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Possible deuteronlike molecular states composed of heavy baryons
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We perform a systematic study of the possible loosely bound states composed of two charmed baryons
or a charmed baryon and an anticharmed baryon within the framework of the one-boson-exchange model.
We consider not only the 7 exchange but also the 7, p, w, ¢, and o exchanges. The S — D mixing effects
for the spin triplets are also taken into account. With the derived effective potentials, we calculate the
binding energies and rms radii for the systems A A (A,), E.E.(E.), 3.2.(2.), ELEL(E), and
Q.0.(Q,). Our numerical results indicate that (1) the H-dibaryonlike state A.A. does not exist and
(2) there may exist four loosely bound deuteronlike states for the .=, and E.E/. systems with small

binding energies and large rms radii.
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L. INTRODUCTION

Many so-called “XYZ” charmoniumlike states such as
X(3872), Z*(4430), and Y(3940) have been observed by
the Belle, CDF, DO, and BABAR collaborations [1-4] dur-
ing the past few years. Despite the similar production
mechanism, some of these structures do not easily fit into
the conventional charmonium spectrum, which implies
other interpretations such as hybrid mesons, heavy meson
molecular states, etc. might be responsible for these new
states [5,6].

A natural idea is that some of the XYZ states near the
two heavy meson threshold may be bound states of a pair
consisting of a heavy meson and an antiheavy meson.
Actually, Rujula et al applied this idea to explain
(4040) as a P-wave D*D* bound resonance in the
1970s [7]. Tornqvist performed an intensive study of the
possible deuteronlike two-charm-meson bound states with
the one-pion-exchange (OPE) potential model in Ref. [8].
Recently, motivated by the controversy over the nature of
X(3872) and Z*(4430), some authors proposed X(3872)
might be a DD* bound state [9—13]. Our group has studied
the possible molecular structures composed of a pair of
heavy mesons in the framework of the one-boson-
exchange (OBE) model systematically [14,15]. There are
also many interesting investigations of other hadron
clusters [16-21].

The boson exchange models are very successful in de-
scribing nuclear force [22-24]. In particular, the deuteron
is a loosely bound state of a proton and a neutron, which
may be regarded as a hadronic molecular state. One may
wonder whether a pair of heavy baryons can form a deu-
teronlike bound state through the light meson exchange
mechanism. On the other hand, the large masses of the
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heavy baryons reduce the kinetic of the systems, which
makes it easier to form bound states. Such a system is
approximately nonrelativistic. Therefore, it is very inter-
esting to study whether the OBE interactions are strong
enough to bind the two heavy baryons (dibaryon) or a
heavy baryon and an antibaryon (baryonium).

A heavy charmed baryon contains a charm quark and
two light quarks. The two light quarks form a diquark.
Heavy charmed baryons can be categorized by the flavor
wave function of the diquark, which forms a symmetric 6
or an antisymmetric 3 representation. For the ground heavy
baryon, the spin of the diquark is either O or 1, and the spin
of the baryon is either 1/2 or 3/2. The product of the
diquark flavor and spin wave functions of the ground
charmed baryon must be symmetric, and the functions
must correlate with each other. Thus the spin of the sextet
diquark is 1 while the spin of the antitriplet diquark is 0.

The ground charmed baryons are grouped into one anti-
triplet with spin 1/2 and two sextets with spin 1/2 and spin
3/2, respectively. These multiplets are usually denoted as
Bs, Bg, and By in the literature [25]. In the present work, we
study the charmed dibaryon and baryonium systems,
e, AcAL(A,), BLEAE,), 2.2.(2), ELEUEL), and
0.Q.(Q,). Other configurations will be explored in a
future work. We first derive the effective potentials of these
systems. Then we calculate the binding energies and rms
radii to determine which system might be a loosely bound
molecular state.

This work is organized as follows. We present the for-
malism in Sec. II. In Sec. III, we discuss the extraction of
the coupling constants between the heavy baryons and light
mesons, and give the numerical results in Sec. I'V. The last
section is a brief summary. Some useful formula and
figures are listed in the Appendix.

II. FORMALISM

In this section we will construct the wave functions and
derive the effective potentials.

© 2011 American Physical Society
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A. Wave functions

As illustrated in Fig. 1, the states A}, 2, and 2
belong to the antitriplet Bs, while 3%, 37, 30 B,
29 and QY are in sextet B. Among them, A and Q0
are isoscalars; {E;, E%} and {E.", £/} are isospin spinors;
and {E*Jr 3F EO} is an isovector. We denote these states
A, B 2., EL and Q..

The wave function of a dibaryon is the product of its
isospin, spatial, and spin wave functions,

PlL2sTll oyl @ Wk @ WS, (1)
We consider the isospin function W!, first. The isospin of
A is 0,50 A A, has isospin / = 0 and W} = ALAL,
which is symmetric. For E,.E,, the isospin is / = 0 or 1,
and their corresponding wave functions are antisymmetric
and symmetric, respectively. 2.2 has isospin 0, 1, or 2.
Their flavor wave functions can be constructed using
Clebsch-Gordan coefficients. E.E.. is the same as 2 5.
The isospin of the (.(). is 0. Because strong interactions
conserve isospin symmetry, the effective potentials do not
depend on the third components of the isospin. For ex-
ample, it is adequate to take the isospin function 2} 2}
with I3 = 1 when we derive the effective potential for
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deed gives the same result. In the followmg, we show the
relevant isospin functions used in our calculation,
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FIG. 1.

quarks, respectively.
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vio = Q0. (6)

We are mainly interested in the ground states of dibary-
ons and baryonia where the spatial wave functions of these
states are symmetric. The tensor force in the effective
potentials mixes the S and D waves. Thus a physical
ground state is actually a superposition of the S and D
waves. This mixture fortunately does not affect the sym-
metries of the spatial wave functions. As a matter of fact,
for a dibaryon with a specific total spin J, we must add the
spins of its components to form S first and then couple S
and the relative orbit angular momentum L together to get
J =L + S.This L — S coupling scheme leads to six S and
D wave states: 'S, *S,, 'D,, *D,, *D,, and *D,. But the
tensor force only mixes states with the same S and J. In our
case we must deal with the 3S,-3D, mixing. After stripping
off the isospin function, the mixed wave function is

[y = Rg(r)’S,) + Rp(n)I’Dy), (7

which will lead to coupled-channel Schrodinger equations
for the radial functions Rg(r) and Ry (r). In short, for the
spatial wave functions, we will discuss the ground states in
1S, and 3S, and the latter mixes with *D,.

Finally, we point out that the 7 and S of states in Eq. (1)
cannot be combined arbitrarily because the generalized
identity principle constricts the wave functions to be anti-
symmetric. It turns out that the survived states are o1l

AN
wod el WU ey e el Wl and

\I'E()“A For baryonia, there is no constraint on the wave
functions. So we need to take into account more states. The
wave functions of baryonia can be constructed in a similar
way. However, we can use the so-called ““G-parity rule’ to
derive the effective potentials for baryonia directly from
the corresponding potentials for dibaryons, and there is no
need to discuss them here now.

X0 o(dd) 57 c(ud) S c(uu)

Q0 o(ss)

(b) sextet

The antitriplet and sextet. Here the brackets and parentheses represent antisymmetrization and symmetrization of the light
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B. Lagrangians

We introduce the notations

=+
— At = (=
AC_AC’ ‘:'c_(:'%)

— i_ ++ 0 L_ ++ _ 0 +
s, { I ), (X zg,zc}, ®)

V2
=+ 0
= = ¢ —
’:'c_<':'/0)r Q.= Q¢
i

to represent the corresponding baryon fields. The long-
range interactions are provided by the 77 and 1 meson
exchanges:

= 87E,
X 2 gﬂ':{.:’.Eéi’YSTEQ‘ T, )]

pul

L n gv]ACA[Aci’YSAcn + 8nE.E.

+ g”f/ECEci l752077 +g

+ gy0.0,QiysQen, (10)

where g,z =, 83.3,» £n0,0,, €tc. are the coupling con-

[=r=7

stants. 7 = {7, 75, 73} are the Pauli matrices, and 7 =
L (o =\ (et =) 0

{75(77 + 7 ),E(’ﬂ 7~), m°} are the 7 fields. The

vector meson exchange Lagrangians read

i
<
=
q
i
®
=
+

L,=g,z.2.

R N

c

=/ —
XX 0tp"+gpmm By mEe pH

R, TR (1)
=
L, Reyphooh + 1AM oA g
= 8wA ANV w +W cOuv ca w
A,
= = uiJemE = oL,
+gwECELH07Mch + 2 m= '—'co-,uw—‘ca w
u waFE( W,
+gw22207u 2ca) + 2mE Ec v Eca w
P == - )
+gw:’*‘"—fc')/,u,'—‘cw + 2= '—'ca-,uw—‘ca w-,
(12)
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_ — — flﬁEC:l — —
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(13)

with p ={5(p" +p7). 55(p" = p7).p°}. The o ex-
change Lagrangian is

Tt gy 2 X0
(14)

-E gUAAAAO-—i_ngEE{EcE

+ goﬁ’“/:c:ég + 80,0, Q Q g.

There are 33 unknown coupling constants in the above
Lagrangians, which will be determined in Sec. II1.

C. Effective potentials

To obtain the effective potentials, we calculate the T
matrices of the scattering processes, such as in Fig. 2, in
momentum space. Expanding the T matrices with external
momenta to the leading order, one gets [26]
s [Paerm@FiPr

V(r) = (15)

@m)
where F(Q) is the form factor, with which the divergency in
the above integral is controlled, and the non-point-like
hadronic structures attached to each vertex are roughly taken
into account. Here we choose the monopole form factor

A2 — 2

FO@ =1

with Q = {Q,, O} and the cutoff A.

Generally speaking, a potential derived from the scat-
tering T matrix consists of the central term, the spin-spin
interaction term, the orbit-spin interaction term, and the
tensor force term, i.e.,

(16)

AF AF AF A;
7]7 07 UJ n7 0—7 UJ
L L
Q Q
AF AF AF A;

FIG. 2. Scattering processes of A.A. — A A, and AA.—
A A.. The Qs are the transformed four momenta.
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V(r)=Ve(r) + Vss(roy - oy + Vig(r)L - S + Vi(r)S(F),
(17

where S1,(7) is the tensor force operator, S;,(F) =

3(o - F)(oy - ) — 0| - 0. The effective potential of a

specific channel, for example A.A. — A A, shown in

Fig. 2, may contain contributions from the pseudoscalar,

vector, and scalar meson exchanges. We need to work them
out one by one and add them. The potentials with the

2 3
_ 8ann Ma

47 12m2

Vig(r;a, h) = H{(A,mg,r), V&(ria, h)

m
Ve(r; B, h) = 4—5[8,23;1;11'10(/\, mg, r) — (g%hh + 4ggnnf pnn)

3

2

_ 8ann Ma
4

2

mg
@HI(A, mﬂ, r)],
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stripped isospin factors from the pseudoscalar, vector,
and scalar (o here) meson exchange are

Var,a, h) = Vig(r; a, h)oy - oy + Vi(r; a, h)S),(F),
Vo(r; B, h) = Va(r; B, h) + Vi(r; B, o - oy

+ Vis(ri B, WL - S + Vi(ri B, )S1o(F),
Ve(r;o, h) = Vi(ryo, h) + Vi(r;o, h)L - S, (18)
where @ = 7, 1, B = p, w, ¢, and

3

121’}’[2 H3(A’ mey, r):
h

3

b (o _ 1 ) Mp A b (. _ 1 2 mg A
Vi(r; B, h) = _E(gﬁhh + f gnn) WHI( smp, 1), Vig(r;B,h)= _5(38511;1 + 4gﬁhhfﬁhh)mH2( Mg, T),
h h

3

4 8

b 1 2 Mg ¢ 8o mg
Vo(r; B, h) = — 47T(gﬁhh + fgnn) Hy(A,mg,r),  Vi(rio h)=—m, - [HO(A, my, r) + e H\(A, m,, r)]
h

12m?

2 2
Eonh &HQ(A, My, ).

Virioh)=—m
7 4 2m3

(19)

The definitions of the functions H, H;, H,, and H; are given in the Appendix. From Eq. (18), one can see the tensor force
terms and spin-spin terms are from the pseudoscalar and vector meson exchanges while the central and obit-spin terms are
from the vector and scalar meson exchanges. Finally, the effective potential of the state hh is

Vin(r) = D Cave(ra, h) + Y CoVP(r; B, h) + C5Vi(r; o, h)
o ]
= {chvg(r; B, h) + CSVi(r; o, h)} + {ZCgng(r; a, h) + > ChVE(r: B, h)}o'l co,
B a 3

- {ch Veo(r; B, h) + CLVi(r; B, h)}L - S+ {ch Va(rsa, h) + D ChVE(r: B, h)}Slz(f), (20)
B @ B

where C%, C%, and C¢ are the isospin factors, which are
listed in Table I.

Given the effective potential V,,, the potential for 4/, V,;,
can be obtained using the G-parity rule, which states that the
amplitude (or the effective potential) of the process AA —
AA with one-light-meson exchange is related to that of the
process AA — AA by multiplying the latter by a factor (—)’c,
where (—)/¢ is the G parity of the exchanged light meson
[27]. The expression of V,,j; is the same as Eq. (20) but with
Vé(r;a, h), Vb(r;B,h), and V<(r;o, h) replaced by
Va(r; a, h), Vb(r; B, h), and V¢(r; o, h), respectively.

Va(r;a, h) = (=)ldlve(r; a, h),
Vo(r; B, h) = (=)'elBWVE(r; B, 1), (21)
Ve(r; o, h) = (=)lllyver; o, h).

For example,

[
Va(r;w, A,) = (—D)V(r; o, A,), (22)

since the G parity of w is negative. In other words, we can
still use the right-hand side of Eq. (20) to calculate V;; but
with the redefined isospin factors

4 — (_)Ic[a]cz i Cf; — (_)IG[B]C% )
Co — (—)felIcg, (23)
which are listed in Table I, too.

The treatments of operators o - o5, L - S, and S,(F)
are straightforward. For lSO,

o 0y= "3 L-S=0, S =0, (24)

which lead to single-channel Shrodinger equations. But
for 38 |» because of mixing with 3Dl, the above operators
should be represented in the {|*S,), [°D,)} space, i.e.,
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TABLE I. Isospin factors. The values in brackets for baryonia are derived by the G-parity rule.
AAJ[A] B E[E.] 32 (2] ELEI[E!] 0.0.[0,]
I 0 0 1 0 1 2 0 1 0
(6 —2[2] —1[1] 1[—1] —3[3] 1[—1]
s 1[1] 1[1] 1[1] 111] 1[1] 1[1]
C’,’, —3[—-3] 1] —2[-2] —1[—1] 1] —3[-3] 1] 1]
Co 1[=1] 1[-1] 1[=1] 1[=1] 1[-1] 1[-1] 1[-1] 1[-1]
CZ) 1[—1] 1[—1] 1[—1] 1[—1] 1[—1]
Cs 1[1] 1] 1[1] 111] 1[1] 111] 1[1] 111]
Lo L-s=(Y° oy = 28ri X, g = Eag 2
o0, = , S = ; aNN = 3 &mqq NN m,’
1 2 0 1 0 -3 3°74q m, n n49q m,
+f g
0 8 — S8wNN oNN __ dwqq
Sip(F) = V8 . @) 8o = 38ugy my m,
V8 2 a (28)
. _ gpNN+prN_5gpqq
These representations lead to the coupled-channel 8pNN = 8pqq P 3
N q

Shrodinger equations.

III. COUPLING CONSTANTS

It is difficult to extract the coupling constants in the
Lagrangians experimentally. We may estimate them using
the well-known nucleon-meson coupling constants as in-
puts with the help of the quark model. The details of this
method are provided in Ref. [28]. The one-boson exchange
Lagrangian at the quark level is

L, = gpg (iiysum® — diysdn®)
+ gpgqlliysun + diysdn — 23iyssn)
+ 8 pgqliiy yup® — dy,dp"™)
+ Gugqlily yuwh + c?'yﬂda)“) + 8qqSY usP*

+ 8ogolituo + ddo + 5s0) + -+ -, 26)

where 844, 8nqqr - - +» 8oqq are the coupling constants of
the light mesons and quarks. The vector meson terms in
this Lagrangian do not contain the anomalous magnetic
moment part because the constituent quarks are treated as
pointlike particles. At the hadronic level, for instance, the
nucleon-nucleon-meson interaction Lagrangian reads

Lyy = ganwNiysTN - 7 + g nyNiysNy

S Jonn -
+ gonwNY TN - pH + 2p No,,7N - d*p”

my

+ ngNNyMNw“ + J;";}:/N ]\70'#,,N8“w”
N

+ gonvNNo, (27)

where g.yy, &ynns - - -» 8onn are the coupling constants.
We calculate the matrix elements for a specific process,
both at the quark and hadronic levels and then match them.
In this way, we get relations between the two sets of
coupling constants,

8oNN = 3go’qq'

From these relations, we can see that g, yy and f,yy are
not independent. Neither are g,yy and f,yy. The constitu-
ent quark mass is about one-third of the nucleon mass.
Thus we have f,yy = 0 and f,yy = 4g,nn-

With the same prescription, we can obtain similar rela-
tions for heavy charmed baryons, which are collected in
the Appendix. Substituting the coupling constants at the
quark level with those from Eq. (28), we have

4 mgc
87E.E. = 0, 83,3, = gngN m—N
2 msr (29)
8rElEl = ggmwv—‘,
my
4 mzc
8nA A, 0, 89E.E. =0, 893, 3. T R89NN T
__2 U= __8 mo,
8nELEL = ggnNN o 8n0.0. = _ggnNN my’
2 2 2
8oA A, = 380NN 80E.E. ~ 380NN» 8033, = 780NN>
3 3 3
2 2
8052, T38oNN  800.0. T 380NN, (3D
2 2
SwA A, =§ngN’ fwA[AC == 3ngNr
1
8wE.E. T~ 78wNN> waCE( = _gngN,
(32)

014031-5



NING LEE et al.

1
8o=.2. = 8pnn»  SpE.E. = _g(gpNN + fonn),

2 mEC
8ps.5. = 28NN [p3.3. =§(gpNN + fonn)| 2 . =1},

Fumiz = 5@+ fp) (22 1)
pELEL 3 8pNN pNN iy i

(33)

8pELE. = 8pNN>

V2

.= _?(gpNN + fonn):

oQ
>
=
z
~
<
HIII
Juil

|

=
E

me=
_ 1),
N

fomz = ?(gpmv + prN)(2 -

240,0, = 2\/58,31\/1\1’

242 me,
foo.0, = T(gpNN + prN)<2 < — 1))
my

(34)

where we have used my =~ 3m,. The couplings of ¢ and
heavy charmed baryons cannot be derived directly from the
results for nucleons. So in the right-hand side of Eq. (34),
we use the couplings of p and nucleons.

The above formulas relate the unknown coupling
constants for heavy charmed baryons to g.yn, g,nn-
etc., which can be determined by fitting to experimental
data. We choose the values g,yy = 13.07, g, vy = 2.242,
gonn = 8.46, g,yy = 1585, fovn/gunn =0, 8pNN =
3.25, and f,yn/g,ny = 6.1 from Refs. [22,23,29] as in-
puts. In Table II, we list the numerical results of the
coupling constants of the heavy charmed baryons and light
mesons. One notices that the vector meson couplings

PHYSICAL REVIEW D 84, 014031 (2011)

for 2.2, and A.A, have opposite signs. They almost
cancel out and do not contribute to the tensor terms for
spin triplets. Thus in the following numerical analysis, we
omit the tensor forces of the spin triplets in the 2,2, and
A A, systems.

IV. NUMERICAL RESULTS

With the effective potentials and the coupling constants
derived in the previous sections, one can calculate the
binding energies and rms radii for every possible molecular
state numerically. Here we adopt the program FESSDE,
which is a FORTRAN routine, to solve problems of multi-
channel coupled ordinary differential equations [30].
Besides the coupling constants in Table II, we also need
heavy charmed baryon masses listed in Table III as inputs.
The typical value of this cutoff parameter for the deuteron
is 1.2-1.5 GeV [22]. In our case, the cutoff parameter A is
taken in the region 0.80-2.00 GeV. Such a region is broad
and reasonable enough to give us a clear picture of the
possibility of the heavy baryon molecules.

A. A A, and E E, systems

The total effective potential of A A, arises from the o
and @ exchanges. We plot it with A =0.9 GeV in
Fig. 3(a), from which we can see that the @ exchange is
repulsive while the o exchange is attractive. Because of the
cancellation, the total potential is too shallow to bind two
A.s. In fact, we fail to find any bound solutions of ‘I’E{”ﬂ
even if one takes the deepest potential with A = 0.9 GeV.
In other words, there does not exist a loosely bound state
for A.A,., which is the heavy analogue of the famous H
dibaryon [32-35] to some extent.

TABLE II.  Numerical results of the coupling constants. The coupling constants with the ¢ exchange are deduced from g, yy.
ACAC ECEC ECEC ELEL QCQC
a Sah A, Sfan. A, 8aE.E, fag,E, gas,3, fas,s, =0 SfamiE: 840,0, fa0,0,
T 0 27.36 14.36
n 0 0 7.82 —4.10 —17.19
o 5.64 5.64 5.64 5.64 5.64
1) 10.57 —10.57 5.28 —5.28 10.57 44.67 5.28 23.72
p 3.25 —4.62 6.50 39.01 3.25 20.72
o) 4.60 —6.53 4.60 29.30 9.19 61.94
TABLE III.  Masses of heavy baryons and light mesons [31]. We use mz = 2469.3 MeV,

mz; = 2576.7 MeV, and m, = 138.1 MeV as numerical analysis inputs.

Baryon Mass (MeV) Baryon Mass (MeV) Meson Mass (MeV) Meson Mass (MeV)

A 2286.5 S 2455
=5 2467.8 =i 2575.6
=) 2470.9 =AY 2577.9
Q0 2695.2

T 139.6 p 775.5
a0 135.0 ) 782.7
n 5479 ¢ 1019.5
o 600
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FIG. 3. The potentials of Wy 5 , ¥ AR Wz =, and \PE(EC
the coupling constants.

For the A, A, system as shown in Fig. 3(b), both o and
o exchanges are attractive. They enhance each other and
lead to a very strong total interaction. From our results
listed in Table IV, the binding energies of the A A, system
could be rather large. For example, when we increase the
cutoffto A = 1.10 GeV, the corresponding binding energy
is 142.19 MeV. The binding energies and rms radii of this
system are very sensitive to the cutoff, which seems to be a
general feature of the systems composed of one hadron and
one antihadron.

EY and E} contain the s quark, and their isospin is
I = 1/2. Besides the o and w meson exchanges, the ¢

cSe

ScZe

. The spin triplets have no § — D mixing because of the cancellations of

and p exchanges also contribute to the potentials for the
= EC(EC) systems. Figures 3(c) and 3(d) illustrate the total
potentials and the contributions from the light meson
exchanges for \If[EIKIE]( and \If[g‘(g(. For \II[E“E] , the attraction
arises from the o exchange. Because of t(he‘ repulsion pro-
vided by the ¢, p, and @ exchange in the short range, the
total potential has a shallow well at r = 0.2 fm. However,
the ¢ exchange almost does not contribute to the potential
of \I’[EO‘EE]F and the p exchange is attractive, which cancels the

repulsion of the o exchange. The total potential is about
[1.1]

==

2 times deeper than the total potential of W'

TABLE IV. Numerical results of the systems A A., A A,, E.E,, and E.Z,, where “---”
means no bound state solutions. After neglecting the tensor force terms, the results of the spin
triplets are the same as those of the spin singlets.

A (GeV) E MeV)  ryy (fm) A (GeV) E MeV) 1y (fm)
vy w089 2.80 2.15
0.90 4.61 1.76
1.00 49.72 0.74
1.10 142.19 0.52
wol 0.95 2.53 217wl 101 0.14 5.58
o 1.00 7.41 1.41 o 1.05 0.29 4.48
1.10 20.92 0.96 1.10 035 4.62
1.20 36.59 0.78 1.20 0.18 5.40
w1l 87 1.48 272 w090 1.24 2.92
- 0.90 4.12 1.78 - 1.00 10.33 1.25
1.00 28.94 0.86 1.10 31.80 0.83
1.10 82.86 0.60 1.20 66.19 0.64
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In Table IV, one notices that the binding energy is only
hundreds of keV for ‘P[Elg when the cutoff varies from
1.01 GeV to 1.20 GeV. 1</Ic;reover, the rms radius of this
bound state is very large. So the state \I’L”l is very loosely

bound if it really exists. The ‘I'[O 3]

also exist. Its binding energy and rms radius are
2.53-36.59 MeV and 2.17-0.78 fm, respectively, with
A = 0.95-1.20 GeV.

bound state may

PHYSICAL REVIEW D 84, 014031 (2011)

As for the ECEC systems, the potentials are very deep.
The contribution from the ¢ exchange is negligible too, as
shown in Figs. 3(e) and 3(f). We find four bound state

solutions for these systems: \If[(”] \If[03] ‘I’[”: and
\I’[_l q Among them, the numerlcal results Of ‘I’B 3: and

|=Py=" |=7y="7

W are almost the same as those of ‘I'[:O’al] and \I’[:l‘g ,

respectively. The binding energies and the rms radii of
these states are shown in Table IV. We can see that the
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binding energy of \I’[Sl:] varies from 1.48 MeV to

82.86 MeV, whereas the rms radius reduces from 2.72 fm
to 0.60 fm when the cutoff is below 1.10 GeV. The situation

for \I’[:ISE] is qualitatively similar to that of ‘I’[:Olﬁ] . They

== =c=c

may exist. But the binding energies appear a little large
and the rms radii too small when one takes A above
1.10 GeV.

PHYSICAL REVIEW D 84, 014031 (2011)

==

o B, and Q) systems

B.S,

For the X3, system, all the 7, 1, o, w, and p ex-
changes contribute to the total potential. We give the
variation of the potentials with r in Figs. 4(a) and 4(b).
For \If[EO‘_IE]_, the potentials of the w exchange and p ex-
change almost cancel out, and the 1 exchange gives a very
small contribution. So the total potential of this state

TABLE V. Numerical results of the 2.2 . system, where the symbol “X” means this state is

forbidden and ““- - - means no solutions.

A (GeV) E (MeV) 7y (fm) A (GeV) E MeV) 1y (fm)  Pg: Pp (%)
vy 107 180 232wy X
1.08 3.10 1.88
1.10 6.55 1.44
120 4295 0.78
1.25 75.75 0.65
vty X vy 105 o1l 594 9811 1.89
1.47 2.03 248 9421 579
1.50 2.52 227 9379 6.1
1.80  31.35 076 9141 839
Ve ved x
TABLE VI. Numerical results of the Ec-ic system. Results from the OBE and OPE alone are compared.
One boson exchange One pion exchange
AGeV)  EMeV)  ry (fm) Py: Pp(%)  A(GeV)  EMeV)  ryp(fm) P : Pp(%)
\If[z(”z] 0.97 0.86 3.76
o 0.98 3.03 221
1.00 18.43 1.01
1.05 175.56 041
\If[;%] 0.93 1.04 3.50 81.20 18.80 0.80 17.54 1.20 82.93 17.07
o 0.94 2.55 2.57 75.27 24.73 0.85 26.33 1.04 81.66 18.34
1.00 28.16 1.29 58.07 41.93 0.90 37.48 0.92 80.57 19.42
1.05 78.48 0.99 50.56 49.44 1.05 87.94 0.68 78.03 21.97
‘II[E”E] 0.93 0.75 3.77 .
o 0.94 2.54 227
0.98 32.28 0.80
1.00 66.97 0.60
\P[zmz] 0.80 371 1.91 94.73 5.27 0.97 1.04 3.14 93.68 6.32
o 0.81 5.18 1.69 94.38 5.62 1.02 2.51 2.18 91.58 8.42
0.90 40.35 0.86 90.12 9.88 1.10 6.44 1.51 89.04 10.96
1.00 143.46 0.62 76.86 23.14 1.30 27.27 0.88 84.89 15.11
\If[;g 0.80 24.87 0.85 0.75 2.49 1.98
o 0.85 4930 0.67 0.80 5.95 1.38
0.90 90.04 0.55 0.90 18.30 0.88
0.95 149.66 0.46 1.10 72.23 0.51
\P[E“E] 0.90 1.44 2.93 96.92 3.08 =
o 1.00 14.99 1.21 95.43 4.57
1.10 41.81 0.86 95.11 4.89
1.20 77.28 0.71 94.72 5.28
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mainly comes from the 7 and o exchanges, which account
for the long- and medium-range attractions, respectively.

\If[EOIE] ; see Table V.

1]
\PZCE(’

provides only as small as 0.2 GeV attraction while the w

and p exchanges give strong repulsions in short-range r <

[2.1]
3.3

there

There may exist a bound state

But for the other spin singlet, the o exchange

0.6 fm. We have not found any bound solutions for ¥

[13]
33

exist bound state solutions with binding energies between
0.11 MeV and 31.35 MeV when the cutoff lies between
1.05 GeV and 1.80 GeV. This state is the mixture of 3S, and
3D, due to the tensor force in the potential. From Table V,
one can see the S wave percentage is more than 90%.
There exist bound state solutions for all six states of
the Ecic system. The potentials of the three spin singlets
are plotted in Figs. 4(c)—4(e). The attraction that binds the
baryonium mainly comes from the p and w exchanges.

as shown in Table V. For the spin-triplet state V"

PHYSICAL REVIEW D 84, 014031 (2011)

These contributions are of a relatively short range in
the region r < 0.6 fm. One may wonder whether the
annihilation of the heavy baryon and antibaryon might
play a role here. Thus the numerical results for .3,
with strong short-range attractions should be taken with
caution. This feature differs from the dibaryon systems
greatly.

In Table VI, for comparison, we also present the nu-
merical results with the 7 exchange only. It is very inter-
esting to investigate whether the long-range OPE potential
alone is strong enough to bind the baryonia and form
loosely bound molecular states. There do not exist bound

: [0,1] [1,1]
state solutions for \PE,EC and ¥ 53,

is repulsive. In contrast, the attractions from the 7 ex-
change are strong enough to form baryonium bound states

[0,3] [1,3] [2,1] : _
for \PE(S(.’ \chi(’ and ‘I’E(S(_. We notice that the S — D

mixing effect for the spin triplets mentioned above is
stronger than that for the 2.3, system.

since the 7 exchange

TABLE VII. Numerical results of the E.Z/ system.
A (GeV) E (MeV) Fams (fM) A (GeV) E (MeV) Fams () Py : Py, (%)
wio X w03 0.95 1.22 3.03 97.88 2.12
o o 0.98 2.44 2.29 97.45 2.55
1.00 3.41 2.01 97.26 274
1.20 15.43 1.16 96.74 3.26
1.30 21.50 1.03 96.83 3.17
plbl 1.50 0.18 5.52 w3 X
o 1.65 1.24 3.08 -
1.70 1.83 2.64
1.80 3.42 2.08
1.90 5.58 1.74
TABLE VIII. Comparison of the numerical results of the system E/Z! in the OBE model and OPE model.
One boson exchanges One pion exchanges
A (GeV) E (MeV) Fems (fM) P Pp(%) A (GeV) E (MeV) Fems (fM) Py : Pp (%)
plol 0.96 0.40 457
T 0.99 3.22 2.00
1.00 5.13 1.65
1.10 83.53 0.58
o3l 0.80 3.82 1.86 96.33 3.67 1.15 0.77 3.42 94.89 5.11
- 0.90 19.40 1.04 94.34 5.66 1.20 1.89 2.35 93.01 6.99
1.00 59.74 0.74 90.03 9.97 1.40 12.69 1.10 88.10 11.90
1.05 90.87 0.66 8620  13.80 1.50 2291 0.88 86.44 13.56
pl 0.80 14.13 1.01 >
- 0.90 13.58 1.07
1.00 34.00 0.77
1.10 83.78 0.56
w3l 0.90 0.56 3.99 99.76 0.24
T 1.00 7.53 1.41 99.59 0.41
1.10 22.97 0.94 99.58 0.42
1.20 43.80 0.76 99.58 0.42
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TABLE IX. Numerical results of the Q,.Q, and ., systems.

A (GeV) E (MeV) Foms (f) A (GeV) E (MeV) Foms (fM) P : Py (%)

Ly 0.96 1.07 3.04 v X

0.98 267 2.08

1.00 451 1.69

1.20 592 1.59

1.70 19.88 1.15

0.90 13.12 1.06 wlo 0.80 6.92 1.53 99.64 0.06

0.97 434 1.70 o 0.88 3.05 1.98 99.96 0.04
wiol 1.00 501 1.62 1.00 9.77 1.23 99.90 0.10

1.10 20.96 0.94 1.10 26.22 0.86 99.79 0.21

1.20 108.50 0.48 1.20 47.23 0.72 99.53 0.47

)

TABLE X. The comparison of the binding energies of the Z'E’ and 3.3, systems in this work with those in Ref. [36]. The unit is

MeV. Here “- - - means there is no bound state and “*” represents unrealistically deep bindings (1-10 GeV).

Models Nijm93 Nijml NijmlII AV18 AVSE' AVE/ AV4 AVX' AV2 AV’ This work
[ELEL]—o cee * 71.0 457.0 0.7 24.5 9.5 12.8 e 1.22-21.50
[2,.3.0- 66.6 41.1 0.7
(.20 cee * 53.7 i 1.3 2.8 83 0.7 0.11-31.35
(2.2 10 * * 285.8 * 16.1 10.8 87.4 533 58.5 0.7 1.80-75.75

The 55/ (E) systems are similar to 2,2 (E,), and the
results are listed in Figs. 4(f)—4(h) and Tables VII and VIII.
Among the six bound states, ‘I’[EI}IE],‘ is the most interesting

one. As shown in Fig. 4(f), the i exchange does not con-
tribute to the total potential. The 77 exchange is repulsive. So
the dominant contributions are from the o, w, p, and ¢
exchanges, which lead to a deep well around r = 0.6 fm
and a loosely bound state. When we increase the cutoff from

1.50 GeV to 1.90 GeV, the binding energy of ‘I’[:l’,_la], varies

=

from 0.18 MeV to 5.58 MeV, and the rms radius varies from
5.52fmto 1.74 fm. This implies the existence of this loosely
bound state. If we consider the 7 exchange alone, only the

\If[:()’,g, state is bound. The percentage of the *S; component

=ra=7

is more than 86% when 1.15 GeV < A < 1.50 GeV, as
shown in Table VIII.

The Q,.Q,.(£,) case is quite simple. Only the 71, o, and
¢ exchanges contribute to the total potentials. The shape of
the potential of ‘I’E()”(]) is similar to that of \II[EI,IE], The
binding energy of this state is very small. For the spin-
triplet 0.0, system, its S wave percentage is more than
99% (see Table 1X). In other words, the § — D mixing
effect is tiny for this system.

We give a brief comparison of our results with those of
Refs. [36,37] in Table X. In Ref. [36], Froemel et al.
deduced the nucleon-hyperon and hyperon-hyperon poten-
tials by scaling the nucleon-nucleon potentials. With
the nucleon-nucleon potentials from different models,
they discussed possible molecular states such as = .N,

e

B Beer 2e2., etc. The second column of Table X shows
the binding energies corresponding to different models,
while the last column shows the relevant results of this
work. One can see that the results of Ref. [36] depend on
models, while our results are sensitive to the cutoff A.

V. CONCLUSIONS

The one-boson-exchange model is very successful in the
description of the deuteron, which may be regarded as a
loosely bound molecular system of the neutron and proton.
It is very interesting to extend the same framework to
investigate the possible molecular states composed of a
pair of heavy baryons. With heavier mass and reduced
kinetic energy, such a system is nonrelativistic. We expect
that the OBE framework also works in the study of the
heavy dibaryon system.

On the other hand, one should be cautious when extend-
ing the OBE framework to study the heavy baryonium
system. The difficulty lies in the lack of reliable knowledge
of the short-range interaction due to the heavy baryon
and antibaryon annihilation. However, there may exist a
loosely bound heavy baryonium state when one turns off
the short-range interaction and considers only the long-
range one-pion-exchange potential. Such a case is particu-
larly interesting. This long-range OPE attraction may lead
to a bump, cusp, or some enhancement structure in the
heavy baryon and antibaryon invariant mass spectrum
when they are produced in the e*e— annihilation or B
decay process, etc.
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In this work, we have discussed the possible exis-

tence of the ACAC(/_\E), E.E(E), S.3.3.).
2/ ENEL, and Q.Q.(Q,) molecular states. We

consider both the long-range contributions from the
pseudoscalar meson exchanges and the short- and
medium-range contributions from the vector and scalar
meson exchanges.

Within our formalism, the heavy analogue of the H

dibaryon \I’[Ol] does not exist, though its potential is

attractive. However the \1’5353 and ‘I’E€3A] bound states

might exist. For the 2.5, system, there exists a loosely
bound state \I’[:l‘l_]‘ with a very small binding energy and a

very large rms r;dius around 5 fm. The spin-triplet state
\P[EME] may also exist. Its binding energy and rms radius
Var}tl ;apidly with increasing cutoff A. The qualitative
properties of \If[0 U and W3 are similar to those of

=7 ,—4( ==7

\1}5{”{3 . They could exist but the binding energies and rms

radii are unfortunately very sensitive to the values of the
cutoff parameter.

For the 3.3, 3.3, E.E., ELEL, Q.Q., and Q Q.
systems, the tensor forces lead to the S — D wave mixing.
Most likely, only _the 3.3, molecules \P[EOIE] and \If[zl;]
exist. For the 2.3, system, the w and p exchanges are

[0,1] [11] [2.3]
crucial to form the bound states \I’E 5> ‘I’E s and \I’E s

If one considers the 7 exchange only for the ,:'C,:C system,
there may exist one bound state ‘If[f;i],.

==

The states ‘IT[B ﬂ and \I’[_O,H, are very interesting. They

=)

are similar to the deuteron. In particular, \If[g 3; and ‘I’[g,;],i

c—c

have the same quantum numbers as the deuteron. For
‘If[fi] , the § — D mixing is negligible, whereas for the

deuteron such an effect can make the percentage of the D
wave up to 4.25%-6.5% [22,24,38]. The D wave percent-

age of WL, is 2.12%-3.17%.

The other two states \If[l L] and \II[J,H, are very loosely

bound S wave states. Remember that the blndlng energy of
the deuteron is about 2.22 MeV [39] with a rms radius of
Frms =~ 1.96 fm [40]. The binding energy and rms radius

of \If[.], z, are quite close to those of the deuteron. In

contrast, the state ‘I’[El‘la] is much more loosely bound. Its
binding energy is only a tenth of that of the deuteron.

However, the binding mechanisms for the deuteron
and the above four bound states are very different. For
the deuteron, the attraction is from the 7 and vector
exchanges. But for these four states, the 7 exchange con-
tribution is very small. Either the o (for E_,E,) or vector
meson (for E.E) exchange provides enough attractions to
bind the two heavy baryons.

Although very difficult, it may be possible to produce

the charmed dibaryons at the Relativistic Heavy Ion

PHYSICAL REVIEW D 84, 014031 (2011)
Collider and LHC. Once produced, the states E,.=, and

E!.E!. are stable since 5. and E/. decay either via weak or
electromagnetic 1nteract10n with a lifetime around 1013

[31]. On the other hand, X. mainly decays into Afw
However, its width is only 2.2 MeV [31]. The relatively

long lifetime of 3, allows the formation of the molecular
states ‘I'[EOIE] and ‘I’[EOIE] These states may decay into
S AFm or AF A7 if the binding energies are less
than 131 MeV or 62 MeV, respectively. Another very
interesting decay mode is E..N, with a decay momentum
around 100 MeV. In addition, a baryonium can decay into
one charmonium and some light mesons. In most cases,
such a decay mode may be kinetically allowed. These
decay patterns are characteristic and useful to the future
experimental search of these baryonium states.

Up to now, many charmoniumlike XY Z states have been
observed experimentally. Some of them are close to the
two-charmed-meson threshold. Moreover, the Belle
Collaboration observed a near-threshold enhancement in
the e*e~ — A_A, initial-state radiation process with a
mass and width of m = (463478(stat) *3(sys)) MeV/c?
and T’y = (9273%(stat) *10(sys)) MeV, respectively [41].
The BABAR Collaboratlon also studied the correlated
leading A A, production [42]. Our investigation indicates
that there does exist a strong attraction through the
o and o exchange in the A, A, channel, which mimics
the correlated two-pion and three-pion exchange to some
extent.

Recently, the ALICE Collaboration observed the pro-
duction of nuclei and antinuclei in pp collisions at the
LHC [43]. A significant number of light nuclei and
antinuclei such as (anti)deuterons, (anti)tritons, (anti)
Helium3, and possibly (anti)hypertritons with high sta-
tistics of over 350 M events were produced. Hopefully,
the heavy dibaryons and baryonia may also be produced
at the LHC. The baryonia may also be studied at other
facilities such as PANDA, J-Parc, and Super-B factories
in the future.
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APPENDIX

1. The functions Hy, H, H,, and H;
The functions H,, H,, H,, and H; are defined as [17]
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1 A2 — m? 1 A2 —m?
Hy(A,m,r)=—(e " —e M) — ——— ¢, H(Amr)=——( ™ —e M)+ A——— e,
mr 2mA mr 2m
1 e mr 1\ A e*Ar A2 _ m2 e*Ar
HZ(A,m,r)=<1+— s |1+ =)= 55— 5 , (A1)
mr) m-r Ar)m m*r 2m mr
3 3 \e ™ 3 3 \AZe ™M AZ— 2 e A
H3(A,m,r)= 1+—+T — (1 +—+ 22 2 - 2 (1+Ar) .
mr  m°r*) mr Ar  A*r’)m?* mr 2m mr
With Fourier transformations we have
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FIG. 5. Dependence of the binding energy on the cutoff. In panels (f) and (i), only one-pion contributions are included.
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1 m 0’ m’ 0 im’r
——5——HyA, m,r), ———H{(A, mr), — Hy(A,m, r),
m>+ Q> 4w of ) m>+ Q% 4w i ) m?> + Q? 47 2 )
0.0, m? riry
m2 n Q2 —_ — 12W{H3(A, m, r)(37 - 8’]) - Hl(A, m, r)BU} (A2)
B. The coupling constants of the heavy baryons and light mesons
In the quark model we have
B 4 ms 2 mg: _ _ 4 ms,
878,85, = 0, 8n3,.3, = ggn'qq m_qr 8758 = ggﬂ'qq m, ’ EnA A, = 0, 8nE.E. = 0, 8933, = ggnqqm—qr
_ 2 mEIC _ 8 mQ( _ _ _
SnEiEe = T 38nga7, 8100, T T 38maqT, o 8pE.E. T Spaw fo2.2.= ~8pagr  &p3.3. = 28pqq
q q
. 2my, o o 2mz _ _
Jrs3. = 28pqq 3m. L) gpmim = 8pge JpEiEL = 8paq 3. L goar, =28wqp fora, = 7280gp
q q

2 my
gwEL.EC = ga)qq’ waCE(. = ngle. = zgwqcp fa)E(.EL. = 2gwqq<§ - 1)? g(uEfEf = gwqq’

2 mzy 2mz,
fozig = 8wqd\z3——— 1)  8¢=.E =8¢ SozE = fozz = 84aa\3, 1)
mg

3mq

2 mao
860,0, = 28pq0 40,0, = 28444 3 m

8033, = 2go‘qq’ 8oElE = 2g0’qq! 80,0, = 2g0’qq' (A3)

Because nucleons do not interact directly with the ¢» meson in the quark model, we cannot get g 4,, in this way. However,
using the SU(3) flavor symmetry, we have g,,, = \/Eg pgq- Since g, is related to g,yy, all coupling constants of heavy
charmed baryons and ¢ can be expressed in terms of g,yy-

C. The dependence of the binding energy on the cutoff

Finally, we plot the variations of the binding energies with the cutoff in Fig. 5.

(1]

(8]

[10]
(11]
[12]

S.K. Choi, S.L. Olsen et al. (Belle Collaboration), Phys.
Rev. Lett. 91, 262001 (2003); 94, 182002 (2005); 100,
142001 (2008); X.L. Wang et al. (Belle Collaboration),
ibid. 99, 142002 (2007); P. Pakhlov et al. (Belle
Collaboration), ibid. 100, 202001 (2008).

B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
101, 082001 (2008); 95, 142001 (2005); 98, 212001
(2007).

D.E. Acosta, T. Affolder et al. (CDF Collaboration), Phys.
Rev. Lett. 93, 072001 (2004).

V.M. Abazov et al. (DO Collaboration), Phys. Rev. Lett.
93, 162002 (2004).

N. Brambilla et al., Eur. Phys. J. C 71, 1534 (2011).
E.S. Swanson, Phys. Rep. 429, 243 (20006).

A.D. Rujula, H. Georgi, and S.L. Glashow, Phys. Rev.
Lett. 38, 317 (1977).

N. A. Tornqvist, Z. Phys. C 61, 525 (1994).

E.S. Swanson, Phys. Lett. B 588, 189 (2004).

C.Y. Wong, Phys. Rev. C 69, 055202 (2004).

F.E. Close and P.R. Page, Phys. Lett. B 578, 119 (2004).
M. B. Voloshin, Phys. Lett. B 579, 316 (2004).

[13]

[14]

[15]

[16]
[17]

(18]
[19]

[20]

014031-14

C.E. Thomas and F.E. Close, Phys. Rev. D 78, 034007
(2008).

Y.R. Liu, X. Liu, W.Z. Deng, and S. L. Zhu, Eur. Phys. J.
C 56, 63 (2008); X. Liu, Y.R. Liu, W.Z. Deng, and S.L.
Zhu, Phys. Rev. D 77, 094015 (2008); 77, 034003 (2008).
X. Liu, Z.G. Luo, Y.R. Liu, and S. L. Zhu, Eur. Phys. J. C
61, 411 (2009); L. L. Shen, X. L. Chen et al., Eur. Phys. J.
C 70, 183 (2010); B. Hu, X.L. Chen et al., Chinese Phys.
C 35, 113 (2011); X. Liu and S.L. Zhu, Phys. Rev. D 80,
017502 (2009); X. Liu, Z.G. Luo, and S.L. Zhu, Phys.
Lett. B 699, 341 (2011).

J. Ping, H. Pang, F. Wang, and T. Goldman, Phys. Rev. C
65, 044003 (2002).

G.J. Ding, Phys. Rev. D 80, 034005 (2009); G.J. Ding,
J.F. Liu, and M. L. Yan, Phys. Rev. D 79, 054005 (2009).
X. Liu, Eur. Phys. J. C 54, 471 (2008).

F. Huang and Z.Y. Zhang, Phys. Rev. C 72, 068201
(2005); Y.R. Liu and Z.Y. Zhang, Phys. Rev. C 79,
035206 (2009); Q.B. Li, P.N. Shen, Z.Y. Zhang, and
Y. W. Yu, Nucl. Phys. A683, 487 (2001).

Y.R. Liu and M. Oka, arXiv:1103.4624.


http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1103/PhysRevLett.94.182002
http://dx.doi.org/10.1103/PhysRevLett.100.142001
http://dx.doi.org/10.1103/PhysRevLett.100.142001
http://dx.doi.org/10.1103/PhysRevLett.99.142002
http://dx.doi.org/10.1103/PhysRevLett.100.202001
http://dx.doi.org/10.1103/PhysRevLett.101.082001
http://dx.doi.org/10.1103/PhysRevLett.101.082001
http://dx.doi.org/10.1103/PhysRevLett.95.142001
http://dx.doi.org/10.1103/PhysRevLett.98.212001
http://dx.doi.org/10.1103/PhysRevLett.98.212001
http://dx.doi.org/10.1103/PhysRevLett.93.072001
http://dx.doi.org/10.1103/PhysRevLett.93.072001
http://dx.doi.org/10.1103/PhysRevLett.93.162002
http://dx.doi.org/10.1103/PhysRevLett.93.162002
http://dx.doi.org/10.1140/epjc/s10052-010-1534-9
http://dx.doi.org/10.1016/j.physrep.2006.04.003
http://dx.doi.org/10.1103/PhysRevLett.38.317
http://dx.doi.org/10.1103/PhysRevLett.38.317
http://dx.doi.org/10.1007/BF01413192
http://dx.doi.org/10.1016/j.physletb.2004.03.033
http://dx.doi.org/10.1103/PhysRevC.69.055202
http://dx.doi.org/10.1016/j.physletb.2003.10.032
http://dx.doi.org/10.1016/j.physletb.2003.11.014
http://dx.doi.org/10.1103/PhysRevD.78.034007
http://dx.doi.org/10.1103/PhysRevD.78.034007
http://dx.doi.org/10.1140/epjc/s10052-008-0640-4
http://dx.doi.org/10.1140/epjc/s10052-008-0640-4
http://dx.doi.org/10.1103/PhysRevD.77.094015
http://dx.doi.org/10.1103/PhysRevD.77.034003
http://dx.doi.org/10.1140/epjc/s10052-009-1020-4
http://dx.doi.org/10.1140/epjc/s10052-009-1020-4
http://dx.doi.org/10.1140/epjc/s10052-010-1441-0
http://dx.doi.org/10.1140/epjc/s10052-010-1441-0
http://dx.doi.org/10.1088/1674-1137/35/2/002
http://dx.doi.org/10.1088/1674-1137/35/2/002
http://dx.doi.org/10.1103/PhysRevD.80.017502
http://dx.doi.org/10.1103/PhysRevD.80.017502
http://dx.doi.org/10.1016/j.physletb.2011.04.024
http://dx.doi.org/10.1016/j.physletb.2011.04.024
http://dx.doi.org/10.1103/PhysRevC.65.044003
http://dx.doi.org/10.1103/PhysRevC.65.044003
http://dx.doi.org/10.1103/PhysRevD.80.034005
http://dx.doi.org/10.1103/PhysRevD.79.054005
http://dx.doi.org/10.1140/epjc/s10052-008-0551-4
http://dx.doi.org/10.1103/PhysRevC.72.068201
http://dx.doi.org/10.1103/PhysRevC.72.068201
http://dx.doi.org/10.1103/PhysRevC.79.035206
http://dx.doi.org/10.1103/PhysRevC.79.035206
http://dx.doi.org/10.1016/S0375-9474(00)00458-9
http://arXiv.org/abs/1103.4624

POSSIBLE DEUTERONLIKE MOLECULAR STATES ...

(21]
(22]

(23]
(24]

[25]
(26]

[27]
(28]
[29]
(30]

(31]

Y.D. Chen and C.F. Qiao, arXiv:1102.3487.

R. Machleidt, K. Holinde, and C. Elster, Phys. Rep. 149, 1
(1987).

R. Machleidt, Phys. Rev. C 63, 024001 (2001).

M. M. Nagels, T. A. Rijken, and J. D. de Swart, Phys. Rev.
D 12, 744 (1975); 15, 2547 (1977).

T.M. Yan et al., Phys. Rev. D 46, 1148 (1992).

T. Barnes, N. Black, D.J. Dean, and E. S. Swanson, Phys.
Rev. C 60, 045202 (1999).

E. Klempt, F. Bradamante et al., Phys. Rep. 368, 119
(2002).

D.O. Riska and G.E. Brown, Nucl. Phys. A679, 577
(2001).

X. Cao, B.S. Zou, and H. S. Xu, Phys. Rev. C 81, 065201
(2010).

A. G. Abrashkevich, D. G. Abrashkevich, M. S. Kaschiev,
and 1. V. Puzynin, Comput. Phys. Commun. 85, 65 (1995).
K. Nakamura et al. (Particle Data Group), J. Phys. G 37,
075021 (2010).

A.T.M. Aerts and C.B. Dover, Phys. Rev. D 28, 450
(1983).

Y. Iwasaki, T. Yoshie, and Y. Tsuboi, Phys. Rev. Lett. 60,
1371 (1988).

[34]
(35]
(36]
(37]

(38]

[39]

[40]

[41]
[42]

[43]

014031-15

PHYSICAL REVIEW D 84, 014031 (2011)

R. W. Stotzer et al. (BNL E836 Collaboration), Phys. Rev.
Lett. 78, 3646 (1997).

J.K. Ahn et al. (E224 Collaboration), Phys. Lett. B 378,
53 (1996).

F. Froemel, B. Julia-Diaz, and D.O. Riska, Nucl. Phys.
A750, 337 (2005).

B. Julia-Diaz and D.O. Riska, Nucl. Phys. A755, 431
(2005).

R. de Tourreil, B. Rouben, and D. W.L. Sprung, Nucl.
Phys. A242, 445 (1975); M. Lacombe et al., Phys. Rev. C
21, 861 (1980); R. Blankenbecler and R. Sugar, Phys. Rev.
142, 1051 (1966); R.B. Wiringa, R. A. Smith, and T.L.
Ainsworth, Phys. Rev. C 29, 1207 (1984).

T.L. Houk, Phys. Rev. C 3, 1886 (1971); C. van der Leun
and C. Alderliesten, Nucl. Phys. A380, 261 (1982).

G. G. Simon, Ch. Schmitt, and V. H. Walther, Nucl. Phys.
A364, 285 (1981); R.W. Bérard et al., Phys. Lett. 47B,
355 (1973).

G. Pakhlova et al. (Belle Collaboration), Phys. Rev. Lett.
101, 172001 (2008).

B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 82,
091102 (2010).

N. Sharma (ALICE Collaboration), arXiv:1104.3311.


http://arXiv.org/abs/1102.3487
http://dx.doi.org/10.1016/S0370-1573(87)80002-9
http://dx.doi.org/10.1016/S0370-1573(87)80002-9
http://dx.doi.org/10.1103/PhysRevC.63.024001
http://dx.doi.org/10.1103/PhysRevD.12.744
http://dx.doi.org/10.1103/PhysRevD.12.744
http://dx.doi.org/10.1103/PhysRevD.15.2547
http://dx.doi.org/10.1103/PhysRevD.46.1148
http://dx.doi.org/10.1103/PhysRevC.60.045202
http://dx.doi.org/10.1103/PhysRevC.60.045202
http://dx.doi.org/10.1016/S0370-1573(02)00144-8
http://dx.doi.org/10.1016/S0370-1573(02)00144-8
http://dx.doi.org/10.1016/S0375-9474(00)00362-6
http://dx.doi.org/10.1016/S0375-9474(00)00362-6
http://dx.doi.org/10.1103/PhysRevC.81.065201
http://dx.doi.org/10.1103/PhysRevC.81.065201
http://dx.doi.org/10.1016/0010-4655(94)00107-D
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1103/PhysRevD.28.450
http://dx.doi.org/10.1103/PhysRevD.28.450
http://dx.doi.org/10.1103/PhysRevLett.60.1371
http://dx.doi.org/10.1103/PhysRevLett.60.1371
http://dx.doi.org/10.1103/PhysRevLett.78.3646
http://dx.doi.org/10.1103/PhysRevLett.78.3646
http://dx.doi.org/10.1016/0370-2693(96)00374-7
http://dx.doi.org/10.1016/0370-2693(96)00374-7
http://dx.doi.org/10.1016/j.nuclphysa.2005.01.022
http://dx.doi.org/10.1016/j.nuclphysa.2005.01.022
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.050
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.050
http://dx.doi.org/10.1016/0375-9474(75)90107-4
http://dx.doi.org/10.1016/0375-9474(75)90107-4
http://dx.doi.org/10.1103/PhysRevC.21.861
http://dx.doi.org/10.1103/PhysRevC.21.861
http://dx.doi.org/10.1103/PhysRev.142.1051
http://dx.doi.org/10.1103/PhysRev.142.1051
http://dx.doi.org/10.1103/PhysRevC.29.1207
http://dx.doi.org/10.1103/PhysRevC.3.1886
http://dx.doi.org/10.1016/0375-9474(82)90105-1
http://dx.doi.org/10.1016/0375-9474(81)90572-8
http://dx.doi.org/10.1016/0375-9474(81)90572-8
http://dx.doi.org/10.1016/0370-2693(73)90622-9
http://dx.doi.org/10.1016/0370-2693(73)90622-9
http://dx.doi.org/10.1103/PhysRevLett.101.172001
http://dx.doi.org/10.1103/PhysRevLett.101.172001
http://dx.doi.org/10.1103/PhysRevD.82.091102
http://dx.doi.org/10.1103/PhysRevD.82.091102
http://arXiv.org/abs/1104.3311

