PHYSICAL REVIEW D 107, 054018 (2023)

Double-charm and hidden-charm hexaquark states
under the complex scaling method
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We investigate the double-charm and hidden-charm hexaquarks as molecules in the framework of the
one-boson-exchange potential model. The multichannel coupling and § — D wave mixing are taken into
account carefully. We adopt the complex scaling method to investigate the possible quasibound states,
whose widths are from the three-body decay channel A A,z or A Az For the double-charm system of
I(JP) = 1(1"), we obtain a quasibound state, whose width is 0.50 MeV if the binding energy is
—14.27 MeV, and the S-wave A X and A X} components give the dominant contributions. For the 1(0)
double-charm hexaquark system, we do not find a pole. We find more poles in the hidden-charm hexaquark
system. We obtain one pole as a quasibound state in the 7¢(J7€) = 17(0~~) system, which only has one
channel (A.Z. + Z.A.)/V/2. Its width is 1.72 MeV with a binding energy of —5.37 MeV, but we do not
find a pole for the scalar 17(0~") system. For the vector 17(1~") system, we find a quasibound state. Its
energies, widths, and constituents are very similar to those of the 1(1") double-charm case. In the vector
17(177) system, we get two poles—a quasibound state and a resonance. The quasibound state has a width
of 0.38 MeV with a binding energy of —16.79 MeV. For the resonance, its width is 4.06 MeV with an
energy of 60.78 MeV relative to the A.Z, threshold, and its partial width from the two-body decay channel
(A.Z, — Z.A.)/V/2 is apparently larger than the partial width from the three-body decay channel A A, 7.
In particular, the 17(077) and 17(1~") hidden-charm hexaquark molecular states are very interesting.
These isovector mesons have exotic J¥¢ quantum numbers which are not accessible to the conventional ¢

mesons.

DOI: 10.1103/PhysRevD.107.054018

I. INTRODUCTION

In the study of the hadronic molecular states, the dibaryon
always plays an important role. The well-known deuteron is
the only experimentally confirmed baryon-baryon bound
state without charm quarks. Moreover, the WASA-at-COSY
Collaboration repeatedly observed the dibaryon resonance
d*(2380) [1-5]. Itis natural to extend the investigation from
the deuteron to the strange dibaryon. Jaffe suggested the
famous H-dibaryon composed of the AA pair [6], which
was also studied in a series of works [7-19]. In addition,
the dibaryon with one heavy quark (¢qqqqqQ) was also
investigated in Refs. [20-22].
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In 2017, the LHCb Collaboration discovered a double-
charm baryon in the A K~z 2~ mass spectrum E/" [23],
which is also the first observed double-heavy hadron. This
discovery encouraged the research on the double-heavy
hadrons, especially the double-charm tetraquarks [24-33].
After four years, the LHCb Collaboration reported the
observation of the first double-heavy exotic hadron T,
[34,35]. After the rapid succession of the double-charm
hadron discovery, it is necessary to implement a further
investigation. We will focus on the double-charm deuteron-
like hexaquarks in this work.

In the molecule picture, the double-charm dibaryon
could be easier to form a bound state due to the larger
reduced mass. And in fact, the double-heavy hexaquark
(qqqqQQ) systems have been discussed in various
approaches [36-53], including the chiral constituent quark
model [36,37], the quark delocalization color screening
model [38,39], the chromomagnetic model [40], the QCD
sum rules [41], the chiral effective field theory [42,43], and
the one-boson-exchange (OBE) model [44-50]. For the
A XZ. molecule system, the authors of Ref. [46] found a
bound state with the number I(J¥) = 1(17). However, it
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was not confirmed in Ref. [39]. The hidden-heavy hex-
aquark (¢qqQg g Q) may have similar behaviors, and the
relevant investigations can be found in Refs. [54-60].

In this work, we investigate the double-charm dibaryon
and hidden-charm baryonium systems containing the

ALY and AEY channels in the molecule picture. As
pointed out in our previous works [61,62], the cross
diagram DD* <> D*D of the one-pion exchange will
provide a complex potential, which is from the three-body
decay effect. This behavior could also occur in the process

AZY) < WA, To study the possible three-body effect,
we will retain the imaginary contribution from the one-pion
exchange (OPE) potential.

We use the OBE model to deal with the molecule state
system. In order to explore the existence of the resonance,
we will adopt the complex scaling method (CSM) [63,64],
which is a powerful method that can handle the bound state
and resonance in a consistent way. In addition, the S — D
wave mixing and coupled-channel effect will be considered
in this work. For both the double-charm and hidden-charm
hexaquarks, the dominant contributions of the widths arise
from the open-charm decay processes. The possible hid-
den-charm decay contributions for the hidden-charm hex-
aquark systems are negligible.

This paper is organized as follows. In Sec. II, we
introduce our framework explicitly. In Sec. III, we present
the effective Lagrangians and potentials. In Sec. IV,
we solve the complex scaled Schrodinger equation and
give the results of the double-charm dibaryon and hidden-
charm baryonium. The last section, Sec. V, is a brief
summary.

II. FRAMEWORK

In previous works [61,62], we studied the double-charm
tetraquark with the CSM method. The DD* system is found
to be special since the zeroth component of the transferred
momentum of the exchanged pion is larger than the pion
mass. This feature will provide the OPE potential with an
imaginary part. If one could get a pole in this system, one

TABLE L

may get an energy with an imaginary part which is
explained as its half-width. Therefore, we will pay more
attention to the systems containing this type of interaction.
One could see similar interactions in several systems, such
as AZ. <o ZA., AZ. oA, AD* < XI.D and
A.D* < Z.D. In this work, we consider the former two
cases: the double-charm and hidden-charm hexaquark
molecule system.

To find the possible bound and resonant states, we take
into account the coupled-channel effect. The explicit
systems and channels can be seen in Table I. However,
we do not consider the isoscalar system with channels
AA,, Z.Z., and Z:XF (or A A, 2.2, and :XF) in this
work. Unlike the other two isovector systems, this system
does not have the special cross diagram and could not
contribute an imaginary part to the OPE potential. We will
study these systems in subsequent work. For the isovector
cases, we will not take into account channels X %7 and
X%k (or T2 and XiX}) due to the same reason. In this
work, we only consider the channels with 'S (J = 0), 35,
(J=1),and D, (J = 1).

The masses of the charmed baryon and exchanged
light mesons are shown in Table II. We take the isospin
mean masses to deal with the isospin conservation
process.

A. A brief discussion on the CSM

We first briefly introduce the CSM before investigating
the analyticity of the OPE potentials. Aguilar, Balslev, and
Combes proposed this method in the 1970s [63,64], and the
corresponding conclusion is known as the ABC theorem. In
this powerful method, the resonances can be solved in the
same way as the bound states. The transformation of the
radial coordinate r and its conjugate momentum k in
the CSM is defined by

U(O)r = re®,

U(0)k = ke, (1)

Then, the radial Schrodinger equation is transformed as

The channels of the double- and hidden-charm hexaquark systems. We adopt the following shorthand notations for

simplicity: [A, (] = %(Acig*) ~3xA,) and {A )} = %(Acif) +3=9A,).

I6(JPC) 1 2 3 4 5 6
ce 0(0%) AcA("So) Z.Z('So) ZEi('S))
1(07) AZ('So)
1(1+) Aczc(3S1) c 5(3Dl) Aczi(:ssl) Ac23(3D1) 2026(351) 2020(31)1)
cc 0" (0_+) Ac/_\c(lso) Zcic(ISO) Zjit(ISO)
17(07) {AZ }('So)
1_(O_+) [Aczc} (lSO) ZCZC(ISO)
1 (177) [AZ]CS)) [AZ]CDy) {AZI}0S) {AZ:}(CDy) ZZ.(81) X.Z.(Dy)
1=(17) {AZ}0S1) {AZ}(CDy) [AZ]CS) [AZ](Dy)
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TABLE II. The masses of the charmed baryons and exchanged
light mesons in the OBE potential, which are taken from the
Particle Data Group [65].

Mesons Mass (MeV) Mesons Mass (MeV)
A 2286.46 o 600
P 2453.97 ot 139.57
zr 2452.65 7° 134.98
>0 2453.75 n 547.86
Dan 2518.41 p 775.26
it 2517.4 w 782.66
=0 2518.48

|- d—z S e viren) Lyt
EOWI0) 2

After the complex scaling operation, the resonance pole
will cross the branch cut into the first Riemann sheet if the
rotation angle € is large enough, as shown in Fig. 1. In this
way, the wave functions of the resonances become square
integrable, just like the normalizable bound states. The
details can be seen in Refs. [66,67].

In previous work [61], we adopted the Gaussian
expansion method (GEM) [68] to solve the tetraquark
system, and our results agreed with the experimental data
very well. However, when dealing with resonances, the
GEM may not be applicable to some extreme situations.
For example, if there is a pole located on the second
Riemann sheet corresponding to one of the channels, we
need to make a complex scaling to move this pole to the
first Riemann sheet. And when this pole is too close to or
below the threshold, the rotation angle € = z/4, which is
out of the limit of the Gaussian basis, so we adopt another
function as the basis sets—the Laguerre functions of the
form

Im(E)

scattering states (6 = 0)

bound states

continuum
states

FIG. 1. The eigenvalue distribution of the complex scaled
Schrodinger equation for two-body systems.

n!

(21 o n)!(ﬂr)l+1€_/lr/2L3,l+2 (/1,.)’ (3)

¢nl(’1r) -

where 1 is an adjustable parameter for the different size
state. The radial wave function can be expanded as

N

= Z Cn (6)¢nl(/1r>7 (4)

n

wi(r)

where ¢, (0) is the rotation angle 6-dependent coefficient.
These basis sets have some good characteristics: (1) We
can get all the resonances located on the second Riemann
sheets since the angle region becomes 0 < 6 < z/2.
(2) The basis functions are orthonormal. (3) One can
evaluate all the Hamiltonian matrix elements with simple
analytical formulas in the OBE potential case. (4) These
basis sets can allow the wave function to have the
oscillating behavior of trigonometric function in a infinite
range so that one can get the partial width of the
corresponding resonance with the golden rule [69,70].
One can find the concrete application in Ref. [71].

B. Analyticity of the OPE potentials
for the AcZg*) system

When considering the process A.Z. — Z.A., one can
get potentials as follows:

1 (6-9)(c-9)

Vixom = 5 (5)
f 49— my

where o is the Pauli matrix. ¢ is the transferred momentum
of the pion, and g is its zeroth component. The denom-
inator above gives g¢*> —m2 = —(q> —m%;), where the
shorthand mg =
Obviously, the poles are located on the real transferred
momentum axis. When making a Fourier transformation,
we adopt the Feynman prescription to make the contour
integral, and the OPE potential is proportional to
1/(p* — m%; — ie). It is obvious that the complex scaling
operation will not change the analyticity of the OPE
potential. Compared with the DD* system, we have an
additional channel A_.X; that could provide a similar
potential. The processes A.X; — XiA. and A X, —
XA, could contribute an imaginary part too. To discuss
this type of process, we have a careful discussion on ¢
herein. Since my —m, and m, are comparable, the

q(z) —m2 and gy~ My, —mp > M.

effective mass mey ~ \/2m,(ms_—my —m,) is small.
Therefore, the small bound energy could also affect mg;.

To deal with g in the AL.ZE*) - ZE*)AC process, we denote
the total energy as E and assume the A, to be on shell.

Then, ¢y = E — \/ my_ +p* - \/ my_+p'?, as illustrated
in Fig. 2(a).
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FIG. 2. Three-body intermediate state diagram in the processes
(a) ACZ(C*) — Z(C*) A, and (b) ACZS,*> — X.Z.. We assume the total
energy is E, and the baryons cut by the red dashed line are
on shell.

We will neglect the kinetic energy terms p2/2mA[
and p'?/ 2my_ of the charmed baryons due to the heavy
quark approximation. Then, we make an energy shift
E— E+2m, , and q, gives qy = E + my_—m, . For
the process containing the X.X. channel, we take gy = 0 in
the diagonal process X.XZ. —» Z.Z. and gy = E in the

nondiagonal process ACZE.*) — X.Z.. We illustrate the
latter one in Fig. 2(b). In this work, the latter one could
also provide an imaginary part when the energy is around
the threshold of X.X.. In fact, we also use these assump-
tions in the process with other propagators. We list ¢
values for different cases in Table III. To distinguish the

special g, in the cross diagrams A, X — A, from g

in the direct diagrams ACZE*) — ACZE-*), we use the short-
hand “g§” for the former cases when we give concrete
expressions of the potentials.

III. LAGRANGIANS AND POTENTIALS

The effective Lagrangians are built under the heavy
quark symmetry and SU(3)-flavor symmetry. The concrete
expressions of the OBE Lagrangians read as

Lp =Ly + L+ L, (6)

TABLE III.  The g, is the zeroth component of the transferred
momentum. E is the total energy relative to the threshold of A_Z.

qo = E + my_ — m,_is from the cross diagram ACZE.*) — ZE.*)AC,

and g, from the direct diagram ACZ(C*) - ACZ(C*) is equal to 0.
The cases not listed all give ¢, = 0.

Process A = sUIA, AZY 553
90 E+my —my, E
Process AEY 5 PR, ASY 553
9o E+ms —my, E

1,- . ) _
Lp, =§<33(W'D)B§> +if(B3v*(T', = V,)B5)
+IB<B§UB§>,
_ 3 . _
Lg=—(Siv-D—Ap)S,) +§91(wk)€wk<5ﬂAySA>

+ iBs(S, v, (T* = V*)S,) + As(S,F*S,) + 15(S,0S,).
Lin = 94(S*A,B3) + iAe"*v,(S,F*B3) + H.c.

S# and Bj are the heavy sextet and antitriplet baryon
superfield defined as

By=| -Ap, 0 F,7* .
E51/2 Eé1/2 0
s =l
Be=| 5% % 557
%Egl/z %E/—l/z Q,
X*Q+l %Z*QO \/LEE*Q’H/z
= s % Bt
Lgd+l/2 1 g-1/2 o
V2o V2

The light meson parts are given below

054018-4



DOUBLE-CHARM AND HIDDEN-CHARM HEXAQUARK STATES ...

PHYS. REV. D 107, 054018 (2023)

i . 1
=20+ 0D, T =550 - (0,01,
M
Fﬂv:aﬂvv_avvu"’_[vwvv}v ézexp[lf ]7 (9)
”0
W+JL6 7[+ K+
_ - 0 0
M = P \/§+ 7 K ,
— 0 2
Grs o o KT
. g
VH = ,7‘% o —%-ﬁ-% K0 (10)
K* I_(*O ¢

For the pion decay constant, we use f, = 132MeV.
With g? = 3.65 and ¢4 = 0.75 [72] in the quark model, one

—g4, Is=-2p, g1 =4g}, g5 =g and
gs = —% g1 As for the other coupling constants, we adopt
the values in Ref. [21]:

obtain [z =

VA —

1
—5(319v)2[25(¢71,62)Y3(Ap7%7’” r) =

P
% +
_fg S(61.62)Y3(As. g5y, 7) + T(61,62)Hy (Mg g5 g, 7)]e€5 - €
V3

T(61.02)H3(A,. 4.

g = —0.598, g4 = 0.999,

—6.0, Bsgy = —2fsgv
gy = —Asgv/ V3. (11)

Prgv =
Asgy = 19.2GeV~!

To get the effective potentials, we add a monopole form
factor at each vertex

2 2
Aj —m;

2 2
A —q

Fi(q) = (12)

where i stands for one of the propagators (z, 1, o, p, and ),
q*> = g% — ¢, and A; and m; are the cutoff parameter and
the mass of the corresponding propagator, respectively.
After the Fourier transformation

1

Vi) = s [ deeV@RG).  (3)

we can get the coordinate space potentials

1
) (ﬁBﬂSg%/)YO(Aw’ qos My, 1)

m,, )€l - €, + 21515V o(Ag, qos Mg, 1),

A TH g
VALZC AR = 2 [ (S;L%’SIZ)Y?)(AM qo’mm r) + T(St37St2)H3(A7z’ QOvmm }")]6‘3 € + ﬂBﬂSg%/ YO A(w qo> My, )

f2
+2(19v)*25(85. 80)Y3(A,. g5 m,. r) =

VEE LI

2f7

(ﬂsgv) [28(61,65)Y3(A,. q9.m,, 7)

(Aw’ 4o, My, }")

(St3’St2)H3( P qO 5

2
g

! [S(o.l’GZ)Y3 (Aﬂ’ qo, My, 7") + T(o-l’O-Z)H3 (Alra 4o, m
my, r) + T(61,6,)H3(A,. qo,
—T(61,62)H3(A,, g9,

1
3 (/lsgv)z[ZS(m,az)Ys (A qo- My 1)

)]€§ €+ 2ZBZSYO(A0" 4o, Mg, r)’
’ r)]ll '12 - lg'YO(Am 40, Mg l")

1 2
my, 1) +§(9SQV) Yo(Ays qo.my, 1)l - 1
m/wr)]ll '12

—T(61,65)H3(Ay, qos My, 7)), (14)

AT 920
VACZC AcXe = [S(Sj3762)YB(Am Qg’ my, I”) + T(Sj3’62)H3(Am Qg’ my, ”)]€§ 1€

f2

2
+ = (Ligv)25(S5.62)Y5(A,. 45

V3

- 9192
VAZ ZeZe [S(GI7G2>Y3<A;77 qo,m

TV

L2
3v6

1) +T(61,06,)Hs3(As, go. m

(Alisg%/)[zs(ol’o-Z)YB(Ap’CIOvm r) =

m,,r) — T(SI3,62)H3(A/,, qs.m,. r)]eg - €,
,r)]eg I

T(GLGZ)H?}(Ap’ 4o, My, r)}eg I,
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S 929 +
e [S(O-letZ)Y3(Amq0’m7z’r) + T(GI’StZ)H3(Amqovmm r)]eé I

V2f3

1
- A (/11/159%/)[25(0'1,Stz)Y3(Ap, qo,my, r) - T<615St2)H3(Ap7 qo,my, r)]eg 1.

3v2

We added a factor —1 for the cross-diagram potentials,
which contain ¢§. The factor is from the fermion’s position
exchange and equal to (—1)*=i=S2H+i=ii=h+l " \where
S,S81,80,1,1i,11,1, are spin, orbit, and isospin numbers. €
and I are the isospin polarization vector and isospin
operator, respectively, and the isospin-dependent matrix
elements are given in Table IV. S, and ¢ are the spin
transition operator and Pauli operator, respectively. The
spin-dependent operators have S(a,b) =a-b and
T(a,b) =3(a-r)(b-r)/r* —a-b, whose matrix elements
are given in Table V. The Y3, H; functions and relevant Y,
H functions are defined as

Y(x):%_x9 H(x)—<1+§+%>y(x)’
2
YO(A’ d0- M r) - % |:Y(ur) - ;Y()(r) - Z'f(—ue_lr] s
3 2
) = 2 -1t ]
3 A\
H3 (A, gy, m, ) Ton {H(ur) _ <Z) H(yr)
2 2 2,2
Y0 s } (16)

where

TABLE IV. The isospin-dependent (/ = 1) matrix elements of
the operators eg - €y, eg -1, and I - I,.

6';‘12 11'12

) -1

A e§-€2
(I=1AlI=1) 1

TABLE V. The spin-dependent matrix elements.

(15)
u= Sign[Re(e"g\/m2 - q(z))]\/mz - 49
B = VA —m?, x=\/N-q. (17)

IV. NUMERICAL RESULTS

A. The OPE potential results for the double-charm
hexaquark system

We first introduce the OPE potentials to study the
double-charm hexaquark system. For the 1(0") system,
we do not get a bound or resonant state with a reasonable
cutoff A,. However, we find a quasibound state in the
1(17) case, and the results are shown in row “Adopt” of
Table VI. One could find this pole has an imaginary part
corresponding to —iI"/2. We give a brief explanation of the
measure (;|y;) herein. (fr;|y;) = € [&*{wi(re)}?dr is
the amplitude corresponding to the ith channel. This
measure is similar to the definition of the probabilities
of bound states. However, one could find that its value
could be complex in Table VI and could not be regarded as
a probability. This behavior is from the normalization of the
resonance wave function [70,73]. However, the quasibound
state herein is special. When the bound energy
B.E. < —(my —m,_ —m,), the quasibound state turns
into a bound state, and the width from the three-body
decay effect vanishes. Then, (;|y;) turns into the prob-
ability of the ith channel. Hence, this measure could partly
reflect the constituents of this special quasibound state.

Furthermore, +/(r?) is the root-mean-square radius. Its real
part is interpreted as an expectation value, and the
imaginary part corresponds to a measure of the uncertainty
in observation [74].

To make a comparison, we also give the result under the
instantaneous approximation in row “q, = 0 of Table VI.

A S(e}.0) T(6}].0,) S(8k.80) T(S5.S0) S5(8.0,) T(S}.6,) S(61.8n) T(61,85)
38, |A1RS 1 0 1 0 0 0
CSi1AFSy) 3 _2\/2 2\@

CDy|APSy) 0 2V2 0 3% 0 \/Lg 0 _%
(8,|1APDy) 0 2V/2 0 357 0 \/Lg 0 _%

3 3 _ 1 _ L 1
(°D\|AFDy) 1 2 3 2, /2 % 2,2 -

A S(e}.06,)

("So|A["So) -3
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TABLE VL.  Solutions for the double-charm hexaquark with /(J”) = 1(1%) in the OPE potential case with & = 20°. The energies are
given relative to the threshold of A.X.. \/(r%) = [¥? [s{y(re?)}?*r?dr]'/? is the root-mean-square (rms) radius. (J;|y,) =
e [ {y;(re'?)}?dr is the amplitude corresponding to the ith channel of A X.(3S},°D), A.Z:(3S,,°D)), .Z.(3S,,°D,). The data of
the row Adopt are the results we actually adopt, and g herein is from Table III. The data of row g, = 0 are from the instantaneous

approximation.

A, (GeV) 1.0 1.05 1.1
Adopt Energy (MeV) —5.61 —0.43i —13.90 — 0.29{ —25.57 —0.04i
V(%) (fm) 1.4 -0.1i 0.9 0.7
(Wily) x 100 (70.7 - 1.4i/1.7/23.9 (59.0-0.4i/1.2/34.1 (50.8/0.8/40.8/1.4/6.0/0.3)
+1.3i/0.9/2.5 4+ 0.1i/0.3) +0.41.2/4.2/0.3)
qo=20 Energy (MeV) -0.54 —5.64 —16.51
V() (fm) 4.1 1.3 0.8

(Wlwi) x 100 (91.4/1.0/6.4/0.3/0.7/0.2)

(71.7/1.2/22.8/0.8/3.1/0.4) (56.8/0.8/35.4/1.2/5.5/0.3)

In this case, the imaginary part of the OPE potential from
the three-body decay effect disappears, and the pole
becomes a bound state. Considering the cases in row
“Adopt” with A, =1.0 and row “gy=0" with
A, = 1.05, we find their values are close to each other,
including the energy \/(r?) and ({;|y;). In fact, we find
this conclusion could extend to other similar systems. In
other words, the influence of the three-body decay is small.

Therefore, we will take v/ (r?) and (f;|y;) as the reference
measures when analyzing the size and constituents of the
pole state.

In our framework, the width of a quasibound state should
not be larger than the value of X, and will decrease as the
binding energy becomes deeper. In fact, it does. Taking the
case A, = 1.0 GeV as an example, we get a quasibound
state whose binding energy and width is —5.61 and
0.86 MeV, respectively, and its dominant constituents are
S-wave A X, and A Z}. In fact, the main channel A X (3S;)
contributes a repulsive potential, and A, X (S, ) contributes
an attractive potential with an imaginary part. Considering
only the former channel, one could not get a bound
state. However, one could get a quasibound state when
adding the attractive potential of channel A X}. Obviously,
the coupled-channel effects play an important role in this
system. To gain a deeper insight, we will add the other
medium- and short-range potentials in the following parts.

B. The OBE potential results for the double-charm
hexaquark system

In this part, we further employ the OBE potential to
include the short- and medium-range contribution. Before
making a calculation, we need to choose the cutoff for the
different vertex first. The same cutoff is usually used
for all the OBE potentials, like A, =A, =A,=A, =
A, (common cutoff). Another possible choice can be found
in Refs. [75,76]. The authors adopted A; = m; + aAqcp
(scaled cutoff), where i corresponds to a propagator (z, 17, o,
p, @), AQCD = 220 MeV is the scale of QCD, and « is a

dimensionless parameter. However, these two choices
could both be invalid in this work.

As shown in Table VI, the cutoff in the OPE potential case
is close to 1 GeV, and when we add the other potentials from
the OBE interaction and adopt the common cutoff, the
reasonable value is around A; ~ 0.8 GeV. Then a problem
emerges. Since m, /m, ~0.78 GeV, their form factors
Fi(q) = (A2 —=m?)/(A? = ¢*) — 0, and then the short-range
p, @ potentials go to 0. On the other hand, if we adopt the
scaled cutoff scheme, the p, @ potentials could be much larger
than the 7z potential. It may also be doubtful since the
OPE potential should play a more important role than
the one-vector-exchange potentials for the state very close
to the thresholds. To deal with this problem, we adopt a
compromise scheme assuming A; = m;[1 + a(Aqep/m;)?].

Adopting the compromise scheme for the cutoff, we get
the results in the OBE potential case for the 1(1) system in
Table VII. We find a quasibound state, and its behavior is
just like the situation in the OPE potential case.

We take a = 2.2 as an example and show the eigenvalue
distribution in the OBE potential case, as shown in Fig. 3.
Obviously, the quasibound state pole is located on the first
Riemann sheets (physical sheets) corresponding to the
ANZ., AZ;, and X X, channels and the second
Riemann sheets (unphysical sheets) corresponding to the
A A7 three-body channel. In Fig. 4, we choose 6 = 20°
and plot the real and imaginary parts of its wave function.
Obviously, the S-wave A Z,. and A.Z} channels dominate
the state.

C. The OBE potential results for the hidden-charm
hexaquark system

In this part, we discuss the molecule system of the
hidden-charm hexaquark with the OBE potential.
The relevant potentials are similar to those of the dou-
ble-charm cases, and they can be connected by making a
G parity transformation for the propagators. In other
words,
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TABLE VIL
given relative to the threshold of A X..

Solutions for the double-charm hexaquark with /(J”) = 1(17) in the OBE potential case with @ = 20°. The energies are
(r2) = [&30 [ {y(re”)}?r?dr]'/? is the rms radius. (;|y;) = € [*{y;(re)}?dr is the

amplitude corresponding to the ith channel of A X.(3S,,%D,), A.Z:(3S,,°D,), Z.2.(3S,,°D,).

a 2.0 2.2 24
Energy (MeV) -3.98 —0.31i —14.27 - 0.25i -31.06
V(2 (fm) 1.7-0.1i 1.0 0.7

(Wily:) > 100 (81.6 —1.5i/1.7/14.8

+1.4i/0.5/1.2+0.1i/0.2)

(66.5—0.4i/1.1/28.2
+0.4i/0.8/3.1/0.2)

(55.5/0.7/37.3/1.1/5.3/0.2)

VAB = (—1)0iVAB, (18)

where A, B are the charmed baryons, and G; is the G parity
of the i propagator, as shown in Table VIII.

Considering the multichannel coupling effect, we adopt
the channels in Table I for the systems 17(07), 17(0~"),
17(177), and 17(17"). Compared with the double-charm
case, the number of the hidden-charm systems doubles for
the existence of the C or G parity number. For the 17(0~)
case, we do not find a pole in a reasonable cutoff region.
For the positive G parity case 17(077), we find a quasi-
bound state, and the results are given in Table IX. This
system has only one channel, and one may find a clearer
width behavior than in the other coupled-channel systems.
When a = 1.5, we find a quasibound state with the binding
energy of —5.37 MeV and the width of 1.72 MeV.
Obviously, the width is very close to the upper limit of
this pole—the width of X..

For the vector cases, both the 17(177) and 17(17F)
systems can form a quasibound state. We first discuss the
17(17") system. Similar to the double-charm case 1(17),

the first diagonal S-wave OPE potential ViA”i‘} ~{AEd i

repulsive, and the third diagonal S-wave OPE potential

VLA‘E?]_)[A"EZ'] is attractive. The numerical results of this pole

are given in Table X, and the main contributions are from

0 T
AcE; ZcZe
pole
20} AcAm
>
[ AL,
2 40
Ei
b}
g -60
£
. 6=10°
-80
« 6=20°
-100 -50 0 50 100 150 200 250 300
Re(Energy) [MeV]
FIG. 3. The eigenvalue distribution of the double-charm

hexaquark with 1(J*) = 1(17). @ = 2.2 in the OBE potential
case. The red (green) points (square point) and lines correspond
to the situation with the complex rotation angle 6 = 10°(20°).

the S-wave channels {A.Z.} and [A.X;]. In fact, this
quasibound state is very similar to the pole in the double-
charm case 1(17). They have very similar results with the
same energy, including the widths, constituents, and sizes.
For example, taking a = 2.03, we get the binding energy
of —4.21 MeV, the width of 0.56 MeV, the rms of
1.7 - 0.1/ fm and (;|w;) x 100=(83.8—1.3i/2.5/13.2+
1.3i/0.5), which are very similar to the results in Table VI
with a = 2.0.

Then, we consider the 17(177) case. Contrary to the

17(177) case, the first diagonal S-wave OPE potential

V,[,A T2 IAE] is attractive, and the third diagonal S-wave

o8
P
06 Il \,‘ \ - = AZCS)
:T SN —— AZLDY
\
Eodl VO == AZCS)
3 ! AZCDY)
E 0.2 e LS
- == LILDy)
0.0 =
0 2 4 6 8 10
r (fm)
(a)
0.15
f
0.10f Iy .
[ - - AZCS)
& 005 :’h':'-" AcZCDy)
i 0.00HAT s e T
3700 AZCD)
g -0.10 e T 5C8))
I
-0.15 - - 236Dy
-0.20
0 2 4 6 8 10
r (fm)
(b)

FIG. 4. The wave functions u;(r) (i =1,2,3,4,5,6) of the
double-charm hexaquark with the I(J¥) = 1(17"). The rotation
angle @ = 20° and the parameter a = 2.2 in the OBE potential
case. The two diagrams correspond to (a) the real part of u;(r)
and (b) the imaginary part of u;(r).
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TABLE VIII. G parity of the light mesons.

Meson b4 n c P (0]

G -1 1 1 1 -1

TABLE IX. Solutions for the hidden-charm hexaquark with
I6(JP€) = 17(077) in the OBE potential case with @ = 20°. The
energies are given relative to the threshold of A Z,. m =
(€37 [ Ly (re®)}2r?dr]"/? is the rms radius.

a 1.5 1.8 2.1
Energy (MeV) —5.37 —0.86i —13.29 —0.46i —25.63 —0.05i
/(r?) (fm) 1.7 1.2 0.9

OPE potential VieEeTAE g repulsive. In other words, the
first channel can form a bound or quasibound state alone.
After considering the coupled-channel effect, we can obtain
the solutions, as shown in Table XI. Different from the

other cases, this system has two poles when a2 1.8.
The first one is close to the threshold of A X, and the
second to A,Z¥. These two poles are quite different.

To study their characters, we illustrate the energy
distribution with @ = 1.8 in Fig. 5. The first pole mainly
consists of the S-wave [A.X,] with energy of
—16.79 — 0.19i MeV. It is located on the first Riemann
sheets (physical sheets) corresponding to the channels
[AZ.], {AZ:} and £ X, and the second Riemann sheets
(unphysical sheets) corresponding to the three-body chan-
nel A.A z. The second pole mainly consists of the S-wave
{A.Z:} with the energy of 60.78 —2.03i MeV relative to
the threshold of [A.Z.]. It is located on the first Riemann
sheets (physical sheets) corresponding to the channels
{A.Z¢} and £,.%., and the second Riemann sheets (unphys-
ical sheets) corresponding to [A.Z,] and the A A 7z three-
body channel. Obviously, the second pole is a Feshbach-
type resonance; if we turn off the A.X’ channels, it
disappears. In addition, the width of the first pole is totally
from the three-body decay process. However, the width of
the second one may have additional sources.

TABLE X. Solutions for the hidden-charm hexaquark with 7¢(J¢) = 1~(17+) in the OBE potential case with @ = 20°. The energies
are given relative to the threshold of A Z,. \/(r?) = [€* [ {w(re®)}?r2dr]/? is the rms radius. (fr;|y;) = € [&*{y;(re®)}?dr is the

amplitude corresponding to the ith channel of {A.Z.}(3S,3D;), [A.Z](3S,.°D)).

a 2.1 23 2.5

Energy (MeV) —6.43 — 0.32i —15.33 -0.23{ —27.88 = 0.01i
V(2 (fm) 1.5 1.0 0.8

(ily:) x 100 (80.0 - 1.1i/2.5/17.0 4+ 1.1i/0.6) (69.7—-0.4i/2.3/27.1 + 0.4i/0.9) (61.2/2.2/35.4/1.2)
TABLE XI.  Solutions for the hidden-charm hexaquark with 7 (J”€) = 1*(177) in the OBE potential case with @ = 20°. The energies

are given relative to the threshold of A Z. \/(r?) = [€*? [ {y(re®)}?r>dr]'/? is the rms radius. (fr;|y;) = € [&*{y;(re®)}?dr is the
amplitude corresponding to the ith channel of [A.Z.](3S},3Dy), {A.Z:}(3S1.3Dy), Z.2.(3S,,3D,). The data of row “2” are the results
we actually adopt, and ¢, herein is from Table III. The data of row “2I” are from the instantaneous approximation with gq = 0.

Pole a 1.6 1.8 2.0
1 Energy (MeV) =7.21 - 0.42i —-16.79 — 0.19i —32.86
V() (fm) 1.5 1.1 0.9
(ily:) x 100 (92.2-0.2i/3.4/2.1 (88.1/4.3/2.3 (81.5/6.0/
+0.2/0./0.9/1.5) +0.1i/0./2.5/2.8) 1.4/0./6.5/4.6)
2 Energy (MeV) 60.78 —2.03i 41.38 —2.66i
\V{(r2) (fm) 1.8 -0.3i 0.8
(Wily:) x 100 (-0.4—-04i/-33 (1.3+0.5i/5.5 +11.9i/55.5
+4.2i/82.7—-10.4i/6.4 + 1.5i/14.3 —10.3i/0.8 — 0.6i/36.2
+4.7i/0.3 + 0.3i) —1.8i/0.6 + 0.2i)
21 Energy (MeV) 60.45 — 1.73i 43.57 - 2.02i
V/(r2) (fm) 1.6 —0.3i 0.8
(Frilw;) x 100 (-0.2+0.4i/ -0.5 (3.040.6i/4.5+7.2i/61.8

+3.8i/85.6 — 6.1i/1.4 — 0.1i/13.6
+1.9i/0.1 + 0.17)

—8.7i/0.6 —0.1i/30.0
+1.0i/0.1 4 0.17)
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0 L 1.0F
pole 1 0l ’:'\\ === INEICS)

-20F AAcr = [ —— [AZICDY)

o e T - AZICS)
E AL ;.E 0.4} : Y (AZICDY)
2 -40 3 RN 2508
E‘n 5 0'2-: - -~ ZI.CDy)
é -60
g
B . 6=10° 0 2 4 6 8 10
-80 - 6e20° r (fm)
100 = (a)
-50 0 50 100 150 200 250 300
Re(Energy) [MeV]
0.2 ""\ .
FIG. 5. The eigenvalue distribution of the hidden-charm hex- < ol oo _ {:;Z}Z’Z
aquark with 7(J?) = 17(177). @ = 1.8 in the OBE potential case. T I “;7:\_\ .
The red (green) points (square point) and lines correspond to the £ oofgAl o o (ACE“'):S')
situation with the complex rotation angle 6 = 10°(20°). 5 b - ;A;(j(sf')
E 02 ‘\\ --- ZICDy)

To figure out this source, we take the instantaneous N
approximation gy, = 0. We also obtain two similar poles 0 2 4 6 8 10
that correspond to poles “1” and “2” in Table XI. The one r (fm)
corresponding to pole 1 turns into a bound state, and we (b)
have discussed this case in Sec. IV A. We will focus on the
other pole, whose numerical results are listed in row “2I” of s
Table XI. Its energy becomes 60.45 — 1.73i MeV for the 08E ) - ASaes)
a = 1.8 case, whose real part is nearly unchanged com- = 0-4':' \ — IAZICDY
pared with the 2 pole with energy of 60.78 —2.03i MeV. 'g 02 \\,\ - AZACS)
However, its width changes and does not disappear like the § K b N ‘Aiffj<3D"
other quasibound state. As discussed in the Sec. IVA, the 1 T RRC)
width from the three-body decay will vanish under TR
the instantaneous approximation. Therefore, the width in
21 is totally from the two-body decay process, such as the 0 ° . :f?n) 1 20
decay of the pole 21 — [A,Z.]. We infer from the change of
the width that the two-body decay plays a more important ©
role than the three-body decay in this resonance.

Finally, we also plot the wave functions of poles 1 and 2, o AZCSH
as shown in Fig. 6. We choose # = 20° and present the real - — AZICD)
and imaginary parts of their wave functions. Obviously, the ?E ; - == IAZICS)
S-wave [A.Z.] and {A.Z:} channels dominate the first = - (AZICD)
pole, and the S-wave {A.Z:} channel dominates the & Ef‘fs”
second pole. B TR

V. SUMMARY 0 5 10 15 20

In this work, we use the complex scaling method to study r(:;n)

the double-charm and hidden-charm hexaquark states in the
molecule picture. In order to include the coupled-channel

effects, we consider the channels ACZE*) (or Aci£*>) and
%2, (or £.Z.). We also take into account the S — D wave
mixing effect in this deuteronlike dibaryon (hidden-charm
baryonium), as shown in Table I.

We adopt the effective Lagrangians constructed in terms
of the heavy quark symmetry and chiral symmetry.

FIG. 6. The wave functions u;(r) (i =1,2,3,4,5,6) of the
hidden-charm hexaquark with /(J¥) = 17(177). The rotation
angle 0 = 20° and the parameter a = 1.8 in the OBE potential
case. The four diagrams correspond to (a) the real part of u;(r) for
the first pole, (b) the imaginary part of u;(r) for the first pole,
(c) the real part of u,(r) for the second pole, and (d) the imaginary
part of u;(r) for the second pole.

054018-10



DOUBLE-CHARM AND HIDDEN-CHARM HEXAQUARK STATES ...

PHYS. REV. D 107, 054018 (2023)

To figure out the influence of the long-range pion exchange
in the formation of the bound states and resonances, we
adopt the OPE potential for the double-charm hexaquark
system. We also give the numerical results with the OBE
potential for the double-charm and hidden-charm hexa-
quark systems.

The OPE potentials of ACZE*) and the tetraquark DD*
systems are similar. They both have an imaginary part. This
imaginary part comes from the processes ZS-*) - Az
(D* — Drx), which can be naturally understood in the
framework of the CSM. In the study of the double-charm
hexaquark system with the OPE potential, we find a
quasibound state in the 1(17) system, which mainly
consists of the S-wave A.Z, and A.Zi. When taking
A, =1 GeV, the binding energy relative to A.Z. is
—5.6 MeV, and the width is 0.86 MeV. As explained in
Sec. IV A, this width is totally from the A.A .z three-body
decay process. For the system with 1(0"), we do not find a
bound state or resonance.

We also employ the OBE potential to include the
medium- and short-range interactions, and we get a similar
result compared with the OPE case—only one pole is
found. Its binding energy relative to A.Z. and the width is
—14.27 and 0.50 MeV, respectively, when taking
a =2.2. The S-wave A.Z. and A X} are the dominant
constituents, and the D-wave constituents still provide
small contributions.

For the hidden-charm hexaquark systems, we find more
poles. In the 17(0™") case, we do not find a pole in a
reasonable cutoff region. However, we find a quasibound
state in the 17(077) case with a single channel. When
a = 1.5, the binding energy is —5.37 MeV relative to the
A Z. threshold. Its width is 1.72 MeV, which is very close
to the width of Z... In the vector cases, we find poles in both
the 17(177) and 17(17") cases. For the 17(17") case, we
find a quasibound state, which behaves just like the
mentioned pole in the 1(1") double-charm hexaquark.
We get this pole in a similar region a € [2.0 ~ 2.5]. For the
same energy or cutoff, their widths, sizes, and constituents
are close to each other too. For the 17(177) case, we find
two poles—a pole close to the A,Z, threshold and the other
close to the A,Z! threshold. Taking a = 1.8, the first pole
as a quasibound state has a binding energy of —16.79 MeV
and a width of 0.38 MeV, and the S-wave [A.Z.] plays
a dominant role. The second pole is a resonance, whose
energy relative to the A.X, threshold is 60.78—
2.03i MeV. Different from the above quasibound states
whose widths are totally from the three-body decay, its

width arises from two sources—the three-body decay and
the two-body decay. As shown in Table XI, its width does
not vanish when we get rid of the three-body decay effect,
and the contribution from the two-body decay is apparently
larger. We also plot the wave functions of these two poles;
see in Fig. 6.

In principle, the annihilation channels may also contrib-
ute to the decay widths of the hidden-charm hexaquark
states. The neglect of the annihilation is responsible for the
failure of the quasinuclear approach to the baryonium
which predicted several narrow NN states that have not
been observed so far [77-79]. For the vector charmonium,
the suppression of the annihilation decays results from the
Zweig rule where the color-singlet c¢ pair can only
annihilate into three gluons due to the charge parity
conservation. This is seemingly not the case for the cc
pair within a baryon-antibaryon wave function. In the
present work, we are mainly interested in the near-threshold
states which are either loosely bound states or resonances
with a relatively large radius around 1-2 fm. In other
words, the charmed baryon and antibaryon are well
separated from each other, while the annihilation of the
cc pair occurs at very short distance, hence, is strongly
suppressed. Such a suppression is observed in the hidden-
charm pentaquark states P, and tetraquark states Z,.. For
example, the dominant decay modes of Z.(3900) are the
open-charm modes DD*, while the hidden-charm modes
J/wn, etc., are also important. None of the annihilation
channels has been observed up to now.

In summary, we find some quasibound states and
resonances in these systems. One could look for these
states through their strong decay patterns, such as [A.Z,]
and A.A,z invariant mass distributions in the hidden-
charm baryonium and A A,z invariant mass distribution in
the double-charm dibaryon. In particular, the 17(0~~) and
17(17") hidden-charm hexaquark molecular states are
very interesting. These isovector mesons have exotic J*¢
quantum numbers which are not accessible to the conven-
tional gg mesons. Hopefully, this work can be helpful for
future experimental search of the hexaquark states at
facilities such as LHCb and Belle II.
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