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Based on the general form of the Bethe-Salpeter wave functions for the bound states consisting of two
vector fields, we obtain the general formulas for the decay widths of molecular states composed of two
heavy vector mesons with arbitrary spin and parity into a heavy meson plus a light meson. In this approach,
our attention is still focused on the internal structure of heavy vector mesons in the molecular state.
According to the molecule state model of exotic meson, we give the generalized Bethe-Salpeter wave
function of molecular state as a four-quark state. Then the observed Y(3940) state is considered as a
molecular state consisting of two heavy vector mesons D**D* and the strong Y(3940) — J/ww decay
width is calculated. The numerical result is consistent with the experimental values.
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I. INTRODUCTION

In present particle physics, the investigation of the
structure of exotic meson is of great significance and the
possible alternative interpretations beyond quark-antiquark
state have been proposed [1-6]. Using the most general
form of the Bethe-Salpeter (BS) wave functions for the
bound states composed of two vector fields of arbitrary spin
and definite parity [7], we have investigated the molecular
states composed of two heavy vector mesons and obtained
their masses and BS wave functions in Refs. [7,8]. It is
obvious that our previous works are incomplete since the
decay widths of the molecular states have still not been
calculated. In this paper, we shall give an appropriate and
accurate approach to investigate the strong decay of the
molecular state of two heavy vector mesons into a heavy
meson and a light meson.

Quantum chromodynamics (QCD) is the fundamental
theory of strong interaction, and it is the most reasonable
and fascinating to study the exotic meson from QCD. In
this work, we will investigate the exotic meson as far as
possible from QCD. Then the heavy meson is a bound state
consisting of a quark and an antiquark and the meson-
meson molecular state is actually composed of four quarks.
However, the previous works [1-3] about the hadronic
molecules seldom considered the internal structure of the
mesons in the molecular state. In quantum field theory,
Mandelstam’s approach is a technique for evaluating the
matrix element of a product of field operators and their
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derivatives between two bound states [9]. Considering the
molecular state as a four-quark state and applying
Mandelstam’s approach, we obtain the general formulas
for the matrix elements between this four-quark state and
another bound state and evaluate the decay width of
molecular state composed of two heavy vector mesons
with arbitrary spin and parity into a heavy meson plus a
light meson. When the decay width of exotic meson is
much less than its mass, one can apply the perturbation
theory to calculate the decay width for this physical
process. The Hamiltonian describing the decay interaction
is not considered at first, the BS approach can be used to
investigate the molecular state. After obtaining the BS wave
function of the molecular state, we consider the decay
interaction and calculate the decay width. For this present
purpose, we have to obtain the generalized Bethe-Salpeter
(GBS) wave function of molecular state as a four-quark
state. From the hadronic molecule structure, the GBS wave
function for four-quark state should be the product of the
BS wave function for the bound state of two heavy mesons
and the BS wave functions of these two heavy mesons. To
quantitatively calculate the bound state matrix element, we
require the exact normalization of BS wave function for the
molecular state composed of two heavy mesons.

Then this approach is applied to investigate an interest-
ing process: the decay of ¥ (3940) into J/ww [10,11]. The
structure of Y(3940) does not fit the ¢¢ charmonium
interpretation [12] and we assume that the Y(3940) state
is a molecular state consisting of two heavy vector mesons
D**D*0. As in the effective theory at low energy QCD, we
consider that the light vector meson w is a pointlike particle

© 2018 American Physical Society
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and investigate the light meson interaction with the light
quarks in these two heavy mesons, which is consistent with
our previous works. Finally, the matrix element between
two bound states and the strong decay width can be
calculated without an extra parameter. In the framework
of QCD, we systemically investigate the decay of molecule
state composed of two heavy vector mesons into a heavy
meson plus a light meson, and the calculated decay width
I'(Y(3940) — J/yw) is consistent with the experimental
values. Therefore, this work provides powerful theoretical
support for the molecule state model of Y(3940) from
QCD. Since the BS approach is derived in relativistic
quantum field theory, this nonperturbative method can be
used to investigate the other exotic states XYZ [13].

The paper is organized as follows. In Sec. II we give the
general matrix element between four-quark state and

two-quark bound state. Section III gives the GBS wave
function of molecular state as a four-quark state. In Sec. IV
the approach is applied to investigate the decay mode
Y(3940) — J/ww. After obtaining the BS wave function of
heavy meson J/y and the normalizations of BS wave
functions, we calculate this decay width. Our numerical
result is reported in Secs. V and VI presents the conclusion.

II. GENERAL BOUND STATE MATRIX ELEMENT

Consider that a bound state with spin j and parity 7p is
composed of two heavy vector mesons and this molecular
state decays to a heavy meson and a light meson. As in
effective theory at low energy QCD, we investigate the light
meson interaction with the light quarks in heavy mesons
and the interaction Lagrangian is

7{0_’_\%” ﬁ,ﬁ \/§K+ "
E}’ff:ig{)(ﬁ d E)ys V27~ —ﬂ0+%f7 V2K d
V2K~ V2K° —%77 s
P+o V2ot V2K u

+igo(a a §)y,, Vi e vako || a +ig6<1‘4 a)(;)o. (1)
VK= VIR 3 ) \s

The effective quark current J corresponding to the light
meson can be obtained. Then the heavy vector mesons in
molecular state should be bound states of a light quark and
a heavy quark and the molecular state should be considered
as a four-quark state; the heavy meson in the final state
should be a bound state of two heavy quarks. Applying
Mandelstam’s approach, we can obtain the general for-
mulas for the matrix elements of arbitrary quark current J
between four-quark state and two-quark bound state

(01 (x)|P) = / iy, dysdxyd xsdxsd'xs

X101, Y2)T (V1. Y23 Xi5 X1, X3, X4, X3)

X)(P(x]»x3?x4ax2)7 (2)

where |P) and |Q) are four-quark state and two-quark
bound state, respectively; P and Q are their total momenta,
xp(X1.X3,X4,%,) and yo(yy.y,) are GBS and BS wave
functions, T'(yy, y2; X;; X1, X3, X4, X ) i8 the irreducible part
of Green’s function, shown as Fig. 1. In Fig. 1, V represents
the heavy vector meson with mass M| and 1% represents the
antiparticle of heavy vector meson V' with mass M,, MS
represents the vector-vector molecular state, H and L
represent the heavy and light mesons in the final state,
respectively.

The BS wave function of the heavy meson in the final
state is

Xo(1,y2) = (OTHE (y ) HP (v,)|0)

1 1 0y
:WmeQ )(Q()’)’ (3)

where H is the heavy quark operator and its superscript
p>+m

2

is a flavor label, E(p) = s Y =01y + 1y,

FIG. 1. General matrix element of quark current J between four-
quark state and two-quark bound state. The solid lines denote
quark propagators; the unfilled ellipses represent Bethe-Salpeter
amplitudes; and the filled ellipse represents the irreducible part of
Green’s function.
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Y = Y1 — Y2, 1} , are two positive quantities such that o=
mc.p/(mc + mp) and mcp are the heavy quark masses.
Extended to the four-quark bound state, the GBS wave
function can be defined as

xp(X1,X3,%4, %) = <0|THC(X1)QA<X3)QB(X4)7:‘D<X2)|P>v

4)
which also can be written as
1 1 iP-X / /
xp(X1,X3,%4.%7) :WT(P)E xp(Xx.x'),  (5)

where Q is the light quark operator and its superscript
is a flavor label, X = n(n{x; + nx3) + n2(nix4 + 15x2),
X' = (nx) +n5x3) = (myxs +myx), x=x1—x3, X' =
Xy =Xg MM =1, ni3=mca/(mc+my), n,=
mp g/(mp + mp) and m, p are the light quark masses.

For the sake of convenience, we assume that the final
light meson is a vector meson with momentum Q’, whose
field operator is A,, and the Lagrangian for the interaction
of light vector meson with quarks should be

£I(xi) = iQQA (xi)VﬁB QB(%')A;: (xi)' (6)

Then the effective quark current in Eq. (2) is J,(x;) =
QM (x;)7A QB (x;) and the two-particle irreducible Green’s
function is
T(y1. y25 X3 X1, X3, X4, X)
= (O]THE (y1 ) HP (v2) @* (xi)7® Q% (xi)HE (x1)
x Q4 (x3) Q% (x4 HP (x,)[0) 7, (7)
|

X
Y, 1

X,

Y, X,

FIG. 2. The lowest order term of the two-particle irreducible
Green’s function.

which can be evaluated by means of perturbation theory. In
present work, we retain only the lowest order term in the
expansion of the right-hand side of Eq. (7), shown as in
Fig. 2. Itis straightforward from Eq. (7) and Fig. 2 to identify
the lowest order value of T'(yy, y»; X;; X, X3, X4, X2) as

To(y1, Y23 X3 X1, X3, Xg, X3)
= Sy —x1)7'6W (x5 — x;)y®
x W (x; = x4)SP (%2 = y2) 7", (8)
where the inverse propagator S(y — x)~! satisfies

Sy =x)"" =89y = x)(y - 9, + m). ©)

Thus the bound state matrix elements of J,,(x;) are given in
lowest order by

<Q|Jﬂ(xi)|P> = /d4Y1d4)’2d4x1d4x3d4x4d4xzﬂ?g(y17YZ)TO()’17)’2;XZ';X1,X37X47Xz))(P(x17X3ax4’X2)

= /d4)’1d4y2)_(Q(y1’)’2)(7C -0y, +me)yaB(yP - 0y, + mp)yp(yi. X xi, ). (10)

Making the Fourier transformation, we obtain the BS wave function of the heavy meson in the momentum representation

x0(q1.92) = / d*yid*yoxo(vi, yo)e 4V emia: =

1

1
(27)*% \/2E(Q)

27)*6W(0 — g1 - ¢2)x(Q.q).  (11)

where ¢; and ¢, are the momenta of the quark and antiquark, respectively; ¢ = r5q, — 17, q5 is the relative momentum
between quark and antiquark. Furthermore, the GBS wave function of four-quark bound state in the momentum

representation is

xp(P1, D3> Pas P2) = /d4xld4x3d4x4d4x2)(1)(x1,x3’x4axz)e_ip"x'e_im'x‘*e_ip“'x“e_im'xz

1

1
= —an e (20)'8Y(P = py = py = py = p2)x(P.p. kK, (12)

(2m)%% | )2E(P)
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where pi, p3, ps4, P, are the momenta of four quarks;
p, k, k' are the conjugate variables to X', x, X/,
respectively; and p =ny(p; + p3) —m(psa+p2), k=
nsp1 — 1y ps, K =1} p, —nyps. In the hadronic molecule
structure, p is the relative momentum between two
heavy vector mesons in molecular state, k and k' are
the relative momenta between quark and antiquark
in two heavy vector mesons, respectively, shown as
in Fig. 3.

Then the bound state matrix elements of J,(x;) in
Eq. (10) become

U )IP) = [ dnd'ys s

2, (P, k)

p,=n,"p, K

'K
Xr(pz’ ) XKT(P,p)

FIG. 3. Generalized Bethe-Salpeter wave function for four-
quark state in the momentum representation.

/614(]1611442)?Q(‘]1,Clz)e_iq"y‘e_iqz'y2 (€ -0y, + me)ya®(yP - 0,, + mp)

X W/ d4l’1d4p3d4p4d4p2;(,3(p1, D3, p4’pz)e’pl'ylelp3'xielp4'xielp2~)'2
v

1 _ . .
=——¢ [ d'p1d*p3d* psd*priro(pi. p2)(ir© - pr +me)yaB(iy” - pa + mp)
(27)

X xp(P1s P3. Pas pa)eP3¥ietPsi

(13)

where ¢; = p; and g, = p,. Substituting Eqs. (11) and (12) into (13), we obtain the bound state matrix elements of J,,(x;)

in the momentum representation

1 1

1
<Q|Ju(xi)|P>:(2”)11\/m\/T(m
where  S(p) is the quark propagator, S(p)=

1/(iy-p+m), g=n{(n P+p)+k=mQ, p1=n{(n P+p)+
k, py=(mP—-p)=[P=Q—-niimP+p)+k, ps=
ny(mP+p)—k,ps=P—Q —ni(mP+p)+kandk' =
0y(mP — p) — [P — Q —n(m P + p) + k|. This is shown
in Fig. 4.

%P, K)

X(qu) X.M(P,p)

FIG. 4. The lowest order matrix element between bound states
in the momentum representation.

/ d*kd* pj(Q. q)SC(p1) ' yABSP (pa) "'y (P, p, kK )e! P~ (14)

III. GBS WAVE FUNCTION
FOR FOUR-QUARK STATE

From Fig. 3, one can find three two-body systems in
molecular state: a meson-meson bound state and two
quark-antiquark bound states. The BS wave functions of
these two-body systems can be defined as yp(p). ph),
xp, (p1, P3), ;(plz(p4, D»), respectively. Similar to Eq. (11),
the BS wave function for the bound state of two heavy
vector mesons has the form

1 1
/ Iy
){P(pl’pZ) (2”)3/2 2E(P>

x (2m)*6W(P - p} = py)x(P.p).  (15)

and the BS wave functions of two heavy vector mesons
are

1 1
Ap (P1,P3) = (271_)3/2 \/W
x (2z)*8W(p| = p1 = pa)x(p}. k). (16)
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1 1
(27)*2 \/2E(p})

x (21 (ph - py

Xp,(Pas P2) =

- p)x(py. k), (17)

where p| and p) are the momenta of two vector mesons,
respectively, p\ =mP+p, pb=mP—p and 5, =
M,/ (M, +M,).

In Ref. [7], we have given the general form of the BS
wave functions for the bound states composed of two
massive vector fields with spin j and parity 7p, for

Mp = (_l)j,

(P, p) = 55 (Thhy + o), (18)
1
(P p) N/ 7 My - [p[l] pﬂj(T},1¢1 + T%1¢2)
+ 13,03 + Th.ha]. (19)
and, for np = (=1)/*1,
)d‘r (P p) N] €ﬂf§§p§P§W1’ (20)

(P p) NJ 77;11 Hj (pﬂ] puje/lrfé’pfpgl//l
+ T30 + Tows + Ty + Thys),  (21)

where N7 is the normalization, P is the polarization
tensor describing the spin of the bound state, the subscripts
A and 7 are derived from these two vector fields, the
independent tensor structures 7% are given in Appendix A,
¢;(P-p,p*) and (P p,p*) are independent scalar
functions. For the heavy vector mesons, the authors of
Ref. [14-17] have investigated these bound states com-
posed of a dressed-quark and -antiquark and obtained their
BS amplitudes [16,17]:

1 r-p
i) = v (v 2T )02,

7 1 r-p
(k) = 5 (14 i o). @2

where TV(pi;k) and TV(ph;k) are transverse
(P, TV (P k) = ph.TY (ph; k') = 0), NV and NV are the
normalizations, @y (k?) = @y (k*) = exp(—k*/@?) and wy
is a parameter fixed by providing fits to the observables. The
BS wave functions of heavy vector mesons are

-1 1 7P

S — ime NV (n + e >
—i
X ¢V(k2) A . )
Vo P3 T imy
—i 1 VD>

/’kl — — !
)(‘r(pZ ) j/B‘p4—imB,/\/'V ( + 27: M2 )
—i

X @iy k/2 —_ 0. 23
V( )}/D~p2—lmD ( )

It should be noted that in Refs. [16,17] the BS amplitudes of
heavy mesons are obtained in Euclidean space.

Applying the Feynman rules, we can obtain the GBS
wave function for four-quark state from Fig. 3

( )= (2r)12 1
Xp\P1>P3, P4: P2 (2”)3/2 2E(P)
W(P—p1=ps—ps—p2)
X 2P ke (P Pl (Ph. K. (24)
Comparing this equation with Eq. (12), we obtain
X(P.p. k. k') = 2x)%2(pY K)ze (P, P (P, K. (25)

Up to now, for the molecular state composed of two heavy
vector mesons with arbitrary spin and definite parity, we
obtain the concrete form of its GBS wave function
describing the four-quark state. Obviously, Eq. (25) can
be extended to arbitrary meson-meson bound state.

IV. THE DECAY MODE Y (3940) - J/yw

As an illustration, we investigate the decay process
Y(3940) —» J/ww in this section. Assuming that the
Y(3940) state is a S-wave molecule state consisting of
two heavy vector mesons D* and D*?, we have obtained
the mass of this molecular state by solving the BS equation
and deduced that the spin-parity quantum numbers of the
Y(3940) system are 0" in Ref. [7]. The charmed meson D*"
in molecular state is composed of c-quark and u-antiquark
and the heavy vector meson J/y in the final state is a bound
state of c¢. In Fig. 4, V and V' become D** and D*,
respectively; H becomes J/y and L becomes w; and in
Eq. (14) the flavor labels C = D and A = B represent
c-quark and u-quark, respectively. The Lagrangian for the
interaction of @ meson with u-quark should be

C?(Xi) = ingA (xi)%/j o (xi)A/(f(xi)‘ (26)

Then the bound state matrix elements of vector current
become
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1 1 1 41
(QUA)IP) = G s [ aap

x 7(0.q)S(p1) "' raSC (p2)™!
x y(P, p,k, k)elP=0)=, (27)

The GBS wave function for four-quark state is

x(P.p. k)= (272)3 5, (Pt xS (P.p)xo (s k)

—i 1 7D}
=278 +p
(27) < pi—im ND° (J’/l pMMZDm)

—i

X(/)D*o(kz)yAi_lmjvo+ (T}h}"l +T,1¢]:2)
—1 1 1%
X _ + pl
yA - pa—im NP < 27M§,w>
XQDD*O(k/z)C_il., (28)
Yo py—img

where m,, are the constituent quark masses, wpo =
1.50 GeV [17] and the momentum of this bound state is
set as P = (0,0,0,iM) in the rest frame. The BS wave
function of the physically observed J/y meson has the form

2(0.q) = 5(Q)x.,(0. q)

—i
= Eﬁ(Q) },C

1 r-Q
—im NV <yy+Q”M2 )

Iy
—i

X (6) (29)
v yC Ty —im,

where £5~">3(Q) is the polarization vector of heavy vector
meson J/y and £*(Q) - Q = 0. Because we consider that the
heaviest quark carries all the heavy-meson momentum as in
heavy-quark effective theory (HQET) [18], these momenta in
Eq. (14) become

=P/2+ p, =P/2-p,
q1=0Q/2+q. =0/2—q.
pr=P/2+ p+k, =Q-P/2—-p—k,
p3 = —k, ps =K,
=Q0-P—k, q=P/2-Q/2+ p+k. (30)

In this paper we consider that the BS wave function of
J/w has the form given in Refs. [16,17], however, the
parameter w,,, has not been determined. Fortunately, a
credible wave function of J/y from lattice QCD has been
given in a series of studies [19-21] and we can obtain the
value of @y, as follows. In Refs. [20,21] the wave function
of J/y is considered as the equal-time c¢ BS wave function
in the coordinate representation, which is equivalent to the
instantaneous approximation of BS wave function in the
momentum representation. From Eq. (29), we obtain

2,(0.9) =

—i 1 y-Q
o= e

Iy
(31)

2,(0.9) =

—i
v-(Q/2-q)—im.

where ¢ is the relative momentum between c-quark and c-
antiquark, Q is set as the momentum of the heavy meson in
the rest frame, ¢ and Q are not the momenta presented in
the decay process. The heavy vector meson wave function
in instantaneous approximation can be obtained from the
BS wave function y,(Q, ¢) in Eq. (31) [22]

X (pl/y/(q2)

1
/@) = [ dacyulrn(0.0)) i=1.23 (2

To be consistent with the lattice QCD, we obtain the three-
vector wave function of J/y in Euclidean space

1 _q2 _q2
Wv(q) = [ dg, eXp( K
J 2
N/V/ wf/l//
§ qQ*/3+4¢ - J/W/4—|—m N
(q +Q4+m +Mj/y//4) J/y/
(33)

where q is the unit momentum. The ¢, integral can be
numerically calculated and the wave function in the
coordinate representation W//¥(r) can be obtained.
Multiplying ¥//¥(r) by the spatial distance r and then
comparing the numerical result with the wave function of
J/y shown as Fig. 2 in Ref. [21], we obtain the param-
eter w;;, = 0.826 GeV.

Now, we consider these normalizations N//¥, A/ and
NO" . In Refs. [16,17] the BS equation for quark—anthuark
state is treated in the ladder approximation, the reduced
normalization condition for the BS wave function of J/y
meson expressed as Eq. (31) is

(2_7;)4% / d*q7,(0.q)

[S(0/2+4)7'S(0/2 - q)7'x.(Q. q) = 2Qy.
(34)

aQo

where the factor 1/3 appears for the three transverse
directions are summed. Similarly, for D*0 meson, its BS
wave function can be written as

—i 1 y-Q
y-(Q+q)—im. NP* (y”JrQ”Mz )

D0

—i

V- (_Q) - imu ' (35)

X €0D*°(q2)

and the reduced normalization condition is
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a3 [ 4024(0.0) 55180 + 9 15(-0)1£.(0.0) = 200 56)

In Ref. [7] we have obtained the BS wave function of the molecular state D*°D*? with 0F

25 (P.p) = NO* (T3 F 1 (P p.p?) + T2 Fo(P - p. p?)]. (37)

and also employed the ladder approximation to solve the BS equation. The reduced normalization condition for ;(92 (P,p)is
—i _ 0

7 / d*p13c(P. p) 55 [Apaw (P/2 + p) ™' Apew (P/2 = p) ' ywe (P, p) = 2Py, (38)
(27) JP,

where A gy ( p)~! is the inverse propagator for the vector field with mass m. The propagator for the vector field A Fap(P) =

(8up + ”;;1’2’/’) - +;1’ — and Apgy /(p)~" satisfy the relation Ap,s(p)Apsy(p)™" = 84y» and we obtain
-1 _ PpPo 2 2
Bupe )" = 135 = FL) 7 ). (39)

For the scalar functions F and F,, we can obtain two individual equations [7]

F(P-p.p?)= : : TGy (oo P)FA(P-o g
1 'p’p)_(P/2+p)2+M%—ie(P/2—p)2+M§—ie/(2n)4 (P P)FA (P-4 47,
1 1 d'q'
(P/2=p)*Fy(P-p.p*) = B2 —ic(PJ2=p) +M2_l€/(2ﬂ) Va(p.q'sP)(P/2=4')>F,(P-q'.4").

where V| (p, ¢'; P) and V,(p, ¢'; P) are derived from the interaction kernel between D*°D*?. Though in Ref. [7] we solved
these two equations in instantaneous approximation and obtained these wave functions ¥" (p) = [ dpF (P - p, p?) and
¥ (p) = [dpo(P/2— p)*F2(P- p, p?), it is easy to obtain F| and F, from ¥}  and PJ', respectively.

After obtaining the parameter ) ,, and these normalizations, we can calculate the bound state matrix elements of J,,(x;)
expressed as Eq. (27) and they become

11 1
(27)° \2E(Q) \/2E(P)

(O, (x))|P) = 5(Q)M, P2 (40)

where

L ogu(d®) 1 1 gpo(K) 1 gpo(k?) 1
N.I/l// p2+mc P +m2ND*0 k2+m NDO k/2+muj\/‘0+

x Tr{ - m) (14 0T -y i (- 2= - )

+ [PEPEr. + (P - PY) (v - P Ph — PE(r - P)PY. — PRy - Ph)Ph)Fa(p)}

X [r - (k) + imylyly - (=K + imu1y,}. (41)

M,, d*kd*p

The trace of the product of 8 y-matrices should contain 105 terms. Using Mathematica, we calculate this trace and the result
is given in Appendix B. In this work, the p integral is also calculated in instantaneous approximation. It is some difficult to
straightly compute the integral including vectors and we give a simple approach as follows. Since the tensor M, only
depends on P and Q, it can be expressed in Minkowski space as

Muu = guufl (P’ Q) + PuQufZ(P’ Q) + PDP/lf3(P’ Q) + QuPuf4(P7 Q) + QuQufS(P7 Q)’ (42)

where f;(P, Q) are the scalar functions. Multiplying Eq. (42) by these tensor structures g,,, P,Q,, P,P,, Q,P,, 0,0,
respectively, we can obtain a set of equations
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GuMyy = hy =4f 1+ (P-0)f, 4+ P2 f3+ (P- Q)f4 + Q*fs.
P,OM,, =hy = (P-Q)f1 + P2Q*f>+ P*(P-Q)f3+ (P-Q)*fs+ Q*(P- Q)fs.
P,P,M,, =hy=P*f +P*(P-Q)f,+ P?P2f34+ P*(P-Q)fs+ (P-Q)*fs.
Q,PM,, =0=(P-Q)f 1+ (P-Q)*f+P2(P-Q)f3+ Q*P*f4s+ Q*(P- Q)fs.
0,0,M,, =0=Qf +Q*(P-Q)f,+ (P-Q)*f3+ Q*(P-Q)fs+ Q*Q°fs, (43)

where h; are numbers. After numerically calculating &; and solving this set of equations, we obtain the values of f;.
Finally, we obtain the lowest order transition matrix element for the decay mode Y(3940) — J/yw

1 1 -
i / dx (. J /| £ ()| Y (3940)) = i / G g (@)(lis ) ()IP)

1 Gu 1 1
~ (2n)3%\2E(Q)) \/2E(Q) \/2E(P)

(22)69(P - 0 - Q) @eﬁ@%ﬁ(gww

(44)

where &} (Q') is the polarization vector of @ meson with mass M,,, E(Q') = \/Q” + M, E(Q) = |/Q* + M7, and the

meson-quark coupling constant g2 = 2.42 was obtained within QCD sum rules approach [23]. Then the decay width for
this process becomes

b} 3
b= / @QQ (2n)'6 (P~ 0~ ') 2Eg(wQ’) 2E2Q) 2E1(P) (23:)6 22 (@Q)(@M,P

=1 k=1
_ 1 9% W(Q)
2w 2 2 2 2
() am Q2+ M2, /Q2 + M3,

where Q2, = [M? — (M, + M,,)*|[M* — (M, — M,,)*]/(4M?). Using the transverse condition ¢*(Q) - Q = 0 and the
completeness relation, we obtain

(45)

wW(Q3) = fifi {4 - MQ;W + ]‘Ql—z + %} + 131 [PZQ2 - (PMQ33:Q2 - PZ(%ZQ/)Z i 'AQ/I)EJZIE/[%;”Q/)Z
e
i nn)|po+ Mngz HLoN00), ¢ 'ﬁgj‘%f')z]
i o+ 2 08 (-0 010 0
s+ ) :Pz(P 0+ (L-if Rt %é}(Q Q) (P Q)}I;WQg;l(Q : Q’)] , (46)

where P = (0,0,0,iM), O = (Qq.i,/Qz +M7,,) and Q' = (=Q,,, i/ Q7 + M;).

V. NUMERICAL RESULT

The constituent quark masses m, = 1.55 GeV, m, =0.33 GeV, the meson masses M, = 0.782 GeV,
Mpo =2.007 GeV, M;;, =3.097 GeV [24]. In this work, we employ the value of wp-0 given in Ref. [17] rather than

the one in Ref. [16]. Using the approach introduced in our previous work [7], we recalculate the mass of the molecular state
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D*°D*" with 0" and obtain M = 3.942 GeV. Then by
doing the numerical calculation, we obtain that the decay
width of the ¥ (3940) is I'(Y(3940) — J/ww) = 66 MeV.

Our approach involves the meson-quark coupling con-
stant g,, and the parameters w0, @;,, in the BS amplitudes
of heavy vector mesons which have been fixed by provid-
ing fits to observables, so there is not an adjustable
parameter. The calculated mass and decay width of the
Y(3940) state are consistent with the experimental data,
while the values of its mass and width in experiments are
M =3.943 GeV, I"' = 87 MeV [10] and M = 3.914 GeV,
I' =34 MeV [11]. The deduced quantum numbers of the
Y(3940) system are also consistent with the results given in
Ref. [25]. Therefore, we can reasonably conclude that the
Y (3940) state is very probably a molecular state composed
of DD

VI. CONCLUSION

The general formulas for the decay widths of molecular
states composed of two heavy vector mesons with arbitrary
spin and parity into a heavy meson plus a light meson is
given. Taking into account the internal structure of heavy
vector mesons in the molecular state and using the general
form of the BS wave functions for the bound states
consisting of two vector fields, we obtain the general form
of the GBS wave functions for four-quark states describing
this molecular structure. Then assuming that the exotic state
Y(3940) is a D*°D*" molecular state, we numerically
calculate the decay width I'(Y(3940) — J/ww), which is

in good agreement with experiments. So far, we have
established a complete and accurate theoretical approach
from QCD to investigate the molecular state composed of
two heavy vector mesons. In the future, one can use the
general form of the GBS wave functions for four-quark
states to investigate arbitrary decay mode of the molecular
state including the strong and radiative decays. More
importantly, the nonperturbative contribution from the
vacuum condensates can be introduced into the BS wave
functions and the irreducible part of Green’s function, and
then the calculated bound state matrix element contains
more inspiration of QCD.
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APPENDIX A: THE TENSOR STRUCTURES IN
THE GENERAL FORM OF THE BS WAVE
FUNCTIONS

The tensor structures in Egs. (18)-(21) are given
below [7]

T) = (mmP* —mP-p+mP-p—p*)gi — mmP,P; +mP,p. —mpiPr — pip.).

T3, = P2 +2mP - p + p*)(BP? = 2mP - p + p*)g;s
+ (mmP* —=mP - p+mP-p—p*) PP, —niP,p. +mp,P. — pip:)
— (1P* =2mP - p + p*) (1 PyP. + mPype +mpiPe + pip:)
— (IP>+2mP - p+ p*) (PP = mPyp: —map, P+ pipe),

1
T3, = ﬁp{,,z---p,l,gm}g(n%l’z +2mP - p+ p*)|[(3P* = 2mP - p+ p*) (P + p),

— (mmP?> =mP-p+mP-p-p*)(mP-p),]
= Py, --Py,[(15P* = 2maP - p + p*) (i PP + mPipe +mpiPe + pip:)
— (mmP* =P -p+mP-p—p*)(mmP,P, —mP,p. + n2p;Pr — pips)).

1

T = ﬁp{m.-.pﬂ,gﬂl}f(ﬂ%Pz — 2P - p+ pP)[(mmP? =mP - p

+mP - p=p*)mP+p),— 0P +2mP- p+ p*)(mP - p);]
= Py P (P> +2m P - p + p*) (3PP = 12Pype = map,Pe + pipe)

— (mmP*=mP-p+mP-p—p*)(mmP,P, —mP,p. +mp,P. — pp.)].
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T3, = (mP-p=mP-p=2p")Pl,- Py CuyieePe + Q0P - p+1mD” = 110> Py Py € yacePe
+ Py P € yazc PePePe + Py P €pyeec PePePas

TS, = (P P)Piuy--Puy€u}ictPe = P2 Py P € yizePe + Py Py € yace PePePe = Piyy-+- Py e PEPe P

T, = (P> =mP> =2P - p)piy--Pu€uyacePe + (2mmP? +mP - p =P - p)Piyy - Pu€yyyacePe
T Py Pus€u e PePePe =+ Py Py €y e PeP P

8 _ p2
The = PPy Pus€uyiaePe = (P P)P gy - Py € )i P Py Py €126 PePePe = Py Py oz PeP P

APPENDIX B: TRACE OF A PRODUCT OF 8 y-MATRICES

Ifa,b,c,d, e, f, g, h are § arbitrary 4-vectors, we compute the trace

Try-ay-by-cy-dy-ey-fr-gr-h
=4(a-hb-gc-fd-e—a-gb-hc-fd-e—a-hb-fc-gd-e+a-fb-hc-gd-e+a-gb-fc-hd-e
—a-fb-gc-hd-e+a-hb-cf-gd-e—a-cb-hf-gd-e+a-bc-hf-gd-e—a-gb-cf-hd-
+a-cb-gf -hd-e—a-bc-gf -hd-e+a-fb-cg-hd-e—a-cb-fg-hd-e+a-bc-fg-hd-
—a-hb-gc-ed-f+a-gb-hc-ed-f+a-hb-ec-gd-f—a-eb-hc-gd-f—a-gb-ec-hd-
+a-eb-gc-hd-f+a-hb-fc-ed-g—a-fb-hc-ed-g—a-hb-ec-fd-g+a-eb-hc-fd-
+a-fb-ec-hd-g—a-eb-fc-hd-g—a-gb-fc-ed-h+a-fb-gc-ed-h+a-gb-ec- fd-
—a-eb-gc-fd-h—a-fb-ec-gd-h+a-eb-fc-gd-h+a-hb-gc-de-f—a-gb-hc-de-
—a-hb-dc-ge-f+a-db-hc-ge-f+a-gb-dc-he-f—a-db-gc-he-f+a-hb-cd-ge-
—a-cb-hd-ge-f+a-bc-hd-ge-f—a-gb-cd-he-f+a-cb-gd-he-f—a-bc-gd- he -
—a-hb-fc-de-g+a-fb-hc-de-g+a-hb-dc-fe-g—a-db-hc-fe-g—a-fb-dc-he-
+a-db-fc-he-g—a-hb-cd-fe-g+a-cb-hd-fe-g—a-bc-hd-fe-g+a-fb-cd- he-
—a-cb-fd-he-g+a-bc-fd-he-g+a-gb-fc-de-h—a-fb-gc-de-h—a-gb-dc- fe-
4+a-db-gc-fe-h+a-fb-dc-ge-h—a-db-fc-ge-h+a-gb-cd-fe-h—a-cb-gd- fe-
+a-bc-gd-fe-h—a-fb-cd-ge-h+a-cb-fd-ge-h—a-bc-fd-ge-h+a-hb-ec-df-
—a-eb-hc-df-g—a-hb-dc-ef-g+a-db-hc-ef-g+a-eb-dc-hf-g—a-db-ec-hf -
—a-eb-cd-hf-g+a-cb-ed-hf-g—a-bc-ed-hf-g+a-db-ce-hf-g—a-cb-de-hf-
+a-bc-de-hf-g—a-gb-ec-df-h+a-eb-gc-df-h+a-gb-dc-ef -h—a-db-gc-ef -
—a-eb-dc-gf -h+a-db-ec-gf -h+a-eb-cd-gf -h—a-cb-ed-gf -h+a-bc-ed-gf -
—a-db-ce-gf -h+a-cb-de-gf -h—a-bc-de-gf -h+a-fb-ec-dg-h—a-eb-fc-dg-
—a-fb-dc-eg-h+a-db-fc-eg-h+a-eb-dc-fg-h—a-db-ec-fg-h—a-eb-cd-fg-
+a-cb-ed-fg-h—a-bc-ed-fg-h+a-db-ce-fg-h—a-cb-de-fg-h+a-bc-de- fg-

Q

D - s N I R R = e T NN

=
~
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