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The internal structure of the near-threshold exotic hadrons, )22 and - (3872), are studied by re-
specting the decay and coupled-channel contributions. The effective field theory model is intro-
duced to calculate the compositeness, the probability of finding the hadronic molecular compo-
nent. Applying the new interpretation scheme for the complex compositeness of unstable states
and using the bare energies of the compact component estimated by the constituent quark model,
we find that approximately 50 % of the )22 wavefunction is occupied by the �0�∗+ molecular
component. This indicates that the structure of )22 is primarily dominated by the �0�∗+ compo-
nent, having the nearest threshold. However, other components, such as the isospin partner �∗0�+

channels, also provide non-negligible contributions. On the other hand, about 90 % of - (3872) is
composed of the �0�̄0∗ molecular component. This is because the non-composite bare state and
the charged ��̄∗ threshold are located relatively far from the - (3872) and contribute very little
to its internal structure.
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1. Introduction

The numerous observations of exotic hadrons in recent years have stimulated active research on
their internal structure [1, 2]. For example, the Belle Collaboration reports the discovery of - (3872)
in 2003 [3], which is the first observed state among the -./ mesons. - (3872) exists slightly below
the �0�̄∗0 threshold and decays into �/kc+c−. Since that experiment, many candidates for exotic
hadrons have been observed in the heavy sector. In particular, )22 is observed very near the �0�∗+

threshold by LHCb Collaboration in 2021 [4, 5]. Because )22 decays into �0�0c+, it attracts much
attention as a genuine exotic state with 22D̄3̄.

Exotic hadrons can have not only a multiquark structure where four or more quarks are tightly
bound by the strong interaction but also a hadronic molecular structure, the weakly bound state of
hadrons [6]. Practically, the wavefunction of exotic hadrons is written as a superposition of possible
structures, such as multiquark and hadronic molecular components. Here, we focus on the fraction
of the hadronic molecular component. In this case, it is useful to introduce the compositeness - ,
the fraction of the hadronic molecular component in the wavefunction [7, 8]. Schematically, the
compositeness represents the square of the coefficient of the molecular component |molecular〉 in
the bound state |�〉:

|�〉 =
√
- |molecular〉 +

√
/ |non molecular〉 . (1)

Here, we denote the non-molecular components, such as multiquark components, by |non molecular〉.
The fraction / = 1 − - is called the elementarity. Equation (1) indicates that the compositeness
- can be regarded as the probability of finding the molecular component |molecular〉 in the bound
state |�〉:

- = | 〈�|molecular〉 |2. (2)

The compositeness allows us to quantitatively characterize the internal structure of exotic hadrons
from the viewpoint of the hadronic molecule picture. For example, if - > 50%, the state is found to
have a hadronic molecular-like structure, whose wavefunction is dominated by the hadronic molecu-
lar component. From this probabilistic nature, the compositeness has been adopted to quantitatively
analyze the internal structure of exotic hadrons [9–12].

As in the )22 and - (3872) cases, exotic hadrons are frequently observed near the threshold
energy region. The phenomena in the near-threshold region are dictated by the low-energy univer-
sality [13, 14]. As a consequence of the low-energy universality, it is shown that the near-threshold
bound states in the single-scattering system are usually composite dominant [15–17]. From this
viewpoint, the near-threshold exotic hadrons are expected to have a molecular-like structure. How-
ever, the small binding energy is not the only property of exotic hadrons: they couple to the decay
channel in the lower energy region and other scattering channels in the higher energy region. Due to
the decay channel, exotic hadrons are unstable states with a finite decay width, which is qualitatively
different from stable bound states. Furthermore, the higher coupled channel can affect the internal
structure of exotic hadrons if the threshold energy of that channel is not far from the state. For ex-
ample, )22 couples not only to the nearest threshold �0�∗+ but also to the �∗0�+ threshold. These
two channels are mutually isospin partners, having tiny threshold energy differences. Therefore, the
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�∗0�+ channel should be explicitly introduced to discuss the structure of )22. In this way, we need
to consider the decay and coupled channel contributions to consider the internal structure of exotic
hadrons.

In this study, we investigate the internal structure of the representative exotic hadrons, )22
and - (3872), using the compositeness. To calculate the compositeness, we introduce the non-
relativistic effective field theory model. We discuss the internal structure of )22 and - (3872) by
focusing on not only the near-threshold nature of these states but also on the decay and coupled
channel contributions.

2. Compositeness of )22 and - (3872)

Let us examine the internal structure of well-known near-threshold exotic hadrons, )22 and
- (3872). As introduced earlier, the states )22 and - (3872) are observed as quasi-bound states lo-
cated just below the �0�∗+ and �0�̄∗0 thresholds, respectively. Their central values of the eigenen-
ergies (binding energy � and decay width Γ)

� = −� − Γ

2
8, (3)

have been measured in experiments, as reported in Ref. [5] and PDG [18]:

)22 : � = −0.36 − 80.024 MeV, (4)
- (3872) : � = −0.04 − 80.595 MeV. (5)

These binding energies are significantly smaller than the characteristic scale of the binding energy
of hadrons of O(10) MeV. This makes )22 and - (3872) representative examples of near-threshold
quasi-bound states. The decay widths are observed as 0.048 MeV for)22 and 1.19 MeV for - (3872).
These values are smaller than the typical hadronic decay width of O(10) - O(100) MeV, and there-
fore the decay contribution is not always considered to discuss the internal structure of )22 and
- (3872) in the previous works. However, in Ref. [17], we find that the decay contribution to the
compositeness is determined by the ratio of the decay width to the binding energy, not by the mag-
nitude of the decay width itself. For shallow quasi-bound states, the ratio of the decay width to the
binding energy can be large due to the small binding energy as summarized in Table 1. In fact, the
ratio Γ/� is about 30 for - (3872). Therefore, here, we explicitly take into account the decay width
to consider the compositeness of )22 and - (3872). In addition to the decay, systems have the scat-
tering channels in the higher energy region than)22 and - (3872). As mentioned in the introduction,
the nearest scattering channels coupled to )22 and - (3872) are �0�∗+ and �0�̄∗0, respectively.
Here, we call these channels the threshold channel. On top of these, there are �0�+ threshold for
)22 and �−�+ threshold for - (3872), which lie 1.41 MeV and 8.23 MeV above the threshold chan-
nels, respectively. These mass differences arise due to the isospin symmetry breaking, suggesting
that the coupled channels may play a role in shaping the structure of )22 and - (3872) as isospin
partners of the threshold channels. Thus, both the decay width and channel coupling effects must
be taken into account when investigating these exotic hadrons.

To calculate the compositeness of )22 and - (3872), we adopt the framework of the non-
relativistic effective field theory (EFT) [19, 20]. As discussed above, the decay and channel cou-
plings can be important to consider )22 and - (3872). Therefore, we construct a simple model
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Table 1: The binding energy �, decay width Γ, threshold energy differenceΔl of the)22 and - (3872) cases.
We also show the parameters of the model, the bare state energy a0 and cutoff Λ.

State � (MeV) Γ (MeV) Δl (MeV) a0 (MeV) Λ (MeV)
)22 0.36 0.048 1.41 7 140

- (3872) 0.04 1.19 8.23 78.36 140

by introducing the contributions of decay and channel couplings. The model describes the system
where the two channel scatterings of k1,2 and Ψ1,2 couple to the discrete bare state q [17]:

Hfree =
1

2<1
∇k†

1 · ∇k1 +
1

2<2
∇k†

2 · ∇k2 +
1

2"1
∇k†

1 · ∇Ψ1 +
1

2"2
∇Ψ†

2 · ∇k2 +
1

2"
∇q† · ∇q

+ l1Ψ
†
1Ψ1 + l2Ψ

†
2Ψ2 + a0q

†q, (6)
Hint = 60(q†k1k2 + k†

1k
†
2q) + 60(q†Ψ1Ψ2 + Ψ

†
1Ψ

†
2q). (7)

where<1,2, "1,2, and " stands for the masses of k1,2, Ψ1,2, and q, respectively. l1,2 are the energy
of Ψ1,2 with respect to k1,2. We denote the threshold energy difference as Δl = l1 + l2 > 0. a0

corresponds to the energy of the bare state, which is a real quantity. 60 is the coupling constant
among the bare state and the scattering states. In this model, we take 60 to be complex in order
to effectively introduce the decay channel contribution. With the complex coupling constant, the
Hamiltonian becomes non-Hermitian whose eigenenergy � can also be complex as in Eq. (3). This
aligns with the fact that the eigenenergy of unstable states is complex. In this way, we can effectively
take into account the decay channel contribution without explicitly calculating the three-body decay
of )22 and - (3872). For more detail on the model, please see Ref. [17].

In the model, we introduce the cutoff Λ to avoid the divergence of the momentum integral in
the loop function. The value of Λ is chosen to be 140 MeV by assuming the long-range interac-
tion between � mesons occurs through the pion exchange. In addition to the cutoff, we have two
parameters a0 and 60 in the model. The bare state energy a0 cannot be determined within the EFT
framework, and a microscopic description is needed to estimate a0. In this study, we adopt the
energy of the compact 22̄ and 22D̄3̄ states calculated by constituent quark models in Ref. [21] and
Ref. [22], respectively:

• a0 = 7 MeV for )22, and

• a0 = 78.36 MeV for - (3872).

Once Λ and a0 are fixed, the coupling constant 60 is uniquely determined to reproduce the bind-
ing energy � and decay width Γ. We summarize the properties and model parameters of )22 and
- (3872) in Table 1.

In this setup, the compositeness of )22 and - (3872) can be calculated with the given model
parameters and eigenenergy [17]. For a multi-channel case, the compositeness of the threshold
channel -1, that of the coupled channel -2, and elementarity / are defined. For the )22 [- (3872)]
case, -1 corresponds to the compositeness of �0�∗+ (�0�̄0∗) channel and -2 to that of �∗0�+
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(�∗−�+) channel. Using the values in Table 1, we obtain the compositeness -1, -2 and elementarity
/ of )22:

-1 = -�0�∗+ = 0.541 − 0.0078 ()22), (8)
-2 = -�∗0�+ = 0.167 + 0.0038, ()22) (9)
/ = 0.292 + 0.0058 ()22). (10)

Also, those of - (3872) are calculated as

-1 = -�0�̄0∗ = 0.919 − 0.0798 [- (3872)], (11)
-2 = -�∗−�+ = 0.046 + 0.0508 [- (3872)], (12)
/ = 0.035 + 0.0308 [- (3872)] . (13)

As seen in these results, the compositeness of unstable resonances is in general, complex. In the
)22 case, the imaginary parts of -1,2 and / are smaller than their real parts. In Ref. [17], it is shown
that the effect of the decay becomes prominent if the ratio of the decay width Γ to the quasi-binding
energy � increases. The small imaginary parts of -1,2 and / of )22 can therefore be attributed
to the small ratio of Γ/� ∼ 0.13. From this result, we find that the decay contribution does not
affect the compositeness of )22 very much. On the other hand, the imaginary parts of -2 and / of
- (3872) are as large as the corresponding real parts. This is presumably related to the large ratio of
Γ/� ∼ 30 of - (3872). This indicates the non-negligible decay contribution for the compositeness
of - (3872).

The complex compositeness cannot be straightforwardly regarded as the probability. Therefore,
with the complex compositeness shown above, we cannot directly discuss the internal structure of
)22 and - (3872). The interpretation of the complex compositeness has been discussed with various
proposals of the interpretation schemes in Refs. [9, 12, 20, 23–28]. As a probabilistic interpretation
scheme of the complex compositeness, here we adopt the prescription developed in Ref. [29]. In
this scheme, the internal structure of resonances is characterized by the following three quantities
X,Y,Z defined by the complex compositeness - and elementarity /:

X =
(U − 1) |- | − U |/ | + U

2U − 1
, (14)

Y =
|- | + |/ | − 1

2U − 1
, (15)

Z =
(U − 1) |/ | − U |- | + U

2U − 1
. (16)

Here, X, Y, and Z are regarded as

X : the probability to certainly finding the composite component;

Y : the probability of uncertain identification; and

Z : the probability to certainly finding the elementary component.

X and Z correspond to the compositeness and elementarity for stable bound states, respectively.
The newly introduced probability Y represents the uncertain property of resonances, inspired by
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the discussion in Ref. [30]. U is an arbitrarily real parameter, which determines the weight of the
uncertain identification Y in the interpretation scheme. Here we use U ≈ 1.1318 which is deter-
mined by regarding the broad resonances as not interpretable by the compositeness. The details of
the interpretation scheme can be found in Ref. [29].

To use the interpretation scheme with Eqs. (14), (15), and (16) for the coupled-channel sys-
tems with -1, -2, and / , we focus on the compositeness of the threshold channel -1. Namely, we
regard the compositeness - = -1 as the fraction of the threshold channel component, and the other
components are included in / = -2 + / , corresponding to the coupled channel compositeness and
the elementarity in the coupled-channel systems. From the complex compositeness from Eq. (8) to
Eq. (13), the probabilities X,Y,Z of )22 and - (3872) are obtained as

X = 0.537, Y = 0.008, Z = 0.456, ()22), (17)
X = 0.890, Y = 0.028, Z = 0.081, [- (3872)] . (18)

In both cases, the compositeness X is the largest. This result reflects the shallow quasi-bound
nature of )22 and - (3872). Furthermore, Y is smaller than X and Z, which indicates that the
internal structure of these states can be clearly identified with small uncertainty. This is because
the imaginary parts of the complex -1, -2, and / are as small as 10−2. By focusing on )22, the
compositeness X is the largest, but with the non-negligible Z. This is explained by the sizable
magnitude of -2 and / in Eqs. (9) and (10), which are now included in the non-threshold channel
components Z. Because the threshold energy difference Δl of the )22 system is relatively smaller
(see Table 1), the coupled channel compositeness -2 is obtained as a comparable magnitude with
-1. The sizable magnitude of / is induced by the contribution of the purely non-composite bare
state having a0 = 7 MeV comparable with the typical energy scale Λ2/(2`) ∼ 10 MeV. From this
result, we find that )22 is threshold channel dominant but with non-negligible contributions from
the coupled channel and non-composite components. On the other hand, the compositeness X of
- (3872) is ten times larger than Y and Z. Relatively small / in Eq. (13) is a consequence of a large
a0 ∼ 80 MeV compared with the typical energy scale Λ2/(2`) ∼ 10 MeV. Also, the large threshold
energy difference compared with the binding energy (Δl/� ∼ 200) gives a similar magnitude of
-2. In this case, the non-composite and coupled-channel components have less effect on the internal
structure of - (3872). Therefore, - (3872) can be regarded as an almost pure �0�̄0∗ molecule state.

3. Summary

In this study, the internal structure of )22 and - (3872) is studied using the compositeness.
Based on the non-relativistic EFT model and the quark model estimation of the compact quark state
energies, we calculate the compositeness of )22 and - (3872) by taking into account the decay and
coupled-channel contributions. We find that )22 is the �0�∗+ molecular dominant state, but other
components are also sizable. In contrast, - (3872) is almost exclusively dominated by the �0�̄0∗

molecule state. This difference is considered to originate from both the threshold energy of the
coupled channel and the bare state energy, compared with respect to the binding energy.
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