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Abstract. After taking into account both the pion and sigma meson exchange potential, we have performed
a dynamical calculation of the DY D*0 system. The o meson exchange potential is repulsive from heavy
quark symmetry and numerically important for a loosely bound system. Our analysis disfavors the interpre-
tation of X (3872) as a loosely bound molecular state if we use the experimental D* Dr coupling constant
g =0.59 and a reasonable cutoff around 1 GeV, which is the typical hadronic scale. Bound state solutions
with negative eigenvalues for the DD* system exist only with either a very large coupling constant (twice the
experimental value) or a large cutoff (A ~ 6 GeV or 3 ~ 6 GéV?). In contrast, there probably exists a loosely
bound S-wave BB* molecular state. Once produced, such a molecular state would be rather stable, since its
dominant decay mode is the radiative decay through B* — B~. Experimental search of these states will be

very interesting.

PACS. 12.39.Pn; 12.40.Yx; 13.75.Lb

1 Introduction

Since the observation of the charmonium-like state
X (3872) in the J/¢mtw~ channel by the Belle Collab-
oration in 2003 [1], X (3872) has been confirmed by the
CDF [2], DO [3] and BaBar Collaborations [4]. In the past
three years, there has accumulated abundant experimental
information of X (3872), which is collected in Table 1.

A quark model calculation indicates that a 23P; cé
state x%; lies 50 ~ 200 MeV above X (3872). Moreover,
a charmonium state with isospin I = 0 does not decay into
J/vp easily. Thus there is some difficulties of the char-
monium assignment of X (3872). The possible theoretical
explanations of X (3872) include a molecule state [12-17],
a 171 cusp [18], the S-wave threshold effect due to the
DO D% threshold [19], a hybrid charmonium [20], a diquark
anti-diquark bound state [21], a tetraquark state [22—30]
and a dynamically generated resonance [31, 32].

Among these theoretical schemes, the molecule picture
is the most popular one due to the following reasons. The
molecular picture naturally explains both the proximity of
X (3872) to the D°D*0 threshold and the isospin violat-
ing J/1p decay mode. It predicted the decay width of the
J/Yrtr~nY mode to be comparable with that of J/p,
which was confirmed by Belle Collaboration [9]. Within
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the same picture, Braaten and Kusunoki predicted that
the branching ratio of B — X (3872)K?° is suppressed by
more than one order of magnitude compared to that of
BT — X (3872)K ™ [33].

Table 1. A review of the experimental status of X (3872)

X (3872)

3872.0+0.6 0.5 [1]
3871.34£0.740.4 [2]

Mass 3871.8+3.143.0 3]
(MeV) 3873.4+ 1.4 [4]
3875.4+0.7132 [5]
3875.6+0.771% [6]
Width <2.3MeV [1]
JPC 1++/2—+ [7’ 8]

X (3872) — J/pr T~ [1-4]
X (3872) = ~vJ /4, wJ /4 [9,10]
X (3872) — pJ /4 [11]
X(3872) — D'D70 [5]
X(3872) = D°D*0 4 h.c. [6]
BR[X (3872)—=~J/v]

Decay channels

BR[X(3872)—ntn—J/¢] 0.1440.05 [9]
Branching fractions Blﬁi[ééggfiz:&{/ ?} o1 =0.25 [10]
BR[X (3872)—D° D7) — 94736 5
BRIX(572) SrFr—d79] = 24 43 9]
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Later both Belle and BaBar Collaborations observed
the radiative decay mode. Belle’s measurement found [9]

BR[X (3872) — v.J/1)]
BR[X (3872) — J/¢mtm ]

—0.1440.05 (1)

while the BaBar Collaboration got [10]

BR[X (3872) — 7.J/4/]
BR[X(3872) — J/ymt7—]

~0.25, (2)

which are against the prediction from the molecular pic-
ture, 7 x 1073,
Recently, the Belle Collaboration measured the ratio [5]

BR[X (3872) — D°DO7"]
BR[X (3872) — nt7m—J /4]

=94%1%, (3)

which is much larger than the theoretical value 0.054 from
the molecular assumption. From [5], one can also extract

BR[B — X (3872)K"]
BR[B* — X (3872)K 7]

~1.62, (4)

which is also much larger than the molecule prediction.

Up to now, several groups carried out a dynamical
study of the molecular assignment of X (3872). Swanson
proposed that X(3872) was mainly a D°D*® molecule
bound by both pion and quark exchanges [15,16]. To
obtain the potential between D°D*® through exchang-
ing a single pion, he followed the method proposed by
Toérnqvist [34, 35]. The formalism is based on a microscopic
quark—pion interaction. Swanson indicated that one pion
exchange alone cannot bind D and D*. He also included
the short-range quark—gluon force [15, 16].

In [14], Wong studied the DD* system in the quark
model in terms of a four-body non-relativistic Hamilto-
nian with pairwise effective interactions. This framework
is similar to the consideration of adding a short-range
quark—gluon force in Swanson’s paper [15, 16]. The author
found an S-wave DD* molecule with the binding energy
~ 7.53MeV. In [36—41], further investigations based on the
molecular assumption are carried out.

With the obtained one pion exchange potential (OPEP)
by using the effective Lagrangian, Suzuki argued that
X (3872) is not a molecular state of D D* + D0 D*0 [42],
which contradicts Swanson and Wong’s conclusion. In-
stead, X (3872) may have a dominant ¢¢ component with
some admixture of D°D*? + DY D*0 [42—45].

In order to further clarify the underlying structure of
X (3872), we shall carry out a systematic dynamical study
of the molecular picture in this work. It is important to
note that the one pion exchange potential alone does not
bind the proton and neutron pair into the deuteron in nu-
clear physics. In fact, a strong attractive force in the in-
termediate range has to be introduced in order to bind
the deuteron, which is modelled by the sigma meson ex-
change potential elegantly. We shall explore whether a

similar mechanism plays an important role in the case
of X (3872).

This work is organized as follows. After the introduc-
tion, we give a concise review of the molecular picture. In
Sect. 3 we present the flavor wave function of X (3872), the
effective Lagrangian and the coupling constants relevant
to the derivation of the m and o exchange potentials. In
Sect. 4, we illustrate the procedure to obtain the potentials
and give their expressions. Then we present the numerical
results in Sects. 5 and 6. The last section is a summary and
discussion.

2 Review of the molecular picture

In the study of hadron spectroscopy, some states are dif-
ficult to accommodate in the conventional ¢ and gqq
framework. These states are considered good candidates
of hadrons beyond the conventional valence quark model.
The possible assignments include the glueball, hybrid state
and multiquark state, etc. Among them, the molecular
state is very attractive.

In the past thirty years, theorists have been studying
whether two charmed mesons can be bound into a molecu-
lar state, because the presence of the heavy quarks low-
ers the kinetic energy while the interaction between two
light quarks could still provide a strong enough attrac-
tion. Voloshin and Okun studied the interaction between
a pair of charmed mesons and proposed the possibilities
of the molecular states involving charmed quarks [46]. de
Rujula, Georgi and Glashow once suggested 1(4040) as
a D*D* molecular state [47]. Térnqvist studied the pos-
sible deuteron-like two meson bound states such as DD*
and D* D* using the quark-pion interaction model [34, 35].
Dubynskiy and Voloshin indicated that there exists a pos-
sible new resonance at the D* D* threshold [48, 49]. Besides
the above systems, Weinstein and Isgur studied whether
the scalar resonances fp(980) and ao(980) are molecular
states composed of a pair of K K mesons [50—52].

In the past several years, the experimental observations
of so many X, Y and Z states stimulated the study of ex-
otic states greatly. For example, X (3872) is proposed to
be a good candidate of the DD* molecule state by many
groups [12—17], which is also the topic of the present work.
Liu, Zeng and Li suggested Y (4260) as the x.p° molecule
assignment and predicted its possible decays modes [53].
Yuan, Wang and Mo proposed Y (4260) to be a x.w
molecule [54]. The baryonium possibility was also sug-
gested by Qiao [55].

Recently, the Belle Collaboration observed a charged
state Z1(4430) in the 1’7 channel [56]. This new enhance-
ment immediately triggered speculations on the molecu-
lar nature of the system. In fact, several groups suggested
7Z71(4430) as a D1 D* molecular state [57, 58]. In our previ-
ous work [59], we have carried out the first dynamical study
of Z7(4430). Later, we performed a detailed study of this
state in the molecular picture [60, 61]. A short review of the
current theoretical status of Z1(4430) [57, 58, 62—70] was
also given in [59].
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3 Flavor wave function, effective Lagrangian
and coupling constants

In the following, we shall study whether X (3872) is
a bound state of the DD* meson pair. Before deriving the
meson exchange potential, we first briefly discuss the con-
vention of the flavor wave function of the molecular state
X (3872). In the previous literature [12—17], it was defined
as

X (3872)) = %[IDOD*% +eDPB%],  (5)

with ¢ = +1. However, this definition does not reflect the
positive C-parity of X (3872) naturally.’ According to the
same approach as in our previous paper [59], we reanalyze

the flavor wave function of X (3872).
The interpolating current of X (3872) corresponding

to (5) in quantum field theory reads
J _ L nivem) (6)

X (3872) 2 1 2),

with

Ji = (@yse?) (@H’),  Ja = (st ) (@),
where a and b denote the color indices. Under the charge
conjugate transformation, one gets

CHC ' =—Jy, CRC=-1.
We want to emphasize that there exists no arbitrary phase,

because the charm and anti-charm quark and the up and
anti-up quark appear simultaneously. Therefore we obtain

. . 1
Clxsr)C " = ﬁ(—JQ —cJh).

Because the charge parity of X (3872) is +1, we have ¢ =
—1. In other words, the natural definition of the flavor wave
function of X (3872) should be

1
V2

In this work, we mainly discuss whether the S-wave
D° (D% and D*° (D*°) molecular state can be formed
by exchanging the 7 and ¢ meson. We need the effective
chiral Lagrangian in the chiral and heavy quark dual lim-
its [71,72]:

| X (3872)) = —[|D°D*?) — |D*°D°)]. (7)

L= ig’I‘r[HbAba’YS-Ha]‘f'gU’I‘r[Ho—ﬁ] ) (8)
with
1+9 .
AR T )

! We thank E. Braaten, V.M. Voloshin, E. Swanson and
M. Suzuki for useful communications.

and the axial vector field AZb is defined as
I 1 i T i
Al = 5(5 OME—=E0ME ) ap = f—a“/\/lab+~-~ ,

with £ = exp(iM/ fr), f= = 132 MeV and

= + +
ity T K
M= T —%4—\% K° (10)
_ -0 _2_7]
K K 76

In [71], the coupling constant was roughly estimated
to be g =0.75 within the quark model. A different set
of coupling constants can be found in [73]. With our no-
tation, g = 0.6 [73]. In fact, the coupling constant g was
studied using many theoretical approaches such as QCD
sum rules [74—77]. Despite so many theoretical estimates of
the coupling constant g, we use the value

g=0.59+0.07£0.01 (11)
in this work. The above value was extracted by fitting the
precise experimental width of D* [78,79]. In order to esti-
mate the values of the coupling constant g,, we compare
the Lagrangian with that in [73] and get

L (12)

ga—ﬁa

with g, = 3.73. Unlike the case of Z1(4430) [59], it is un-
necessary to care about the phases of the coupling con-
stants in the present case. We will turn to this point later.

4 The derivation of the one pion and sigma
exchange potential

To derive the effective potential, we follow the same pro-
cedure in [59]. Firstly we derive the elastic scattering am-
plitudes of both the direct process and crossed channel.
Secondly, we get the potential in the momentum space for
a special component (e.g. J, = 0) with the Breit approxi-
mation. Then we average the potential in the momentum
space. Finally, we make a Fourier transformation to derive
the potential in the coordinate space.

In the present case, parity conservation and angular
momentum conservation ensure that the m exchange oc-
curs only in the crossed channel, while the ¢ exchange is
only in the direct channel (see Fig. 1). The zeroth compon-
ent of exchange meson momentum is go ~ M; — M. For the
direct scattering diagram, M; ¢ denotes the mass of D°.
Thus we can approximately take gy = 0 and ¢> = —q>.

However, qo could not be ignored, because M; and My
denote respectively the masses of D° and D*O for the
crossed diagram. o = M p«0 — M po is larger than the pion
mass m,, which indicates that the exchanged pion can be
on-shell. In this case, one can deal with the potential in
the coordinate space by the principal integration as in (14)
below.
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D° . D? D°

a

D°

DO

B Fig. 1. The scattering of DY and D*0 by ex-

We use the following definitions in the potentials after
Fourier transformation:

1 . dq
Y, (r) = lqr , 13
©= | ™ "
2
a°  iqr|_da
Y. (r)= ar . 14
o= [Py
Writing them explicitly, we have
1
Ya = et y
() 47r7‘e

12

Y (r) = —6(r) — o — cos(ur), (15)

where p1 = /g2 —m2. Except for the relative sign, Y (r) is
similar to the expression derived in [42] by using the polar-
ization vectors et! = %(0, +1,1,0) and * = (0,0,0, —1).2

With the convention of the X (3872) flavor wave func-
tion in (7), the potential in the study of the molecular
picture finally reads

g2
V(r) =g;Yo(r)+ AR

Here the sign between one sigma exchange potential
(OSEP) and OPEP is determined by the relative sign of
|DOD*%) and | D*° D) in the wave function in (7).

It is important to note that the signs in the potential
are completely fixed. The heavy quark spin—flavor symme-
try ensures that the D and D* mesons possess the same
coupling constants. The resulting potential in (16) does not
change with the phases of the coupling constants.

Especially, we find that the o exchange potential is
repulsive, which differs from that in the nuclear forces.
Because of this unique feature, one just needs to study
whether the one pion exchange can bind the D and D*
mesons to form X (3872). Only when the answer is positive
should we consider the effect from o exchange.

We note that the potential in (16) is derived with the
implicit assumption that all the mesons are point-like par-
ticles. Such an assumption is not fully reasonable due to
the structure effect in every interaction vertex depicted in
Fig. 1. Thus, in the following we will introduce the cutoff
to regulate the potential and further study whether it is
possible to find a loosely bound molecular state using the
realistic potential.

We will modify the potential through two approaches:
(1) considering the form factor (FF) contribution;

(16)

2 We have reached agreement on the relative sign through
helpful correspondence with Dr. M. Suzuki.

D° changing the 7 and o mesons

(2) smearing the potential. Although these two approaches
look different, they are essentially the same, i.e. they im-
pose a short-distance cutoff to improve the singularity of
the effective potential.

4.1 Introducing form factors in the potential

Before making a Fourier transformation, we introduce
a form factor in the interaction vertex to compensate the
off-shell effects of the exchanged mesons. The adopted FF
is of the monopole type [34, 35, 80-82]:

A2 —m?

F(q) = ma (17)

where A ~1GeV denotes a phenomenological cutoff. m
and ¢ are the mass and the four-momentum of the ex-
changed meson, respectively. As g2 — 0, FF becomes a con-
stant. With A > m, it approaches unity. In other words, as
the distance is infinitely large, the vertex looks like a per-
fect point. So the form factor is simply unity. On the other
hand, as ¢ — 0o, the form factor approaches zero. In this
situation, as the distance becomes very small, the inner
structure (quark, gluon degrees of freedom) would mani-
fest itself and the whole picture of hadron interaction is no
longer valid.
The explicit expressions of the modified potentials are

Y. (7,,) _ 1 (e—mgr _e—Ar) _ 7/2 e—/lr (18)
N 4y 8t/ ’
2 2
/"L —Qar 17 @ —Qar
Yalr) =~ feos(r) — =] = L2emer - (19)

where n = /A2 —m2, 7' = \/A2—m2 and a = /A% — ¢3.
Note that we use the same A for m and o exchange. As an
example, we have plotted the above regulated potential in

Fig. 2.

4.2 Regulating the potential with the smearing
technique

The potential can be written as

V(r)= /V(r’)é(r —r')dr’. (20)
To smear the potential, we employ the replacement
3/2 )
Sr—r') > <ﬁ> e Blr=1? (21)
T
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Fig. 2. The regulated potentials related with X (3872) in the
case of FF. The solid line corresponds to OPEP. The long-dash
line comes from one o exchange, and the short-dash line is the
total effective potential. g =0.59, go = 0.76 and A= 1.0 GeV
are used
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Fig. 3. The regulated potentials related with X (3872) in the
case of smearing. The solid line corresponds to OPEP. The
long-dash line comes from one o exchange, and the short-dash
line is the total effective potential. g = 0.59, g = 0.76 and
B8=1.0 GeV? are used

which was suggested by Isgur in [83]. As 8 goes to infin-
ity, the right-hand side of the above expression becomes
the delta function. Typical values of /B are v/F ~ 1 GeV,
corresponding to the short-range cutoff. I.e., the short-
distance structure is indiscriminate. On the other hand, 8
should not be very small to describe a system with internal
structure.
We obtain the smearing potential

V(T)smearing

2 (mo-—QBr)2 _
— Jo_o-pr? {e—‘lﬁ— erfc <7ma 2&”)
8mr 2B

(mg+281)2 2 3/2
e AP erfe me+26r\| 9" (B o Br?
2V ERN

2,26=Br° [ (28r—in)? 28r —i
_gpte (o7 otey ¢ Or —ip 99
T8 {e er =V +cc|. (22)

Here erf(z) and erfc(z) denote the error function and
complementary error function, respectively, while c.c. de-
notes the complex conjugate. An illustrative example of
the smeared potential is presented in Fig. 3.

5 Numerical results from the one pion
exchange interaction alone

In order to find whether there is a bound state in the DD*
system, we solve the radial Schrédinger equation with the
help of MATSLISE [84-86], which is a graphical MATLAB
package for the numerical solution of Sturm—Liouville and
Schrodinger equations. A bound system has at least one
negative eigenvalue.

To solve the Schrodinger equation, one needs the follow-
ing parameters: m, = 134.98 MeV, m, = 600 MeV, f. =
132 MeV, mp= = 2006.7 MeV and mpo = 1864.6 MeV [87].
In this section, we first consider whether the one pion ex-
change interaction alone can bind DD*.

Now we explore at what condition D and D* can form
a bound state through the one pion exchange interaction
with two approaches. Our procedure to collect the numer-
ical values is: (1) we fix the coupling constant g = 0.59
and vary the cutoff (A or 3) from a small value until we
find a solution with a binding energy less than 5MeV;
and (2) we increase g to several larger numbers and tune
the cutoff until a solution with a binding energy less than
5 MeV is found.

5.1 Results for the case of FF

If the coupling constant g is fixed to have the experimen-
tal value g = 0.59, the possible bound state solution with
a negative eigenvalue can only be found when A > 5.6 GeV.
The larger the cutoff A is, the closer the regulated poten-
tial is to the delta function, hence the larger the binding
energy. The binding energy is very sensitive to A. This
result is consistent with the behavior of F(¢?) — 1 when
A — o0. It is known that the three-dimensional —§(r) func-
tion alone does not generate a bound state. The require-
ment A > 5.6 GeV is much larger than the commonly used
reasonable value ~ 1.0 GeV. In other words, the one pion
exchange potential alone does not bind the D°D*0 pair
into a molecular state with the physical values of g and A!
This is our first important observation.

We consider only the solutions with eigenvalues be-
tween —0.1 and —5.0 MeV, corresponding A = 5.7 and
5.8 GeV. To understand the solutions more clearly, we
present the numerical results in Table 2. Fy is the lowest
eigenvalue of the system, 7.5 is the root-mean-square ra-
dius, and 7y ax is the radius corresponding to the maximum
of the wave function x(r). In Figs. 4 and 5, we present the
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Table 2. Solutions for various g and A in the case of FF with
OPEP. Lowest eigenvalues between — 5.0 MeV and — 0.1 MeV
are selected

A (GeV) Ey (MeV) Trms (fm) Tmax (fm)

g=0.59 5.7 —-0.3 5.8 0.2

5.8 —2.1 2.2 0.2

g=0.7 4.1 —-0.8 3.7 0.2

4.2 —3.2 1.8 0.2

g=20.8 3.1 —0.1 8.7 0.4

3.2 —1.6 2.6 0.3

3.3 —4.9 1.5 0.2

g=0.9 2.5 —-0.6 4.2 0.4

2.6 —2.9 2.0 0.3

g=1.0 2.0 —-0.2 7.2 0.5

2.1 —1.8 2.5 0.4

' ' ' ' ' ' ' A=57&36V

1.2»\\ fffff A=5.8 GeV

1k ]
&
I3

>
0]
)
T

o 05 1 15 2 25 3 35 4 45 5
r[GeV']

Fig. 4. The radial wave functions R(r) corresponding to A =
5.7 and 5.8 GeV with g =0.59

radial wave functions R(r) and x(r) = rR(r), respectively.
According to the figures, as A increases, the probability for
a bound state appearing near the origin becomes larger.
The large value of 7., indicates that this possible bound
state is very extended, which can be illustrated with the
figures.

Secondly, we enlarge g arbitrarily until g = 1.0 and per-
form a similar evaluation. The results are also presented in
Table 2. When g becomes larger, the critical point for A to
generate a DD* bound state becomes smaller. With a rea-
sonable cutoff A ~ 1.0 GeV, a bound state exists only when
the coupling is very strong (g > 1.0), which is nearly twice
the experimental value. The wave functions corresponding
to the solutions in Table 2 have similar shapes as those in
Figs. 4 and 5.

Now we come back to discuss the partner state of

X (3872). We denote it as X . The C-parity of X is negative.
We have
|X) =

[IDOD*°> +|D*DO%)]. (23)

%|

0.35 T T T v

— A=5.7 GeV
fffff A=5.8 GeV ||

0.3

0.25}! 1

0.2f\i

() [GeV'?)

0.15}
0.1

0.05

200 250 300

T |/ A=5.7GeV
(N A=5.8 GeV ||

0.3

0.25r [ 1

0.2F E

x(r) [GeV'?]

0.1F 1

0.05[; 1

o 05 1 15 2 25 3
r[GeV]

Fig. 5. The function x(r) =rR(r) corresponding to A =5.7
and 5.8 GeV with g = 0.59. The lower diagram shows the behav-
ior in short range

With this convention, the signs in the OPEP are reversed
while the sigma meson exchange is still repulsive. There-
fore, the attractive force is much weaker. We find that the
potential is not attractive enough to bind D and D* even
with g = 1.0. If we arbitrarily use g = 5.0 and A =1.0 GeV,
one finds a negative eigenvalue around — 0.1 MeV. The
value is not sensitive to A. In this case, rrms ~ 19 fm and
Tmax 1S about 14fm. From these values, one concludes
that this convention does not lead to a DD* bound state
with a realistic coupling constant. It is not difficult to un-
derstand the results with the potential in (15). The part

which could provide some attraction is g’ “f2 COSE,—‘”)
w=0.044 GeV is small, a possible bound state exists only
if g is a very large number. The consideration of FF im-
proves mainly the behavior of the most singular part. Thus
the binding energy is insensitive to the cutoff.

From the above analysis, we conclude that the DD*
interaction through one pion exchange is not attractive
enough to form a bound state with g =0.59 and A ~
1.0 GeV.

. Since
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5.2 Results for the case of smearing

In the case of the smeared potential, one fails to find
a bound state solution with negative eigenvalue for § <
5.3 GeV? if we fix g = 0.59. The binding energy is very sen-
sitive to and increases with (. With a reasonable cutoff,
B ~1GeV?2, there exists no loosely bound molecular state
using the realistic coupling constant g = 0.59.

When we vary g from 0.59 to 1.0 and select the solutions
with — 5.0 MeV < Ey < — 0.1 MeV, we obtain the results in
Table 3. One gets a similar conclusion as in the form fac-
tor case. The critical point for 8 to generate a bound state
is lowered as g becomes larger. For example, a bound state
can be obtained with g = 0.9 and 3 ~ 1.0 GeV2. The shapes
of the wave functions corresponding to these solutions are
also similar to those in Figs. 4 and 5.

As in the form factor case, if the flavor wave func-
tion (23) is used, no bound states can be found with g =
1.0. If g = 5.0, a bound state exists and the eigenvalue is in-
sensitive to the cutoff. The numerical results are very close
to those in the form factor case, which also indicates the in-
sensitivity of the results to the cutoff. Therefore, it is also
difficult to find a DD* bound state by one pion exchange
interaction with a realistic coupling constant g = 0.59 in
the smearing case.

From the above analysis within two approaches, we
find that the molecular interpretation of X (3872) through
the one pion exchange interaction may be problematic.
The regulated OPEP may generate bound states either
with an unphysically large coupling constant g > 1.0 or
an un-reasonably large cutoff. The bound state solu-
tion with the realistic coupling constant does not exist
if the value of the cutoff is around 1 GeV. The two ap-
proaches agree and lead to the same conclusion. As a by-
product, we point out that our sign convention for the
flavor wave function of X (3872) is much more helpful to
form a bound state than the old convention used in the
literature.

Table 3. Solutions for various g and (3 in the case of smearing
with OPEP. Lowest eigenvalues between —5.0 and — 0.1 MeV
are selected

Jéi (GeV2) Ey MeV)  rrms (fm)  rmax (fm)
g=0.59 5.5 —-0.3 5.8 0.2
5.6 —1.0 3.3 0.2
5.7 —2.0 2.3 0.1
5.8 —-3.4 1.8 0.1
g=0.7 2.8 —-0.3 5.5 0.2
2.9 —1.4 2.7 0.2
3.0 -3.3 1.8 0.2
g=0.8 1.7 —-0.9 3.4 0.3
1.8 -3.1 1.9 0.2
g=0.9 1.1 —1.4 2.8 0.3
1.2 —4.9 1.5 0.3
g=1.0 0.7 —0.5 4.4 0.4

0.8 -3.9 1.7 0.3

6 Numerical results with both the pion
and sigma meson exchange interaction

Now we move on to include the one o exchange interaction.
The o contribution reinforces the above conclusion in the
previous section due to the repulsive nature of OSEP. We
will study carefully the variation of the numerical results
and see how much it affects the conclusion when OSEP is
considered. The procedure is similar to the OPEP case.

6.1 Results for the case of FF

We first take a look at the potentials plotted in Fig. 2.
The curves are obtained with g =0.59, g, = 0.76, and
A =1.0GeV. From this figure, one notes that OSEP is
small compared with OPEP. Thus one expects that the
one sigma exchange interaction has small contributions to
the binding energy. However, since a very loosely molecu-
lar state is expected, a small variation of the potential may
lead to a relatively large change of the eigenvalue.

By adding OSEP in the Schrodinger equation, one gets
numerical solutions as listed in Table 4. We only use the
coupling constant g, = 0.76 to illustrate the results. Again,
we chose the solutions with — 5.0 MeV < Ey < — 0.1 MeV.

By comparing the data in Tables 2 and 4, one finds
that many bound state solutions with negative eigenval-
ues for certain pairs of g and A disappear after we include
the repulsive sigma meson exchange force. Only three solu-
tions survive with — 5.0 MeV < Ey < — 0.1 MeV. But their
binding energy decreases by at least 83%, which clearly in-
dicates that the sigma exchange force is numerically very
important for a loosely bound molecular state.

6.2 Results for the case of smearing

The smeared potentials are plotted in Fig. 3, where we use
g=0.59, 3=1GeV? and g, = 0.76. By using g, = 0.76 and
selecting solutions for Ey between —5.0 and — 0.1 MeV,
we get the results given in Table 5. Comparing data in

Table 4. Solutions for various g and A in the case of FF
with total potential. Lowest eigenvalues between —5.0 and
— 0.1 MeV are selected. Here go = 0.76 is used

A(GeV)  Eg MeV)  7rms (fm)  rmax (fm)
g=0.59 6.0 —-1.3 2.8 0.1
6.1 —4.9 1.5 0.1
g=0.7 4.3 —-1.1 3.1 0.2
4.4 —4.5 1.5 0.2
g=20.8 3.3 —0.7 3.8 0.3
3.4 —3.7 1.7 0.2
g=20.9 2.6 —0.4 5.0 0.3
2.7 —2.8 2.0 0.3
g=1.0 2.1 —0.3 5.9 0.4
2.2 —24 2.2 0.3
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Table 5. Solutions for various g and 8 in the case of smear-
ing with total potential. Lowest eigenvalues between —5.0 and
— 0.1 MeV are selected. Here go = 0.76 is used

B(GeV?)  Eg(MéV)  rrms (fm)  7max (fm)
g=20.59 6.0 —0.1 8.6 0.1
6.1 —0.8 3.7 0.1
6.2 -1.9 2.4 0.1
6.3 —-3.5 1.7 0.1
9=0.7 3.1 0.3 5.5 0.2
3.2 —-1.6 2.6 0.2
3.3 —-3.8 1.7 0.2
g=0.8 1.9 —1.2 3.0 0.2
2.0 -3.9 1.7 0.2
g=20.9 1.2 —-1.0 3.2 0.3
1.3 —4.4 1.6 0.3
g=1.0 0.8 —-1.0 3.3 0.3

this table with those in Table 3, only two solutions (when
g=0.9,3=12GeV? and g = 1.0, 3 = 0.8 GeV?) still sat-
isfy our requirement. The binding energy decreases by at
least 74%.

7 Numerical results for BB* system

Finally, we apply the formalism to the BB* system. We
have

1
V2
Because of the heavier masses of the B mesons, the kine-
matic term has a relatively small contribution. The possi-
bility of forming a bound state is larger than that in the
DD* system. OSEP remains the same. But the expres-
sion of the OPEP is different now, because ¢% = mp~ —
mp < my. Therefore, the potential can be strictly derived
and does not have an imaginary part. Now we have

[ Xp)=—[IB"B"")—|B""B")]. (24)

%
Yy(r) = —6(r)+ ~Be #B",

47r (25)

where up = /m2 — (¢%)2.

If a form factor is introduced before the Fourier trans-
formation, this function becomes

2 2
= M_B[Q*NBT — e BT — T AB —apr
4drr 8T ’
where ap = /A2 — (¢%)? and n = /A2 —m2.
If the smearing techmque is applied, this function is reg-
ulated as

v =-(2) ot

Yr(r) (26)

™

2 (ng—28r)2 _
4 MB - [QT“B B erfe (M)
8 2V
(1p+26r)2 2
e erfc (%)} . (27)

Table 6. Solutions for various g and A in the case of FF for the
BB system with OPEP. Lowest eigenvalues between —5.0 and
— 0.1 MeV are selected

A (GeV) Ey (MeV) Trms (fm) Tmax (fm)
g=0.59 2.3 —0.9 2.1 0.3
2.4 —2.8 1.2 0.3
g=0.7 1.7 —0.8 2.3 0.4
1.8 —2.7 1.3 0.3
g=0.8 1.3 —0.1 5.1 0.6
1.4 —1.4 1.7 0.4
1.5 —4.2 1.1 04
g=20.9 1.1 —0.4 3.2 0.6
1.2 —2.3 1.4 0.4
g=1.0 1.0 —1.5 1.7 0.5
1.1 —5.0 1.0 0.4

Table 7. Solutions for various g and 3 in the case of smearing
for the BB* system with OPEP. Lowest eigenvalues between
—5.0 and — 0.1 MeV are selected

B (GeV?)  Ep (MéV)  7ims (fm)  7max (fm)
g=0.59 0.9 -0.9 2.0 0.3
1.0 —-3.2 1.2 0.3
g=0.7 0.5 -1.0 2.0 0.4
0.6 —4.7 1.0 0.3
g=038 0.3 —0.5 2.9 0.5
0.4 -5.0 1.0 0.4
g=20.9 0.2 —-0.4 3.3 0.6
g=1.0 0.2 —4.1 1.1 0.5

Table 8. Solutions for various g and A in the case of FF for the
BB* system with the total potential. Lowest eigenvalues be-
tween —5.0 and — 0.1 MeV are selected. Here g5 = 0.76 is used

A(GeV) Eg (MeV)  7rms (fm)  rmax (fm)
g=0.59 2.5 —0.5 2.7 0.3
2.6 —2.5 1.2 0.2
g=0.7 1.8 —0.3 3.8 0.4
1.9 —-1.9 1.5 0.3
g=0.8 14 —0.2 4.4 0.5
1.5 —1.7 1.6 0.4
1.6 —4.9 1.0 0.3
g=0.9 1.2 —1.1 1.9 0.5
1.3 —-3.9 1.1 0.4
g=1.0 1.0 —0.9 2.1 0.5
1.1 —3.7 1.2 0.4

When performing numerical evaluations, mp+ =
5325 MeV and mp = 5279 MeV [87]. For the coupling con-
stants, we use the values in the heavy quark limit which
are the same as in the DD* case. With the same pro-
cedure as before, we obtain solutions in various cases.
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Table 9. Solutions for various g and 3 in the case of smearing
for the BB™ system with total potential. Lowest eigenvalues be-
tween —5.0 and — 0.1 MeV are selected. Here go = 0.76 is used

B(GeV?)  Eg(MéV)  rrms (fm)  7max (fm)
g=20.59 1.1 —-0.4 2.9 0.3
1.2 —2.6 1.2 0.2
g=0.7 0.6 —-0.6 2.6 0.3
0.7 —4.1 1.0 0.3
g=0.8 0.4 —1.4 1.7 0.4
g=0.9 0.3 —3.1 1.2 0.4
g=1.0 0.2 —-1.8 1.6 0.5
0.9 T T T T T T T r :

A=2.3 GeV

o8 | A=2.4 GeV i

0.7r 1

R(r) [GeV¥?]

riGev"]

Fig. 6. The radial wave functions R(r) corresponding to A =
2.3 GeV and A = 2.4 GeV with g = 0.59 for the BB* system

Results from the one pion exchange interaction for the
case of FF (smearing) are presented in Table 6 (Table 7).
After considering the effects from the one sigma exchange
interaction, the results corresponding to the case of FF
(smearing) are collected in Table 8 (Table 9). For com-
parison, we also present the radial wave function R(r)
and x(r) in Figs. 6 and 7. From these tables, it is very
interesting to note that probably there exists a loosely
bound S-wave BB* molecular state. Once produced,
such a molecular state would be rather stable, since its
dominant decay mode is the radiative decay through
B* — Br.

8 Summary and discussion

In this work we have studied whether X (3872) is an S-wave
DD* molecule state bound by the one pion and one sigma
exchange interactions. We choose to work at the hadronic
level and employ the effective Lagrangian incorporating
both the heavy quark symmetry and chiral symmetry. We
find that the o meson exchange potential is repulsive and
numerically important for a loosely bound system.

0.5 T T T T T T T T T

0.45[,

0.411 1
0.35
0.3
0.25

() [Gev'2)

0.2
0.15f
0.1}
0.05

80 90 100

0.5 T T T T T : :

0.45¢ e A=2.4 GeV ]
04t/ 1

035t / :
03t | e .
0.25t | e :

x(r) [GeV'?]

0.2 |
0.15} ]
0.1f 1
0.05 1

00 1 2 3 4 5 6 7 8

r[GeV"]

Fig. 7. The function x(r)=7R(r) corresponding to A=
2.3GeV and A =2.4GeV with g =0.59 for the BB* system.
The lower diagram shows the behavior in short range

Considering the internal structure and the finite size
of the hadrons, we have regulated the singular § function
in the potential using both the form factor and smearing
technique. After solving the radial Schréodinger equation
with regulated potentials, we find that there does not exist
a D°D* (D*D%) molecular state if we use the experi-
mental value for the DD*m coupling constant and a rea-
sonable value of around 1 GeV for the cutoff (A or /().
The two approaches lead to the same conclusion. Bound
state solutions with negative eigenvalues for the DD* sys-
tem exist only with either a very large coupling constant
(twice the experimental value) or a large cutoff (A ~ 6 GeV
or B~ 6 GeV?).

Because B mesons are much heavier, their kinetic en-
ergy decreases, which is helpful to the formation of the
shallow BB bound state. In fact, our analysis indicates
that there probably exists a loosely bound S-wave BB*
molecular state. Once produced, such a molecular state
would be rather stable since its dominant decay mode is
the radiative decay through B* — B7y. The experimental
search of these states will be very interesting.
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In summary, we have performed a dynamical calcu-
lation of the D°D*® system in the mature meson ex-
change framework. Our analysis disfavors the interpre-
tation of X (3872) as a loosely bound molecular state if
we use the experimental coupling constant and a reason-
able cutoff of around 1 GeV, which is the typical hadronic
scale. Clearly more theoretical and experimental efforts
are required to understand the underlying structure of the
charming and mysterious X (3872) state. Maybe one needs
to consider some more exotic schemes like the admixture
of a ¢¢ charmonium and a DD* molecular state. Coupled
channel effects will help to further lower the energy of the
system.
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