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The X(3872) formation and decay processes in B decay are investi-
gated by a cc̄–two-meson hybrid model. The two-meson state consists of
the D0D∗0, D+D∗−, J/ψρ, and J/ψω channels. The cc̄(2P ) state cou-
ples to the two DD∗ channels. The energy-dependent decay widths of the
ρ and ω mesons are introduced in the two-meson propagators. The isospin
symmetry breaking in the present model comes from the mass difference of
the charged and neutral D and D∗ mesons. It is found that very narrow
J/ψρ and J/ψω peaks appear around the D0D∗0 threshold. The size of
the J/ψπ3 peak that we calculated is 1.27–2.24 times as large as that of
J/ψπ2, which is comparable to the experimental results. It is also found
that ratios of the transfer strengths provide information on the size of the
cc̄–DD∗ coupling as well as the X(3872) binding energy.
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1. Introduction

The X(3872) peak was first found by Belle in the J/ψππK observation
from B decay [3]. Its mass is 3871.69 ± 0.17 MeV, which is very close
to the D0D∗0 threshold, 3871.80 ± 0.12 MeV [4]. The full width is less
than 1.2 MeV [5], which is very narrow for such a highly excited resonance.
Recently, its quantum numbers were determined to be JPC = 1++ [6].
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It is found that the X(3872) decays both to the J/ψρ and J/ψω states.
This isospin mixing is very large compared to the usual degrees of the break-
ing. The decay fraction of X(3872) into π+π−J/ψ is comparable to that into
π+π−π0J/ψ [7, 8] as

Br
(
X → π+π−π0J/ψ

)
Br(X → π+π−J/ψ)

= 1.0± 0.4± 0.3 (Belle) , 0.8± 0.3 (BaBar) .

(1)
The X(3872) is discussed in many theoretical references [9, 10]. As for

the J/ψρ or J/ψω spectrum, Coito et al. have shown that a thin peak can be
reproduced by employing the resonance spectrum expansion [11, 12]. The
shape of the D0D∗0 spectrum around the threshold in these works is essen-
tially the same as that of the present work. In this work, we argue that
the X(3872) is a hybrid state of cc and the two-meson molecule: a super-
position of the cc̄(2P ) quarkonium and the D0D∗0, D+D∗−, J/ψρ and J/ψω
molecular states. We have found that this picture explains many of the
observed properties of the X(3872) quantitatively [1, 2]: the fact that the
X(3872) can be a shallow bound state (or an S-wave virtual state), that a
thin peak appears at around the D0D∗0 threshold, and the absence of the
χc1(2P ) peak in the JPC = 1++ spectrum. We also found that the mass
difference of the charged and neutral D and D∗ mesons can give the ob-
served size of the isospin symmetry breaking due to the large decay widths
of the ρ and ω mesons. Moreover, we define two kinds of ratios of the trans-
fer strengths, which reflect the size of the cc–DD∗ coupling or the binding
energy of X(3872). Or, conversely, we argue that the size of the coupling or
the attraction between D and D∗ mesons can be estimated by the observed
ratios of the transfer strengths though in a model-dependent way. This will
enable us to discuss various systems with the heavy mesons quantitatively.

2. Method

The model space consists of the two-meson state (P ) and the cc quarko-
nium (Q), which is treated as a bound state embedded in the continuum
(BSEC) [13]. The model Hamiltonian, H, can be written as

H =

(
H

(P )
0 + VP VPQ

VQP E
(Q)
0

)
, (2)

where H(P ) = H
(P )
0 +VP is a nonrelativistic Hamiltonian for the two-meson

systems, and VPQ and VQP are the transfer potentials between the P - and
Q-spaces. E(Q)

0 is a c-number and corresponds to the bare BSEC mass: the
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cc mass before the cc–DD∗coupling is switched on. VP and VQP are

VP ;ij

(
p,p′

)
= vij fΛ(p)fΛ

(
p′
)
Y00(Ωp)Y

∗
00(Ωp′) , (3)

VQP ;i(p) = gi
√
Λ fΛ(p) Y ∗00(Ωp) with fΛ(p) =

1

Λ

Λ2

p2 + Λ2
. (4)

We use a typical hadron size for the value of the cutoff, Λ. The vij and gi
are the strengths of the potentials and assumed to be

{vij} =


v 0 u u
0 v u −u
u u v′ 0
u −u 0 v′

 and {gi} =
{
g g 0 0

}
(5)

for the D0D∗0, D+D∗−, J/ψω, and J/ψρ channels, respectively.
The parameter sets that we used are listed in Table I [2]. As for the

parameter set A, v is taken to be as attractive as possible on the condition
that there is no bound state in the BB∗ system if the same potential but
without bb–BB∗ coupling is applied there. The u is taken from a quark
model, while g is a free parameter to produce the X(3872) peak at the
observed energy. In QM, v and v′ are also taken from the quark model.

TABLE I

Model parameters for the interaction, v, v′, u, and g, defined by Eq. (5). The
g0 = 0.0482 is the strength of the cc–DD∗ coupling which gives the correct X(3872)
mass when v = v′ = 0 and u = 0.1929. For all the parameter sets, Λ = 500 MeV,
and E(Q)

0 = 3950 MeV.

v v′ u g (g/g0)2

A −0.1886 0 0.1929 0.0390 0.655
B −0.2829 0 0.1929 0.0331 0.472
C −0.1886 0 0.2894 0.0338 0.491
QM 0.0233 −0.2791 0.1929 0.0482 1.003

We solve Lippmann–Schwinger equation for the case with the BSEC, and
obtain the transfer strength from the cc to the f th channel of the two-meson
state, W (cc→ f), as [2, 13]

dW (cc→ f)

dE
=

2

π
µf

∫
k2dk µfΓf(

k2f − k2
)2

+ (µfΓf )2

∣∣∣〈〈f ; k|VPQG̃Q|cc〉
∣∣∣2 , (6)

|f ; kf 〉〉 =
(

1 + G̃(P )VP

)
|f ; kf 〉 , (7)
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where E is the energy of the system when the center of mass of D0D∗0 is at
rest. µf , kf , and Γf are the reduced mass, the momentum, and the energy-
dependent width of the f th channel. G̃(P ) (G̃Q) is the full propagator of the
two-meson state (the cc state) with the ω and ρ widths. |f ; k〉 is the plane
wave function with the momentum k. Here, we define two kinds of ratios of
the transfer strengths around the X(3872) mass, mX(3872)

RΓ =
IJ/ψω(εX)

IJ/ψρ(εX)

Γω→3π

Γω
, rD0D∗0 =

ID0D∗0(ε)

IJ/ψρ(ε)
(8)

with

If (ε) =

mX(3872)+ε∫
mX(3872)−ε

dE′
dW (cc→ f)

dE′
. (9)

3. Results and discussions

The transfer strength, dW/dE, from the cc quarkonium to each of the fi-
nal two-meson states, D0D∗0, D+D∗−, J/ψρ and J/ψω is shown in Fig. 1 (a)
for the parameter set A. The lines for D0D∗0, D+D∗−, and J/ψρ correspond
to the observed spectrum though the overall factor arising from the weak
interaction should be multiplied. In order to obtain the J/ψπ3 spectrum,
the fraction Γω→3π/Γω = 0.892 [4] should be multiplied furthermore to the
J/ψω spectrum. In Fig. 1 (b), we plot the same spectra around the D0D∗0

threshold on a different scale. We choose g to have a bound X(3872) at
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Fig. 1. The transfer strength from the cc quarkonium to the two-meson states.
Figs. (a) and (b) show the same spectra with the parameter set A with different
scales on the vertical and horizontal axes. In Fig. (c), the result with the 0.9(g/g0)2

is shown. All the figures are taken from Ref. [2].
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3871.69 MeV, which gives rise to a peak in the J/ψπn spectrum with a small
but nonzero width due to the ω and ρmeson widths. Figure 1 (c) corresponds
to the parameter set A with a weakened cc–DD∗ coupling: 0.9(g/g0)

2.
Though the bound state exists no longer, a sharp peak is still found at
the D0D∗0 threshold. In both of the cases, the peak in the J/ψπn spectrum
is lighter in the energy and has a smaller decay width than the peak in the
D0D∗0 spectrum; this feature is consistent with the experiments [14, 15].

We found that all of the present parameter sets produce a thin J/ψπn

peak at around the D0D∗0 threshold with an appropriate choice of g [2]. The
mechanisms to form X(3872), however, can be different from each other.
To look into what kinds of observables can be used to distinguish these
mechanisms, and to investigate the size of the isospin symmetry breaking,
we calculated the values of various ratios of the transfer strengths.

In Fig. 2 (a), we show RΓ , defined by Eq. (8), where εX is taken to be
the upper limit value of ΓX(3872), 1.2 MeV. This ratio RΓ is found to be 2.24
for the parameter set A. This result is somewhat larger, but comparable to
the experimental results, which are shown in Eq. (1) as well as in the figure.
RΓ varies rather widely according to the parameters (g/g0)

2. As the cc–DD∗
coupling becomes smaller, the ratio RΓ becomes smaller, and the degree of
the isospin symmetry breaking becomes larger. One can estimate the size
of the cc–DD∗ coupling (and therefore the attraction between D and D∗)
from the observed size of the isospin symmetry breaking. The experimental
results suggest that (g/g0)

2 ∼ 0.3–0.5.
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Fig. 2. The J/ψπ3–J/ψπ2 ratio at the X(3872) peak, RΓ , and the D0D∗0–J/ψπ2

ratio integrated over the scattering state, rD0D∗0 . In both Figs. (a) and (b), the
values are plotted against (g/g0)2. In Fig. (b), the ratios with the ε = 4 MeV
(8 MeV) are denoted by circles (triangles), and those with the bound states are
denoted by the solid marks. Fig. (a) is taken from Ref. [2].



258 S. Takeuchi, M. Takizawa, K. Shimizu

The ratio rD0D∗0 defined for each parameter set with ε = 4 MeV and
8 MeV is shown in Fig. 2 (b). It is found that for the parameter sets with
(g/g0)

2 ∼ 0.5, this rD0D∗0 is about 5.12–9.91 if the X(3872) is a bound
state, while the value is more than 8.59 if there is no bound state. The
results suggest that one can judge whether the X(3872) is a bound state
by looking into the ratio rD0D∗0 . The experiments for this ratio are still
controversial. More precise measurements will help to determine whether
the X(3872) is a bound state or not.

In the present parameter sets, the size of the cc(2P ) component in the
bound X(3872) is about 0.02–0.06. An actual size can probably be evalu-
ated from the radiative decay of X(3872). The observed size of decay from
the X(3872) to the ψ′γ channel is comparable to that to the J/ψγ channel
[16–18]. Since cc(2P ) decays mainly to the ψ′γ state, these experiments
support the existence of the cc(2P ) component in the X(3872). Discussion
in detail is on the way.

This work was partly supported by JSPS KAKENHI Grant Number
20540281 and MEXT KAKENHI Grant Number E01:21105006.

REFERENCES

[1] M. Takizawa, S. Takeuchi, Prog. Theor. Exp. Phys. 2013, 093D01 (2013).
[2] S. Takeuchi, K. Shimizu, M. Takizawa, Prog. Theor. Exp. Phys. 2014,

123D01 (2014).
[3] S.K. Choi et al. [Belle Collab.], Phys. Rev. Lett. 91, 262001 (2003).
[4] K.A. Olive et al. [Particle Data Group], Chin. Phys. C38, 090001 (2014).
[5] S.-K. Choi et al., Phys. Rev. D84, 052004 (2011).
[6] R. Aaij et al. [LHCb Collab.], Phys. Rev. Lett. 110, 222001 (2013).
[7] K. Abe et al. [Belle Collab.], arXiv:hep-ex/0505037.
[8] P. del Amo Sanchez et al. [BaBar Collab.], Phys. Rev. D82, 011101 (2010).
[9] E.S. Swanson, Phys. Rep. 429, 243 (2006).
[10] N. Brambilla et al., Eur. Phys. J. C71, 1534 (2011).
[11] S. Coito, G. Rupp, E. van Beveren, Eur. Phys. J. C71, 1762 (2011).
[12] S. Coito, G. Rupp, E. van Beveren, Eur. Phys. J. C73, 2351 (2013).
[13] S. Takeuchi, K. Shimizu, Phys. Rev. C79, 045204 (2009).
[14] T. Aushev et al. [Belle Collab.], Phys. Rev. D81, 031103 (2010).
[15] B. Aubert et al. [BaBar Collab.], Phys. Rev. D77, 011102 (2008).
[16] B. Aubert et al. [BaBar Collab.], Phys. Rev. Lett. 102, 132001 (2009).
[17] V. Bhardwaj et al. [Belle Collab.], Phys. Rev. Lett. 107, 091803 (2011).
[18] R. Aaij et al. [LHCb Collab.], Nucl. Phys. B886, 665 (2014).

http://dx.doi.org/10.1093/ptep/ptt063 
http://dx.doi.org/10.1093/ptep/ptu160
http://dx.doi.org/10.1093/ptep/ptu160
http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevD.84.052004
http://dx.doi.org/10.1103/PhysRevLett.110.222001
http://dx.doi.org/10.1103/PhysRevD.82.011101
http://dx.doi.org/10.1016/j.physrep.2006.04.003
http://dx.doi.org/10.1140/epjc/s10052-010-1534-9
http://dx.doi.org/10.1140/epjc/s10052-011-1762-7
http://dx.doi.org/10.1140/epjc/s10052-013-2351-8
http://dx.doi.org/10.1103/PhysRevC.79.045204
http://dx.doi.org/10.1103/PhysRevD.81.031103
http://dx.doi.org/10.1103/PhysRevD.77.011102
http://dx.doi.org/10.1103/PhysRevLett.102.132001
http://dx.doi.org/10.1103/PhysRevLett.107.091803
http://dx.doi.org/10.1016/j.nuclphysb.2014.06.011

	1 Introduction
	2 Method
	3 Results and discussions

