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Abstract We perform a systematic study of the possible
molecular states composed of a pair of heavy mesons such as
DD, D*D, D*D* in the framework of the meson exchange
model. The exchanged mesons include the pseudoscalar,
scalar and vector mesons. Through our investigation, we
find the following results. (1) The structure X (3764) is not
a molecular state. (2) There exists strong attraction in the
range r < 1 fm for the D* D* system with J = 0, 1. If future
experiments confirm ZT(4051) as a loosely bound mole-
cular state, its quantum number is probably J¥ = 0%, Its
partner state ®**0 may be searched for in the 7%y, chan-
nel. (3) Vector meson exchange provides strong attraction
in the D* D channel together with pion exchange. A bound
state solution may exist with a reasonable cutoff parameter
A~ 1.4 GeV. X(3872) may be accommodated as a molec-
ular state dynamically although drawing a very definite con-
clusion needs further investigation. (4) The B* B molecular
state may exist.

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

1 Introduction

Since the observation of Z1(4430) [1], the Belle Collabora-
tion reported two new resonance-like structures Z+(4051)
and Z7(4248) in the m T x.1 mass distribution in the ex-
clusive B® > K~ Xc1 decay. Their masses and widths
are my+gosyy = (4051 + 14729 MeV, I'z+uos)y =
(82121137 MeV and m 7+ (4p48) = (4248 +£147557180) MeV,
Tz+pag) = (177735721%) MeV [2]. These charged hidden
charm signals are good candidates of either tetraquark states
or heavy molecular states if they are confirmed by future
experiments.

2e-mail: liuxiang @teor.fis.uc.pt

b e-mail: zhusl@phy.pku.edu.cn

Recently the BES Collaboration reported an anomalous
line-shape observed in the range of 3.650 GeV to 3.872 GeV
by analyzing the cross section of ete™ — hadrons. The
anomalous line-shape is composed of two possible en-
hancement structures around 3.764 GeV and 3.779 GeV
respectively [3]. The latter one is consistent with the well-
established ¥ (3770) while the mechanism of the first struc-
ture is not clear now, which is denoted X (3764) in this work.

In the past five years, a series of observations of the
charmonium-like X, Y, Z states, especially those states near
the threshold of two charmed mesons have stimulated the
interest in the possible existence of heavy molecular states
greatly. The presence of the heavy quarks lowers the kinetic
energy while the interaction between two light quarks could
still provide strong enough attraction.

In fact, Voloshin and Okun studied the interaction be-
tween a pair of charmed mesons and proposed the possibil-
ities of the molecular states involving charmed quarks more
than thirty years ago [4]. De Rujula, Georgi and Glashow
speculated on v/ (4040) as a D* D* molecular state [5]. Térn-
qvist studied the possible deuteron-like two-meson bound
states such as DD* and D*D* using the quark—pion inter-
action model [6, 7]. Dubynskiy and Voloshin suggested the
possibility of the existence of a new resonance at the D* D*
threshold [8, 9]. Zhang, Chiang, Shen and Zou studied the
possible S-wave bound states of two pseudoscalar mesons
with vector meson exchange in [10]. The experimental ob-
servation of X (3872) and Z* (4430) motivated the extensive
discussion of X(3872) as a DD* molecular state [11-21]
and Z7(4430) as a D) D*(D1 D*) molecular state [22-27].

It’s interesting to note that the Z*(4051) enhancement
announced by the Belle collaboration and the X (3764) sig-
nal reported by the BES collaboration are near the thresholds
of D*D* and DD respectively. One may wonder whether
they could also be candidates of heavy molecular states. In
this work we perform a systematic study of three types of
possible heavy molecular states: the DD /BB system (P-P),
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the D* D*/B* B* system (V-V), and the D* D/B* B system
(P-V) using the formalism developed in [17, 18, 24-27].
This paper is organized as follows. After the introduction,
we introduce some notations and present the flavor wave
functions of the S-wave P-P, V-V and P-V systems con-
structed by two heavy flavor mesons. In Sect. 3, we collect
the effective Lagrangians in the derivation of the effective
potential. Sections 46 are for the P-P, V-V, P-V cases re-
spectively. The last section is the discussion and conclusion.

2 Flavor wave functions of heavy molecular states

We study the possible molecular states composed of two
pseudoscalar (P—P) heavy mesons, two vector (V-V) heavy
mesons, one pseudoscalar and one vector (P-V) heavy
mesons. The masses of the J* =0, 1~ heavy mesons are
taken from PDG [28] and collected in Table 1.

The PP type is categorized as two systems, i.e. D — D,
B—B. Here D, D, B and B denote (D°, D%, DY),
(D°, D=, D;), (B*,B% BY) and (B~,B° BY) triplets
respectively. In the following, we illustrate their flavor
wave functions with the D — D type as an example. Since
charmed mesons belong to the fundamental representation
of flavor SU(3), the D — D system form an octet and a sin-
glet: 3® 3 =8 @ 1. The corresponding flavor wave func-
tions are @;F = DD}, &+ = DD, ¢ = DD}, @0 =

1L p0pd _ p—p+ty &0 — p—p+ _ 1 ,70n0
J5(D°D" — D™DT), &) = Dy D*, &g = (D°D° +
D=D* —2D; D), = =D~ D°, &7 = D; D", & =
%(DOD0 + D~ D% + D; D{"). Through ideal mixing, we
have ¢ = \LFZ(DOD0 + D~ D%) and %, = Dy D}, where
<Dg is an isoscalar while @ is an isovector. The above states
are shown in Fig. 1 and collected in Table 2 together with the
B — B type states. The flavor wave functions of the D*D*
and B*B* systems are constructed similarly, which are de-
noted as @** and £2** respectively.

o0 of

iy o0

Fig. 1 The molecular multiplets composed of charmed and
anti-charmed mesons

Table 1 The masses of heavy

mesons in the H doublet [28] JP Charmed-up(down) meson Charmed-strange meson
Charged Mass (MeV) Neutral Mass (MeV) Charged Mass (MeV)
0~ D* 1869.3 DO 1864.5 DF 1968.2
1~ D** 2010.0 D*0 2006.7 D 2112.0
JP Bottom-up(down) meson Bottom-strange meson
Charged Mass (MeV) Neutral Mass (MeV) Neutral Mass (MeV)
0~ B* 5279.1 BO 5279.5 BY 5365.1
1~ B+ 5325.1 B*0 5325.1 B0 5412.0
Table 2 The flavor wave _ —
functi_ons of the D — D and State D-D State B-B
B — B systems Wave function Wave function
oF DD oF BT B’
ot DD+ ot BT B°
@] D= D} 2] BB
20 %(DODO — DD 00 %(BJrB‘ — B°B%)
@? Dy Dt 20 BYBO
@ D=D° 2- BB~
D D; D 27 BB~
@ %(DODO—FD*D*) 29 %(Bﬂa* + B°BY)
@) Dy DY 2}, B) B}
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Table 3 The flavor wave functions of the D — D* and B — B* systems

State D —D* State B-B*

Wave function Wave function

it /ot (DD +eDOD;) Qit2xt -5 (BB + B B")

d>*+/q$*+ %(D*ODwL +CDOD*+) Q*+/[A2*+ %(B*+BO+CB+B*O)

®:0/$r0 (D" D +cD™ D) 230230 5 (BB) +cB°B;")

q)*O/é*O %[(D*ODO—D*7D+)+C(DOD*O —DfD*Jr)] _Q*O/Q*O %[(B*+37 _B*OBO)+C(B+B*7 _ BOB*O)]
_ a %0 _ 2 *0 _ _

0/ % (D~ D* 4 ¢D; D*) 29/, % (B:°BY 4-¢BYB*0)

P+ /* %(D**DO +c¢D™D*0) Q)0 \%(B*OB* +c¢BB*7)

@FBr % (D~ DY+ Dy D*) QF /2% % (BB~ +cBYB*")

¢*0/(§*0 %[(D*ODO+D*—D+)+C(DOD*0+D—D*+)] Q*O/(}*O %[(B*JrB— +B*OBO)+C(B+B*7 +BOB*0)]
20 /o) 5Dy D +eDy DY) 2102 o5 (BYBY +cB)B)

We label the D — D* and B — B* systems as @* and £2* % + % ot K*t

respectively and list their flavor wave function in Table 3. V= _ 0 o g0 )
Here we need distinguish the C parity for @*°, @3 and @) L ~nty ’
in the D — D* system and £2*0, .Qg‘o and .QS*IO in the B — B* K*~ K*0 ¢

system. The parameter ¢ = F1 corresponds to C = +£1 re-
spectively as pointed out in [17, 18, 24, 25]. In this work we
label those states with the negative charge parity with a hat
such as &0, 43{{0, 43;*10 , 270 Qg‘o and leo . The charge par-
ity of X(3872) is positive.

3 The Effective Lagrangian in the derivation
of the potential

In the derivation of the potential, we need the effective La-
grangians, which are constructed based on the chiral sym-
metry and heavy quark symmetry [35—40]:

L= lgTr[HbyMVSAba ] +iB Tr[Hbvl (V - pu)ba a]
+i)\Tr[HbUMvF/w(,0)Ha] + &0 Tr[HaGHa]» (D
where the field H is defined in terms of the (0~, 17) doublet

1+
Hy = 2”[ s Vit i Pyys)]. 2)

Al is the axial vector field with definition
1, . i
Ay = 5 (6198 —80787) = - 0" Pap + - 3)

with & = exp(iP/fy) and f; = 132. The octet pseudoscalar
and nonet vector meson matrices are

EARNNE + +
ﬁ+¢6 b4 K
P=| 7 I+ K0, 4)
_ >0 _2_;7
K K 7

The effective interaction Lagrangians at the tree level from
(1) are

Lppy = —igppy (D3, Dy — Dpd, D)) (V") s
Lppe = —2mpgsDaDo,

1 s o kBT
Lppsp = EgD*D*]P’Suvaﬁ(Da 9“D,,

— DT YIDIR) 9V Py,
ol B“D* ;kbaMIDZUT)(V,u)ab
o (31 =BTV L

Lpspry =igp-pv(D;
+4i fpepry D,
Lppro =2mpgo DDl g,
Lp+pp = —igD*Dlp(DaD,*J, — DLDZ)B“]P’M,,
Loy = —=2fppveumap (0" V"), [(DF3* D}
— 3*DIDP) — (DP9 D, — 0°DEF DY),

where D® = (D)™, (D)™, (DS_)(*)). The relevant
coupling constants are

gp*pp 28

EDDP = —(———
\/MDmD* C fx

8DDV = 8D*D*V = — =
\/_
§

(6)
Foepy = SoDrv _ v
mpx \/_
gy =" 2o =22
fn ’ o 2\/6’
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where g, , B and A are parameters in the effective chiral La-
grangian that describe the interaction of heavy mesons with
light vector mesons [39]. Following [41], we take g = 0.59,
B=09and A =0.56 GeV~!. g, =3.73 [40].

In this work, we adopt the same formalism developed in
[17, 18, 24-27] to derive the effective potential. We com-
pute the amplitudes of the elastic scattering of two heavy
mesons using the above effective Lagrangians. In order to
account for the structure effect of every interaction ver-
tex, we introduce the monopole type form factor (FF)
[6, 7, 29-34]

A2 _ m2

F(g) = A (7N
Here g denotes the four-momentum of the exchanged me-
son. The quantity A is sometimes considered to have the
value of approximately 1 GeV, but it may depend on the
reduced mass of the system. It represents the inverse of
a length scale, and the length scale for two light mesons
differs from that for two very heavy mesons. The quantity
Lambda may also depend on the number and the nature of
exchanged mesons, as the heavier exchanged mesons probe
more of the short-distance behavior which interferes with
the effect of the Lambda cut-off. In this work we adopt a
universal cutoff to simplify the numerical analysis. The FF
also plays the role of regularizing the potential by imposing
a short-distance cutoff to cure the singularity of the effec-
tive potential. Then we impose the constraint that the initial
states and final states should have the same angular momen-
tum. After averaging the potentials obtained with the Breit
approximation in the momentum space, we finally perform
Fourier transformation to derive the potentials in the coor-
dinate space. In the following sections, we illustrate the ef-
fective potentials in detail for the P-P, V-V and P-V sys-
tems.

4 The D — D case
4.1 The potential of the P-P system

The quantum number of the S-wave D —D system is

P = 0% and the C parity of the neutral states is positive. In
this work we consider the possible molecular states bound
by the force from light pseudoscalar meson, vector meson
and scalar exchange. Parity and angular momentum conser-
vation forbid the exchange of a pseudoscalar meson between
the D — D pair. No suitable meson exchange is allowed for
the @F and @2(P?) cases. For the other states, the effective
potentials in the momentum space from vector meson and o
meson exchange are

@ Springer

VDD VD, D.
Vv(q)[ll L z’mesz’mV]

— _g2 IVDIDI IVDQDQ( 1 q2 )
ppvi Q%+ m%, 4mplmpzm%, '
3
Vo(q) = )

q2+m2’

where mp and my denote the masses of charmed meson and
. VD]D] VDZDZ

exchanged vector meson respectively. I, and I,

arise from the coefficients related to the exchanged meson,

which can be read from the nonet vector meson matrix in (5).

After making the Fourier transformation, the three indepen-

dent structures in (8)—(9) read

a’ — X(A,m,r), (10)
- — 7Y A9 ) ) 11
Q¢ + m2 (A,m,r) 11
2
— Z(A,m,r), 12
Crm - AAmn) (12)
where
Y[A,m,r]:i(e—’"’—e“")— £ e, 13)
4rr 8r A
1 d/,0
Z[A,m,r]:——Za—r 3 Y[A,m,r], (14)
19 (49 )
X[A,m,rl=|—-—=—|r"— | +m°|Z[A,m,r] (15)
r2or\ or
with & = +/ A% — m2. We have adopted the monopole FF in

(7) to regularize the potential in (8)—(9). Now the effective
potentials in the coordinate space read

VD1 Dy VDD,
VV(V)[I] : 1712 2 z,levm'meV]

= —ghpyly P PP (Y (A, my. 7]

X Av ’
L [7"”/@) (16)
4lel’l’l'D2mV
Vo(r) = —g2Y[A, mg, 1], (17)

The exchange potential for @* in coordinate space is

v(r)Total VV(”)|:\/— \/_ , M po, Mp+, mpi|

+ Wy (r )|:\/— «/_ ,Mpo, mD+vmw:|+V(r(r)
2 Y[A,my,r]  Y[A,mp, 7]
~ —8ppv B - 3
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X[A,mp,r]

2 .2
8mDmp

X[A, my, 1] ]
8m2,m2

—2Y[A, mg,r]. (18)

The symbol “~” means the SU(2) symmetry is assumed.
For the ®° and dbg states, the exchange potentials are

0
Vi )fmf) {v (r )[\f 5 Mo 0, mp]

F2Vy(r)[1, 1, mpo, mp+,m x|

M1 1
+W(r) —%,—EvahmD,mﬁ)O]
M1 1
+V (r) —, ——=,m ,m sma)}
R V-V
+ Vy ( )- : ! i|
)|l ——=, —&=,Mp+,mMmp-—,M,
A% _\/E ﬁ D D
+2Vo(r)}

2
e_gp%azpz)(ym,mp,r]

X[A,m,, 7

+ [ 2mp2r]>_gDDV<Y[A,mw,r]
dmp,m? 2
X[A, my,r]
%)—giY[A,ma,r]. (19)
dmpmg,

Clearly the potential of ®j is the same as that of @+ due to
the SU(2) symmetry. The effective potential of 45?1 is

V(F)Total =W, 1,mp;,mp,,mg]

4.2 Numerical results for the P-P system

The input parameters include the coupling constants in (6),
the masses of heavy mesons listed in Table 1, and the ex-
changed meson masses m; = 139.5, m, =775.5, m,; =
600, m, =547.5, m, =782.7 and my = 1019.5.

We first plot the variation of the effective potentials of the
D — D system with the cutoff A = 1 GeV in Fig. 2. For the
q§i(q§0) state, there exist p, w and o meson exchanges. The
p exchange force is repulsive while both the w and o meson
exchange forces are attractive. The p and w exchange forces
cancel each other almost exactly. Thus the total potential is
attractive. For the state CDSI , the ¢ meson exchange potential
is attractive. The exchange potentials of p, w and o mesons
all are attractive for @g. Thus its total effective potential is
attractive.

We adopt the MATSLISE package to solve the Schro-
dinger equation with the effective potentials of @&+ (),
q§?1 and @g states. MATSLISE is a graphical Matlab soft-
ware package for the numerical study of regular Sturm-
Liouville problems, one-dimensional Schrédinger equations
and radial Schrodinger equations with a distorted coulomb
potential. It allows for the fast and accurate computation of
the eigenvalues and the visualization of the corresponding
eigenfunctions [42—44].

The variation of binding energy E and the root-mean-
square radius ryyg (in the unit of fm) of 45?1, <150 .Qf)l, .QO
with A is presented in Fig. 3, if there exists the solutlon by
solving Schrodinger equation. For @*(®?), we can not find
bound state solutions in the range of A < 10 GeV, which in-
dicates @*(®?) does not exist. For both (PSO] and (Dé), there
exist bound state solutions with A around 0.5 GeV. When
the binding energy E becomes smaller, the ryms becomes
larger. Similar observations hold for the B — B system. Now
the reduced masses of .QO and .QO are heavier. Hence the ki-
netic term is smaller. .Qol and .QO states appear with a larger

_ _gzDDV(Y[A’ mg. ]+ X[A ’2 ¢,2F]>7 (20) A around 1.1 QeV In Fig. 3, we increase afld reduce both
4m mp my the vector coupling constant and scalar coupling constant by
a factor of two to see the variation of the binding energy and
where only ¢ meson exchange is allowed. the cutoff parameter.
0.004 : 0
= 3" (2 ,8° = —
:(]>_) 0.002 ‘\\D ( ) % -2-10 % -0.
9, ) ‘(_D‘ -4-107 g -0.
. Tota = 0 A'6‘10-7 ___-o.
i“/ -0.002 // i“/ 810”7 > 0 i"/ 0 @80
> Lo > sl >
2 4 6 8 10 12 14 2. 7.5 10 12.5 15 17.5 20 A 10 12
r [GeV '] [Gev ] ]
(a) (b)

Fig. 2 Diagrams (a), (b) and (c) give respectively the variation of potentials of PE(P)0, @?l and @g states on r. Here we take the cutoff

A=1GeV
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Fig. 3 (Color online) The dependence of binding energy E and the
root-mean-square radius ryps on A for €D‘?], 450 9?1, .Qé) is marked
by the red shadow band with the coupling con%tants in the text. The

5 The D* — D* case

5.1 The potential of the V-V system

The possible quantum numbers of the S-wave V-V system
are JP = 1%,1%,2%. The C parity is + for the neutral
states. The exchanged mesons include the pseudoscalar, vec-
tor and o mesons. The exchange potential reads

PD!D;  PD;D;
V[J]( )[ A s MD*, MD3, m]p]
1, [FPIDI FDD q’ 1)
= 48ppph 7q2+m%

for pseudoscalar meson exchange and

J VDID;  VDiD;
Vi1, Iy 27 mpr,mps, my]

VD Dy ,VD;D3
1 I

2 2
x [—gD*D*V e+

=—1

1
A\

dmpymps - my q*+m
4fppey q

" B | @2)
Mmpymps q° +my

for vector meson exchange. For o exchange,

Cl (23)

[J1 — 2
Vo’ (‘I) — _ga q2+m(27

@ Springer
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A (GeV)

0.80 0.85 0.90 0.95 1.00 105 110 115 1.20

yellow and blue shadow bands correspond to the cases when both the
vector and scalar coupling constants are increased and reduced by a
factor of two respectively

with
1
All= ) (T Lald,m) (143 1yl J,m) —
A1A2A3Ag q
x [e}! - (q x €57)er? - (q x €5™)]. (24)
1
Bll= Y (ar:lhald.m)(1a3: gl J.m)
A1A2A3A4 q
x [(e1- @) (e2- (€} - €)) + (c.t.s)], (25)
ClJ] = Z (IA1; 10| J, m)y(1A3; 104]J, m)
AA2A3Ag
x (1" &) (2 - e4™), (26)

where ¢€; is the polarization vector, and c.t.s denotes the
cross-terms, i.e. —(€1 - q) (€] - q)(e2 - €3), (€3 - Q) (€] - q) X
(€1 - €3) and —(6; -q)(ex - q)(eq - ejf). When considering
the different systems with J” =07, 1T, 2%, we impose the
constraint on the scattering amplitudes that the initial states
and final states should have the same angular momentum.
Then we average the potential in the momentum space, i.e.,
making the substitutions q%g v ™ g*/3. The coefficients of
A(J), B(J) and C(J) are listed into Table 4.

After Fourier transformation, we get the potentials in the
coordinate space

PDIDY

V[j r )[ IIP’D*D*

mpy, mps, mIP’]

1, PD{D], D*D

4gD*D*IP’I Z-A[J]Z[A mp, r], (27)
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Table4 The values of A(J), B(J) and C(J) for the cases of the J ¥ = For q§**i’ the exchange potential reads
0t, 1+, 2% systems
sk
J A(J) B(J) ) Ve =V )[— M a0, M, Mg
NV
0 2/3 4/3 1 " 11
1/3 2/3 1 Vp (r) 7 7 M p+0, M pet , My
2 -1/3 -2/3 1 _
V\[}«I](’,) L’_—,mD*o,mD*+,mpi|
V2 V2
[j] VDD VD;D; M1 1
[, I, 2T mpr,mpy, my] V() 7 —2,mD*o,mD*+,mw]
VDID: VDD . .
_ /PP [ﬁﬂgﬁﬁwk—ﬂAmv] Ve ()]
4mp*mp* mV
Z[Aa mﬂa r]
2 N —gheppAlT]| = —
+ 8ppyCLINY [A, my, 7] §DrDrp 8
4 fDps ZIA, my, 1]
+ 2B B11Z[A, my, r]}, (28) - —"} — g2CLIIY[A, mo, 1]
mprmpy 24
Vo (N = —g2CLIY A, mo. 7] (29) . 1[g7>*7>*v CLIIXIA, mp. 7]
_ 2 4mD*m -
The total effective potentials for the @¥** and @?(2?)
states are + gD*D*VC[J]Y[A, mp, 1]
f % Tk
o*1_yun N[ 12 + =PV BJ)Z[A. my. 7]
V(r)Total =Vp (r)|:\/6 \/E’mD*Ova;*’mn , (30 D*
AP J] 1 8p«p+
V)Tl - [%"ZC[ 1X[A, me, 7]
2 4mD*m
=Vl )[f 75 Mo moy ’mﬂ} (D + ghepeyCLIIY[A, My, 7]
2
where only n meson exchange is allowed. Considering the + %ﬂ BIJ1Z[A, m r]:| (34)
* 2 ’ w>s .
SU(2) symmetry, one further gets D+

DE[J]]

~ 20(@)[J]
V( )Total V( )Tot

1
= _Eg%*D*PA[J]Z[A’ m)]vr]‘ (32)

For the <1>;"1*0 state, the potential is

2
(r)TAtlal”] =V J]( )[—7 —7

+ V{/J](V)[l, l,mps,mps, mg]

mDﬁymD;k’ mn}

1
= gg%)*'D*PA[J]Z[A, my, V]

[ $bpey CCLJIX[A, mg. 7]
mD*m¢

4 fpepe
+ @BU]Z[A, me, r]:|. (33)
D;

The potentlal for the 45**0(45**0) state is
V ¢** (<p** )[ ]
( )Total

Z{({IJJWme}

T2V O, 1, m pao, mper, mp]

[ 1 1

+VI[F’J](r) —%,—ﬁ,me,mD*,mno]
+Vp (r) %,%,mD*o,mD*o,mn
+VIP’ ) %, %,mDH,mD*ﬂmn
+ V0 M 0, M 0, M

\Y \/_ «/— D D oY
:FZV\E/J](V)[L1,mD*0,mD*+,mpi]
+VV (r) —ﬁ,—ﬁ,me,mD*ﬂmpo
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1
+VV (r)[ﬁ 7% m peo mD*O’mwi|
+VV (r)|:f \/— , M px+, M p*—, mwi|+2])([7]](r)}
152 Z[A.m,.
%gzD*D*PA[J][( :;g: )Z[A,mn,r]—f-%}

— ZCLIIY[A, mg, 7]

_UFD)| 8bepey LCLIIXA my. 1]
2 [ 4mpum}

+ 8pepeyCLIIY [A, mp, 7]

+ fD*D*VB[J]Z[A my.r ]}
D*

2 2

1 * %
- 8Dy 2DDWV 1 J1X[A, my,, 7]
4mD*m2

+ g'D*'D*VC[J]Y[A, My, r]
+ fD*D*VB[J]Z[A My, I ]}, (35)
D*

where F corresponds to @**0(¢§‘*0) respectively. As a
cross-check, the potential for ®**0 ig the same as that for
@*** by SU(2) symmetry. For the V-V systems, we need
only consider four independent types of potentials corre-
sponding to [d);k*i, dﬁs**o, cﬁs**o], [@*E @*+0] cDg‘*O and
QDS*I*O listed in (32), (34), (35), (33) respectively when we
consider the SU(2) symmetry. For states with different quan-
tum numbers, we simply change the values of A[J], B[J]
and C[J] in Table 4.

5.2 Numerical results for the V-V system
The quantum numbers of the S-wave V-V system are J© =

0%, 17,27, The variation of the oscillating effective poten-
tial of @+ (@*0 @0y with r is shown in Fig. 4, where

only n meson exchange is allowed. The effective potentials
of @**(¢*0) and <15§*0 with J¥ = 0%, 1%, 2% are presented
in Figs. 5-6, where the exchanged mesons include 7, 7, p,
w and o. For @:1*0, its effective potential is shown in Fig. 7,
where both 1 and ¢ meson exchange is allowed.

With the above effective potentials, we solve the Schro-
dinger equation to find the bound state solutions for the V-
V system. Numerical results are collected in Fig. 8 and Ta-
bles 5-7. For the D* — D* states with J© =071, 17, abound
state exists only for A much larger than 1 GeV. Especially
for @+ (@0 @*0) and @**+(P**0) with J¥ = 17, the
existence of a bound state requires the values of A be larger
than 8 GeV. For &@*%(®*0, @*0) and &***(@**0) with

P — 2% no bound states exists for A < 10 GeV. The cut-
off parameter A is a typical hadronic scale, which is gen-
erally expected to be around 1-2 GeV. If A is much larger
than 2 GeV or much smaller than 1 GeV in order to form a
bound state, we tend to conclude that there does not exist a
heavy molecular state for these systems. We find bound state
solutions for @g‘*o and cD;kl*O with JP =0%, 11,2+,

There do not exist molecular states £2*F (20, 2x0)
and 2%+ (2*0) with J” = 2% since we can not find
bound state solutions for A = 0-10 GeV. Different from

the D* — D* system, there exist possible molecular states
0.0015 T
B (B, B0, B * %0
0.001 g=2 ol (% s =)
\
— 0.0005 J=0
S N
O 0 P—
< -0.0005
> -0.001
-0.0015
6 8 10 12
r [Gevl]

Fig. 4 The effective potential of @** (@0, &%) with the cutoff
A=1GeV
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Fig. 5 The effective potentials of @***(@**0) with different quantum numbers. The thick solid line is the total effective potential. Here we take

the cutoff A =1 GeV
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Fig. 6 The shape of the exchange potential of @é‘*o, The thick solid line is the total effective potential. Here we take the cutoff A =1 GeV
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Fig.7 The variation of the effective potential of 45:1*0 with r. The thick solid line is the total effective potential. Here we take the cutoff A =1 GeV

QEEQ0, 20 with JP = 0%, 17 with more reason-
able A close to 1 GeV. We also find the bound state solutions
for Qg*o and (2;‘1*0. The reason is simple. The larger the re-
duced mass for B* — B*, the lower the kinetic energy, the
easier to form a molecular state. With @* as an example,
we illustrate the dependence of E on A in Fig. 8.

6 The D* — D case
6.1 The potential of the P-V system

Figure 9 shows the general scattering channels in the deriva-
tion of the exchange potential. Different from the P-P and
V-V systems, we need consider two additional crossed scat-
tering diagrams for the P-V system, i.e. Fig. 9(b) and (c).

In terms of the effective Lagrangian in Sect. 3, the o me-
son exchange potential in the momentum space is

2

Vo(q) = ——5—2—-.
o () @+

'We missed a minus sign in the sigma meson exchange potential in
[17,18].

The pseudoscalar meson exchange potential reads [17, 18]

PD;D;

I, MDDy, MDs, mp|

PDD*
Ve[, 72,

1
B 12mp, mpy

5 PD\D; PD;D,
gp+prl I,

2
e for 7,
x { #q 37

for 7,

q2+M/2

— 22 2 _ .2 _ _
where = \/‘10 ms, w = \/mn(K) g5 and go = m ps
mp,. For vector meson exchange, there exist two types of
potentials from the direct and crossed scattering channels:

VD3D}

Direct VDD,
Ve[, A ,mp,, mps, my]

vD, D, ,VD5D;
= —gppvgprprvl, T, 7

q 1
X >t 7 ) (38)
4lemD;mV q- +my

VDD VD3;D
Vgross (q) [Il 145 , 12 241

,mp,, mpy, my|
VDD VDD, q°

8 .o
= —= fRervl 2] , 39
3fDDV1 2 @ +2 (39
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. PD\D; ,PD;D
where ¢y =\ /m3, — q2. One notes that my, is larger than go ~ Ve()[1; >, 1, >, mp,, mps, mp]
for the P.—V case. {%fte'r Fourier traimsformatlon, we obtain . 1 2 PDIDj PDID;
the effective potentials in the coordinate space 12mp, mps §p+pphi 2
2
U(r for 7,
2 { ) / e (41)
Vo(r)=—g Y[A,mgs, 1], (40) —Z[A, ', r] forn,
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Table 5 The numerical results for the D* — D* and B* — B* systems

State D* — D*
JP =0t JP=1% JP =2%
AGeV) EMeV)  rms(fm) A (GeV) EMeV)  rms(fm) A (GeV)  E (MeV)  rps (fm)

@ (@0 @0y 480 —-5.26 1.92 8.70 —1.60 2.56 - - -
4.85 —10.90 1.34 8.75 —4.59 1.93 - - -
4.90 —18.49 1.04 8.80 —8.83 1.47 - - -
4.95 —27.99 0.85 8.85 —14.36 1.17 - - -
5.00 —39.42 0.72 8.90 —21.21 0.96 - - -

@t (0 4.00 —5.21 1.99 9.80 —8.40 1.61 - — -
4.10 —10.93 1.40 9.90 —12.08 1.37 - - -
4.20 —19.02 1.08 10.00 —16.53 1.19 - - -
4.30 —29.73 0.88 10.10 —21.75 1.05 - - -

;0 0.51 —31.92 1.21 0.51 —37.61 1.18 0.50 —24.01 1.47
0.52 —18.32 1.48 0.515 —19.63 1.48 0.51 —17.23 1.63
0.53 —8.61 1.95 0.52 —15.03 1.63 0.52 —11.71 1.85
0.54 —2.57 2.76 0.53 —7.77 2.05 0.53 —7.36 2.14

o0 0.62 —20.46 1.30 0.59 —24.74 1.27 0.54 —23.64 1.46
0.63 —12.91 1.55 0.60 —17.27 1.45 0.55 —17.87 1.60
0.64 —7.13 1.93 0.62 —6.56 2.11 0.56 —13.01 1.77

State B* — B*
JP =0t JP=1% JP =2%
AGeV) EMeV)  rms(fm) A (GeV) EMeV)  rms(fm) A (GeV)  EMeV)  rps (fm)

Q@0 10y 230 —-0.57 4.76 3.80 —3.98 221 - - -
2.35 —5.52 1.89 3.85 —9.75 1.42 - - -
2.40 —14.90 1.17 3.90 —17.91 1.06 - — —
2.45 —28.50 0.87 3.95 —28.43 0.85 - — —

2 (2%0) 1.45 —6.12 1.92 - — -
1.50 —-10.17 1.53 2.70 —3.60 241 - - -
1.55 —15.35 1.27 2.80 —8.40 1.62 - - -
1.60 —21.75 1.10 2.90 —15.55 1.22 - - -
1.65 —29.46 0.96 3.00 —25.38 0.98 - - -

250 0.57 —23.16 1.36 0.57 —32.70 1.23 0.61 —18.07 1.49
0.575 —13.34 1.68 0.58 —16.11 1.58 0.62 —12.66 1.67
0.58 —6.42 2.28 0.59 —5.65 2.39 0.63 —8.39 1.93

10 0.73 —23.67 1.19 0.71 —21.76 1.28 0.66 —20.11 1.49
0.74 —12.12 1.56 0.72 —12.68 1.57 0.67 —14.26 1.67
0.75 —4.48 2.37 0.73 —6.12 2.05 0.68 —9.50 1.91

Di VD, D, VDiD: C VDDt  VD:iD,
VVlreCt(r)[I] e ) 12 . ) mD] ) m'D; ’ mV] VVFOSS(;,) [I ? ) 12 2 ) mD| ’ m'Dz‘v mV]
_ VDD, VD;D; 8 » VD, D% VDID,
= —gppvED*D*v1, I, = —ng*DvI1 , 2T ZIA gy, r]. (43)
X[A,my,r
x (w + YA my, r]), “2)

4mD1mD§m%j
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Table 6 The numerical results for the D* — D* and B* — B* systems after increasing the coupling constants by a factor of two

State D* — D*
JP=0* JP =17 JP=2*
A(GeV) EMeV)  rms(fm)  A(GeV)  E(MeV)  rs(fm) A (GeV)  E (MeV)  rmy (fm)
@E (@0 pxr0) 1.90 —16.07 1.14 2.90 —14.48 1.18 - - -
1.85 —4.7 2.05 2.80 —1.14 3.74 - - -
@k (@*0) 1.00 —5.42 2.06 1.80 —6.28 1.89 - - -
1.20 -36.75 0.92 2.00 —24.25 1.04 - - -
30 0.58 —45.86 1.05 0.60 —15.53 1.62 0.65 -3294 115
0.59 —13.02 1.73 0.61 —3.64 2.64 0.66 —27.10 121
0 0.76 ~39.20 0.97 0.74 —38.98 1.01 0.70 -23.96  1.38
0.78 ~7.90 1.82 0.76 —12.73 1.55 0.72 —1131  1.78
State B* — B*
JP =0t JP=1* JP=2%
A(GeV)  EMeV)  ryps(fm)  A(GeV)  E(MeV)  rus(fm) A (GeV)  E (MeV)  rus (fm)
QEE@H0, 20 1.20 —9.26 1.50 1.60 —6.27 1.79 - - -
1.30 —~79.29 0.60 1.70 —44.38 0.73 - - -
Q¥ (270) 0.50 —17.96 1.41 0.80 774 1.80 - - -
0.48 —16.36 1.48 0.90 —25.86 1.11 - - -
250 0.60 —81.06 0.89 0.62 —46.66 1.15 0.70 —245.16  0.50
0.61 -10.73 2.15 0.63 —11.49 1.98 0.71 —35221  0.49
2450 0.83 —25.32 1.17 0.82 —34.93 1.06 0.80 —2693  1.27
0.84 —5.08 2.18 0.83 —15.01 1.47 0.82 —11.66  1.69
Here 4 5 4 ,
) ) _gf'D*’DVZ[A5§p7r]+ng*'DVZ[Aanﬂr]
o
U(r)= —'u—[cos(,ur) — e_‘"] _ P )
4r 8 — 8, YA, mg,r]. (45)
with 8 = /A% —m2 and o« = ,/ A2 — ¢3. The total effective . . .
. o a0 For *0/*0, @*0/@*) and ®3°/®3°, we have
potentials of @+ /@ * @30 /030 @30 /@ are
~ 2 *0 /B *0
q}*:t (p*:t &7y« D /(I)
VOt =¢ DLE 714, ) 44 VT
36 /mDmDSmD*mD;«
1 X[A,mp,r]
okt - - = 8pDVEDDV| 7 + Y[A,mp, 7]
For @*= /®*=, the total effective potential reads 2 4m pm prm?2 Pee
P
d)*j:/(f,ﬁd:
V() ot 1 X[A,my, 7]
o ~ 38DDVED*D*V m +Y[A, me, f”]i|
1 X[A,mp,r] bED
= 58DDVED*DV pi— +Y[A,m,,r] ) )
e —c{—zfpﬂ _72‘%&2[/"“’7,’]
1 X[A,mg,r] oMb "pmb:
~ 38DDVED DV | s YA, mgy,r]
4mpmp+m;,

87 87
S . 5L o) . 5> P R
24mDmD* T2m
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Table 7 The numerical results for the D* — D* and B* — B* systems after reducing the coupling constants by a factor of two
State D* — D*
JP=0* JP=1* JP =27t
A(GeV) EMeV)  rms(fm) A (GeV) EMeV)  rms(fm) A (GeV) EMeV)  rms (fm)
(p**:l:(@**O @**0) _ _ _ _ _ _ _ _ —
s s ’ s
¢**i((p**0) _ _ _ _ _ _ _ _ _
<1§§*0 0.40 —18.40 1.57 0.40 —13.09 1.82 0.39 —10.14 2.10
0.41 —12.23 1.81 0.41 —8.43 2.12 0.40 —6.67 2.42
05;";"0 0.46 —6.43 2.21 0.40 —27.87 1.37 0.40 —12.05 1.95
0.47 -3.70 2.76 0.42 —16.15 1.63 0.41 —8.61 2.18
State B* — B*
JP =0t JP=1* JP =2t
A(GeV) EMeV)  rms(Fm)  A(GeV) EMeV)  rms(fm) A (GeV) EMeV)  rms (fm)
QP 200 6.80 —-9.33 1.43 - - - - - -
6.90 —23.17 0.93 — — — — — —
%% (*0) 6.10 —7.37 1.64 - - — - — -
6.20 —14.64 1.20 — - - - - —
Q;*O 0.48 —26.88 1.31 0.48 —19.59 1.51 0.48 —11.34 1.92
0.50 —8.85 1.97 0.50 —6.57 2.25 0.50 —4.18 2.75
.Q:,‘l*o 0.58 —11.18 1.68 0.53 —29.28 1.23 0.50 —18.73 1.60
0.60 -3.11 2.85 0.55 —15.49 1.54 0.52 —9.95 1.97
Fig. 9 The diagrams in the P P P v P % P P
derivation of the effective ‘ X ° :
potential of the P-V system Lo P Y -V
v v v P % P vV
(a) (b) (c) (d)
o1/857 8% D
V() rotal — e =BPP () — =BPP_71A, 1 1]
8mDmD* 72mDmD*
X[A,mg,r]
=—8ppVEDDV| 5 + Y[A,mg, 7] ) 4 ,
4mDamD?m¢ + 4fD*’DVZ[Aa Cpﬂ r] + gf’D*’DVZ[A ) é‘a)v r]
8 o
=3 ppyZlA. gy 1] — g2Y[A, mg,1]. (48)
2 . . ..
The parameter ¢ is F1 for the P-V systems with the positive
Fo—SDDP iAo, (47) paran i Y P
18m p,m px and negative charge parity respectively. As expected, the po-
' tential of ®* and @** are the same as that of @** and @*°
respectively.
(p;O/(ﬁgO
V() total 6.2 Numerical results for the P-V system
3 X[A,mp, 1] L o
= ~58DDVED DV | s +Y[A,mp, 1] We show the variation of the potential with r in Fig. 10.
bEDTEp The total effective potential for @**(®*?) and @go is at-
1 X[A,my,r] tractive while the potential of ®@*¥(®*%) and &3 is repul-
— S8DDVED D | s + Y[ A, my, 7] A P . (@) g 13 TP
2 4mpm p+mZ sive with A =1 GeV. Especially the neutral states with pos-
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Fig. 10 The exchange potential of the P-V system with the typical value A = 1 GeV. The thick solid line is the total effective potential

itive charge parity are very interesting. The only candidate
of X (3872) with the attractive potential is Cbg‘o. There do
not exist molecular states @+ (®*%), 2+ (£2*9) and .Q;{O be-
cause of the strong repulsive potential. Bound state solutions
exist for @+ (@0, @*0) and Q:F (220, 2:0), 2*F(2*0)
only with a very large A. We show the dependence of the
binding energy and ryy,s of P—V system in Figs. 11-12.
Moreover we collect the numerical results in Figs. 11-12
(see the results marked by a yellow shadow band) when all
coupling constants are increased by a factor of two. When
all the coupling constants are reduced by a factor of two,
the results are shown in Table Figs. 11-12 (see the results
marked by a blue shadow band).

7 Discussion and conclusion

We have systematically studied the P-P, V-V and P-V sys-
tems, which is composed of a pair of heavy meson and anti-
meson. We summarize our numerical results from Sects. 4-6
in Tables 8, 9 and 10. We use the symbols ‘v’ and ‘®’
to indicate whether a molecular state exists or not with the
coupling constants in Sect. 3. In the following two cases,

@ Springer

we tend to label the system with the symbol ‘®’: (1) there
does not exist a bound state at all because of the repul-
sive potential; (2) a bound state solution exists only with
either A > 3 GeV or A < 0.5 GeV. If a bound state ex-
ists when 0.5 < A < 0.9 GeV or 2.0 < A < 3.0 GeV, we
mark this state with ‘?’. In this case the result is so sen-
sitive to the cutoff parameter that we can not draw a defi-
nite conclusion. Only when a loosely molecular state exists
with 0.9 < A < 2.0 GeV, we tend to label the state with the
symbol ‘v’. We want to emphasize that the above criteria
may be biased due to the authors’ personal judgement. The
readers are encouraged to consult the numerical results in
Sects. 4—6 and draw their own conclusions.

It’s interesting to compare our results with those near-
threshold structures observed recently.

1. Z*(4051)
The charged broad structure Z*(4051) was observed by
Belle in the 7 x.1. Its central mass value is slightly
above the D*D* threshold. First we want to empha-
size that there exists strong attraction in the range r < 1
fm for the D*D* system with J =0, 1 as can be seen



Eur. Phys. J. C (2009) 61: 411-428

425
_a_8_
—ab5— —a-8— — a7 —
a0 A4— a7 — a-6 — a7— a5 a-6 — a-5— -a-6-
28 F
26 F
24
= 22}
E 20F // //
= 18E
e 16F /
o 14F
12 F
10 F
8% E I 1 I I I I
5E
; -10 C
o -15 I
o
oot
-30 C
35 1 n 1 1 1 1 1 1 1
0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
A (GeV)
50 28 a-3 a-2 a-2 a-3
28 F
26 | \
2.4 o
£ 35F \
T, 18¢]
£OTSE \ \
12 F |
1.0 B
8% 3 I I I \ I i I I I I I
L \
-5 K \\\
< 0F \
o 15[ \
S 20f \
w -25 T | “‘\
30 F |
35 1 1 . 1 1 1 1 . 1 . 1 . 1 . 1
1.5 2.0 2.5 3.0 3.5 8.5 9.0 9.5 10.0 10.5
A (GeV)

Fig. 11 The dependence of E and rms on A for the case of DD*. Here a-2, a-3, a-5, a-6, a-7 and a-8 denote [@}F, @30, $30], [D*+, $*0], [®F 10 1,
[QSS*{) 1, [(Dgo] and [ég‘o] respectively. The other conventions are the same as in Fig. 3

clearly from the shape of the total effective potential in
Fig. 5(a)-(b).

If this enhancement is a molecular state, the poten-
tial candidate of Z*(4051) is the @**7 state with isospin
I = 1. Our numerical results indicate that there exists a
bound state solution (1) for @**t with J¥ =01 and A ~
4 GeV; (2) for @*** with J® = 17 and A ~ 10 GeV. Un-
fortunately such a cutoff seems too large according to our
criteria.

If future experiments confirm Z*(4051) as a loosely
bound molecular state, its quantum number is very prob-
ably J¥ = 0%, which can be measured experimentally
through the angular momentum distribution of ¥ x.;.
Since @*** belongs to an isospin triplet, its neutral part-
ner state ®*** may be searched in the 7% x.; channel.

2. X(3872)

In our previous work [17, 18], we explored the D°D*0
molecular state by considering the 7 and ¢ meson ex-
change potentials only. Our numerical results showed
that it is impossible to form a D?D*® molecular state
with the coupling constants determined by experiment
and a reasonable cutoff around 1 GeV [17, 18]. Unfor-
tunately we missed a minus sign in the sigma meson ex-
change potential, although its contribution is not large.
Moreover we didn’t take into account the charged modes.

In this work, we consider both the neutral and charged
modes and include the exchange force from the 7, 7,
o, p and w mesons. The resulting total effective poten-
tial is attractive as shown in Fig. 10(f). Vector meson
exchange, especially rho meson exchange, provides the

@ Springer



426

Eur. Phys. J. C (2009) 61: 411-428

b-7

b-3 b-7 b-5

(fm)

rms

r
~~

\ .
\

E (MeV)

40 |

-50 L n 1 n 1 n 1 n 1

0.4 0.5 0.6

b-2
3.0

1.3 1.4

A (GeV)

b-2

25

20

(fm)

151 \

rms

1.0 -

/

b-6

0.5- - L - L

E (MeV)

40 | \

-50 L " 1 " 1 " 1 " 1 " 1

2N

1.4 2.4

2.6

2.8 3.0 3.2 36 3.8
A (GeV)

4.0

Fig. 12 The dependence of E and ryyg on A for the case of BB*. Here b-2, b-3, b-5, b-6 and b-7 denote [.jS, Q:O, f?:o], [Q*i, Q*O], [.Qs*lo],
[Q:lo] and [.Qg‘o] respectively. The other conventions are the same as that in Fig. 3

additional strong attraction. The @;0 state corresponds
the X (3872).

Recall that the sigma meson exchange force is weak
and pion meson exchange alone does not bind the D*D
into a molecular state with a physical pionic coupling
constant and a reasonable cutoff [17, 18]. In fact, a bound
state appears only with A ~ 6 GeV there. With the ad-
ditional strong attraction from vector meson exchange,
our present numerical analysis shows that a molecular
state exists with A ~ 0.55 GeV. If we arbitrarily in-
crease all the coupling constants by a factor of two,
there exists a molecular state with a slightly more reason-
able A ~ 0.75 GeV. If we reduce all the coupling con-
stants by a factor two, there appears a bound state with
A ~0.45 GeV. Such a cutoff value is below 1 GeV and
smaller than the exchanged vector meson mass.

The pionic coupling constant of the D* D system was
extracted from the decay width of the D* meson experi-

@ Springer

Table 8 Summary of the D — D and B — B systems. The symbols ®
and v" denote “forbidden” and “allowed” respectively

D-D B-B

State Remark State Remark
oF, 00 ¢ ® 2 020, 00 ®

o*, @0 ® *, 00 ®

@ ? 27 v

@0 ? 29 ?

mentally. Its value is known quite reliably. In contrast, the
vector coupling constant was estimated using the vector
dominance model in [41], which may be overestimated
according to a recent light cone QCD sum rule analy-
sis [45]. If we fix the pionic and scalar coupling con-
stants but reduce the vector coupling by a factor of two
only, there exists a very reasonable bound state solution
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Table 9 Summary of the . .
D* — D* and B* — B* systems D'-D B*-B
State Remark State Remark
JP =0t JP =1t JP =27 JP=0t JP=1t JP=2%

+ 0 gH*x0 + 0 H*x0
OE o0 §0 @ ® ® Qi Q0 G0 9 ® ®
(D**i (D**O ® ® ) Q**i Q**O v 9 ®
o0 ? ? ? 2540 ? ? ?
o*0 ? ? ? 210 ? ? ?
Table 10 Summary of the D — D* and B — B* systems I
6 1
- - [
D-D* B—B* | '
State Remark State Remark 4 | ".
s \
¢;i<i7 (p:fO7 (ijo ® _Q;d:, QjO, Q;kO ® § 21
~ ~ 2 %0 N ~ 2 %0 |
+ H+0 + 0
(1);‘ ’¢;< ’Qs ® ‘Q;k "Q.;k "Qs ® G 0 T
(p*:t’ (P*O ® Q*:E’ Q*O ® ;
ot H*0 ® ot 50 ® -2 !
) ) |
0 0
@) ? 2 ? gl
@ ? 2y ? l
0 9 Q0 v 0.5 1 1.5 2 2.5 3 3.5 4
8 : 8 -1
qﬁgo 9 Q,\;O r [GeV ]

Table 11 The bound state solutions for the D* — D system if we fix
the pionic and scalar coupling constants and reduce only the vector
coupling constant in Sect. 3 by a factor of two

A E (MeV) Frms (fm)
1.6 —12.86 1.47
1.5 —6.07 1.98
1.42 —2.41 3.09
1.41 -2.07 3.30
1.40 —1.75 3.53

with £ = —1.75 GeV and A = 1.4 GeV as shown in
Table 11. Now the value of its root-mean-square radius
reaches 3.53 fm! In other words, such a molecular state
is bound very loosely.

In short summary, X (3872) may be accommodated as
a molecular state dynamically, although drawing a very
definite conclusion is very difficult especially when other
available experimental information is taken into account.
In our calculation, we assumed the SU(2) symmetry and
ignored the mass difference between the charged and
neutral mesons. Moreover we ignored the possible S-D
mixing effect completely since we impose the S-wave
condition in the derivation of the potential. These approx-
imations together with the sensitivity of the numerical re-

0
Fig. 13 The dependence of the potential V(r)?ilal +3/ (2,ur2) on A.
The solid, dotted and dashed lines correspond to A =1, 3,4 GeV re-
spectively

sults to the cutoff parameter should be considered in the
future investigation.

3. X(3764)
The broad structure X (3764) is close to the DD thresh-

old and was observed in et

e~ — hadrons process. Its
quantum number is /¥ = 177. In the present case, we
need consider the P-wave q)g by adding the centrifugal
potential £(1 + £)/ (2/u’2) with £ =1 into the potential

in (19). Here w is the reduced mass of the system. In

Fig. 13, we show the variation of V(r)igta1 +3/ur?)
with several typical values of A. Our numerical analysis
indicates that there does not exist a P-wave q)SO from such
a potential. In other words, the structure X (3764) is not
a DD molecular state.
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