arXiv:2304.02920v2 [hep-ph] 8 Apr 2023

Noname manuscript No.
(will be inserted by the editor)

Possible molecular dibaryons with csssqg quarks and their

baryon-antibaryon partners

Shu-Yi Kong', Jun-Tao Zhu?, Jun He'->?

!School of Physics and Technology, Nanjing Normal University, Nanjing 210097, China
2Lanzhou Center for Theoretical Physics, Lanzhou University, Lanzhou 730000, China

Received: date / Revised version: date

Abstract In this work, we systematically investigate the
charmed-strange dibaryon systems with csssqgq quarks
and their baryon-antibaryon partners from the interactions
E(920 QWA QP 5™ A.Q and 2 Q and their baryon-
antibaryon partners from interactions =0 V5", QWA
QYE® | A.Q and =Q. The potential kernels are con-
structed with the help of effective Lagrangians under SU(3),
heavy quark, and chiral symmetries to describe these inter-
actions. To search for possible molecular states, the kernels
are inserted into the quasipotential Bethe-Salpeter equation,
which is solved to find poles from scattering amplitude. The
results suggest that 36 and 24 bound states can be found
in the baryon-baryon and baryon-antibaryon interactions,
respectively. However, much large values of parameter «
are required to produce the bound states from the baryon-
antibaryon interactions, which questions the existence of
these bound states. Possible coupled-channel effect are con-
sidered in the current work to estimate the couplings of the
molecular states to the channels considered.

1 Introduction

As an important type of exotic hadrons, the dibaryons with
baryon quantum number B = 2 attract much attention from
the hadron physics community. In fact, one type of the exotic
hadrons proposed earliest in the literature is the dibaryons
predicted by Dyson and Xuong in 1964 based on the SU(6)
symmetry almost at the same time of the proposal of the
quark model [1]. The WASA-at-COSY collaboration re-
ported a new resonance d*(2380) with quantum number
I(JP) = 0(3%), a mass of about 2370 MeV, and a width of
about 70 MeV in the process pp — dn’z° at [2]. Soon after
the observation of the d*(2380), it is related to the dibaryon
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predicted [3, 4] while there is still other interpretations, such
as a triangle singularity in the last step of the reaction in a
sequential single pion production process [5]. More experi-
mental and theoretical works are still required to clarify its
origin.

These early proposed dibaryons are exotic hadrons in
the light flavor sector. In the past decades, many candidates
of exotic states in charmed sector, such as hidden-charm
tetraquarks and pentaquarks, have been observed in exper-
iment, for example, the X(3872) and Z.(3900) [6-10], and a
series of hidden-charm pentaquarks P, [11-14]. These states
were observed near the thresholds of two charmed hadrons.
Hence, it is natural to interpret them as the molecular states
produced from interactions of a pair of charm and anticharm
hadrons. Motivated by the observations of these states, the-
orists expect that there may exist dibaryon molecules com-
posed of two heavy baryons. Due to large masses of the
heavy baryons, the kinetic energy of a dibaryon system is
reduced, which makes it easier to form a bound state. Possi-
ble hidden-charm and double-charm dibaryons were investi-
gated in different approaches [15-23]. These results suggest
that attraction may exist between a charmed baryon and an
anticharmed or charmed baryon by light meson exchanges,
which favors the existence of hidden-charm dibaryon molec-
ular states and their double-charm partners.

In addition to the above hidden-charm and double-charm
states, some charmed-strange states were also observed
these years, and taken as the candidates of molecular states
of a charmed meson and a strange meson in the literature.
As early as 2003, the BaBar collaboration reported a narrow
peak D{((2317) near the DK threshold [24], and later con-
firmed at CLEO and BELLE [25, 26]. The CLEO collabora-
tion also observed another narrow peak, the D;;(2460) near
the D*K threshold [26]. These states can not be well put into
the conventional quark model with a charmed and an anti-
strange quark. Since these charmed-strange states are very
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close to the threshold of a charmed meson and a strange me-
son, some authors interpreted them as the molecules of cor-
responding charmed and strange mesons [27-34]. Recently
the LHCb collaboration reported the X(2900) and X;(2900)
near the D*K* threshold [35, 36]. Such states should be
composed of four different quarks, and soon be explained as
D*K* molecular state [37-43]. By adding an additional light
quark to the above charmed-strange molecular states, the
existence of charmed-strange pentaquark molecular states
were also predicted in Refs. [44—46].

Following this way, if we continue to add light quark
and convert all antiquarks to quarks, we will reach a charm-
strange dibaryon systems. In Ref. [47], we systematically
investigated the charmed-strange dibaryons with csqqqq
quarks and their baryon-antibaryon partners from the in-
teractions of a charmed baryon and a strange baryon A A,
AE®, 5P A, and 2 2™, and corresponding interactions
of a charmed baryon and an antistrange baryon A.A, A2,
WA, and ™. The calculation suggests that attrac-
tions widely exist in charmed-strange dibaryon systems
while few bound states are produced from the charmed-
antistrange interactions. If one u/d quark in each con-
stituent baryon is simultaneously replaced by a strange
quark, we can reach charmed-strange dibaryon systems
25 which are scarcely studied in the literature. In this
work, we will study these systems together with the systems
QYA QP2 A.Q and Z1”Q with the same quark compo-
nents, c¢sssqq quarks, and their baryon-antibaryon partners
E(IEG QWA QMEW | A2 and 300,

The work is organized as follows. After introduction, the
potential kernels of systems considered are presented, which
are obtained with the help of the effective Lagrangians with
SU(3), heavy quark, and chiral symmetries. The quasipoten-
tial Bethe-Salpeter equation (@BSE) approach will also be
introduced briefly. In Section 3, The bound states from all in-
teractions will be searched with single-channel calculations.
In Section 4, the bound states of the molecular states from
full coupled-channel calculation will be presented. And the
poles from two-channel calculations are also provided to es-
timate the strengths of the couplings between a molecular
state and corresponding channels. In Section 5, discussion
and summary are given.

2 Theoretical frame

In this work, we consider the possible molecular dibaryons
from the interactions 50 V=™, QWA Q3™ A.Q and
2™ and their baryon-antibaryon partners 2 5®), Q) A,
QYE® | A0 and ZQ. The coupling between different
channels will also be included to make a coupled-channel
calculation to obtain the scattering amplitude by solving the
qBSE. To achieve this aim, the potential will be constructed

by the light meson exchanges. The Lagrangians are required
to obtain the vertices, and will be given below.

2.1 Relevant Lagrangians

For the couplings of strange baryons with light mesons,
we consider the exchange of pseudoscalar mesons P (,
1, p), vector mesons V (w, ¢, K, K*), and o mesons. For
the former seven mesons, the vertices can be described by
the effective Lagrangians with SU(3) and chiral symme-
tries [48, 49]. The explicit the effective Lagrangians reads,

BBP =
Logp = —5222 BySy4o,PB, (1)
mp
Loy = —B|gssvy — 222 o8, |v,B. @)
2m3
Lppp =S5 B Sy BHO,P, 3)
mp
Lppv = -Br|gp vy — i o, |V,B"", 4
2m3*
Lopp = EEEL By PB + ., (5)
mp
Logy = —ig;ﬂé*“ysyvVWB + he., (©)
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where m,, v is the mass of the pseudoscalar or vector meson.
B™ is the field of the strange baryon. V,,, = 8,,V,—8,,V,.. The
coupling constants can be determined by the SU(3) symme-
try [48, 50-52] with the coupling constants for the nucleon
and 4. The SU(3) relations and the explicit values of cou-
pling constants are calculated and listed in Table 1.

For the couplings of strange baryons with the scalar me-
son o, the Lagrangians read [53]

Lpps = —gBoBoB, @)
Lppo = gppeBroB, ®)

The different choices of the mass of o meson from 400 to
550 MeV affects the result a little, which can be smeared
by a small variation of the cutoff in the calculation. In this
work, we adopt a o mass of 500 MeV. In general, we choose
the coupling constants gpps and gp«p+ as the same value as
gBBo = BB o = 6.59 [53].

For the couplings of charmed baryons with light mesons,
the Lagrangians can be constructed under the heavy quark
and chiral symmetries [54—57]. The explicit forms of the La-
grangians can be written as,

3g1 A 5
Lppp = ————F—— 7P Bj, 0 «Biy,
4fn g I.ZZO;I Y kD j
—
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Table 1 The coupling constants in effective Lagrangians. Here, ggpp = gnnvz = 0.989, gppv = gnvnp = 3.25, gppp = V60g,14r = 13.78, gpprv =

V60g,14p = 5941, gppp = V20gn.r = 9.48, gppv = V20884 = 71.69, ap = 0.4, ay = 1.15, fynp = EnNpKos Fadp = 8adpKo With Ko = 6.1, fyne

01[48, 51, 52].
Coupling SU(3) Relation Values || Coupl. SU(3) Relation Values
8zzn (2ap —1)gpap -0.20 8zzn - ?(1 +2ap)gppp -1.03
825p/w Qav —1)gpay 4.23 fzspio =3 fNw = 3 fuwp -9.9
556 -2V2avgppy -10.57 Jzz¢ - ngNw - ngNp -14.01
8z “Iﬁgmsw 0.89 8=+ 2 —ﬁggf*g*,, —1.54
5w IVSSEBY 3.84 Jerzplw 3 fa4p 234
855 - V%&B*B*V -10.84 Sy ~V2fu4p —66.16
8Ahw $(5ay —2)gmpy 8.12 Fanw 3 fvw = 3 funp -9.9
8xzn 2apgppp 0.79 gy %(1 —Qap)gBBp 0.68
853plw 2aygppv 7.47 fespjw L fune + 3 fnp 9.9
8x*xn 2\;1@83*3*10 1.78 8z x4 0 0
8x* T plw zlﬁgB*B*V 7.67 S plw Saap 46.78
82AK $(4(1P - Dgsap 0.34 8=sK —8BBP -0.98
82K g(“ap - Dgppv 6.75 Szak %ngNw 0
853K —8B*B*V -3.25 fezk —fNnp -19.82
8z x K —zlﬁgB*B*P -1.78 8z 0K QIWgB*B*P 2.17
8 reK* - ﬁgmlg*v =7.67 Sfeezeke -fasp 46.78
85+ 0K~ ﬁgb’*B*V 9.39 Jeroke %fdﬁp 57.29
i 1 . i __1 " _
8EEn 2\/%gBB P 0.86 825"y ngBB P 1.50
1 1
8z=p SVaSBEY 6.54 8z5*w VR0 SBBY -6.54
8zz+¢ - ;ﬁgw*v -9.25 8sxn 21%833*.0 0.86
85y - %gw*z) -1.49 855p %gw*v 6.54
835w - ﬁgb’B*V —-6.54 833+ - ﬁgw*v -9.25
85*AK h;lﬁogBB*P 1.50 85*AK* h;lﬁogBB*v 11.34
8=0K zl—ﬁgBB*P 2.12 8z0K* zl_vggBB*V 16.03
8=*sK - zlﬁgBB‘P -0.86 8z sk~ - %gw*v -6.54
8=k - z;mgBB*P -0.86 8zz+k* - z#mgsg*v -6.54
Lppor = lso Z Bf,‘Bj,,, and the charmed baryon matrices are defined as,
i=0,1 0 - s+t Ly+ Lo
gVﬂB -~ «— AC e c V2T \hTc
Lp;pyv = -i———=V"B3 0 ,B3, Bx=|_At 0 =0 B=| Lxr 30 Lgz0
2 [2mB, mp; 3 c =c |’ N c oo |
’ —=r —:0 0 1 o+ 1L 20 QO
Lp:pio = {poB3Bs, o V2T 2Tl ¢
) _ Dans L2*+ LE*+
.Eng]p = —l&ZBH3#PB§ +H.c., ¢ V2T \2Te
st B =| Ly x:0 Lz (11)
l | V2 c 2 =c
gv s I Lozt 1m0 o0
Lopyy = ——L— "0,V > By 0 yBy+He,  (9) G ED
[2mgmp. i .
3 The P and V are the pseudoscalar and vector matrices as,
where mp g 5. . is. the mass of the charmed baryon. S* is \/5‘7;(}77 + gt Prw b e
composed of the Dirac spinor operators, 6 0 V2 0
_ - =V o | - =’te0 g0
P=| =« — K’ |\V=| po 22K
1 V6 ) V2
ab _ 5 pab «ab — pab ab — 0 _n x— o0
S, =- g(yu+vﬂ)yB +B," = By, + B}, K K N K K 1)
b 1 s b mab mab The parameters in the above Lagrangians are listed in
ab __ a *ab — a a . . .
Sy = §B Y Yu+v)+ B, =By, + B, (10) " Table 2, which are cited from the literature [58-61].



Table 2 The parameters and coupling constants. The A, A5 ; and f are
in the unit of GeV~'. Others are in the unit of 1.

Jr gv Bs s g
0.132 5.9 -1.74 6.2 -0.94

/ls ﬁB é)B 84 /ll
331 B2 52 q/HE -ag/ B

2.2 Potential kernel of interactions

With the above Lagrangians for the vertices, the poten-
tial kernel can be constructed in the one-boson-exchange
model with the help of the standard Feynman rule as in
Refs. [62, 63]. The propagators of the exchanged light
mesons are defined as,

Ppo(q?) = —— fildD),
q ]P’o‘
ZoHV 4 Y
Py = STy (12)

W U}
where the form factor f;(¢?) is adopted to reflect the off-shell
effect of exchanged meson, which is in form of e~ me=a*7 /e
with m, and ¢ being the mass and momentum of the ex-
changed mesons, respectively.

In this work, we still do not give the explicit form of
the potential due to the large number of channels to be con-
sidered. Instead, we input the vertices I” obtained from the
Lagrangians and the above propagators P into the code di-
rectly. The dibaryon systems potential can be constructed
with the help of the standard Feynman rule as [62],

Voo =Ipol\[2Ppo(q), Vi =ITyl0Py (g, (13)

where Ipy . is the flavor factors of the certain meson ex-
change, which are listed in Table 3. The interaction of their
baryon-antibaryon partners interactions will be rewritten
to the charmed-strange interactions by the well-known G-
parity rule V = ;{;V; [64, 65]. The G parities of the ex-
changed mesons i are left as a ¢; factor. Since 7, w and ¢
mesons carry odd G parity, the {x, {,, and {3 should equal
—1, and others equal 1.

2.3 The qBSE approach

The Bethe-Salpeter equation is a 4-dimensional relativistic
integral equation, which can be used to treat two body scat-
tering. In order to reduce the 4-dimensional Bethe-Salpeter
equation to a 3-dimensional integral equation, we adopt the
covariant spectator approximation, which keeps the unitary
and covariance of the equation [66]. In such treatment, one
of the constituent particles, usually the heavier one, is put
on shell, which leads to a reduced propagator for two con-
stituent particles in the center-of-mass frame as [63, 67],

Table 3 The flavor factors /, for charmed-strange interactions. The
values for charmed-antistrange interactions can be obtained by G-
parity rule from these of charmed-strange interactions. The I, should
be 0 for coupling between different channels.

I n e w ¢ o K K*
EE0EE0 0 - - 32 o o -
v N2
- - e e 2 - -
FEe g o 32 1 32 11 —
S =S = i Tove T4 avp 2
M2 1 o 1oy L
4 26 4 2v2 2
g E® o -3 ¥ 3 1 _ 1 _ -
Se = TnEes 2 2 2 2 e
1 N3 1 Lo _
2 2 2 2 e
() () _ _2 _ _ - —_
QP A-QPA 0 = 1
() s7(x)_ (%) y(%) _ 2 _ _ L _
QY ZM_QWxt | = 1
ZE0AQ 0 - - - - - - -1 -l
Z.E50A.Q 0o - - - - - - - 2
250094 0 - - - - - - -1 -1
EEOQPA 0 - - - - - - V2 -\2
= (%) _ _ _ _ _ I
22050 1 5 5
252050 I
ErE0QWye - - - - - - 1 -1
EEW. QW 1 - = - - - -2 -2
5+(p1/2 2)
Gy= — 11—
72 _ 2
pp - —m
5 (py° = En(p"))
= . (14)

2E5(p")[(W — En(p™))?> — E}(p)]

As required by the spectator approximation adopted in the
curren work, the heavier particle (h represents the charmed
baryons) satisfies p//® = Ey(p”') = (m* +p”"*)!/2. The p/"° for
the lighter particle (remarked as /) is then W — E,(p”’). Here
and hereafter, the value of the momentum in center-of-mass
frame is defined as p = |p|.

Then the 3-dimensional Bethe-Saltpeter equation can be
reduced to a 1-dimensional integral equation with fixed spin-
parity J” by partial wave decomposition [63],

//de//
M\ (0.p) = iV (0, p)+Zf 203

QA

* P ’ 144 1A% P 44
iV PG IML (), (15)

where the sum extends only over nonnegative helicity A”.
The partial wave potential in 1-dimensional equation is de-
fined with the potential of the interaction obtained in the
above as

P ’ ’
Vi0'.p) =2 f dcos [d},, OV uap',p)

+nd’ OV P, (16)



where i = PP Py(~1)’~/17/2 with P and J being parity and
spin for the system. The initial and final relative momenta
are chosen as p = (0,0,p) and p’ = (p’sin6,0,p’ cos6). The
dﬁ A,(O) is the Wigner d-matrix. Here, a regularization is usu-
ally introduced to avoid divergence, when we treat an inte-
gral equation. In the qBSE approach, we usually adopt an
exponential regularization by introducing a form factor into
the propagator as f(¢*) = e~ 6=mDYIAY where k; and my are
the momentum and mass of the lighter one of and baryon.
In the current work, the relation of the cutoff A, = m + a,
0.22 GeV with m being the mass of the exchanged meson
is also introduced into the regularization form factor as in
those for the exchanged mesons. The cutoff A, and A, play
analogous roles in the calculation of the binding energy. For
simplification, we set A, = A, in the calculations.

The partial-wave qBSE is a one-dimensional integral
equation, which can be solved by discretizing the momenta
with the Gauss quadrature. It leads to a matrix equation of a
form M =V +VGM [63]. The molecular state corresponds
to the pole of the amplitude, which can be obtained by vary-
ing z to satisfy |1 — V(2)G(z)| = 0 where z = Eg —il'/2 being
the exact position of the bound state.

3 Single-channel results

With previous information, the explicit numerical calcula-
tions will be performed on the systems mentioned above.
In the current model, we have the only one free parameter
a. In the following, we vary the free parameter in a range
of 0-5 to find the S-wave bound states with binding energy
smaller than 30 MeV. In this work, we consider all possi-
ble channels with csssqq quarks, that is, 20750, QWA,
Q5™ A.Q and £7Q and their baryon-antibaryon part-
ners ZUME®, QWA QI A.Q and Q. However,
the A.Q, sz”g and their baryon-antibaryon partners can not
be considered in single-channel calculations due to the lack
of exchanges of light mesons in the one-boson-exchange
model considered in the current work. However, these chan-
nels will be considered in the later couple-channel calcula-
tions. Based on the quark configurations in different hadron
clusters, these single-channel interactions can be divided
into two categories: the 20~ Z(*) and QA or Q) 2® and
their baryon-antibaryon partners.

3.1 Molecular states from interactions Z¢ ' =(*) and

20 (%)
=z YE

First, we consider the interactions 2\~ 5® and 5" E®
with quark configurations as [csq][ssq] and [csql[55g], re-
spectively. The single-channel results for the interactions
Z,.2% and 5.2, in which the charmed baryon belongs to

the multiplet Bz, are illustrated in Fig 1. The results suggest
that fourteen interactions produce bound states in consid-
ered range of parameter a. All eight bound states from the
E*E™ interaction can appear at  values less than 1. The
binding energies of the isovector == states with (0,1)* and
the isoscalar and isovector Z.5* states with (1,2)* both in-
crease rapidly to 30 MeV at a values of about 1.5, which
indicates the strong attraction. However, the binding ener-
gies of isoscalar bound states from the == interaction with
(1,2)* increase slowly to 20 MeV at « values of about 5. The
variation tendencies of the binding energies of the 5.5*)
states with different spin parities are analogous. Almost all
bound states from baryon-antibaryon interactions appear at
the « values more than 3 and the isovector =.5* interac-
tion with (1,2)” can no produce bound state. It suggests that
the possibility of the existence of these baryon-antibaryon
bound states is relatively low.

[
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Fig. 1 Binding energies of bound states from the interactions Z.5®)
(left) and ECE(*)(right) with thresholds of 3787 (4002) MeV with the
variation of « in single-channel calculation.

In Fig. 2, the single-channel results about interactions
Z.5® and E.E® are presented. In these systems, the
charmed baryon belongs to the multiplet Bg. The results sug-
gest that twelve bound states can be produced from these
interactions within considered range of parameter a. All

eight bound states from baryon-baryon interactions appear



at « values less than 1. Among these bound states, the
two isoscalar bound states from the =5 interaction with
(0,1)* are well distinguished and increase relatively slowly
to 20 MeV at « values of about 3.5 and 5.0, respectively.
Other six bound states increase rapidly to 30 MeV at « val-
ues of about 1.5, and the binding energies for states with dif-
ferent spins are almost the same. However, only four bound
states can be produced from baryon-antibaryon interactions,
which include the isoscalar and isovector E;E states with
1, the isoscalar =5 state with 2, and isovector =5
state with 17. Again, one can still find that the states with the
larger spin are easy to be produced for the isoscalar interac-
tions, while the states with the smaller spin are easy to be
produced for the isovector interactions. Still, these baryon-
antibaryon states are produced at « values around or more

than 3, which makes their coexistence less possible.

—— 100"
=l —— 19| T
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10 \A\
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T \
25 ‘_‘_0(2)‘

Fig. 2 Binding energies of bound states from the interactions
EZ,E(*)(left) and EZE(*)(right) with thresholds of 3896 (4111) MeV
with the variation of « in single-channel calculation.

In the following Fig. 3, we present the results of the
ZWE and ZrE® systems, in which the charmed baryon
belongs to the multiplet B;. The results suggest that bound
states can be produced from eighteen interactions. For the
baryon-baryon systems, the bound states can be produced
from all channels, and appear at @ values below 1.5. The

=

curves of two isoscalar == states with (0, 1)* are separated

obviously, and their binding energies reach 5 MeV relative
slowly at a values about 4.5 and 2, respectively. Besides the
two states, other ten states increase with the parameter « to
30 MeV relatively rapidly at « values of about 2.5. Mean-
while, the interaction with the smaller spins have stronger at-
tractions, which is reflected by the binding energies increas-
ing faster with the variation of parameter. For their baryon-

—

anibaryon partners, two isoscalar states from the == inter-
action with 27 and interaction Z7.=™ with 37, as well as four

isovector states from the Z* % interaction with (1,2)~ and the

Z7E5" interaction with (0,1)7, can be produced at the cutoff
over 2.5.
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Fig. 3 Binding energies of bound states from the interactions
ExEM(left) and 5:E®(right) with thresholds of 3963 (4178) MeV
with the variation of « in single-channel calculation.

3.2 Molecular states from interactions Q% A/ 2™ and
QWA/QPE®

For the systems composed of [css][sqq] and [css][5gq],
there exist interactions QA, Q%™ and their baryon-
antibaryon partners, interactions Q0’4 and QZ®. In
Fig. 4, we first give the results about the interactions Q.A,
Q.5 Q.A and Q.2®, in which the charmed baryons be-
long the multiplet Bg. Only seven states are produced from



those interactions. For the Q.A interaction and its baryon-
antibaryon partner Q.A with isospin I = 0, only the states
that spin J = 1 can be produced at the cutoff about 4.0 and
3.0, respectively. There is no bound state produced from
the isovector interaction Q.2 with (0,1)* in the considered
range of the parameter . Two bound states from the Q.2
interaction with (0,1)™ appear at a values of about 3.0 and
3.6, respectively. Two bound states from the isovector .2~
interaction with (1,2)* appear at « value of about 3.0 and
1.5, respectively, while only an isovector Q.%* state with 1~
can be produced at « value of about 4.8. The states from the
baryon-antibaryon interactions are still less likely to coex-
istence due to the large values of parameter « required to
produce the bound states.

sl QA \'\ 1 oA

10}

15}

20}

51 —e—0(1%) T ——o1)
0 : : . : . .
sl os 1ol

Ey(MeV)

'
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(04

Fig. 4 Binding energies of bound states from the interactions

Q.A/Q.Z¥(left) and Q.A/Q.Z™ (right) with thresholds of 3810/3888

(4079) MeV with the variation of « in single-channel calculation.

In Fig. 5, the results about the interactions Q*A, Q*X™),
Q¢ A, and Q:X™ are presented. Here, the charmed baryons
are in the B, multiplet. The single-channel calculation sug-
gests that nine bound states can be produced from six-
teen interactions considered. The isoscalar £27A state and its
baryon-antibaryon partner Q*A interaction with spin J = 2
appear at @ of about 3.5. As the Q2™ interaction, the isovec-
tor Q*X systems with (1,2)* are unbound. The Q!X state
with 17 is produced at « larger than 3.0. The isovector inter-
actions Q:2* and Q¢2* are found attractive, and four states
with spin parities (0,1,2,3)" and two states with (0, 1)~ are
produced, respectively. The Q52" states with 0% appear at
a value of about 3.5, while the (1,2,3)" states all appear at

cutoff about 2.0. The two Q*5* with (0,1)” is produced at
cutoff about 4.6.
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Fig. 5 Binding energies of bound states from the Q7A/Q}2 ) (left) and
Q:A/Q:Z™ (right) with thresholds of 3882/3959 (4150) MeV with the
variation of « in single-channel calculation.

4 Coupled-channel results

In the previous single-channel calculations, many bound
states are produced from the considered interactions within
allowed range of parameter «. To estimate the strength of
the coupling between a molecular state and the correspond-
ing decay channels, we will consider the couple-channel ef-
fects. In the coupled-channel calculations, the channels with
the same quark components and the same quantum numbers
can couple to each other, which will make the pole of the
bound state deviate from the real axis to the complex energy
plane and acquire an imaginary part. The imaginary part cor-
responds to the state of the width as I = 2Imz. Here, we
present the coupled-channel results of the position of bound
state as My, — z instead of the origin position z of the pole,
with the My, being the nearest threshold. In the above single-
channel calculations, much larger « values are required to
produce the bound states from the baryon-antibaryon inter-
actions, which suggests that the possibility of the existence
of these states are very low. Hence, in the following coupled-
channel calculations, we only consider the baryon-baryon
interactions. In the Table. 4, we present the coupled-channel
results of the isoscalar baryon-baryon interactions, which in-

() ()

volve all possible couplings between the channels =,
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AL and Qﬁ*)A. The poles of full coupled-channel interac-
tion under the corresponding threshold with different o are
given in the second and third columns.

Glancing over the coupled-channel results of channels
Eg’*)E*, Z.Z and Q™A in Table. 4, we can find that the real
parts of most poles from the coupled-channel calculation are
similar to those from the single-channel calculations, and the
small widths are acquired from the couplings with the chan-
nels considered. However, it has a great impact on the =%
channel after including the full coupled-channel interactions
as suggested by the variation in the mass and width. Com-
pared with single-channel calculations, the masses change
significantly, and the widths are much larger. Two-channel
calculations are also performed, and the results are presented
in the fourth to eleventh columns. For the states near the
20" 5® threshold with (0, 1,2,3)*, relatively obvious two-
channel couplings can be found in the E;E channel. For the
states near the E;E* threshold with (1,2)*, the main two-
channel couplings can be found in the E;E channel. For two
states near the .5 threshold with (1,2)*, the widths from
two-channel couplings are both less than 1.0 MeV. For the
states near the =% threshold with (1,2)*, the main decay
channel are A, which leads to a width of about a dozen
of MeVs and large increase of binding energy. Similarly, the
states near the E;E threshold with (0, 1)* have considerable
large couplings with the ©2.A channel, which leads to obvi-
ous increase of mass. For the state near the £7A threshold
with 17, the £.5 channel is the dominant channel to pro-
duce their total widths. Since the Q.A channel has the sec-
ond lowest threshold, it can only couple to the =.= channel
so that the only two-channel coupling width came from the
Z.Z channel.

The coupled-channel results of isovector baryon-baryon
interactions are presented in Table 5. For the isovector states
near the 55" threshold with (0, 1,2)*, large couplings can
be found in the 272 channel and their binding energies also
decrease a little compared with the single-channel results af-
ter including the two-channel couplings. Among the states
near the Q72 threshold with (0, 1,2,3)*, there exist some
differences between different two-channel couplings. After
including the two-channel couplings between the channel
72 and the channels E;E ¥, E.E" or E.E", the binding en-
ergy of the state with 0" becomes obviously larger than the
single-channel value together with considerable widths. The
coupling to the 72 channel leads to a decrease of the bind-
ing energy. Other two-channel couplings affect a little on the
single-channel results in mass and lead to small widths. For
the state with 17, large couplings can be found in the chan-
nels Z.2* and % with large widths. However, when it cou-
ples to channels .27, 575 or Z.Z, the bound state appears
at a large « value of about 2.4. The state with 2* strongly
couples to channel 27X, and the couplings with channels
PR =, EQE or 5.5 result in decreases of the binding

- -
S, Ees

energy. When the (2,3)* states couple to the channel Q7% at
the parameters 2.9 and 2.8, respectively, the two "—-"in ta-
ble mean the binding energies beyond our coupled-channel
calculation range with binding energy less than 50 MeV. For

’

the isovector states near the Z.Z* threshold with (1,2)*, the
coupling effects have no significant effect compared with
the single-channel results as suggested by the almost un-
changed masses and very small widths. However, the cou-
pling effects decrease the binding energy and brings consid-
erable widths when they couple to the 2.2* channel. Hence,
the two-channel results with the channel Q.2*, to some ex-
tent, affect the overall coupled-channel results a lot and give
rise to the noticeable reduction in binding energies. For the
states near Q.2* threshold with (1,2)*, the channels 5Z.5*
and Q.2 are dominant. In addition, the states with (1,2)* are
not attractive enough to be produced within the range of pa-
rameter value considered after coupling to the E;E channel.
No obvious strongly coupled-channel effects can be found
for the left states near the Z.5*, 5= and 5.5 thresholds,
and the width from the two-channel couplings are all less
than 1 MeV.

5 Summary and discussion

In this work, we systematically study the charmed-strange
baryon systems composed of csssqq quarks and their
baryon-antibaryon partners, in a gBSE approach. The po-
tential kernels are constructed with the help of the effective
Lagrangians with SU(3), chiral and heavy quark symme-
tries. The S-wave bound states are searched for as the pole
of the scattering amplitudes. All S-wave charmed-strange
dibaryon interactions Z. 2", QYA Q3™ A.Q and
2% Q and their baryon-antibaryon partners . 5, Q4
QWE® | A.Q and 2 are considered, which leads to 84
channels with different spin parities.

The single-channel calculations suggest that 36 and 24
bound states can be produced from the baryon-baryon and
baryon-antibaryon interactions, respectively. Most bound
states from baryon-antibaryon interactions are produced at
much larger values of parameter «, which suggests that these
bound states are less possible to be found in future experi-
ments than corresponding dibaryon states. Such results are
consistent with our previous results [47] that fewer states
can be produced in the charmed-antistrange interaction than
charmed-strange interactions.

Furthermore, the coupling effects on the produced bound
states in the single-channel calculations are studied. Since
the states from the baryon-antibaryon interactions are less
possible to exist, we do not consider these interactions in
coupled-channel calculations. For the isoscalar interactions,
the coupled-channel calculations hardly change the conclu-
sion from the single-channel calculations, which means that



Table 4 The masses and widths of isoscalar baryon-baryon molecular states at different values of @. The “CC" means full coupled-channel
calculation. The values of the complex position means mass of corresponding threshold subtracted by the position of a pole, M, —z, in the unit
of MeV. The two short line "——" means the coupling does not exist. The imaginary part shown as "0.0" means too small value under the current

precision chosen.

’

1=0 a, cc o Z.E ZE AQ ZE QA QA Z.=
Z'E40%) 03 1+0.4i 1+0.0i 1+0.1i 1+0.0i 1+0.0i 1+0.3i 1+0.0i 1+0.2i 1+0.0i
4178 MeV 0.5 5+0.8i 5+0.1i 5+40.1i 5+0.1i 5+0.0i 5+0.8i 5+40.1i 5+0.6 5+40.1i
0.7 11+15 10402  10+0.1i 9+0.2i 9+0.0i 9+1.7i 9+0.1i 10+ 1.0i 9+0.2i

ZE(1Y) 03 0+0.6i 0+0.1i 0+0.2i 0+0.2i 0+0.0i 0+0.2i 0+0.1i 0+0.1i  0+0.0i
4178 MeV 05 3+ 1.4i 3+40.2i 5+0.1i 34+0.5i 34+0.0i 3+40.7i 340.4i 3+40.5i 3+40.0
0.7 7+2.7i 7+403i  10+0.1i 7+1.2i 7+0.0i 7+1.8i 7+0.8i 74120 7+02i

ZE2Y) 05 1+1.0i 1+0.3i 1+0.0i 1+0.6i 1+0.0i 1+0.2i 1+0.4i 1+0.1i 2+40.0i
4178 MeV 0.7 4+18i  4+0.6i 540.1i  4+15i 5+0.0i 5+0.5i 5+1.0i 5+0.3i 5+0.0
0.9 7+2.8i 7+0.1i 9+0.2i 8+3.1i 9+0.0i 8+ 1.1 9+2.1i 9+0.0i 9+0.1i

Z'E'G3Y) 03 0+0.6i 1+0.2i 1+0.1i 0+0.1i 1+0.0i 0+0.1i 0+0.1i 0+0.0i  0+0.1i
4178 MeV 05 4+19i  4+0.5i 4+0.1i  4+04i  4+0.0i 4+0.2i 4+0.4i 4+0.1i  4+02i
0.7 8+4.6i  10+1.1i 9+0.3i 8+1.0i 9+0.0i 9+0.6 9+0.9i 9402  14+12i

2231 02 2+0.7i - 2+0.0i 2+0.2i 2+0.0i 2+40.3i 2+0.2i 2+0.3i 2+0.0i
4111 MeV 04 7+ 1.6 — 6+0.0i 6+0.5i 7+0.0i 6+0.8i 6+0.4i 6+0.6 6+0.0i
0.6 14 +2.6i —— 12400 12411 12400i  12+1.6i 12+0.8i 12411 11+02i

Z202Y 02 2+0.6i - 2+0.0i 2+0.2i 2+0.0i 2+40.2i 2+40.2i 2+40.1i 2+40.0i
4111 MeV 04 7+1.7i — 7+0.1i 7+0.5i 7+0.0i 7+0.5i 7+0.4i 7+04i  7+0.0i
0.6 14+3.7i ——  13403i  14+1.1  13+00i  13+12i 14+0.8i 13+1.0i  13+0.0i

ZE1Y) 02 2+0.3i - - 2+0.0i 2+0.0i 2+40.1i 2+0.0i 2+0.3i 2+0.0i
4002MeV 0.3 4+0.4i — - 6+0.0i  4+0.0i 4+40.1i 4+0.0i 4+04i  4+0.0i
0.5 10+0.7i — - 1240.0i 9+0.0i 9+0.2i 9+0.1i 10+0.7i 9+0.1i

Z.E°2% 02 2+0.4i — - 2+0.0i 2+0.0i 2+40.0i 2+40.3i 2+40.1i 2+0.0i
4002MeV 0.3 4+0.5i — - 4+0.1i  4+0.0i 4+0.0i 4404 4+0.1i  4+0.0i
0.5 10+ 1.0 — - 9+0.2i 9+0.0i 9+0.1i 10+0.8i 11+0.3i 9+0.1i

ZE(1Y) 15 3+13.6i — - — 1+0.0i 1+0.0i 7+143i 1+0.1i 1+0.1i
3963 MeV 2.0 7+17.0i — - — 4+1.0i 4400i  27+205i 4+402i  4+02i
25 15+15.0i — - — 7+0.0i 7+0.0i  51+19.9i 74040  T+04i

ZrEQY) 15 0+ 14.0i — - — 0+0.0i 0+0.1i 3+10.6i 0+0.0i  0+0.1i
3963MeV 2.0 17+22.0i - - - 4+0.5i 1+03i  15+18.1i 1+0.1i 1+0.1i
25 31+297i — - - 6+0.0i 340.6i  31+22.0i 2+40.2i 2+40.1i

ZE0Y) 08 2+10.8i — - — — - 1+0.7i 1+6.9i 1+0.0i
3896 MeV 1.0 11+18.6i - - - - - 4+1.0i 5+12.0i 2+40.0i
12 18+16.2i - - - - - 16+13i  14+16.7i 4+0.0i

ZE1Y) 08 2+10.1i — - — — - 1408  0+163i 0+0.0i
3896 MeV 1.0 10+16.4i - - - - - 34120 4+109i 1+0.0i
12 15+148i — - — — - 5+1.6i 9+15.2i 3+40.0i

@A) 39 1+0.5i — — — — — — 1+0.0i 1+0.6i
3882 MeV 4.1 5+ 1.1 — - — — - - 3+40.0i 6+ 1.4
42 8+1.4i — - — — - - 5+0.0i 9+ 1.7

QA(Y) 41 2+42.5i - - - - - — — 24250
3810 MeV 4.4 3+3.50 — - — — - - - 34350
4.6 11+5.8i — — — — — — —— 11458
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Table 5 The masses and widths of isovector charmed-strange molecular states at different values of @. Other notations are the same as Table 4.

I=1 o  CC @z ze  FF o Z.5" =5 @ = Qx E.E
Z:E*0%) 06 2+7.6i 1438 1+400i 1+00i 1+0.1i  1+00i 1+00i  1+00i 1+0.1i  1+0.1i  1+0.1i
4178 MeV 0.8  8+6.0i 3+74i 4+00i 4+00i 4+0.1i 4+15  4+00i 44.0i 4+01i  4+02i  4+0.i

10 18+0.7i 5+13.6i 7+00i 7+00i 8+02i  8+27  7+00i 7+0.1i 7+02i  8+03i  7+0.2i

ZEf(1Y) 07 14550 0+43i 1+400i 1+00i 1+00i 1+02  1+00i  1+0.1i 1+0.1i  1+0.1i  1+0.1i
4178MeV 0.9  6+68i 2+59i 5+400i 5+00i 5+00i 5+03i  5+0.1i  5+02i 5+0.1i  5+02  5+0.1i
11 104360 5+100i 7+00i 7+00i 7+00i 7+04i  7+0.1i  7+02i 7+0.1i  7+03i  6+02i

ZFEF2Y) 1.0 0+4.01i  0+2.0i 2+00i 2+0.1i 2+07i  2+05i  2+0.1i  2+03i 2+00i 2+02i  2+0.1i
4178 MeV 12 1+58i 1+3.0i 5+00i 5+02i 3+09i 4+09i 5+02i  5+05i 5+0.1i 5+03i  5+0.1i
14 3+97i 3+50i 7+00i 7+03i 6+1.1i 7+15  7+04i  8+08 7+0.1i  7+05i  7+02i

Q0% 37 0+97i — —— 15+7.6i 1+00i 0+45i 0+185i 0+00i 1+05  1+00i 22+1.5i
4150 MeV 3.9  7+11.6i - —— 21486i 2+00i 6+52 0+27.1i  0+0.0i 2+05i 2+00i 25+5.5i
41 24+132i - —— 27489 4+00i 12+72i 3+340i 0+0.0i 4+04i  4+00i 27+9.7i

47 27+185i — —— 38+0.0i 13+0.0i 23+13.1i 29+44.6i  1+0.1i 13+0.0i 13+0.0i 28+21.5i

Q@ (1Y) 20  0+13.1i - ——  8+94i 0+0.0i 0+449i  0+32i 21+242i 0+04i 0+00i  0+0.1i
4150 MeV 22 4+15.6i - —— 30+77i 1+00i 16+31.8  0+5.1i 38+29.0i 0+3.0i 1+00i 0+0.1i
24 28+21.2i - —— 40+0.0i 9+0.0i 27+20.6i 3+17.3i 48+335i 4+62i  9+00i  8+1.0i

Q2T 21 2+46i - —— 0402 1+00i 0+00i 0+6.0i 27+327i 0+3.5i  1+00i  0+0.6i
4150 MeV 2.5  15+7.4i — ——  0+04i 18+0.0i 0+42.0i 0+21.5 49+59.1i 0+15.1i 18+0.0i 14+2.5i
29 29+14.1i - —— 4448 45+00i 7+402i 2+17.9i —— 64303 44+00i 38+4.2i

Q3% 22 5+168i - ——  0+400i 3+00i 0+04i —— 124275i 0+5.1i  3+00i  0+2.0i
4150 MeV 24 19+18.9i — ——  0+0.0i 8+0.0i 0+0.5i —— 27+4396i 0+112i  8+0.0i  0+3.0i
2.6 29+24.7i — ——  0+02i 16+0.0i  0+0.5i —— 45457.1i 04209i 16+0.0i  0+38i

28 36+23.6i - ——  3+406i 26+00i 1+49i  2+08i —— 34321i 26+00i  2+4.6i

ZZ(1Y) 04 0+3.9i — — —— 0+39i 1402  1+00i 1+0.1i 1+00i 1+0.1i  1+0.0i
4111 MeV 08  3+11.7i - - —— 1+154i  8+03i  7+0.1i  8+02i 7+0.1i  8+02  7+0.1i
12 6+192i — — —— 14252 14+28i 16+02i 16+02i 16+02i 15+14i 16+03i

ZE'2Y) 04  0+28i - - ——  0+58  1+02i  1+00i 1+00i 1+00i 1+0.1i  1+0.0i
4111 MeV 0.8  0+32i — — ——  0+24i  7+10i  7+0.1i  7+0.1i 7+0.1i  7+04i  7+0.0i
12 3+78i - - —— 6+100i 14+28i 16+02i 16+02i 16+02i 15+14i 16+03i

Q' (1) 24 0+33i - - — —— 44135  0+18  0+0.0i ——  5+414i  0+26i
4079 MeV 2.6 0+3.9i - - — ——  9+4164i  0+26i  0+0.0i —— 8417 0+33i
33 34750 — — — —— 324198 1457 1+00i —— 28427  0+98i

35  5+88i - - — —— 444168  2+67i  2+00i —— 344168 2+148i

QE*2%) 14 0+69i - - — ——  0+43.1i 0409  0+0.0i ——  0+139i  0+0.7i
4079 MeV 1.6 0+8.7i - - — —— 54750 24300  2+00i —— 13+234i 0427
18 7+112i — — — ——  11492i 9459  9+0.0i —— 31+4330i  0+509i

22 16+17.8i - - — —— 184109 31+14.1i 30+0.0i —— 45+4500i 4+19.7i

Z.E7(1%) 04 1+0.0i - - — — ——  1400i 1400 1+00i 1+00i  1+0.0i
4002MeV 0.6  4+0.1i — — — — ——  3+400i 3+00i 3+00i 4+0.1i  3+0.0i
08  7+02i — — — — ——  7400i  7+00i 7+00i 7+0.1i  7+0.0i

222" 04  1+0.1i — — — — ——  1400i  1+00i 1+00i 1+00i  1+0.0i
4002 MeV 0.6 4+02i - - — — ——  3+400i  4+00i 3+0.1i 3+00i 3+0.0i
08  7+04i — — — — ——  7400i  7+0.1i 7+0.1i  7+01i  7+0.0i

21T 06 2402 — — — — — ——  1400i 2+00i  1+0.0i  1+0.0i

3963 MeV 0.8 6+0.1i — — — — — ——  3400i 5+00i 4+0.1i  3+0.0i
10 10+03i - - - - - ——  7400i 7+0.1i  7+0.1i  7+0.0i

ZFEQY) 06 2+02i - - - - - ——  1400i 1+00i 1+00i  1+0.0i

3963 MeV 0.8 5+0.2i — — — — — ——  4400i 4+0.1i  4+0.1i  4+0.0i
10 9+04i — — — — — —— 7401 8+02i  7+0.1i  8+0.0i

ZE0%) 04  4+02i — — — — — — — ——  4402i  3+00i

3896 MeV 0.6  8+0.0i - - — — — - - ——  8+400i  7+0.0i
08  14+0.0i - - — — — - - ——  14400i 12+0.0i

ZE(1%) 04 3+02i - - — - — - - ——  3402i  3+00i

3896 MeV 0.6  8+0.0i - - — - - - - ——  8+06i  7+0.0i
08 13+0.1i — — — — — — — ——  1340.0i 12+0.0i
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the coupled-channel effects are not very significant. How-
ever, for the isovector interactions, the coupled-channel ef-
fects have obvious effects, which usually cause great varia-
tions of binding energy together with considerable widths.
Compared with our previous coupled-channel calculations
in Refs. [68, 69], the coupled-channel effect has obvious
large influence on both the real part and imaginary part of
poles. It may be related to the constituent hadrons consid-
ered in the current work. The systems studied in the current
work are composed of a light hadron and a charmed hadron.
Compared with the double-charmed or double-bottom sys-
tems, the systems containing light hadrons are usually more
unstable.

Generally speaking, the charmed-strange dibaryon sys-
tems with csssqq quarks are usually attractive enough to
produce bound states, while their baryon-antibaryon part-
ners are less or hardly attractive. Both theoretical and exper-
imental studies are suggested to give more valuable infor-
mation.
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