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Possible molecular states from interactions of charmed baryons
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In this work, we perform a systematic study of possible molecular states composed of two charmed

baryons including hidden-charm systems A A,, =075 and A, and corresponding double-charm

systems A A, ZE‘*)ZS‘*), and ACZ(C*). With the help of the heavy quark chiral effective Lagrangians, the
interactions are described with z, p, 1, w, ¢, and o exchanges. The potential kernels are constructed, and
inserted into the quasipotential Bethe-Salpeter equation. The bound states from the interactions considered
is studied by searching for the poles of the scattering amplitude. The results suggest that strong attractions
exist in both hidden-charm and double-charm systems considered in the current work, and bound states can
be produced in most of the systems. More experimental studies about these molecular states are suggested

though the nucleon-nucleon collision at LHC and nucleon-antinucleon collision at PANDA.

DOI: 10.1103/PhysRevD.106.074030

I. INTRODUCTION

With the development of the experimental technology, a
large amount of data accumulated in experiment provide
opportunity to the study of the hadron spectrum. In the
recent years, more and more hadrons have been observed
in experiment [1]. Many of these new observed hadrons
cannot be put into the conventional quark model, which is
the basic frame to understand the hadron spectrum [2,3]. A
growing number of efforts have been paid to explain their
origin and internal structure. An obvious observation is that
many newly observed particles are close to the threshold of
two hadrons, so a popular picture to understand these exotic
hadrons is the molecular state, which is a loosely bound
state of hadrons. The XYZ particles, such as X(3872),
Z.(3900) and Z,(10610) and Z.(10650), were widely
assigned as molecular states in the literature [4-8].
Particularly, the observed hidden-charm pentaquarks pro-
vide a wonderful spectrum of molecular states composed of
an anticharmed meson and a charmed baryon [9—15]. Such
picture is enhanced by the recent observed strange hidden-
charm pentaquarks [16-19]. However, though the well-
known deuteron and the dibaryon with nucleon, A, and A
baryon were predicted and studied in both theory and
experiment very far before the XYZ particle and penta-
quarks, few predicted molecular states of two baryons are
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observed in experiment [1,20]. Some theoretical studies
have been performed to discuss the possibility of existence
of molecular states composed of two baryons beyond
nucleon, A, and A baryon [21-26].

Most of the molecular state candidates observed in the
past two decades are in the hidden-charm sector. Hence,
it is natural to expect the molecular state composed of a
charmed baryon and an anticharmed baryon. In recent
years, the structures near the A.A, threshold has attracted
much attention. A charmoniumlike ¥ (4630) with quantum
numbers J©¢ = 17~ was observed at Belle [27]. After the
experimental discovery of Y(4630), many theoretical
works have performed to understand its origin, such as
conventional charmonium state [28,29] and compact multi-
quark state [30-33]. Due to the closeness of the mass of
Y(4630) and the A A, threshold, the relation between
Y(4630) and the threshold effect was studies in Ref. [24].
In Ref. [34], the mechanism of Y(4630) enhancement in
A A, electroproduction was also studied. The AA,
molecular state also attracts much attention [21,33-35].
Theoretical calculations suggest strong attraction between a
A, baryon and an A, baryon by ¢ and @ exchanges, which
favors the existence of a A.A, molecular state [21,34].
In our previous work, the A,A, molecular state can be
produced from the interaction, but it is difficult to be used
to interpret the ¥ (4630) [25]. The studies of more molecu-
lar states with a charmed baryon and an anticharmed
baryon are also helpful to understand this exotic structure.

In the current work, the interactions A A, »®5H) and

Acig*) will be studied in a quasipotential Bethe-Salpeter
equation (qBSE) approach.

In our model, the double-charm molecular states can be
obtained by replacing the anticharmed hadron by a

Published by the American Physical Society
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charmed hadron [36-38]. The recent experimental obser-
vation exhibits the ability to observe double-charm hadrons
in experiment. The LHC Collaboration reported a state ="
[39], which indicts the possibility of experimental obser-
vation of double-heavy molecular state. Very recently, the
LHCb Collaboration observed an open charm tetraquark
state T%. below the D°D*+ mass threshold [40], which
has already been predicted by a lot of theoretical works in
the diquark and antidiquark picture [41-48], also in the
molecular picture [49-55]. The doubly charm dibaryon
attracts some attentions from the hadron physics commu-
nity [56-61]. Hence, in the current work, the double-charm

systems A A, >3 and AL.Z£*> will be also calculated.

This article is organized as follows. After the
Introduction, Sec. II shows the details of dynamics of
the charmed baryons interactions, reduction of potential
kernel and a brief introduction of the gBSE. In Sec. III, the
numerical results are given. Finally, summary and discus-
sion are given in Sec. IV.

II. THEORETICAL FRAME

To study the interactions of charmed baryons, we need
to construct the potential kernel, which is performed by
introducing the exchanges of peseudoscalar P, vector V,
and scalar ¢ mesons. The Lagrangians depicting the
couplings of light mesons and baryons are required and
will be presented below.

A. Relevant Lagrangians

The Lagrangians for the couplings between charmed
baryon and light mesons are constructed under the heavy
quark limit and chiral symmetry as [26,62,63],

3 _ o

£S = _Egl (Uk)eﬂyiktr[SﬂAuS/l] + lﬂStr[SuUa(Va -
+ Astr[S, F*S,] + €str[S,08"],

Ly, = ipptr[B3v, (V' = p*)Bs] + £ ptr[ B3oBs],

Liy = igstr[S* A, B3] + idje"*v,tr[S,F, B3] + He., (1)

p*)S]

where %, is composed of the Dirac spinor operators,
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The explicit forms of the Lagrangians can be written as,

. 391 5 3
L :—l—e’“”l"a”ﬂj’g B;, 0B,
BBP 4f;[ Mgy - in Y ja
Psgv B
Lpgy = ——3 _wN"B49,B,
BBV 2\/m & i YvPju
Asgv

-—=(0,V, =9,V B!BY,
0 0) T B
Lpps = KSGZE%!BM’
i=0.1
9vPe
2\/2mg.mp,

EBEBEO' = lfBUB§B3,

Lepp = —L—ZB PB; +He.,

53335\/ == \/”BE auBi

9\/1

\/2mpmp,

The V and P are the vector and pseudoscalar matrices as

Lppy = A sz xB3 +H.c. (4)
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The masses of particles involved in the calculation are
chosen as suggested central values in the Review of Particle
Physics (PDG) [1]. The mass of broad ¢ meson is chosen as
500 MeV. The coupling constants involved are listed in
Table I.
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TABLE I. The coupling constants adopted in the calculation,
which are cited from the literature [19,26,62-65]. The 4 and Ag;
are in the units of GeV~!. Others are in the units of 1.

p g 9y 7 s
0.9 059 59 056 0.76
Ps s 4 As P Cp n A

—1.74 62 —0.94 =331 —f5/2 —£5/2 39,/(2V2) —As/\/8

First, we should construct flavor wave functions with
definite isospin under SU(3) symmetry. In this paper, we
take the following charge conjugation conventions for two-
baryon system as [23],

1 _ _
|B\B,), = 7§|3132 — (=1)="""2¢cic5|ByBy), (6)

where J and J; are the spins of system |B;B,) and |B;),
respectively, and c; is defined by C|B;) = c;|B;). For the
isovector state, the C parity cannot be defined, so we will
use the G parity instead as G = (—1)!C with C = c.

Following the method in Ref. [66], we input vertices I"
and propagators P into the code directly. The potential can
be written as

V[P’.a = IIP’,GFIFZPP.af(qz)’
Vy = I\/FlﬂFZDPq/Df(qz)' (7)

In this work, both hidden-charm and double-charm
systems will be considered in the calculation. The well-
known G-parity rule will be adopted to write the interaction
of a charmed and an anticharmed baryon from the inter-
action of two charmed baryons. By inserting the G~'G
operator into the potential, the G-parity rule can be
obtained easily as [21,22,67,68],

V= Zéivihh- (8)

The G parity of the exchanged meson is left as a {; factor
for i meson.
The propagators are defined as usual as
i =g+ q'q"/m}
P </y =1 2 v, )

1 P.c 2 ’ 2
q \%

-2
q- — Mp,

where the form factor f(¢®) is adopted to compensate

the off-shell effect of exchanged meson as f(q?) =
e~mi=a*?/A: with m, and ¢ being the mpy, and the
momentum of the exchanged meson. The /; is the flavor
factor for certain meson exchange i of certain interaction,
and the explicit values are listed in Table II.

With the potential kernel obtained, the qBSE is adopted

to solve the scattering amplitude [7,19,36,38,69-72].

TABLE II.  The flavor factors I¢ and (=1)V+D[¢ of exchange i
for direct diagram and cross diagram, respectively. The values in
bracket are for the heavy-heavy baryons if the values are different
from these of heavy-antiheavy baryons.

19 I z n p ® c
AAJAA] 0 -2[2]  4[4]
SUSPEUs) 0 1= g -1 =3
LT T Y
2 =3B SR 3R -3l 1
AZPAZT —1[1]  2[2]
(_1)(J+I)Ilg I T n p [
AZ[AZ] 1 c[1] —c[1]
Arit[Aczz] 1 _C[l] C[l}
I [ x] 0 c[-1] ¢ —c-1] -5k
Losl=3 ¢l -s5l-4 -5B
2 5Bl el sE -5k

The 4-dimensional Bethe-Saltpeter equation in the
Minkowski space can be reduced to a 1-dimensional
equation with fixed spin-parity J? as [71], after partial-
wave decomposition and spectator quasipotential approxi-
mation.

p//ZCZP//
(27)?

<V (0 p")Go(p")iMy, (. p).  (10)

iM(p'.p) = iV) (p'.p) +

A

where the sum extends only over non-negative helicity 1”.
The Gy(p”) is reduced from the 4-dimensional propagator
G(p") under quasipotential approximation with one of two
baryons on-shell as

5+(p//2 _ m2)
G(p”) = //zh 2h
pym—my

1
- 2E,(0")[(W = Ey(p")? - E (0")]

~ Go(p") (11)

where p} and m; are the momentum and mass of light
hadron, respectively. As required by the spectator approxi-
mation, the heavier particle is on shell, which satisfies

pi0 = Eu(p") = \/m3 + p"*. The p/° for the lighter par-
ticle is then W — E,(p”). Here and hereafter, a definition
p = |p| will be adopted.

The partial wave potential is defined with the potential of

interaction obtained in the above in Eq. (7) as

Vﬁ;(p’,p) = 27:/dcos&[dﬁﬁ,(é)vm(p’,p)

+’7d£,1,1’<9)vﬁ’—l(pl’p)]’ (12)
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where n = PP, P,(—1)’~/1=> with P and J being parity
and spin for system. The initial and final relative momenta
are chosen as p = (0,0,p) and p’ = (p’sin8,0,p’ cos ).
The d,(6) is the Wigner d-matrix. We also adopt an
exponential regularization by introducing a form factor into
the propagator as Gy(p”) — Go(p” )[e‘@;'z"”f)z/ Aﬂ]2 with
A, being a cutoff [71].

III. NUMERICAL RESULTS

With the preparation above, numerical calculation can be
performed to study the molecular states from the inter-
actions A A, /A A, SED /5950 and AN /A0,
After transformation of the one dimensional integral gBSE
into a matrix equation, the scattering amplitude can be
obtained, and the molecular states can be searched for as
the poles of the amplitude. The parameters of the
Lagrangians in the current work are chosen as the same
as those in our previous study of the hidden-charm
pentaquarks [15,66]. The only free parameters are cutoffs
A, and A,, which are rewritten as a form of A, = A, =
m + 0.22 GeV with m being the mass of the exchanged
meson, which is also introduced into the regularization
form factor to suppress large momentum, i.e., the short-
range contribution of the exchange as warned in Ref. [73].
Hence, in the current work, only one parameter a is
involved.

A. Interactions A A, and A A,

In the current work, only S-wave states will be consid-
ered. For the two interactions considered, the results with
spins S = 1 and 0 are shown in Fig. 1. The results suggest
bound states are produced from all four channels. The states
with spins 1 and O have almost the same binding energy,
which is consistent with the results in Ref. [21]. The two
bound states from the A_.A, interaction appear even with
an «a value below 0, which are smaller than two states for
the double-charm A,A, interaction, which indicts that the
A A, interaction is more attractive than the A.A, inter-
action due to different contributions from the meson
exchanges. Since the A baryon is isoscalar, the interactions
A.A, and A A, arises from the ¢ and w exchanges. In the

0 T -
= AA ] A ]
2 —=—0(0) —=—0(0")
= ——00)| 1+t ——0019]
g
5
e
5
=
[22]
0.0 05 10 L5 0.0 0.5 Lo 15 2.0
a
FIG. 1. Thebinding energies of the bound states from A A, (left)

and A A, (right) interactions with the variation of parameter a.

AA. interaction, both ¢ and @ exchanges provide attrac-
tion. However, in the A A, interaction, the @ exchange is
repulsive, which reduces the attraction.

B. Interactions X./%") and =z

Different from the isoscalar A, baryon, the Z(C*) baryon
is an isovector particle. Hence, more channels will be
involved in certain interaction. In Fig. 2, the bound states
from the XX interaction and their double-charm partners
are presented. Here, the siospin / can be 0, 1, or 2, and the
spin § =0 or 1, which leads to six channels for each
interaction.

As shown in Fig. 2, bound states are produced in all
channels, but with different behaviors with the variation of
parameter a. For the isoscalar hidden-charm .. system,
the bound states are produced at an a value below 0, and the
binding energies increase rapidly with the increase of a
value. As shown in Table II, the strong attraction is from the
p exchange with a large flavor factor —1. The correspond-
ing double-charm partners appear at larger o value, which
means that it is less attractive than the hidden-charm case
due to the different signs for z and @ exchanges. The
binding energies for states with different spins are almost
the same. For the states with / = 1, the binding energies at
an a value of 0 are smaller than those with / = 0. As shown
in Table II, the flavor factors for p and 7 exchanges are half
of those for I = 0, which leads to less attraction. For the

0 T T T T T T

5 Z.Z, 1 .2,

ok —=—0(0)| | [ —=—0(0")| |

—e—0(1) ——0(1")

15F 1r

20 1r

25 1r

. . . . . .

0 T T T T : :
= =
L5 X 1 Z.Z,
;lo —=—1(0)| ] —=—1(09] |
& —e—1(1) —e—1(1")
Q
S15f 1
201 1
=
=]
< 25 1
o
[2a]

. . . . . .
0 T T T
5 .2, 4
—=—2(0)

10 —e—2(1)| T

151 1r

20 1r

25 1

30 A A A

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0

(03

FIG. 2. Thebinding energies of the bound states from =X, (left)
and X X, (right) interactions with the variation of parameter a.
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states with / = 2, the attraction becomes weaker due to
reversing the signs of the p and z exchanges. The hidden-
charm states are produced at a small a value, and binding
energies increase to a value larger than 30 GeV very
quickly at an a value of about 0.7. However, the binding
energies of their double-charm partners appear at « value of
about 0.2, and increase relatively slowly.

The binding energies of the states produced from the
>3 interaction are shown in Fig. 3. Except that there are
four spins S = 0, 1, 2, and 3, due to the flavor factors are
the same as those for the X X, system, the results are
similar to the results in Fig. 2. For the hidden-charm system
with I = 0, there are three states with spins J = 1, 2, and 3
producing at an a values of about 0. As in the case of X%,
the attractions for the corresponding double-charm systems
are weaker than the hidden-charm systems. The hidden-
charm bound states with / = 1 appear at an « value of about
0, and the binding energies increase to 30 MeV at a value
about 0.7. The hidden-charm states with / = 2 appear at an
a value little larger than O while their double-charm
partners appear at a value of 0.5 or larger. Generally
speaking, the attractions of X¥*/X:¥* interaction are a
little weaker than the case of £.X./% X, interaction.

The results for the XX and XX interactions are
presented in Fig 4. For the hidden-charm states, there
are two G parities, G = %1, which do not involve in the
double-charm sector. For the hidden-charm systems with
I = 0, the bound states appear at a value a little below 0,

zivk
—=—0(0")
1F —o—0(1")| A
——0(2")

1r —v03)] T

Binding Energy (MeV)

oo
—=—2(0")
L [—e—2(1)
—a—2 (2*)

1F [20)

0.0 0.5 1.0 1.5 2.0

FIG. 3. Thebinding energies of the bound states from X% (left)
and X;X% (right) interactions with the variation of parameter a.

P ]
—=—0(1")
1r ——0@2)|

4 F ECE:, -
—a—1 (1)
——1(2")

Binding Energy (MeV)

5 3
1 =20 b
——2(29)

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0
o

FIG. 4. The binding energies of the bound states from . (left)
and X X% (right) interactions with the variation of parameter a.

and increase with the increase of the parameter a to 30 MeV
at  value of about 1. For their double-charm partners, the
bound states appear at an « value about 0, and the binding
energies increase more slowly than the hidden-charm
states. In the case with 7 = 1, the states appear at an «
value of about 0, and increase to 30 MeV at an « value about
1.2. The hidden-charm states with / = 2 appear at a value

5 AZ,
—=—17(0)
10t
——17(1)
15k ——17(0)
——1"(1)
o~
Z 20t
=
=
2250
~
i
f=1
=0
2
= 5 AS:
£ —=—17(1)
« 10p ——1 )| ][

——1"(1)
——1 @) 1

151

201

251

30
0.0 0.5 1.0 1.5

FIG. 5. The binding energies of the bound states from A, .
(upper left) and A.Z, (upper right) A.Z! (bottom left) and A X
(bottom right) interactions with the variation of parameter .
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of about 0, which is smaller than these for the double-charm
states, about 0.5.

C. Interactions ACZ_‘.E*) and ACZE*)
Now, we turn to the systems with a A./A, and a Z(*)

baryon. The results of the Aci£*> states and their double-
charm partners are shown in Fig. 5. Here, the S-wave states
with spin J =0 and 1 are considered. Since the A./A.
baryon is isoscalar, the isospin only can be 1, and the G
parity will involve in the hidden charm sector. Due to the
same flavor factors, the results of systems with X, and X}
are similar. The hidden-charm states are first produced at an
a value a little below 0, and the binding energies increase to
30 GeV at an a value about 1. The double-charm states
appear at an « value a litter larger and the binding energies
increase slowly, reach 30 MeV at an «a value of about 2.

IV. SUMMARY

In the current work, the study of the molecular states
from interactions of charmed baryons is performed. The
hidden-charm systems A A, »®5) and ACZE*), as well
as their double-charm partners, are considered in the
calculation. With the help of the Lagrangians in heavy
quark limit and with chiral symmetry, the potential kernels
are constructed in a one-boson-exchange model, and
inserted into the qBSE to search the bound states.

The calculation suggests that the attractions widely exist
in the systems of two charmed baryons. For the A A,
interaction, the bound states are produced with spin parities
JP =07 and 1~, and their double-charm partner can be
produced with a binding energies smaller than 30 MeV in a
larger range of the parameter a. Due to the same favor
factors for the XX, X:X¥, and X X interactions, the
binding energies for these three interactions behave in a
similar manner. The most strong attraction can be found in
the case with / =0 for both hidden-charm and doubly
charm cases due to the large p exchange as suggested by its
flavor factor, which is consistent with the results in

Refs. [23,61]. For the interactions Aci(c*) and ACZE*), all
bound states produced are relatively stable, has a binding
energy below 30 MeV in a large range of a value. Generally
speak, the interactions of two charmed baryons are attrac-
tive, and many bound states are produced. However, only a
few candidates, such as Y(4630), were reported in experi-
ment. More experimental studies about these states are
suggested though the processes including the nucleon-
nucleon collision at LHC and nucleon-antinucleon colli-
sion at PANDA.
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