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We investigate doubly charmed hexaquark states within the diquark picture, by employing the
constituent quark model and the quark-interchange model as our theoretical frameworks. Using the
Gaussian expansion method, we systematically study these states, with calculating various properties such
as mass spectra, internal contributions of each Hamiltonian component, root-mean-square radii, and
two-body strong decay widths. Our analysis of the mass spectra reveals no stable state in this system.
Furthermore, the root-mean-square radii suggest that the doubly charmed hexaquark states exhibit a
compact configuration. By examining the decay widths, we identify potentially detectable states and their
primary decay channels within each subsystem. Despite the large decay phase space, we still find narrow
states with total widths of less than 10 MeV. This study provides a theoretical foundation for understanding
the structures and interactions of doubly charmed hexaquark states and offers valuable insights for future

experimental searches.
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I. INTRODUCTION

In the field of hadron physics, the study of exotic states
beyond conventional mesons (¢g) and baryons (gqq) has
been a central research focus [1-5]. A pivotal breakthrough
occurred in 2003 with the Belle Collaboration’s discovery
of the X(3872) [6], ushering in an era of rapid progress.
Subsequent experiments by collaborations such as LHCb,
BABAR, Belle, and BESII have unveiled a spectrum
of unconventional hadronic states, including the P./P,
pentaquarks [7-10] and charmoniumlike XYZ states
[11-16]. These discoveries have motivated extensive theo-
retical efforts to elucidate their internal structures, explor-
ing configurations such as compact tetraquarks, molecular
states, hybrids, and glueballs [17-19].

Although the hidden-charm sector has dominated this
landscape, recent observations of the doubly charmed
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baryon E;7(3621) [20,21] and the tetraquark candidate
T{.(3875) [22,23] by LHCb have shifted attention to
the double-charm sector. This raises intriguing questions:
Could doubly charmed pentaquarks exist, analogous to
their hidden-charm counterparts? Moreover, what about
doubly charmed hexaquarks? The latter, as a six-quark
system, brings computational challenges due to the com-
plexity of its inherent six-body problem. Current theoretical
studies often adopt approximation methods. For example,
Liu et al. investigated the mass spectra of these systems
using the chromomagnetic interaction model [24].
Complementary to this approach, the one-boson-exchange
potential model has been employed to examine hadron-
level interactions and predict the properties of doubly
charmed hexaquarks within the framework of two-body
molecular states, as demonstrated in Refs. [25-31]. And
such similar triply charmed hexaquarks, and the hadronic
molecular states D*D*D*/D*D*D* are also studied with
QCD sum rules [32,33]. Further insights have emerged
from exploratory lattice QCD calculations, which address
the binding characteristics of these systems [34]. While
these efforts provide valuable insights, the reliance on
diverse approximations underscores the necessity for novel
methodologies to resolve persistent theoretical ambiguities
and deepen our understanding of hexaquark dynamics.
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A promising framework for simplifying such systems
is the diquark model [35-37], proven effective in hadron
spectroscopy. For example, the diquark-heavy quark pic-
ture has been widely applied to single heavy baryon
systems [38-41], where mass spectra could be well
depicted. In Ref. [42], relevant results further implied that
the diquark picture highly matches the symmetry of spectra
for the singly charmed baryons. Thus, the diquark is an
effective approach for researching baryon spectra. As an
important continuation of singly charmed baryon spectros-
copy, the hexaquark states in this work also contain several
light-flavor quarks. With the experiences in baryon sys-
tems, we propose that hexaquark spectra also have similar
symmetry with the same approach. Based on this, we
further expand and apply the diquark-diquark-heavy quark-
heavy quark picture (a four-body system) to the doubly
charmed hexaquark state system (a six-body system).
By “freezing” the diquarks’ internal degrees of freedom,
this simplification reduces computational complexity while
preserving key physical features, akin to charm baryon
treatments. Furthermore, the model also demonstrates
unique value in studying multiquark states with other
configurations—for instance, in the compact diquark-
antidiquark, diquark + diquark + antiquark, and diquark-
diquark-diquark configurations, it offers an effective way
to investigate hidden-charm and hidden-bottom XYZ
exotic states [43-45] (like P., P., states [46,47]). In
addition, R. Lebed et al. have successfully applied the
dynamical diquark model [48—50], which explicitly treats
the relative motion of color sources, allowing a more
realistic description of spatial separation and interaction
dynamics, to multiple flavor sectors: ssqg [51], ccqq
[52-54], ccce [55], ccqqg [56], and ccqqq [57].

Notably, this framework suggests a structural parallel
between the T} (3875) tetraquark (composed of two charm
quarks and two light antiquarks) and a hypothetical doubly
charmed hexaquark. Replacing two light antiquarks gg in
T1.(3875) with two light diquarks [gg][gg] would yield a
hexaquark configuration (ccqqqgq), potentially mirroring
properties of its tetraquark counterpart. Establishing
such connections theoretically reveals universal features
of multiquark systems, including potential shared pro-
perties like binding mechanisms and decay modes.
Experimentally, it provides guidance for detecting elusive
hexaquarks by leveraging known tetraquark signatures.

In this work, we systematically investigate the doubly
charmed hexaquark system ccqqqq (¢ = n,s;n = u,d)
using the Gaussian expansion method within the frame-
work of the constituent quark model. Our calculations
include: the mass spectra for all flavor configurations,
corresponding internal mass contributions, root-mean-
square (RMS) radii, and partial (total) decay widths.

The paper is organized as follows. After the Introduction,
Sec. II details the theoretical framework, including the
effective Hamiltonian, hexaquark configuration, and the

calculation methods for root-mean-square radii and two-
body strong decays. Then in Sec. III, we present results
for mass spectra, internal structure, and decay properties.
Finally, the key findings and implications for future studies
are summarized in Sec. IV.

II. THEORETICAL FRAMEWORK FOR DOUBLY
CHARMED HEXAQUARK SYSTEM

A. The effective Hamiltonian

In the constituent quark model, the nonrelativistic
Hamiltonian incorporates three key components to describe
quark interactions and calculate the properties of ground-
state hadrons: a linear confinement potential (modeling
long-range quark confinement), a Coulomblike potential
(accounting for short-range chromoelectric interactions),
and a hyperfine interaction potential (arising from spin-
dependent forces). The Hamiltonian is thus expressed as,

4 c
H=3 (m+T) = Ten 42— —(VC°n+vSS) (1)

i=1 i<j

Here, m; represents the mass of the i-th constituent quark;
= p?/(2m;) stands for the kinetic energy of the i-th
quark; T, denotes the center-of-mass kinetic energy of the
corresponding hexaquark system; and A is the SU(3) color
operator associated with the i-th quark.
The confinement potential VicjOn and spin-spin interaction
potential VZSJS are defined as

K rij
yem = K T
ij 4
K 1 252
V= —— ¢~/ Mg o}, (2)
ml-mj rol-jr,»j

where r;; = [r; — r;| is the interquark distance between the
i-th and the j-th quarks, and o; denotes the SU(2) spin
operator of the i-th quark. The parameters rp; and «’
incorporate explicit mass dependence

m.
roij:1 (l+ﬁﬁ
/ m;m;
= 1 — 3
¢ 1y ), )

The numerical values of the parameters in Eqgs. (2)
and (3) are listed in Table I. For completeness, the table
also includes the calculated mass of singly charmed
baryons within the heavy-quark-diquark configuration,
alongside their experimental values for comparative
analysis.
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TABLE I. Parameters of the Hamiltonian determined by fitting the singly charmed baryon masses. The M., M s and error are the
theoretical value, the experimental value, and the error between them, respectively.

Parameter m, m. K ag Ko

Value 321.0 MeV  1508.0 MeV 1.5 x 10> MeV fm 2.0x 1072 (MeV~! fm)‘/2 2.8 x 102 MeV
Parameter my D a p 4

Value 642.0 MeV  1033.0 MeV 1.3 fm™! —4.4 x 107 (MeV fm)~! 5.6 x 107 MeV~!
Baryon A, z. xk =, = = Q. QF
M. MeV) 2279.8 2447.2 2534.2 2487.2 2572.4 2648.7 2678.1 2747.2
My, (MeV) 2286.5 2452.9 2517.5 2467.8 2577.4 2645.9 2695.2 2765.9
Error (MeV) —-6.7 —-6.8 15.8 19.3 5.0 3.2 -17.1 -18.7

B. Hexaquark configuration

When two light quarks are treated as a tightly bound
diquark, the doubly charmed hexaquark system reduces to a
four-body system in the [diquark-diquark]-[quark-quark]
configuration.

The total wave function comprises flavor, spatial,
color, and spin components. In the flavor structure, six
distinct flavor configurations exist for the doubly charmed
hexaquark system: [nn|[nn]cc, [ss][ss]cc, [ns][ns]cc,
[nn][ns|cc, [nn][ss]cc, and [ns][ss|cc.

In the color structure, a diquark in the color-antitriplet
representation ((gq)*) is considered “good” due to its
attractive confinement potential, while the color-sextet
(gq)% (“bad” diquark) exhibits repulsive interactions.
Only color-singlet configurations are physically admis-
sible. The color decomposition proceeds as,

(BR3]®3®3])®(3®3)

=([306]®306)®306)~(383)®366)
=(386)®(306)=3®3)®(606)® (4)
From Eq. (4), two color-singlet configurations emerge,
¥ = [[(99)* (g9)> P (ce)*),
¥, = [1(g9)* (aq)*]*(ce)®) (5)

In the notation |[(¢;¢)* (g3q4 )] (cc)m), color,,
and color, stand for the color representations of diquark
pair and charm-quark pair, respectively.

In the spin structure, the system admits 20 spin con-
figurations. The general spin wave function is expressed as
|KQIq2)spinl(q3q4)spin2]spin3 (Cc)spin4>spin5’ where Spinl and
spin, represent the spins of the light diquarks (¢,¢,) and
(g394), respectively, while, spin; and spin, are the total spin
of charm-quark pair (cc) and diquark pair [g;95]|[q3¢4],
respectively. Finally, spins represents the total spin of the
doubly charmed hexaquark state. All possible spin wave
functions are tabulated in Table II.

Based on the symmetrized configurations of flavor, color,
and spin spaces, we systematically construct the combined
flavor ® color ® spin space for the doubly charmed hex-
aquark system. For the ground state, the spatial wave
function is symmetric under the exchange of any two
identical quarks or diquarks. In accordance with the spin-
statistics theorem, this necessitates that the flavor @ color ®
spin component must be antisymmetric (Symmetric) under
the permutation of identical quarks (diquarks).

This framework parallels earlier theoretical studies of the
®* pentaquark [58], where Jaffe and Wilczek [59] treated
two diquarks as bosonic pointlike constituents within a
diquark-diquark-antiquark configuration. Their model pre-
dicted the ®T as a bound state of two identical diquarks
and an antistrange quark, alongside an isospin I = 3/2
multiplet including =5~ (S = -2, JP =1/2%) near

TABLE II. All possible spin wave functions in the [diquark—diquark]-[quark-quark] configuration.

J=3  xi=1g9)(q9)i]lecl)s

J=2 22 =1(99)1(qq)]olecli)a x5 =11(99)1(qq)1]bleclo)a x4 =11(99)1(qq)]i[ccli)a x5 = 1[(qq)1(qq)oli[ccli)»
x6 = |1(q9)o(q@)]1[ccli)a

J=1 21 =11(q9)1(gq)]r[ec] i) xs = 11(q9)1(gq)]1[cc]i) X9 = 1[(qq)1(qq@)]olccli = [[(q9)1(q9)1]i[eclo
a1 = 11(99)1(qq)o)i[ec]i) a2 = 11(a9)o(qq)]i[cc] i) x13 = 11(99)1(9q)o)i [ccloh = [[(gq9)o(qq) 1] [cclo)
215 = 11(a9)o(qq)ololec] i)

J=0  xis=I[(q9)(q@)][ccli)o 217 = 1[(g9)1(qq)oli[ccli)o 218 = [[(gq)o(q@) )i [ccli)o 219 = 11(q9)1(gq)1]oleclo)o
220 = |[(9q)o(aq)ololeclo)o
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1750 MeV [59]. Subsequent works by Liu et al. exten-
ded this approach to compute magnetic moments of
analogous pentaquark states [60—63]. While experimental
confirmation of ®" and Z5~ remains elusive [64,65], the
symmetry-driven methodology developed for these sys-
tems provides a valuable foundation for constructing hexa-
quark wave functions.

Guided by these principles, we derive total wave
functions for distinct flavor configurations that rigorously
satisfy the spin-statistics theorem. The resulting configu-
rations are tabulated in Tables IV-VI.

A critical distinction arises in the role of interaction
terms: while Coulomb and linear confinement potentials do
not induce color-spin mixing, the hyperfine interaction
term does. The hyperfine interaction strength scales as
1/m;m;, where m; and m; denote the masses of the charm
quark or diquarks ([nn], [ns], and [ss]). Given that all
constituent masses exceed 1 GeV, color-spin mixing is
strongly suppressed in the doubly charmed hexaquark
system. This suppression significantly simplifies the
spectroscopic analysis compared to light-quark systems.

C. Numerical calculation method

1. Gaussian expansion method

In the spatial space, the Jacobi coordinates for a four-
body system are defined in terms of single-particle coor-
dinates x; (i =1, 2, 3, and 4) as follows:

& =/1/2(x; = x,),
&= m<x3 —Xy4),

_(m X+ mpX, m3Xs + myXy
53_( my + m; >_< ms + ny )
M Xy + mpX, + m3Xs + myXy
N my + my + m3 + my ’

R

(6)

Here, &, represents the relative Jacobi coordinate within
the diquarks [g,¢] and [g3q4]. Meanwhile, &, denotes the
relative Jacobi coordinate between the charm quarks c,
while &5 describes the relative Jacobi coordinate between
the centers of mass of the two diquarks ([¢q¢][¢q]) and the
two charm quarks (cc). Using the above Jacobi coordinates
[Eq. (6)], the spatial wave function with well-defined
symmetry for the pairs (12) and (34) can be readily
constructed. In the center-of-mass frame of the four-body
system (R =0) and the number of Jacobi coordinates
reduces to three (see Fig. 1).

The kinetic term in the Hamiltonian [Eq. (1)] can
be simplified for calculations. Denoted as T, it is
expressed as,

4 P 2 2 2
P; Pr pfl p‘fz pfz
T, = - = =, 7
‘ Z 2m; 2M  2m)| - 2m), v 2m, ™

B Cy

B, G

FIG. 1. Coordinates defined for the H.. system and its two-
body decays into a baryon pair BC via quark rearrangement.
Here, the BC final state can form via two quark rearrangement

pathways: B,Cy ([c1(¢192)][c2(q394)]) and BrCy ([c1(g344)]
[¢2(g192)]), as illustrated in the figure.

/ : 1 2x(mymy)
where the reduced masses m; are given by m) = ===,

1 2x(m3my) (mytmy)x(my+my)

277 mytmy my+my+msytmy "

The Gaussian expansion method [66—68] is employed to
solve the four-body Schrodinger equation. This method has
been widely applied to baryons [69], tetraquarks [70],
pentaquarks [71], and few-body molecular states [72—74].
The spatial wave function is expanded using a set of
correlated Gaussian bases constructed from the Jacobi
coordinates [Eq. (6)]:

and mfy =

T(é] ) 52 ) 53)
M ymax M2max M3max

- Z Z Z cnlnzn3l1.ln|nzn3 (51 152553)

ny=1n,=1ny=1

M imax M2max "3max

- Z Z Z C"l"zanXp[_Umf% _Unz§§ - Unzf%]- (8)

ny=1n,=1n3=1

Here, ¢, ,,,, are expansion coefficients determined by
the Rayleigh-Ritz variational method, and v, , v,,, v,,
are Gaussian range parameters chosen via a geometric
progression,

1
— — n;—1
Un; = 5> Tng = Tmin, 47" s
I'n;
1
o rmaxi nmax; =1 .
a=|—F" (i=1,2,3), 9)
rmin,-

where n,,,, is the number of Gaussian functions, and a is
the ratio coefficient. There are three parameters {7y .
Fmin, » nmaxi} to be determined through the variation method.
Stable results are achieved with {5 fm, 0.7 fm, 5}.
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After the above preparations, the eigenvalues of the
doubly charmed hexaquark system are obtained by solving
the four-body Schrodinger equation,

ﬁq’total(é:]’é:%é:'}») = ETtOtal(§Iv§21§3)1 (10)

where the Hamiltonian & [Eq. (1)] includes the kinetic term
T. [Eq. (7)] and the two-body interaction term between
(di)quarks. The total wave function W, (&, &, &) com-
bines the spatial part [Eq. (8)] and the flavor-color-spin part.

The normalization, kinetic, and potential matrix ele-
ments are calculated as

1ol ol

Nnn/ = <1Pn|n2"3 (51 s 521 53)1//5"?‘1//0.;‘1]”]”2’13 (51’ 52’ 53)>’
Vﬁ"’ = <an1n2n3 (5175%53)Wcs‘va|l///csqmqnlzng (51’52’53»’

1ol

T = (P (&), &, EWos Tl ¥ (61, &2, E3)),
(11)

where v, is the spin-color wave function, V' represents
vEon and VS in Eq. (2), and n simply refers to {n;, n,, n3}
in Eq. (8). The V,, (@ = 1-6) imply V(r,), V(r13), V(ri4),
V(ry), V(ry), and V(rs,). According to Eq. (11), the
Schrodinger equation [Eq. (10)] is transformed into a
generalized matrix eigenvalue problem,

6
|:T?", + Z Vgn/ _ ENnn’:| Cnn/ = 0 (12)
a=1

Solving this yields the eigenvalue E and the internal mass
contributions, as shown in Tables IV-VI.

2. Root-mean-square radii

To further probe the inner structure of the doubly
charmed hexaquark, we calculate the RMS radii between
all pairs of (di)quarks. This parameter is crucial for
distinguishing between compact multiquark states and
hadronic molecular states. Specifically, a molecular state
typically exhibits minimal spatial overlap between hadronic
constituents, whereas a compact multiquark state shows
significant overlap [74].

The RMS radius R;; is defined as,

R = / (x; = X, 21 W (&1, &0, &) P dE dErdEs. (13)

The results for the different flavor combinations are listed
in Tables IV-VI. Specifically: R, and R;, describe the
average distance between two charm quarks (cc) and two
diquarks ([gq|[gq]), respectively. R3, R4, Ry3, and Roy
represent the average distance between the charm quark ¢
and the diquark [gq]|. Ri,_34 stands for the average distance
between the mass centers of charm quark pair (cc) and the
diquark pair ([¢q]lgq]). Ri3-24 and R4 _»3 represent the

average distance between the mass centers of the two pairs
of charm quark-diquark c[ggq]. Since the two charm quarks
¢ are identical particles, we have the following relation-
ships: Ry3_04 = Ri4-23, Ri3 = Ro3, and Ryy = Roy.

If the average distance between the mass centers of the
two c[qq| pairs (Rj3_24, R14_23) is comparable to or even
smaller than the intrapair quark distances (R;,, Ry3, and
R4, etc.), it implies strong spatial overlap between the
¢c[qq] clusters. Such a configuration supports the interpre-
tation of a compact hexaquark state, as opposed to a loosely
bound molecular system.

3. Two-body strong decay

In addition to mass spectra, we employ the quark-
interchange model to calculate the two-body strong decay
widths of doubly charmed hexaquarks. When the phase
space permits, the dominant two-body strong decay for
these states is the rearrangement process: cc[q19-][q3q4] —
c[q195] + ¢lq3qs), as illustrated in Fig. 1. Although the
decay into a doubly charmed baryon and a light baryon is
also kinematically allowed, it is suppressed due to diquark
dissociation constraints. In principle, the light diquarks
could both keep well and fall apart in the decay processes.
However, the two-type assignments of the diquarks have
two different decay patterns. The symmetry of the diquarks
is conserved in the first situation while broken in the second

scheme. For example, for the excited A, states, D*)N and

22*) x are two important decay modes. The diquarks of
initial A, are a whole body in D®*)N channels while broken

in the 22’% process. As shown in Ref. [75], the partial
widths of D"N are much larger than those of the

Z(C*) 7 channels. Similar results are also obtained in
Ref. [76]. These results imply that in low partial wave,
the decays with the diquarks are kept well and have a
significant tendency. Thus, following the experiences in
baryon systems, we also consider the decay processes
(cclq192)[394] = c[a192] + c[g3q4]) with the diquarks
kept well as priority. Contributions from three-body strong
decays and radiative/weak decays are negligible, so we
focus exclusively on the above rearrangement channel.

The quark-interchange model [77,78] describes two-
body strong decays via quark rearrangement, driven by
the (di)quark-(di)quark interaction V;;. This approach has
successfully described decays of exotic states like the
X(3872) [79], X(4630) [80], X(2900) [81,82], X(6900)
[83], Z., and Z, states [84,85], hidden and double charm-
strange tetraquarks [86], hidden-charm pentaquark P,
states [87], hidden-charm pentaquarks with triple strange-
ness [88], and all-heavy pentaquark states [89].

The decay width is given by

‘f)B| / 2 4
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where P g 18 the final-state three-momentum in the center-
of-mass reference frame, and M, is the initial hexaquark
mass. The decay amplitude M(A — BC) is

M(A = BC) = —(27)3/%\/2M 4\/2E5+\/2E- x T, (15)

with 7-matrix,
T =3 WPy, e

ladllaa) (cc)—([qq][qq])>' (16)

= S (PPN ) Y
Here, ¥4, W2, W€ denote the spatial wave functions of the
initial hexaquark and final baryons.

The T matrix in momentum space integrates the effective
potential,

1 - 3 B \wA p
T:W/dpaveff(l)“’PB)T(CC)-([qq][qq])(P“)’ (17)

where Veff(ﬁ(,, P ) combines contributions from diagrams
Cy, C,, Ty, and T, in Fig. 2. It factorizes as

Veff (Pav PB) = Iﬂavorlcolorlspin—space' (18>

Here, the flavor factor /g, is taken as 1 for all diagrams.
The color factor 1., is,

» »
> >

Y
\

00000Q00!

000

b

Ty

X e e
Looor = (¥a¥cl 55 13 (ce) ¥ ) (aqllaq))). (19)

Numerical values for each diagram are listed in Table III.
As for the spin-space factor Iin_gpace- it is decoupled for
the doubly charmed hexaquark ground state. The spin
factor /gy, is

Ispin = <b(§3)(g;]S’|©s|V(CC)?IX([QQ] [QQ] ?2]S>’ (20)

where s,/s, and s3/s4 represent the spins of initial and
final components, and S and S’ represent the total spin of

the initial and final state. @S stands for the spin operator,
taking 1 for the Coulomb and linear confinement potential,
and %% for the hyperfine potential. The space factor

Ispace 18,

o ByC | /7 A A
Ispace = <lP v |Oq|lP(CC)lP([quq‘J])>

= / / dkldkzlPB(kB + KB)lPC(kC + Kc)

x O, (k; — k)P4

(cc

) (ke + K) ¥ 10 (ks + Kp).
(21)
where @q represents the spatial operator. Its corresponding

specific forms are as follows: 1/¢?, 1/q*, and exp[—q?]
represent the Coulomb, linear confinement, and hyperfine

Y
Y

Y

annnnnnn

Y
Y

T

FIG. 2. Quark-interchange diagrams for H .. decaying into two baryons at the quark level. The curve line denotes the (di)quark—(di)

quark interactions.
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TABLE III.  Color matrix element /.y, = (% . %’) and the momentum substitutions in /gy, for different scattering diagrams.

(% . %’) Momentum substitutions
Diagram  (cc)*([qq]lqq))*  (cc)*(lqqllaa)®™ ko K. Kk Ky kg Kp ke K¢
Ci 23 e ki ~foPu ko ~fpPu=Py ks  ~fsPy Ky —fcPy-P,
G 2 3 ki ~fuPa ke ~fpPat Py ki fiPy—P. ki fpP,
T — 23 o ki —foPu ko —~fpPu-Py Ky —foPa K —fcPy—P,
T —23 o ki —foPu ko ~fpPo+ Py ki fsPy-P, Ky fpP,

potential, respectively. The 1;1 (122) is the initial (final) three-
momenta of the scattered constituent. We use the 17’3, 13C,
15,,, and ﬁﬂ to present the three-momenta of final singly
charmed baryons B, C and initial doubly charmed hex-
aquark (cc) and ([qq][gq]) components, respectively. For
simplicity, we deal with the scattering problem in the
center-of-mass frame, so that 1_53 = —f’c and f’a = —1_5/3.
By applying the above relationships, for the four quark
exchange diagrams in Fig. 2, the relationships of l?,- and K ;
(i = B, C, a, p) expressed in terms of I?’B, f’a %1, and /22 are
shown in Table III. Here, the constituent quark mass-
dependent function f; (i = a, 1, 2, B, C) is,

me 1 Mg, q,)
Ja= 5> fﬁl = ’
me + me 2 m[‘ll‘]z] + m[%%]
m[fhfh] m[fhfiz]
fﬁ = ’ fB = ’
’ m[‘]lqz] + m[‘l}‘h] me + m[‘h‘]z]
m[‘]s‘h]
= . 22
fC me + m[‘lsﬂm] ( )

The specific derivation of integral simplification for
Eq. (21) is referred to in Refs. [77,78]. Finally, with
the calculated 7-matrix element 7';, the two-body decay
widths are computed using Eq. (14) and presented in
Tables IV-VI.

ITII. NUMERICAL RESULTS AND DISCUSSIONS

By solving the Schrodinger equation Eq. (12) with the
Gaussian expansion method, we systematically calculated
the mass spectra of the doubly charmed hexaquark system.
The mass range of the doubly charmed hexaquark system
approximately spans 5000-6000 MeV. The mass spectra
and relevant configurations are listed in Tables IV-VI. The
internal contributions from each part of the Hamiltonian:
kinetic energy (T), confinement potential (V¢°"), and
hyperfine interaction potential (V5%), are also presented
in the same tables. The results show that the kinetic energy
(T) and confinement potential (V") are of the same order
of magnitude. Additionally, it is found that the contribution

of hyperfine interaction potential {VS%)—proportional to
(1/m;m;)—significantly suppresses its mass contribution.
Owing to its smaller mass contribution, the degree of
configuration mixing remains relatively low. As a result,
configuration mixing does not induce obvious mass
shifts in physical states. Thus, each original configuration
maintains high purity in its corresponding physical state.
Meanwhile, the mass gaps between different color-spin
configurations of the same color configuration (|33), or
|66),) are relatively small, leading to the existence of some
partner states in the doubly charmed hexaquark system.

Besides the mass spectra and internal mass contributions,
we provide the corresponding RMS radii according to
Eq. (13). Based on the results from relevant tables, most of
RMS radii are in the range from 1.2 to 1.6 fm, which are
roughly the same order of magnitude. If it is a molecular-
state configuration, some distances between charm quark
(¢) and diquark ([gq]) are much greater than those between
the two charm quarks (cc) and between the two diquarks
(lg4] — [g4q])- Meanwhile, the RMS radius of the molecular
configuration can reach several femtometers. Therefore,
our calculation results are consistent with the expectations
of the compact hexaquark configuration. Finally, based on
Eq. (14), we presented the partial widths of each state
decaying into different two-body final states, as well as its
total width. It should be noted that the total decay width
here ignores the suppressed three-body strong decays,
the two-body strong decays with the final states: doubly
charmed baryon+light-flavor baryon (ccq + qqq), as well
as the radiative decays and weak decays. Therefore, the
actual total widths of these states will be slightly larger than
our calculated values.

For clarity, according to Tables IV-VI, the relative mass
positions of each state, the total decay widths, and the
corresponding rearrangement decay channels are plotted
in Figs. 3-5. For convenience, we also label all possible
spin (isospin) quantum numbers of the rearrangement
decay channels with subscripts (superscripts). According
to the above-mentioned figures, there is no stable state in
the doubly charmed hexaquark system, and they are all
unstable states that can decay into two singly charmed
baryons through two-body strong interaction. The reason is
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that the pairwise attractive interaction provided by (V") is
far smaller than that of the two singly charmed baryons in
the decay final states. Therefore, their masses are higher
than the threshold of the decay final states. For simplicity,
we use the notation H,,,,,(Mass, I, J¥) to label a par-
ticular doubly charmed hexaquark state.

A. The cc[nn][nn| and cc|ss|[ss] subsystems

In the following, we first discuss the cc[nn|[nn] and
cc[ss][ss] subsystems. For the cc[nn][nn] subsystem, the
isospin of two [nn] diquarks can couple to I = 2, 1, and 0.
According to the spin-statistics theorem, the I = 2 states
and the I = 0 states have the same symmetry constraints for
total wave functions, leading to their degeneracy in mass
spectra, RMS radii, and decay properties. A similar
situation also occurs in the doubly heavy pentaquark
system. For the ccnnin and bbnnii subsystems with
1,, =1, the same spectra are obtained for the case of
the total isospin / = 1/2 and 3/2 [90]. This arises because
both the confinement potential and hyperfine interaction in
the Hamiltonian are independent of isospin.

Of course, there is also a special configuration:
|[(n1) =9 (nn) =01 1=0% () =) =0 In this configuration,
the two [nn] diquarks only couple to total isospin I = 0.
This feature leads to an additional allowed state:
H_2(,,(5043,0,0%) in the /(J”) = 0(0") state, which is
absent in the I(J¥) = 0(2") sector. Notably, due to the
significant suppression of color-spin mixing, the mass gaps
between I(JP) =0(0") and 0(2") states are negligible
(Am < 1 MeV), maintaining approximate degeneracy.
Apart from the Hp,,2(5043,0,07) state, the remaining
0(0™) and 2(0) states still have the same mass, RMS radii,
and decay behavior, and are represented by the same
dataset in Table IV.

For the H.2p,,2(5043,0,0") state, because of the low
mass and narrow width, it may be the most ideal in the
doubly charmed hexaquark system. In this scheme, there is
potential to observe this state. Its unique properties are as
follows: first, both [nn] diquarks in the state are scalar
diquarks with 7 = 0, S = 0. Compared with other diquark
configurations, the structures of this system have an
antisymmetric color part and an antisymmetric spin part,
which result in the strongest internal confinement potential
and chromomagnetic interaction, and lead to higher sta-
bility. Consequently, this configuration achieves the lowest
mass (5043 MeV) within the doubly charmed hexaquark
spectrum. Second, this state mainly decays into the A A,
final state, while other decay channels are significantly
suppressed. Since the A, is well established, we strongly
suggest searching for the hexaquark state in the A/A.
channel. Finally, its total width I',; = 14.3 MeV. Though
it is wider than the sub-MeV-scale width of the exper-
imentally discovered T.(3875), it still remains character-
istic of a narrow hadronic resonance. This is because

T..(3875) lies slightly below the D** D threshold, making
the three-body decay D°D°z its dominant channel and
resulting in an extremely narrow width. In contrast, the
H,2(,,2(5043,0,07) state is above the A A, threshold, with
a larger decay phase space.

The discovery of T1.(3875) again demonstrates the
experimental detectability of the doubly charmed multi-
quark system. Therefore, we suggest that experimental
collaborations like LHCb, CMS, ATLAS, etc. produce
the A A, final state via high-luminosity pp collisions
and analyze the invariant mass spectrum within the
5000-5100 MeV range to search for this narrow peak
structure.

For the other two I[J”] = 2(0)[07] states: H 2, (5582,
2(0),07) and H,2(,,2(5512,2(0),07), due to large phase
space, they both decay into the £;¥7 and XX, final states.
Their mass gap reaches 70 MeV, because of different color
configurations. Further, we find that compared with the
3 ® 3 color configuration, the 6 ® 6 color configuration
exhibits stronger attractive interactions, resulting in lower
masses for these states. Meanwhile, their total decay widths
are 44 MeV and 27 MeV, respectively. The corresponding
relative partial decay width ratios are as follows:

F[ch [nn)? (5582’ 2<0)’ 0+> - Zczc]
T[H,2 (2 (5582, 2(0),07) — 2.%y]

=1, (2)

and

T[H, 2,2 (5512,2(0).0%) - Z,%,]
[H

(5512,2(0),07) —» =z 11 (24)

nn)?
respectively. For other I = 2(0) cc[nn][nn] states, one can
perform similar discussions on the decay behaviors accord-
ing to Table IV and Fig. 3.

For the I =1 cc[nn][nn] states, there is no ground
I[JP]=1]0"] state due to symmetry constraints.
Meanwhile, the total decay widths of most of states are
larger than 20 MeV, classifying them as relatively broad
states. Among these states, the H,z(,,2 (5365, 1,17) is the
narrowest state. Although its decay phase space is larger
than that of H,,}(5283,1,17), its total width is only
about 10 MeV. For this state, we have

[[Hep,p (5365.1,17) = ZA,] 1

==, 2
[[Hep,2 (5365, 1, 1F) > A 2 (25)

nn)?

This indicates that the X:A. decay channel is dominant.
The narrow width of Hzp,,2(5365,1,17) makes its
peak shape significantly distinguishable from the back-
ground. Therefore, we suggest that experiments scan the
invariant mass spectrum of X:A. in the mass range of
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FIG. 3. Relative positions for the cc[nn][nn] (a) and cc|ss][ss] (b) hexaquark states labeled with horizontal solid lines, the labels, e.g.,
5582(T" = 43) represent the mass and total decay width of the corresponding state (units: MeV). In the cc[nn][nn] subsystem, the black,

red, and purple horizontal lines represent the hexaquark states with / =2, 0, I = 1, and I = 0, respectively. The dotted lines denote
various S-wave baryon-baryon thresholds, and the superscripts (subscript) of the labels, e.g., (Z*E*); fé , represent the possible total
angular momenta (isospin) of the channels. The solid dots of different colors where the vertical dashed lines with arrows intersect the
horizontal solid lines represent the allowed rearranged S-wave decay processes. If a vertical dashed line with an arrow intersects a

horizontal solid line without a solid dot, it means that corresponding decay process is forbidden for the relevant state.

5300-5400 MeV, with particular attention to the narrow Moreover, for the H 2,2 (5590, 1,17) and H 2,2 $5586,
peak structure near 5360 MeV. If the peak position and  1,17) states, they are degenerate states, which have the
width observed in the experiment are consistent with  same quantum numbers and similar masses (AM =4 MeV).
theoretical predictions, and the branching ratio conforms  Although they have similar decay phase space, the total
to the 1:2 ratio, it can be confirmed as the signal of  decay width of H,2},,2(5590,1,17) is 33 MeV, approx-

H,2(,,2(5365, 1, 17). imately 1.5 times that of H.(,,2(5586,1,17). And their
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relative partial decay width ratios are

Iyeye: Iy 3Ty s = 1:0.1:5, (26)
and

[yise iy 5 iy s =25:05:1, (27)

respectively. Evidently, XX, and Z} %% are their dominant
decay channels, respectively. Although theoretically we can
distinguish them by their total decay widths and the
branching ratios, current experimental detectors still face
great difficulties in distinguishing degenerate states with a
mass difference (AM) of 4 MeV.

For the cc[ss][ss] subsystem, since it has exactly the
same symmetry constraints as the cc[nn|[nn| subsystem
with I = 2, the number of allowed states is also identical.
Due to symmetry constraints, there is no ground /[J*] =
0[37] state. Among them, the H(;2(6021,0, 17) is the
narrowest state whose total width is around 12 MeV, even
though it has more allowed decay channels: Q.Q,., Q:Q.,
and Q7Q7. Here, we obtain the following relative ratio of
decay widths:

FQT-Q: . FQ?}Q(. :I_‘Q(,‘Ql,' - 3: 13 . 1 (28)

Our results show that the Q}Q. channel is its dominant
decay channel. Moreover, all the cc[ss][ss] states can decay
into Q' Q7 final states, and this decay channel is crucial for
identifying cc[ss][ss] states. Although theoretical predic-
tions indicate clear signals in the cc[ss][ss] subsystem,
experimental discovery of this subsystem still faces sig-
nificant challenges. Firstly, the production probability
of the [ss] quark pair in proton-proton collisions is much
lower than that of the [nn| pair. Additionally, the exper-
imental reconstruction of its decay final states Q; and Q.. is
relatively complex.

B. The cc[nn][ns] and cclss][sn] subsystems

and cclss] [;vg(])

Next, we discuss the cc[nn]ns]
subsystems. For the cc[nn][ns]| subsystem, the |[(nn)
(ns)'=2)$cc)) configuration only couples to I = 1/2 states.
On the contrary, the |[(nn)=!(ns)=2](cc)) configuration
can couple to I = 3/2 and I = 1/2 states. Although color-
spin mixing occurs in the two above configurations for the
I = 1/2 states, as can be seen from Table V, the (V53) is
significantly suppressed, resulting in the mixing being
negligible. Thus, the / =3/2 and I = 1/2 states from
the |[(nn)'='(ns)'=2)(cc)) configuration would have the
same mass spectra, RMS radii, and decay behaviors. For
these states, they are relatively broad states, and have many
different decay channels. Therefore, there are obstacles to
experimentally discovering these states. Their resonance
peaks are prone to be misjudged as continuous background

fluctuations. Thus, we do not recommend that relevant
experiments attempt to reconstruct resonance peaks from
these decay final states.

Here, we take the H2(,,,,(5710,3/2(1/2),27) as an
example for discussion. Similar situations also apply to
other states. Its total decay width reaches 56 MeV and the
relative partial decay width ratio is,

szgsz . FZZEQ :FZCEZ’ :FZEEZ = 77: 1 . 17 . 36, (29)

ie., .2 and X_E. are its dominant decay channels.
According to Fig. 4, for the cc[nn][ns] states with the
configuration |[(nn)'=%(ns)'=2](cc)), their masses are gen-
erally lower than those of the states with the configuration
|[(nn)=" (ns)"=2](cc)). This is because the mass of the
scalar diquark [nn] is lower than that of the vector diquark
[an] with I =1 and S = 1. Meanwhile, the total decay

widths of |[(nn)'=(ns)'=2](cc)) are generally smaller than

those of |[(nn)’=!(ns)’=2](cc)), and the same situation
exists in the cc[nn|[nn| and cclnn|[ss] subsystems. This
indicates that compared with other states, those containing
the scalar diquark configuration have lower masses,
stronger internal interactions, narrower total widths, rela-
tively longer lifetimes, and are more likely to be detected
experimentally in the doubly charmed hexaquark system.

Moreover, there exists a relatively narrow state,
H 205 (5482, 1/2,07), whose total width is less than
5 MeV and it only decays to A E. final states. Its relatively
narrow width implies that its resonance peak is quite
distinct, and the specific decay mode provides a clear
signature for experimental searches. Therefore, the
H 2 ()05 (5482, 1/2,07) has the potential to be discovered
in experiments. Further, we suggest the relevant experiment
check for the signal of H .z, (5482,1/2,0%) in the
5400-5500 MeV energy window, and its lineshape should
be relatively prominent in the A E. mass spectrum.

In  addition, the  Hp,,,(5487,1/2,17)  and
H 205 (5261, 1/2,07) are also relatively narrow states,
with total widths of 16 and 19 MeV, respectively. The
H 205 (5261, 1/2,07) only decays to E.A, final states.
For the H (), (5487,1/2,17), we obtain its relative
partial decay width ratios as,

F[ch[nn][ns] (54871 1/27 1+) - EzAc] 5

=_. 30
F[ch[nn][ns] (5487,1/2,17) -» ELA] 3 G0)

For the cc[ss][sn] subsystem, since it has exactly the
same symmetry constraints as the cc[nn][ns] subsystem
with I = 3/2, the number of allowed states is also exactly
identical. Due to the larger decay phase space and multiple
different decay channels, most of the states belong to
relatively broad states, with their decay widths ranging
from 35 to 100 MeV. Among them, there is a relatively
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TABLE V. Numerical results of the mass spectrum, the mass contributions of each Hamiltonian part (in MeV), the root-mean-square radii (in fm), and the partial decay widths

and total decay widths of the fall-apart decay processes (in MeV) for the cc[nn][ns] and cc[ss|[sn] hexaquark states.
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FIG. 4. Relative positions for the cc[nn][ns] (a) and cc|ss][sn] (b) hexaquark states labeled with horizontal solid lines, the labels,
e.g., 5703(I" = 48) represent the mass and total decay width of the corresponding state (units: MeV). In the cc[nn][ns] subsystem,
the black and red horizontal lines represent the hexaquark states with I = 3/2 and I = 1/2, respectively. The notations are the same
as those of Fig. 3.
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special state: H 21,15, (5806, 1/2,2%), whose total width is
27 MeV. Therefore, it is the narrowest state in the cc[ss][sn]
subsystem. Moreover, it only decays into the QXX final
states, which means there is a high possibility of observing
it in the Q}E_. decay channel. Based on the above research
on the typical states, and with reference to Table V and
Fig. 4, one can perform similar discussions on the decay
behaviors of other cc[ss][sn] states, and further explore
their characteristics in depth.

C. The cc[nn][ss] and cc[ns][ns] subsystems

Finally, we discuss the cc[nn][ss| and cc[ns][ns] sub-
systems. These two subsystems both have the same quark
contents, the same quantum numbers, and same mass
range. However, we can still distinguish them easily,
because their decay final states show obvious differences.

The cclnn][ss] states mainly decay to ./ Q% and A QL

final states, with the =020 decay channel being
extremely suppressed. In contrast, the decay behavior of
the cc[ns|[ns] states is completely opposite to that of the
cclnn][ss] states.

For isovector cc[nn][ss] states, they are all relatively
broad states, with their total widths ranging from 30 to
70 MeV. Then for the four I[JP]=1[1"] states, three of
them, namely ch[nn][ss] (58] 1 s 1 . 1+), ch[rm][ss] (5810, 1 , ]+)’
and H (55 (5809, 1, 17), are partner states with similar
masses and widths. Their total widths are 60, 69, and
64 MeV, respectively, and the mass gaps among them
are only 1 MeV. We can distinguish them by the ratios of
relative partial widths:

szgz . FEZQL_ :FECQ; :FECQ[ =6:1: 1433,
FEZQ:«_ :FEZQC :FEcQX- :cmgc =1:2:23:0.3,

and
Fzzgzﬁ :Fzzg(_ :cmgz :FZ(:Q(: — 22: 1 :35. 1, (3])

respectively. From the above ratios, we notice that
the £.Q,. channel is the dominant decay channel for the
He2 ()55 (5811, 1, 17). In contrast, the X.Q. channel is
suppressed in the H 2,155 (5810, 1,17) and H 2 ,,, 4, (5809,
1,17). They mainly decay to X£.Q} final states and X .Q,
XQ final states, respectively.

For isoscalar states, there exists a narrow state,
H 2 ()55 (5586,0,07). It has a total width of about
7 MeV and only decays to A.Q,. final states. Although it
has a larger decay phase space, the signs of the Feynman
amplitudes M(A — BC) [Eq. (15)] from the four quark-
interchange diagrams (Fig. 2) are different for the A Q.
decay channel. The contributions among them largely
cancel out, leading to the suppression of the decay width.
These characteristics, namely the narrow width and the

unique A,.Q.-only decay mode, are highly desirable in
experimental searches. They make the lineshape of
H 2,155 (5586, 0,07) more prominent in relevant experi-
ments, thus increasing the likelihood of its discovery.
Therefore, we suggest that experiments prioritize the search
for possible resonance peaks in the 5500-5600 MeV range
of the A.Q, invariant mass spectrum.

For the cc[ns][ns] subsystem, the two [ns] diquarks
need to satisfy the spin-statistics theorem as identical
particles in the |[(ns),;"*(ns);=}/*](cc)) and |[(ns),—g"
(ns)ﬁj)/z](cc» configurations. In the |[(ns)§z(l)/2
(ns)ij/ *|(cc)) configuration, since the two diquarks are
not identical particles, the constraints imposed on the color-
spin wave functions for their coupling to the / = 1 state and
the I = O state are identical. As a result, they have exactly
the same masses, RMS radii, and decay behaviors. Among
them, H,2(,;2 (5828, 1,17) is the state with the narrowest
width. Although it has multiple rearrangement decay
channels: ==}, 2XE., and 2.5, its total width is still
less than 10 MeV. The partial width ratio is,

FEiii‘» : FEZ(EQ :FEQEL — 1 :25 :03 (32)
Our results show that E*Z., is the dominant decay channel.
We propose that future experimental investigations
could explore the presence of the signal corresponding
to Hep,,2(5828,1,17) within the mass range of 5800
5900 MeV in the EXE, final states. For other cc[ns][ns]
states, one can perform similar discussions on the decay
behaviors according to Table VI and Fig. 5.

D. Discussions of the coupled-channel effects

In the above studies, we mainly focus on the quenched
situations. According to Figs. 3—5, some states have widths
with tens of MeV. In this way, the coupling between the
original states and channels may change the masses, i.e.,
the coupled-channel effects [91-96]. In addition, some of
the same J* may contain several states, which leads to more
complex coupled-channel effects, i.e., the different states
with the J” quantum numbers could be coupled by the
common channels. In order to quantitatively scale how large
the mass shifts from coupled-channel effects, we introduce
the following coupled-channel equation, i.e., [96,97],
(Mll)are + AM (M)

AM,, (M) MﬁareAfZE‘Zz(M)> <:>

()

where M is the eigenvalue of the equation, which is also the
physical mass obtained by the coupled-channel effects.
Different from the physical mass M, M} . and M} . are
bare masses of two states, i.e., the results from the pure

054041-15



HONG-TAO AN, SI-QIANG LUO, and XIANG LIU PHYS. REV. D 112, 054041 (2025)

TABLE VI. Numerical results of the mass spectrum, the mass contributions of each Hamiltonian part (in MeV), the root-mean-square
radii (in fm), and the partial decay widths and total decay widths of the fall-apart decay processes (in MeV) for the cc[nn][ss] and
cclns][ns] hexaquark states.

(] [5s] Each part contribution RMS radius Fall-apart decay properties
cenn||ss
1J7) Configuration Mass (T)  (VOmy (VSS) Riy Ry g:; ggj Rir 34 ;g;;:gj TEQE Q. Q8 2.9, Ty
1[37] H(ﬂﬂ){ji(Ss)ijl)i]{zy(CC)thXié 5834 1365.7 —1622.2 19.7 125125 1.36 1.31 1.25 141 422 422
124] () =13 (5 203 =13 ) =03yt 5820\ 13734 —1629.9 5.7 125125136 130 140 125 45 134 397 57.6
5= §= §= §= S
[()1=1% (s5) 203113 )10y 11 (5819> 1373.8 —16303 4.8 125125136 130 141 125 353 04 18.8 54.5
1213, \T=03.1=18, /. A1=0.6,\ 11 5726/ 1366.0 —1715.5 42 144 145132125 1.10 144 143 93 10.7 343
[(nn)=y ™ (s8)= " Jma ™ (o) =g )ima
1[17] |[(n) =1 () /2031213 () 1203y 11 5811\ 13785 —1635.0 —3.7 1.251.25 135 1.30 140 125 7.0 1.1 157 359 59.7
s= §= 5= 5§= §=
()= (55) 203 =13 () =03 yi=) 5810 ) 13789 —16354 —4.6 124 125136130 140 125 26 57 598 0.8 689
H(nn);;'j‘ (Ss);;o.i15;1,3‘.(“);;0@(>;;| 5809 1 13792 —1635.6 —5.1 1.24 125 136 130 141 125 237 1.1 381 1.1 64.0
Toi3., T03.11o18., . Ad=06aim) 37307 13637 —17132 83 145 145 132 125 110 145 234 27 35 40 33.6
[(nn)=y 7 (s)= ™ Jmi ™ (ce)s=o " )izh
107] [(m)!=1% (5 =03 1=13% () 1=y =) 5805\ 13815 —1638.0 —9.3 124 125 1.351.30 140 125 285 282 56.7
130 \1=03.71=16, /. AT=0.60\1—1 5724 ) 1367.1 —1714.5 2.1 144 145132125 1.10 144 289 6.2 35.1
[(nn) =y (s8), =7 =0 (ce) = V5o
1[J7] Configuration Mass (T)  (vCny (VSS) Ry, Ry z:i 22; Rir_34 23:21 A Q A Ty
0[2+] |[(n) =03 (5)/ 20311203 () =03y 10 5598 1379.3 —1529.5 93 1.33 1.26 1.45 1.31 145 1.29 53.6 53.6
+ —03 —0.3 .1 ]=l —03 —
(o ) e (o e (5590> 1383.6 —15339 1.1 133 126 145 131 1.44 129 106 7.5 18.1
()03 (55)1=03 )11 () 1=061y1=0 5503 ) 1375.7 —1617.5 6.1 152147 143 124 1.13 148 18.8 4.0 22.8
s=0 2 s=1 s=1 5=0 s=1
0[0*] H(””){Zgi(Ss)i(l)i]fjln(Cc)i(lnxfo 5586  1385.8 —1536.1 —3.1 1.33 1.26 1.45 1.30 1.44 129 6.5 6.5
cclns][ns] Each part contribution RMS Radius Fall-apart decay properties
1[J77] Configuration Mass (T) (v (VSSY Ry, Ry g:z gzz Rir 34 g:jﬁ; ErEr B BB BE.E, Tym
1[2+] 1213 (0e)=03cy1=) 5837\ 1373.0 —1641.0 4.8 124 125133133 140 124 37.6 04 38.0
I-18, (cc);;"f% ,1 5743 ) 1364.7 —17258 43 144 145128 128 1.10 144 153 89 242
§=2 s=0 s=2
1(17%) 13 (cc)t ]1>1:1 5828  1378.0 —1646.0 —43 124 125 1.32 1.32 140 124 24 6.1 0.7 9.2
5
10" =13, NI=03.\ /1 5823\ 1380.5 —1648.5 —89 123 125132132 140 124 27.6 295 57.1
(ce)y=i™)
ii:.a( ( )‘}'Z('),(,(>j': (5749> 1361.4 —1722.5 102 1.44 145128 1.28 1.10 1.44 30.0 6.7 36.7
cc o
;j,’é( )}i86>"1 5470/ 1369.1 —16434 6.1 150 147 132 1.32 1.13 148 26.7 26.7
s=0 \€€)s—0" " )s=0
0[3"] [(n5)! 75 (ns) =93 () 20y 1=g 5851 13652 —16332 193 124 125133 133 141 125 47.1 47.1
s= Y s= 5= 5 §=3
+ 130, \I=L3q0=03, | \1=03, 7 -1640.7 5.6 124 125 1.33 L. . : . . .
0[27] [(15)/ 5% () 391203 () =03 y10 5838 13727 —1640.7 5.6 124 125133 133 140 125 42 134 17.6
0[1*] [(5)! 753 (25) ZH =03 () 203 =0 5820\ 1377.7 —16457 —3.6 124 125132132 140 124 66 1.1 364 44.1
05 haoa. =03 5827 | 13782 —1646.2 —4.7 1.23 125 1.32 1.32 140 124 286 14 13 31.3
”(”s);ji (”s);f}3]5f36 (”);;1)6);:(1) 5747 | 1362.5 —1723.6 82 144 145128 128 1.10 144 250 29 45 324
—27c T2 (U=U00 L V=00 \ T
[{ns)ocy (n8)ocy ooy “(eduog Tt | \3362/ 13782 —1559.3 52 130 126 136 136 144 128 415 415
|[(ns)s:6>f(ns)::%)y l]s;OV((CC)s;lY ‘ >§z(1J
1(J%) Configuration Mass (T) (v (VSS) Ry, Ry g:j gzi Rir_34 g::;: BB 2B Tam
HORT  |[(ns) 223 () =13 () =03y 1 5705 13729 —15969 9.8 127 1.26 1.37 1.33 142 126 68.4 68.4
LOIT ((ns)'= =13, gy =03y 1=t 5696\ 1377.8 —1601.8 0.6 127 1.251.36 1.33 142 126 14.0 13.6 27.6
5= s= s=1 §=
(ns)/ =16, (Cc)zzo,e(>j:1 5608 ) 1366.5 —1683.7 62 147 1.46 133 127 1.11 146 9.6 9.2 18.8
5= s=1 s=0 s=1
10O 1(ns)'= 13 () =03y 5691 13803 1604.3 —4.0 127 125136 1.32 142 126 133 133
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FIG. 5. Relative positions for the cc[nn][ss] (a) and cc[ns][ns] (b) hexaquark states labeled with horizontal solid lines, the labels, e.g.,
5703(T = 48) represent the mass and total decay width of the corresponding state (units: MeV). In the cc[nn][ss] and cc[ns][ns]
subsystems, the black, red, and purple horizontal lines represent the hexaquark states with / = 1,1 = 0, and I = 1, 0, respectively. The
notations are same as those of Fig. 3.
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potential model. The AM;, AMy,, AM,, and AM,, are
mass shifts, which are defined by

1 T(A, = B,C))|?
AMH(M) - MdSPB_,
2JA1+1BC M —-Ep — Ec, !
(34)
1 T(A B.C))|?
AM (M) :721{6 M(PPB.,
2/, + 1 X M —Ep - Ec, !
(35)
AM (M)
_ 1 R /T(Al - BiCi)T*(AZ - BiCi)d3PBJ
2JA1 +IB-C- M—-Ep - Ec, !
(36)
AM,, (M)
1 T*(A B,C,)T(A B;C;
— ZRe/ ( 1_) 1 l) ( 2 - 1 l)d3PB,
2JA1+IB_C M—-Eg —Ec, !
(37)

where A;) and B;C; are bare states and intermediate
channels, respectively. T(Al(z) — B;C;) is the transition
matrix element of Aj; — B;C;, which is defined in
Egs. (16) and (17). In this work, we take the
H 2(,p(5950,0") and H 2(2(6025,0") as examples to
illustrate the contributions from coupled-channel effects. In
this scheme, A and A; correspond to H (2 (5950, 07) and
H 21,2 (6025, 07), respectively. As shown in Fig. 3, the two
0" states could decay into Q.Q, and Q}Q? in S wave. Thus,
we take the intermediate channels B;C; as Q.Q. and Q} Q.
Finally, we obtain two solutions, i.e., 5959 MeV and
6039 MeV. We find the mass shift is only about 10 MeV
and the sign is positive. We notice that even though the two
0" states could couple with Q.Q,. and Q}Q} with S-wave,
the bare masses are about 400-600 MeV higher than the
thresholds. In this work, we find that the coupled-channel
effects are significant near the thresholds, i.e., the mass shifts
may be larger than 40 MeV. This property matches the
results in Refs. [92,93]. But in this work, the bare masses are
much higher than the thresholds, which leads to the coupled-
channel effects being highly depressed. On the other hand,
we notice that the coupled-channel effects enlarge the
masses. If the masses M are below the thresholds,
Egs. (34) and (35) are general integrations, and the signs
are negative. But if the masses M are above the thresholds,
we should take the principal values of integrations in
Eqgs. (34)—(37), and the signs are not determined. In some
situations, the coupled-channel effects may increase the
masses [92].

IV. SUMMARY

In the field of hadron physics, the study of novel exotic
states is a central research focus. Meanwhile, the diquark-
heavy quark picture has been widely applied to singly
charmed baryon systems, yielding theoretical results that
are in high agreement with experimental outcomes.
Inspired by this success and based on the observed
T/.(3875), this study further extends the investigation
by replacing the two antiquarks g with two strongly
correlated light diquarks [gq], forming the new doubly
charmed hexaquark system (cc[gql[gq]). An in-depth
study is conducted within the diquark-diquark-heavy
quark-heavy quark picture framework, aiming to provide
a more realistic mass spectrum for the doubly charmed
hexaquark system.

In this research, we first construct total wave functions
that satisfy the spin-statistics theorem, covering the flavor,
spatial, color, and spin parts. Then, within the framework of
the constituent quark model, we systematically calculated
the mass spectra of the doubly charmed hexaquark system
using the Gaussian expansion method. Finally, through
detailed calculations, we also obtained corresponding
internal mass contributions, root-mean-square radii, two-
body strong decay partial widths, and total decay widths. In
addition, we conducted a dedicated discussion of coupled-
channel effects.

The mass spectra of the doubly charmed hexaquark
system are in the range of 5000-6000 MeV, and the
analysis of the mass spectra shows that there is no stable
state in this system. All states can decay into two final-state
singly charmed baryons through two-body rearrangement
strong decay. The analysis of the internal mass contribu-
tions shows that the contributions of the kinetic energy and
the confinement potential are of the same order of magni-
tude, while the contribution of the hyperfine interaction
potential is suppressed and relatively small, leading to low
configuration mixing and small mass gaps between certain
configurations, resulting in partner states.

Regarding the RMS radii, most results are in the range of
1.2-1.6 fm, roughly in the same order of magnitude. This
implies that the spatial distribution between quarks is
relatively close and the internal interactions within the
system are strong, which is consistent with the expectations
of the compact doubly charmed hexaquark configuration.

After that, we deeply analyzed the decay behavior of the
doubly charmed hexaquark system. The analysis indicates
that most observed states possess total decay widths
ranging from 30 to 100 MeV. However, there are still
some narrow states. Even though these states generally
have a large two-body decay phase space, the total widths
of some of them are even less than 10 MeV. Upon further
investigation of the reason, we found that for some specific
decay channels, the signs of the Feynman amplitudes
M(A - BC) from the four quark-exchange diagrams
are opposite. This causes their contributions to largely
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cancel each other out, ultimately leading to the suppression
of the decay width.

In the doubly charmed hexaquark system, the
H,2},,2(5043,0,0%) state is an ideal candidate for exper-
imental detection. Composed of two scalar [nn] diquarks
(I =0, S = 0), its structure enhances the internal confine-
ment potential and chromomagnetic interaction, resulting
in the lowest mass (5043 MeV) in the mass spectrum. It
mainly decays to the A A, final state with a total width of
14.3 MeV, with a narrow hadronic resonance characteristic.
Given the experimental detectability of doubly charmed
multiquark systems confirmed by the discovery of
T:.(3875), we suggest the LHCb, CMS, ATLAS collab-
orations to analyze the A, A, invariant mass spectrum in the
5000-5100 MeV range in high-luminosity pp collisions to
search for this state.

Furthermore, several narrow states also show great
potential for experimental detection. The Hz(,,, ., (5482,
1/2,07) state in the cc[nn][ns| subsystem has a total width
of less than 5 MeV and decays only to A Z., with high
detectability in the 5400-5500 MeV window. The
H 2 ()55 (5586, 0,07) state in the cc[nn][ss] subsystem
has a total width of about 7 MeV and decays only to A Q..
It may form a resonance peak in the 5500-5600 MeV
range of the A.Q, invariant mass spectrum. The
H,2p,,2 (5828, 1,17) state in the cc[ns][ns] subsystem has
a total width of less than 10 MeV and its dominant decay
channel is E}E., showing distinct line shape compared to
the background in the 5800-5900 MeV range.

In addition, we also take H 2(5950,07) and

H 2(,2(6025,07) as examples to illustrate the contribu-
tions from the coupled-channel effects. Since the masses

are much higher than the thresholds, the coupled-channel
effects are very small.

In summary, these results comprehensively reveal the
mass spectra, internal structures, and decay characteristics
of doubly charmed hexaquark states. We hope they can
provide some perspectives for further theoretical research.
Meanwhile, we also look forward to more experimental
collaborations focusing on doubly charmed hexaquark
states in the future. Conducting more experimental mea-
surements cannot only test our research results, but also
deepen the understanding of the interactions within multi-
quark systems.
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