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In this work, we investigate the X (3915) and Z(3930) decays into J/ψω with the χ ′c0(2P) and
χ ′c2(2P) assignments to X (3915) and Z(3930), respectively. The results show that the decay
width of Z(3930)→ J/ψω is at least one order smaller than that of X (3915)→ J/ψω. This
observation explains why only one structure, X (3915), has been observed in the J/ψω invariant
mass spectrum for the process γ γ → J/ψω.
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The γ γ fusion process is an ideal platform to produce charmonium-like states. In the past, the Belle
and BaBar experiments have reported many charmonium-like states in the γ γ fusion processes.
Among these observations, X (3915) has mass MX (3915) = (3915± 3(stat.)± 2(syst.)) MeV and
width�X (3915) = (17± 10(stat.)± 3(syst.))MeV. Since X (3915)was observed in the J/ψω invari-
ant mass spectrum of γ γ → J/ψω, the possible quantum number should be J PC = 0++ or J PC =
2++, which results in the corresponding Belle measurement of �X (3915)→γ γ ·B R(X (3915)→
J/ψω) = (61± 17(stat.)± 8(syst.)) eV or (18± 5(stat.)± 2(syst.)) eV [1]. As a candidate for
charmonium χ ′c2(2P) (n2s+1L J = 23 P2), Z(3930) was first observed in the process γ γ →
DD̄ [2]. The experimental information on Z(3930) gives MZ(3930) = 3929± (stat.)5± 2(syst.)
MeV, �Z(3930) = 29± 10(stat.)± 2(syst.)MeV, and �Z(3930)→γ γ ·B R(Z(3930)→ DD̄) = 0.18±
0.05(stat.)± 0.03(syst.) keV [2]. Later, the BaBar Collaboration also confirmed the observation of
Z(3930) in γ γ → DD̄ [3].

In Ref. [4], the assignments of X (3915) or Z(3930) as χ ′c0(2P) or χ ′c2(2P) charmonium states
were proposed by analyzing the mass spectrum and calculating the strong decay of P-wave charmo-
nium. Later, in Ref. [5], the BaBar Collaboration announced that the charmonium-like state X (3915)
had been confirmed in the γ γ → J/ψ process with a spin-parity J P = 0+ [5], which is consistent
with the prediction in Ref. [4].

If Z(3930) is a χ ′c2(2P) state, Z(3930) theoretically has the hidden-charm decay channel J/ψω
besides its observed open-charm decay DD̄. Hence, the signal of Z(3930) should appear in the
same J/ψω invariant mass spectrum as X (3915), which was observed by Belle [1]. However,
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Fig. 1. Typical diagrams describing the X (3915)→ J/ψω (a) and Z(3930)→ J/ψω ((b)–(d)) decays. After
making the charge conjugate transformation (D(∗) ↔ D̄(∗)) and the isospin transformation (D(∗)0 ↔ D(∗)+ and
D̄(∗)0 ↔ D(∗)−), one gets other diagrams.

the experimental data for the J/ψω invariant mass spectrum show no evidence of Z(3930).
This fact urges us to explain why there only exists one signal, X (3915), observed in the process
γ γ → J/ψω.

In this work, we dedicate ourselves to studying the X (3915) and Z(3930) decays into J/ψω under
the χ ′c0(2P) and χ ′c2(2P) assignments to X (3915) and Z(3930), respectively. By this study, we wan
to answer whether the decay Z(3930)→ J/ψω is suppressed compared with X (3915)→ J/ψω
under the P-wave charmonium assignments to X (3915) and Z(3930), which can shed light on the
above puzzle.

As higher charmonia, the X (3915) and Z(3930) decays into J/ψω occur via hadronic loop effects
with the open-charm decay channels as the intermediate state. This mechanism has been studied in
Refs. [6–13] when calculating the hidden-charm and open-charm decays of charmonium and other
charmonium-like states.

The X (3915) and Z(3930) under discussion are candidates for the first radial excitations of χc0

and χc2, respectively. Since the masses of X (3915) and Z(3930) are above the thresholds of DD̄ and
DD̄∗ and below the D∗ D̄∗ threshold, X (3915) and Z(3930) dominantly decay into DD̄ and DD̄∗,
which contribute to the total widths of X (3915) and Z(3930) (see Ref. [4] for more details). As
the subordinate decay mode, J/ψω is assumed from the rescattering contribution of the dominant
decays X (3915)/Z(3930)→ DD̄, DD̄∗, which is the reason why we only consider the intermediate
DD̄ and DD̄∗ contributions in this work. Under the χ ′c0(2P) assignment to X (3915), the hidden-
charm decay X (3915)→ J/ψω occurs through the intermediate states DD̄ since X (3915) with
J PC = 0++ dominantly decays into DD̄, as indicated in Ref. [4]. The hadron level descriptions of
X (3915)→ DD̄→ J/ψω are shown in Fig. 1(a). The expression for the decay amplitude of the
hidden-charm decay X (3915)→ DD̄→ J/ψω reads

M[X (3915)→ J/ψω] = 4
[
AD
(a) +AD∗

(b)

]
. (1)

As the χ ′c2(2P) state, Z(3930)mainly decays into DD̄ and DD̄∗ + h.c. [4]. Thus, its hidden-charm
decay Z(3930)→ J/ψω is shown in Figs. 1(b)–(d). The amplitude for the processes Z(3930)→
D(∗) D̄(∗)→ J/ψω can be expressed as

M [Z(3930)→ J/ψω] = 4
[
MD

(b) +MD∗
(b) +MD

(c) +MD∗
(c) +MD

(d) +MD∗
(d)

]
, (2)

where the factor 4 in Eqs. (1) and (2) results from the charge conjugate and isospin transformations.
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Table 1. The values of the coupling constants shown in Eqs. (3)–(5). Here, we take
m D = (m D0 + m D±)/2, m D∗ = (m D∗0 + m D∗±)/2, gV = mρ/ fπ , mρ = 0.77 MeV, β = 0.9,
λ = 0.56 GeV−1, g = 0.59, and fπ = 132 MeV [15–18].

Coupling Expression Value Coupling Expression Value

gJ/ψDD − 7.71 gD∗D∗V
βgV√

2
3.71

gJ/ψD∗D − 3.98 GeV−1 fD∗D∗V
λgV m D∗√

2
4.64

gJ/ψD∗D∗ gJ/ψDD 7.71 fD∗DV

λgV√
2

2.31 GeV−1

gDDV

βgV√
2

3.71

To write out the amplitudes corresponding to the diagrams listed in Fig. 1, we adopt the effective
Lagrangian approach. The effective Lagrangian expressing the interactions of X (3915)/Z(3930)
with DD̄ or DD̄∗ + h.c. is given by [14]

Lχ ′cJ D(∗)D(∗) = g
χ ′c0 DD

χ ′c0DD† − g
χ ′c2 DD

χ ′c2μν∂
μD∂νD†

+ ig
χ ′c2 D∗D

εμναβ∂
μχ
′νρ
c2 (∂

αD∗β∂ρD† + ∂αD∗†β∂ρD). (3)

The couplings of charmed mesons with the light vector mesonω or charmonium J/ψ are constructed
in Refs. [15,16], paying attention to the heavy quark symmetry and the chiral SU (3) symmetry, and
are given below:

LJ/ψD(∗)D(∗) = igJ/ψDDψμ
(
∂μDD† −D∂μD†

)
− g

J/ψD∗Dε
μναβ∂μψν

(
∂αD∗βD† +D∂αD∗†β

)
− ig

J/ψD∗D∗
{
ψμ

(
∂μD∗νD∗†ν −D∗ν∂μD∗†ν

)
+ (∂μψνD∗ν − ψν∂μD∗ν)D∗μ†

+D∗μ(ψν∂μD∗†ν − ∂μψνD∗ν†)}, (4)

LD(∗)D(∗)V = −igDDV
D†

i

↔
∂ μD j (Vμ)ij − 2 fD∗DV

εμναβ(∂
μ
V
ν)ij

(
D†

i

↔
∂
α

D∗β j −D∗β†
i

↔
∂
α

D j
)

+ igD∗D∗VD∗ν†
i

↔
∂ μD∗ j

ν(V
μ)ij 4i fD∗D∗VD∗†iμ(∂μV

ν − ∂νVμ)ijD∗ j
ν, (5)

where D = (D0, D+, D+s
)
, (D†)T = (D̄0, D−, D−s

)
, and

↔
∂ =

→
∂ −

←
∂ . The light vector nonet

meson can form the following 3× 3 matrix V:

V =

⎛
⎜⎜⎜⎝
ρ0√

2
+ ω√

2
ρ+ K ∗+

ρ− −ρ0√
2
+ ω√

2
K ∗0

K ∗− K̄ ∗0 φ

⎞
⎟⎟⎟⎠ . (6)

The coupling constants of χ ′c0 → DD̄ and χ ′c2 → DD̄, DD̄∗ + h.c. are obtained by fitting the total
widths of X (3915) and Z(3930), which will be presented later. The coupling constants of J/ψ
interacting with a pair of charmed mesons and a coupling constant of charmed mesons interacting
with a light vector meson are given in Table 1 [15–18].
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The amplitudes for χ ′c0(p0)→ [D(p1)D̄(p2)]D(∗)(q)→ J/ψ(p3)ω(p4) corresponding to
Fig. 1(a) are given by

AD
(a) = (i)3

∫
d4q

(2π4)

[
g
χ ′c0DD

][
igJ/ψDDεψμ

(
iqμ + i pμ1

)][− igDDV
(−i p2ν + iqν)εω

ν
]

× i

p2
1 − m2

D

i

p2
2 − m2

D

i

q2 − m2
D

F2(q2),
AD∗
(a) = (i)3

∫
d4q

(2π4)

[
g
χ ′c0DD

][− gJ/ψD∗Dε
μναβ(i p3μ)εψν(iqα)

]

× [− 2 fD∗DV
εσλρξ

(
i pσ4

)
ελω
(
i pρ2 − iqρ

)] i

p2
1 − m2

D

i

p2
2 − nm2

D

i g̃ξβ(q)

q2 − m2
D∗

F2(q2), (7)

where AD
(a) and AD∗

(a) are the amplitudes corresponding to diagram (a) in Fig. 1 with the D and D∗

meson exchanges, respectively. Similarly, we can easily write out the the expressions for the decay
amplitudes of Z(3930)→ J/ψω corresponding to Figs. 1(b)–(d), which are

MD
(b) = (i)3

∫
d4q

(2π4)

[
−g

χ ′c2DDε
μν

χ ′c2
(i p1μ)(i p2ν)

] [
igJ/ψDDεψρ

(
iqρ + i pρ1

)]
× [− igDDω(−i p2τ + iqτ )ε

τ
ω

] i

p2
1 − m2

D

i

p2
2 − m2

D

i

q2 − m2
D

F2(q2),

MD∗
(b) = (i)3

∫
d4q

(2π4)

[
−g

χ ′c2DDε
μν

χ ′c2
(i p1μ)(i p2ν)

] [− gJ/ψD∗Dεθραβ
(
i pθ3

)
ε
ρ
ψ(iq

α)
]

× [−2 fD∗Dωεστλφ
(
i pσ4

)
ετω
(
i pλ2 − iqλ

)] i

p2
1 − m2

D

i

p2
2 − m2

D

i g̃βφ(q)

q2 − m2
D∗

F2(q2),

MD
(c) = (i)3

∫
d4q

(2π4)

[
igχ ′c2 D∗Dεδμθφ

(− i pδ0
)
ε
μν

χ ′c2

(
i pθ2

)
(i p1ν)

] [
igJ/ψDDε

ρ
ψ(iqρ + i p1ρ)

]

× [−2 fD∗Dωεστλα
(
i pσ4

)
ετω
(− i pλ2 + iqλ

)] i

p2
1 − m2

D

i g̃φα(p2)

p2
2 − m2

D∗

i

q2 − m2
D

F2(q2),

MD∗
(c) = (i)3

∫
d4q

(2π4)

[
igχ ′c2 D∗Dεδμθφ

(− i pδ0
)
ε
μν

χ ′c2

(
i pθ2

)
(i p1ν)

] [− gJ/ψD∗Dελραβ
(
i pλ3

)
ε
ρ
ψ(iq

α)
]

× [igD∗D∗ω
(− i p2τ + iqτ

)
ετωgζσ + 4i fD∗D∗ωε

τ
ω

(
i p4ζ gστ − i p4σ gτζ

)]
× i

p2
1 − m2

D

i g̃φσ (p2)

p2
2 − m2

D∗

i g̃ζβ(q)

q2 − m2
D∗

F2(q2),

MD
(d) = (i)3

∫
d4q

(2π4)

[
igχ ′c2 D∗Dεδμθφ

(− i pδ0
)
ε
μν

χ ′c2

(
i pθ1

)(
i pν2
)] [− gJ/ψD∗Dελραβ

(
i pλ3

)
ε
ρ
ψ

(− i pα1
)]

× [igDDωε
τ
ω

(
i p2τ − iqτ

)] i g̃φβ(p1)

p2
1 − m2

D∗

i

p2
2 − m2

D

i

q2 − m2
D

F2(q2),

MD∗
(d) = (i)3

∫
d4q

(2π4)

[
igχ ′c2 D∗Dεδμθφ

(− i pδ0
)
ε
μν

χ ′c2

(
i pθ1

)(
i pν2
)]

×
[
−igJ/ψD∗D∗ ε

ρ
ψ

(
gαβ

(− i p2ρ + iqρ
)+ gβρ

(
i p3α + i p1α

)+ gαρ
(− iqβ − i p3β

))]

× [−2 fD∗Dωεστλζ
(
i pσ4

)
ετω
(− iqλ + i pλ2

)] i g̃φβ(p1)

p2
1 − m2

D∗

i

p2
2 − m2

D

i g̃αζ (q)

q2 − m2
D∗

F2(q2), (8)
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with g̃αβ(p) = −gαβ + pα pβ/m2
D∗ , where F(q2) is the form factor, which is introduced not only

to compensate the off-shell effects of the charmed meson but also to describe the structure effects
of the vertex of a charmed meson pair interacting with J/ψ or ω. In this work, we adopt the form
factor in the form

F(q2) =
(

m2
E −�2

q2 −�2

)N

,

{
N = 1, monopole form;

N = 2, dipole form,
(9)

where q and mE are the momentum and the mass of the exchanged charmed meson, respectively.
Furthermore, � can be parameterized as � = mE + α�QCD with a dimensionless parameter α and
�QCD = 220 MeV. The parameter α is of order unity and depends on the specific process [13,18].

With the above elaborate expressions for the amplitudes, one can obtain the partial decay width for
χ ′cJ → J/ψω (J = 0, 2) as

d�χ ′cJ→J/ψω =
1

2J + 1

1

32π2

∣∣∣Mχ ′cJ→J/ψω

∣∣∣2 | �p|
m2
χ ′cJ

d�, (10)

where the overline indicates the sum over the polarizations of the vector meson J/ψ,ω and tensor
meson χ ′c2, and �p indicates the three-momentum of J/ψ in the initial state at rest.

If X (3915) is a χ ′c0(2P) state, DD̄ is its dominant decay. Hence, we can use the experimental width
of X (3915) [1] to determine the coupling constant of χ ′c0 → DD̄ interaction, i.e., gχ ′c0 DD̄ = 2.37

GeV. However, for Z(3930), there exist two main decay modes DD̄ and DD̄∗ + h.c. Since exper-
iments have so far not given the ratio of B R(Z(3930)→ DD̄) to B R(Z(3930)→ DD̄∗ + h.c.),
we must determine these corresponding coupling constants from the theoretical results estimated by
the quark pair creation model. In Ref. [4], the wave functions of χ ′cJ are simulated by a simple har-
monic oscillator wave function with a parameter R, which means a root-mean-square radius of the
wave function. The partial and total decay widths of χ ′cJ are dependent on this unique parameter R.
One can determine the parameter value R 	 1.9 GeV−1 in the spatial wave function from the partial
decay width of χ ′c0 under the assumption �χ ′c0→DD̄ 	 �tot

χ ′c0
. With the parameter R estimated by the

center value of �tot
χ ′c0

, we obtain |gχ ′c2 DD| = 11.69 GeV−1 and |gχ ′c2 D∗D| = 7.83 GeV−2.

For Z(3930)with the assignment of χ ′c2, it dominantly decays into DD̄ and D∗ D̄ + h.c. The abso-
lute values of the coupling constants between χ ′c2 and the charmed meson pairs are evaluated by the
quark pair creation model. However, the relative sign of the coupling constants gχ ′c2 DD and gχ ′c2 D∗D

in Eq. (3) can be either positive or negative, which corresponds to the subscripts++ and+− shown
in Fig. 2, respectively. Thus, we discuss two cases for Z(3930)→ J/ψω.

In Fig. 2, we give the ratio of the width of X (3915)→ J/ψω to that of Z(3930)→ J/ψω. This
result shows that the width of X (3915)→ J/ψω is at least one order of magnitude larger than that of
Z(3930)→ J/ψω in two different cases (see Fig. 2 for more details). Although the decay width for
χ ′c0/χ

′
c2 → J/ψω calculated in this work strongly depends on the parameter α, the ratio of the width

of X (3915)→ J/ψω to that of Z(3930)→ J/ψω has a very large value and is weakly dependent
on the parameter α, as shown in Fig. 2. Such a large ratio could explain why Belle only reported one
enhancement structure, X (3915), in the J/ψω invariant mass spectrum of the γ γ → J/ψω process.

In addition, the α dependence of the χ ′cJ → J/ψω partial decay widths is presented in Fig. 3.
Here, we take the monopole form factor as an example. As one finds in Fig. 3, the partial decay
widths are strongly dependent on the parameter α. As for χ ′c0 → J/ψω, the partial decay width
varies from 3.5× 10−3 MeV to 0.15 MeV in the range 1 < α < 4, while, for χ ′c2, the partial decay
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Fig. 2. α dependence of the ratio of the width of X (3915)→ J/ψω to that of
Z(3930)→ J/ψω. Here, we define R++ = �[X (3915)→ J/ψω]/�[Z(3930)→ J/ψω]++ and
R+− = �[X (3915)→ J/ψω]/�[Z(3930)→ J/ψω]+−. In addition, we use the superscripts “Monopole”
and “Dipole” to distinguish different results by taking monopole and dipole form factors in the calculation,
respectively. The calculated results are RMonopole

++ = 850–1400, RDipole
++ = 239–558, RMonopole

+− = 87–130, and

RDipole
+− = 27–59.

Fig. 3. α dependence of the partial decay widths of χ ′cJ → J/ψω, where X (3915) and Z(3930) are assigned
as χ ′c0 and χ ′c2, respectively. The loop integrals in Eqs. (7) and (8) are evaluated by the Cutkosky cutting rules.
The subscripts ++ and +− are the same as those in Fig. 2.

width of χ ′c2 → J/ψω varies from 4.1× 10−6 MeV to 1.1× 10−4 MeV or 4.0× 10−5 MeV to
1.1× 10−3 MeV depending on the relative sign between gχ ′c2 DD and gχ ′c2 D∗D . In the present cal-
culations, the loop integrals in Eqs. (7) and (8) are evaluated by the Cutkosky cutting rules, where
only the imaginary part of the amplitudes is considered. As for the case of the dipole form factor,
the magnitudes of the partial decay widths are at least one order smaller than the corresponding ones
estimated by the monopole form factor. The calculations in Ref. [26] also indicate that the monopole
form factor is more suitable to estimate the partial decay widths of the χ ′cJ → J/ψω process.

As indicated above, the absolute decay widths of X (3915)→ J/ψω and Z(3930)→ J/ψω are
strongly dependent on the parameter α, which means that there exists uncertainty in the prediction
of these decay widths. In addition, we notice that extracting the decay widths of X (3915)→ J/ψω
from that of Z(3930)→ J/ψω via the experimental data depends on our understanding of the two-
photon decay width of X (3915) and Z(3930), where its predicted two-photon decay width varies with
different models. In Refs. [20–23], the two-photon decay width is about 1–2 keV in the relativistic
quark model, while the Salpeter method indicates that the decay width for χ ′c0 can be larger than

6/8
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3 keV in a relativistic form and about 5.47 keV in a non-relativistic form [24]. If the center values of
the total decay width of χ ′c0 and the measured branching ratio�χ ′c0→γ γB(χ ′c0 → J/ψω) are adopted,
the partial decay width of χ ′c0→ J/ψω can be less than two hundred keV to 1 MeV, depending on
the choice of �χ ′c0→γ γ . In the present work, the evaluated partial decay width can reach 150 keV for
α = 4, which is consistent with the experimental measurements [1].

In summary, X (3915), reported by the Belle Collaboration, is the second enhancement observed
in the γ γ fusion process. As indicated in Ref. [4], X (3915) is a good candidate for χ ′c0(2P), i.e., the
first radial excitation of χc0(3414). Besides its open-charm decay, study of the hidden-charm decay
of X (3915) will provide a key hint to understanding the properties of X (3915) and further test the
P-wave charmonium explanation of X (3915) in Ref. [4]. Since the mass of X (3915) is above the
threshold of DD̄ and dominantly decays into DD̄, hadronic loop effects [6–13] will play an important
role in the hidden-charm decay X (3915)→ J/ψω, which, in fact, results from the coupled-channel
effects. In this work, we have performed the calculation of the X (3915)→ J/ψω processes.

Before the observation of X (3915), Belle reported a state named Z(3930) in γ γ fusion [2,3],
which is also a P-wave charmonium state of the first radial excitation. Z(3930) should decay into
J/ψω, which seems to indicate that there should exist two peaks close to each other in the J/ψω
invariant mass spectrum given by Belle [1]. However, currently, only one structure corresponding to
X (3915) has been observed [1]. In order to explain this contradiction, in this work we have further
studied Z(3930)→ J/ψω by the intermediate states DD̄ and DD̄∗ + h.c. The results illustrated in
Fig. 2 show that the partial decay width of Z(3930)→ J/ψω is suppressed when compared with
that of X (3915)→ J/ψω, which explains why Z(3930) cannot be observed in the J/ψω invariant
mass spectrum.

As more charmonium-like states are observed in the γ γ fusion process [1–3,25], they provide
us with a better chance to explore the properties of these states, especially P-wave charmonium
states [4]. The study of the hidden-charm decay of X (3915) in this work supports the proposal of
χ ′c0(2P) assignment to X (3915) in Ref. [4]. Besides applying the hidden-charm and open-charm
decays of X (3915) to test the χ ′c0 assignment to X (3915), we suggest that an angular distribu-
tion analysis of X (3915) in future experiments will be valuable to test the χ ′c0(2P) explanation
of X (3915), since the J PC quantum number of X (3915) must be 0++. Although Z(3930) is well
established as a χ ′c2(2P) state [2,3], its hidden-charm decay behavior was unclear before this work.
Performing the calculation of Z(3930)→ J/ψω by the hadronic loop mechanism, we further learn
that the branching ratio of Z(3930)→ J/ψω is at least one order smaller than that of X (3915)→
J/ψω, which not only successfully explains the appearance of only one enhancement, X (3915), in
the J/ψω invariant mass spectrum but also tests the hadronic loop effects, which is an important
non-perturbative mechanism in the decays of charmonium or charmonium-like states [6–13].
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