;
the second column Ej; shows the corresponding theoretical thresholds for each state; the
third column E;. presents the single-channel energy; the fourth column B, displays the
single-channel binding energy (where Bsc = Esc — Ey,). The fifth E.. column provides
the lowest energy of the system after channel coupling, and the final column B, (where
Bee = Ecc — EMi™) provides the binding energy from channel coupling. For states where
no bound state exists, we denote them with "ub’ (unbound). The calculation results show
that the error values of energy in each system caused by parameter errors are very small.
Therefore, the results of the these dibaryon systems are not sensitive to parameters.

For the I = 0, S = —1 system, the energies of different channels are shown in
Table 4. Within this system, the single-channel energy calculations demonstrate that four
channels, XX, X%, ¥*E;, and £*X%, can form bound states with the binding energies of
—21.86 £+ 1.447 MeV, —24.16 + 1.471 MeV, —32.19 £+ 1.201 MeV, and —25.20 £ 1.208 MeV,
respectively. The remaining four channels exhibit energies above the theoretical threshold,
which indicates that no bound states are formed in these channels. These results are
consistent with the predictions from effective potential analysis. The effective potentials of
the four channels (XX, X}, X*X, and X*%}) in Figure 1 are relatively deep, approaching
100 MeV, which indicates that the attraction in these four channels is strong enough to form
bound states. Although the effective potentials in the three channels (AA;, NE;, N, Eé) are
attractive, the attraction is too weak to form bound states. The remaining channel (NE?)
exhibits a purely repulsive effective potential, which prevents the bound-state formation.
Coupled-channel energy calculations further reveal that the system ground-state energy
remains higher than the minimum theoretical threshold (AA.). We therefore conclude
that no bound states below the lowest threshold exist in this system. However, there may
exist resonance states. For higher-energy single-channel bound states, they may decay to
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open channels (AA;, NE;, N Eé, and NE?), and their existence as resonance states may be
verified through scattering processes, which will be investigated in the future.

Table 4. The energy (in MeV) of different channels of the singly charmed dibaryons with I =0, S = —1.

Channels Ewn Egc Bgc Ecc Bec
VAVAWS 332893 £ 1.635 3337.16 + 1.163 ub

NE, 3386.50 £ 1.509 3394.06 + 1.045 ub

NE] 3481.05 £+ 1.374 3486.15 £ 0.909 ub

NE! 3505.96 + 1.373 3515.29 + 0.909 ub 3335.76 £+ 1.176 ub
pI I 3624.74 + 1.220 3602.88 + 0.779  —21.86 + 1.447

P 3656.98 + 1.220 3632.82 + 0.822 —24.16 + 1.471

2% 3791.64 £+ 1.017 3759.45 4+ 0.640 —32.19 £ 1.201

PIRDIE 3823.67 £+ 1.017 3798.47 + 0.653  —25.20 + 1.208

For the I = 0, S = —3 system, the energies of different channels are shown in

Table 5. We observe that no bound states are formed in these channels. All single-channel
calculation results lie above their theoretical thresholds, respectively. After performing
coupled-channel calculations, the system ground-state energy 3801.09 + 0.834 MeV re-
mains above the minimum threshold 3798.06 £+ 1.302 MeV (EZ,), again indicating that
no bound states exist. The results are physically reasonable, as clearly demonstrated in
Figure 2. The effective attraction in these five channels (AQ)}, EE., EE!, B*E/, and Z*EY) is
insufficient to form any bound states, while the remaining channels exhibit purely repulsive
effective potentials.

Table 5. The energy (in MeV) of different channels of the singly charmed dibaryons with I =0, S = —3.

Channels Emn Es B Ecc Bec
AQ, 3800.46 + 1250 3808.17 + 0.786  ub
AQY 381795 + 1250 3857.99 + 0.751  ub
AO 3887.06 + 0.849  3893.80 + 0.386  ub
EE, 3798.06 &+ 1.302  3801.09 + 0.834 ub 3801.09 £ 0.834 ub
BT, 3892.61 + 1.167  3899.32 + 0.703  ub
a5 391752 + 1.166  3921.04 + 0.709  ub
55 3964.75 + 0963  3971.04 = 0.635 ub
HrE 408421 + 0963  4089.45 4+ 0.506  ub
EFE, 4059.30 + 0.964  4061.86 + 0.503  ub
For the I =0, S = —5 system, the energies of different channels are shown in Table 6.

We observe that all single-channel energies remain above their theoretical thresholds,
respectively. Coupled-channel calculations further demonstrate that the system ground-
state energy of 4362.77 £ 1.133 MeV exceeds the lowest 4358.59 + 0.464 MeV threshold
(QQ), confirming the absence of bound states even with channel coupling effects.

Table 6. The energy (in MeV) of different channels of the singly charmed dibaryons with I =0, S = —5.

Channels Eth Esc Bsc Ecc Bcc

00,
QO

4358.59 £ 0.464
4376.08 £+ 0.464

4364.18 + 1.016  ub
4381.11 + 1134  ub

4362.77 + 1133  ub

For the I = %, S = 0 system, the energies of different channels are shown in Table 7.
We observe that, among these four channels, only the >:A and XA channels form bound
states, with binding energies of —23.83 + 1.019 MeV and -43.61 £+ 1.060 MeV, respectively.
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The other two channels exhibit energies above their theoretical thresholds. Consequently, no
bound states exist, which is fully consistent with our analysis of the effective potentials. Af-
ter performing four-channel coupling calculations, the total energy of 3353.24 + 0.849 MeV
remains above the lowest single-channel threshold of 3349.50 + 1.317 MeV (NZX;); no
bound states below the lowest threshold exist in this system. However, after these channels
couple, they may become resonance states, with the corresponding decay channels being
N and NX?. To investigate whether or not these states are resonance states, we will
continue to study the scattering phase shifts of the open channels in the future.

Table 7. The energy (in MeV) of different channels of the singly charmed dibaryons with I = %, S=0.

Channels Em Esc By E.c B
N>, 3349.50 £+ 1.317 3353.24 + 0.849 ub
NX; 3381.74 + 1.317 3392.19 + 0.853 ub 3353.24 + 0.849 ub
A 3670.83 £+ 0.903 3647.01 &+ 0.474 —23.83 + 1.019
XEA 3703.07 £+ 0.903 3659.46 + 0.556 —43.61 4+ 1.060
Forthe I = %, S = —2 system, the energies of different channels are shown in Table 8.

The tabulated results demonstrate that all single-channel ground-state energies exceed
their theoretical thresholds, respectively. Even after accounting for channel coupling effects,
the system’s lowest energy level of 3663.83 £+ 0.955 MeV remains above the minimum
single-channel threshold of 3661.74 + 1.412 MeV (XE,). Therefore, we conclusively rule
out the existence of bound states in this channel.

Table 8. The energy (in MeV) of different channels of the singly charmed dibaryons with = 1, § = —2.

Channels Emn Es Bgc Ecc Bec
ZE 3761.06 + 1.110  3763.79 + 0.651  ub
P 3661.74 + 1412 3664.94 + 0956  ub
YE! 375629 + 1277  3760.88 + 0.813  ub

2 392775 £ 0907 3931.17 + 1.339  ub
pIHS 378120 + 1267 3788.38 + 0.812 ub 3663.83 £ 0955 ub
Eh 3 379330 + 1.110 379645 + 0.649  ub
HeXF 3828.43 + 1209 383393 + 0.745 ub
EIYF 392298 £+ 1.074 392513 + 0.614 ub
E*Y; 3959.99 + 0907 3964.89 + 0444 ub
AN 3947.89 + 1.073  3951.90 + 0.616  ub

For the I = 1, S = —1 system, the energies of different channels are shown in

Table 9. Within this system, the single-channel calculations reveal that only the X forms a
shallow bound state with a binding energy of —0.88 £ 1.438 MeV. All other single-channel
energies lie above their theoretical thresholds, indicating the absence of bound states in
these channels. Furthermore, our coupled-channel calculation energy is higher than the
lowest threshold value (NZ,). Therefore, we conclude that no bound states exist below the
lowest threshold in this system. However, this state may decay into the NE., NE/, A%,
AZ, AXY, AcL¥, and NE? channels and form a resonance. We will investigate this further
by studying the open-channel scattering phase shifts.

Forthe I =1, S = —3 system, the energies of different channels are shown in Table 10.
All single-channel energies exceed their theoretical thresholds, demonstrating the absence
of bound states in the single-channel approximation. After channel coupling, the computed
energy, 3805.26 + 1.173 MeV, is higher than the lowest threshold, 3798.06 £+ 1.302 MeV
(EE,), confirming the absence of bound states in these channels. These numerical results
align consistently with our effective potential analysis, demonstrating purely repulsive
interactions in some channels, as shown in Figure 7, with the exception of the E/E* state.
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Table 9. The energy (in MeV) of different channels of the singly charmed dibaryons withI =1, 5§ = —1.

Channels Emn Eg B E¢c Bec
XX, 3624.74 £ 1.220 3623.86 + 0.762 —0.88 £ 1.438
NE; 3386.50 =+ 1.509  3395.74 + 1.045 ub
NE] 3481.05 + 1.374  3489.93 + 0.910 ub
AY 3521.65 + 1.352  3529.89 + 0.896 ub
AcX 3432.02 & 1495 3441.02 £+ 1.032 ub
AX] 3553.89 + 1.352  3562.78 + 0.896 ub
AX” 3598.71 £ 1.292  3607.14 + 0.828 ub 3395.74 £+ 1.045 ub
NEZ 3505.96 + 1.373  3515.30 + 0.909 ub
e 3707.83 £ 1.095 3710.28 + 0.635 ub
A 3802.38 = 0.960 3804.44 + 0.504 ub
XY 3656.98 & 1.220 3661.94 £ 0.755 ub
Xt 3791.64 £ 1.017  3794.29 + 0.553 ub
EeA 382729 £ 0959  3829.58 + 0.506 ub
PRI 3823.67 £ 1.017 382795 + 0.553 ub
Table 10. The energy (in MeV) of different channels of the singly charmed dibaryonswith I =1, S = —3.
Channels Ewn Esc By E B
PUQR 3903.55 + 1.110  3910.56 + 0.647 ub
E5. 3798.06 = 1.302  3805.30 £ 0.838  ub
20 4079.78 &+ 0.574  4085.53 + 0.504 ub
20 3921.04 +£ 1.110 392833 £ 0.646 ub
Bl E 4059.30 & 0.964  4063.89 + 0499  ub
o 3964.75 £ 1.099 397215 £ 0636 ub 380526 £ 1.173  ub
EEY 391752 + 1.110  3924.83 + 0.702  ub
20 407024 + 0907  4076.09 + 0444  ub
220 4112.02 + 0.574 411834 + 0.110  ub
20 4087.73 &£ 0.907  4093.79 + 0444  ub
arE 4084.21 + 0.963  4090.34 + 0499  ub
For the I = 3, S = 0 system, the energies of different channels are shown in Table 11.
Within this system, single-channel calculations indicate that only the XA state forms a
bound state with a binding energy of —3.11 £ 1.005 MeV. All other channels yield energies
above their theoretical thresholds, respectively, confirming that no bound states exist in
these channels. When channel coupling is considered, the system ground-state energy
3359.28 £ 0.853 MeV remains above the fundamental theoretical threshold 3349.50 + 1.317
MeV (NX.). Therefore, we conclude that in this state there are no bound states below
the lowest threshold. Yet, this state may decay into the NX., NX! channel, giving rise
to a resonance. We will pursue this question through the scattering phase shifts in the
open-channel analysis.
Table 11. The energy (in MeV) of different channels of the singly charmed dibaryons with I = %, S=0.
Channels Ewn Es. B E.c B¢
N, 3349.50 + 1.317  3359.29 + 0.853 ub
N7 3381.74 + 1.317  3389.20 + 0.850 ub 3359.28 £+ 0.853 ub
PN 3670.83 £ 0.903  3667.72 + 0.443 —3.11 £ 1.005
XIA 3703.07 &£ 0.903  3707.86 + 0.436 ub
For the I = %, S = —2 system, the energies of different channels are shown in

Table 12. The single-channel calculations for this state reveal that only the &*X.7 state

constitutes a bound state with a binding energy of —5.57 £ 1.092 MeV. For all other

states, the single-channel calculation results exceed their theoretical thresholds due to
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the purely repulsive nature of their effective potentials, making bound-state formation
unlikely. Furthermore, the channel coupling calculations demonstrate that the system’s low-
est energy level 3668.94 £+ 0.948 MeV remains above the minimum theoretical threshold
3661.74 + 1.412 MeV of the system (XE.). Hence, we find that, within this configuration,
no bound states exist whose energies fall beneath the minimal threshold. Nevertheless,
this state could potentially decay through the remaining seven channels, giving rise to
resonance. We plan to examine this possibility through detailed analysis of open-channel
scattering phase shifts in subsequent research.

Table 12. The energy (in MeV) of different channels of the singly charmed dibaryons with I = %, S=-2

Channels Emn E By Ecc Bec
PG 3761.06 + 1.110 3768.49 + 0.646 ub
I 3661.74 + 1412 3669.34 + 0.949 ub
Y= 3756.29 + 1.277 3764.25 + 0.813 ub

ek 392775 + 0.907 3933.88 + 0.442 ub
P 3781.20 + 1.267 3788.98 + 0.812 ub 3668.94 + 0.948 ub
AN 3793.30 £ 1.110  3801.80 + 0.646 ub
et 3828.43 + 1.209 3836.46 + 0.745 ub
EF 392298 + 1.074 3928.37 + 0.610 ub
2k 3959.99 + 0.907 3954.42 + 0.609 —5.57 + 1.092
Ery* 3947.89 + 1.073  3966.57 + 0.442 ub

For the I =2, S = —1 system, the energies of different channels are shown in Table 13.

In this state, all seven channels exhibit single-channel energies above their theoretical
thresholds, which implies that no bound states are present in these channels. Coupled-
channel calculations yield energies of 3633.55 + 0.756 MeV, which exceed the system
minimum threshold energy 3624.74 + 1.220 MeV (LX), further confirming the absence
of bound states. These results are fully consistent with the repulsive effective potentials
presented in Figure 10.

Table 13. The energy (in MeV) of different channels of the singly charmed dibaryonswith [ =2, S = —1.

Channels Ew Eqsc Bsc Ecc Bec
HEeA 3707.83 £ 1.095 371640 + 0.632  ub
E7A 3802.38 + 0.960  3808.93 + 0.495 ub
P 365698 + 1.220 3664.12 + 0.754  ub
% 379143 £+ 1.017 3797.31 4+ 0.541 ub  3633.55 + 0.756 ub
DI 3624.74 + 1.220  3633.55 + 0.756  ub
EFA 3827.29 + 0959  3834.01 + 0.501 ub
P 3823.67 + 1.017  3830.44 + 0.551 ub

For the I = %, S = 0 system, the energies of different channels are shown in Table 14.

Table 14 clearly demonstrates that the single-channel energies of both channels exceed their
theoretical thresholds, ruling out the possibility of bound states. Even after considering
channel coupling effects, the system ground-state energy 3674.72 + 0.434 MeV remains
above the fundamental theoretical threshold 3670.83 £+ 0.903 MeV (X.A), confirming the
absence of bound states. This finding contradicts our initial assessment based on the
effective potentials presented in Figure 11.

Table 14. The energy (in MeV) of different channels of the singly charmed dibaryons with I = %, S=0.

ESC BSC
367472 + 0434  ub
3709.99 £+ 0437  ub

ECC
3674.72 £ 0.434

BCC
ub

Channels
YA
EA

Ew
3670.83 £+ 0.903
3703.07 £+ 0.903
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4. Summary

In this work, we systematically investigate the existence of S-wave singly charmed
dibaryon states within the framework of the chiral quark model. We begin by constructing
dibaryon wave functions and then calculate the effective potentials to analyze the interac-
tions between two baryons of the singly charmed dibaryon systems, which can provide
preliminary indications of possible bound-state formation. To further verify the existence
of bound states, we perform both single-channel and coupled-channel energy calculations.

From the results of the effective potentials for different systems, we find that, for
attractive interactions, states with the same isospin exhibit weaker attraction as the number
of strange quarks increases. For example, in the isospin I = 0 sector, the deepest attractive
potential reaches about 100 MeV for the channel >*¥; with strangeness S = —1, while the
deepest attraction is less than 10 MeV for the channel (2(); with S = —5. We also find that,
for the fixed number of strange quarks, the attraction strengthens as isospin decreases. For
instance, for systems with 5 = —1, the deepest attractive potential reaches 100 MeV for
the channel X*Y. with I = 0 but drops below 5 MeV for the channel >.X* with I = 2. The
patterns of these changes in effective potentials indicate that, for dibaryon systems with
smaller isospin quantum numbers and fewer strangeness numbers, the attraction between
the two baryons is stronger, potentially making them more likely to form bound states.
Therefore, experiments could initially focus on searching for these states.

From the results of the bound-state calculation, we find that there is no bound state
below the lowest threshold in the present systems. Nevertheless, single-channel bound
states do appear, and each of them can decay via open channels. Their nature can be
probed further through the scattering process of the open channels. All the potentially
existing bound states are compiled in Table 15, together with their possible two-body decay
channels. The results show that the interaction potentials of the XX, XX}, ¥*>,, £*X7%,
2cA, and X} A states are rather deep and strongly attractive, giving rise to a pronounced
single-channel bound state. Such states are likely to appear as resonances, and they will
therefore be primary targets in our future scattering analyses as well as worthwhile seeking
states for experimental investigation.

Table 15. Quasi-stable states under distinct quantum numbers and their possible two-body
decay channels.

I S Quasi-Stable States Decay Channels

0 -1 IHID i 3D WD I Wi AA, NE;, NE/, NE*

30 YA TEA NI, Nx

1 -1 pHIN NE; NE. AZ: AX
AZF AZ* NE!

i 0 Z*CA NX., NX}

5 -2 I 2 Y EXE B LB NEX

READ VI M Vel W

While this work has systematically investigated the existence of singly charmed
dibaryon states, there remain several directions for future research. First, our current study
has focused exclusively on bound states and has not addressed possible resonance states;
studying the scattering process is necessary for confirming the existence of resonance states.
Second, the present work only studies ground-state configurations; dibaryon systems with
higher partial waves (P-waves, D-waves, etc.) are also worth studying. From the study
of dibaryon systems composed of light quarks, it can be seen that the possible dibaryons
are mainly in the ground state, such as d*. Therefore, it is unknown whether dibaryons
composed of heavy quarks exist in a highly excited state, and specific computational
research is needed. However, for S—wave bound states, they can decay into D—wave open
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channels, which will affect the decay width of the resonance states. Due to the fact that
S— and D— waves are coupled through tensor forces, this effect will not be too significant,
but it still needs to be judged through specific calculations, which is work that will be
conducted in the future. Such extensions will provide a more complete understanding of
the exotic hadron spectrum.
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