arXiv:1105.0734v3 [hep-ph] 19 May 2011

Exotic baryons from a heavy meson and a nucleon – Negative parity states –

Yasuhiro Yamaguchi^1, Shunsuke Ohkoda^1, Shigehiro Yasui^2, and Atsushi Hosaka^1 1Research Center for Nuclear Physics (RCNP), Osaka University, Ibaraki, Osaka, 567-0047, Japan and 2KEK Theory Center, Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization, 1-1, Oho, Ibaraki, 305-0801, Japan (Dated: May 20, 2011)

Abstract

We study heavy baryons with an exotic flavor quantum number formed by a heavy meson and a nucleon (D̄N and BN) through a long range one pion exchange interaction. The bound state found previously in the (I, J^P ) = (0, 1/2^−) channel survives when short range interaction is included. In addition, we find a resonant state with (I, J^P ) = (0, 3/2^−) as a Feshbach resonance predominated by a heavy vector meson and a nucleon (D̄^∗N and B^∗N). We find that these exotic states exist for the charm and heavier flavor region.

PACS numbers: 12.39.Jh, 13.30.Eg, 14.20.-c, 12.39.Hg

I. INTRODUCTION

Hadron physics has opened a renewed interest in multi-hadron systems. The most familiar example is the atomic nucleus which is the bound state of protons and neutrons. However, interestingly enough, we do not have yet clear evidences for analogous systems of baryon number one or zero. Yet a well-known candidate is Λ(1405) which is considered to be a quasi-bound state of K̄N and πΣ [1–5]. The isoscalar meson which has been established as a resonance in pseudoscalar meson scatterings may also be a quasi-bound state of the two mesons [6–9]. Such hadronic composites, or molecular states, are dynamically generated via hadron-hadron interactions, and are expected to appear in various mesonic and baryonic systems. The hadron composites are important also for study of the hadron dynamics in nuclear matter [10–15].

In the constituent quark model, the generation of hadronic composites can be understood as formation of clusters in multi-quark systems. Because a typical excitation energy of hadron resonances amounts to several hundred MeV and is enough to create a q̄q pair of constituent quarks, a multi-quark component naturally appears in the resonance states in addition to the minimal configuration of q̄q or qqq with an orbital excitation. Such a multiquark configuration may arrange itself into a set of color-singlet clusters, namely a set of hadrons. This serves a quark model picture of hadronic composites.

Recently, a novel structure has been suggested by one of the present authors in manifestly exotic channels with one (anti) heavy quark, for example, D̄N whose minimum quark content is uuddc̄ [16]. This is a charm analogue of the pentaquark Θ^+ ∼ uudds̄ [17, 18]. So far the charmed pentaquarks in various forms have been discussed by many authors [19–29]. To obtain a bound D̄N system composed of a D̄ meson and a nucleon, the one pion exchange interaction was found to be crucially important. As emphasized in Ref. [16], in particular, the tensor force yields strong attraction through the mixing of an S-wave state of D̄N and a D-wave state of D̄^∗N. The mixing effect is more important for heavier flavor sectors, where pseudoscalar and vector mesons are more degenerate. Indeed the mass splittings of D̄D̄^∗ and of BB^∗ are about 140 and 46 MeV, respectively, and are much smaller than the one of the strangeness sector (KK^∗ mass difference ∼ 400 MeV).

Such a mixing mechanism of S- and D-waves (more generally mixing of L- and (L ± 2)- waves, with L being an orbital angular momentum) has been known to be very important for the deuteron binding, while its relevance has been reexamined for other nuclear systems rather recently [30, 31]. In QCD, spontaneous breaking of chiral symmetry is underlying; the light pseudoscalar mesons, pions, are generated as the Nambu-Goldstone modes, with strong coupling to hadrons [32, 33]. It is emphasized that the pseudoscalar nature of the pion necessarily leads to the Yukawa coupling of the form ⃗s · ⃗q, where ⃗s is the spin operator for the particles coupling to the pion and ⃗q is the momentum of the pion. Then this coupling provides the tensor force in two-body systems. It is noticeable that such one pion exchange interaction can lead also to stable exotic states of two heavy meson systems as pointed out in Refs. [26, 34–36]. In the present study, we investigate the exotic state of a heavy meson and a nucleon, namely D̄N and BN.

In this paper, we examine the system of P N and P^∗N with the inclusion of short range interactions. Here and in what follows we introduce the notation P (= D̄, B) for a heavy pseudoscalar meson and P^∗(= D̄^∗, B^∗) for a heavy vector meson. We study not only bound states but also resonances. We concentrate our analysis on the low lying states in which S-wave component is included. Furthermore, we present our analysis only in isospin singlet channels because we find neither bound state nor resonant state in isospin triplet channels.

In section II, we briefly describe the interactions between P N and P^∗N based on the heavy quark symmetry. It has been known that the heavy quark symmetry plays an important role for charm and bottom quarks, not only in the dynamics of quarks [37–39], but also in the dynamics of heavy hadrons [39–44]. Therefore, in the present study, we employ the interaction from heavy quark symmetry. For comparison, we also investigate the interaction derived from flavor SU(4) symmetry [45–48]. In this paper, we include not only the pion exchange but also vector meson exchange interactions to show the dominant role of the pion exchange interaction. We discuss bound states and scattering states in sections III and IV, respectively. We confirm that a bound state exists for isospin, spin and parity (I, J^P ) = (0, 1/2^−). For resonance, we find a new state in the (I, J^P ) = (0, 3/2^−) channel having a narrow decay width as a Feshbach resonance predominated by P^∗N. In section V, we discuss flavor dependence of the present results by varying the mass of the heavy mesons continuously, and show that the existence of the above exotic states is the feature of heavy flavors. Final section is devoted to summary and discussions.

TABLE I: Various coupled channels for a given quantum number J^P for negative parity P = −1.

J^P channels 1/2^− P N(^2S_{1/2}) P^∗N(^2S_{1/2}) P^∗N(^4D_{1/2}) 3/2^− P N(^2D_{3/2}) P^∗N(^4S_{3/2}) P^∗N(^4D_{3/2}) P^∗N(^2D_{3/2})

II. INTERACTIONS

The systems we are interested in have a manifestly exotic flavor structure of qqqqQ̄ in its minimal quark content, which is a heavy quark analogue of the pentaquark Θ^+ ∼ qqqqs̄. Here Q and q denote heavy and light (u, d) quarks. We investigate whether these exotic baryons are formed as (quasi) bound states of a Q̄q meson (denoted by P or P^∗ following introduction) and a qqq nucleon (denoted by N). For this picture to work well, these two hadronic ingredients should be sufficiently apart and keep their identities. Possible effects of internal structure is then expressed by form factors. The two-body states of a pseudoscalar (vector) meson and a nucleon are classified by their isospin I, total spin J and parity P , or orbital angular momentum L, where P = (−1)^{L+1}. For a given J^P , there are three or four coupled channels as summarized in Table. I, where low lying components including S-states are shown.

To obtain interactions for heavy mesons and nucleons, we employ Lagrangians satisfying heavy quark symmetry and chiral symmetry [49]. They are well-known and given as L_{πHH} = ig_πTr [ H_bγ_μγ_5A^μ_{ba}H̄_a ] , (1) L_{vHH} = −iβTr [ H_bv^μ(ρ_μ)_{ba}H̄_a ] + iλTr [ H_bσ^{μν} F_{μν} (ρ)_{ba}H̄_a ] , (2)

where the subscripts π and v are for the pion and vector meson (ρ and ω) interactions, and v^μ is the four-velocity of a heavy quark. In Eqs. (1) and (2), the heavy meson fields of Q̄q are parametrized by the heavy pseudoscalar and vector mesons,

H_a = 1 + v/ 2 [ P^∗_{a μ}γ^μ − P_aγ_5 ] , (3) H̄_a = γ_0H^†_aγ_0 , (4)

where the subscripts a, b are for light flavors (u, d). The pseudoscalar and vector fields are normalized as ⟨0|P |P (p_μ)⟩ = √ p^0 , (5) ⟨0|P^∗_μ |P^∗(p_μ, λ)⟩ = ϵ(λ)_μ √ p^0 , (6)

where ϵ(λ)_μ is the polarization vector of P^∗ with polarization λ. The axial and vector currents of light flavors are given by

A^μ =^1_2 (ξ^†∂^μξ − ξ∂^μξ^†) , (7) V^μ =^1_2 (ξ^†∂^μξ + ξ∂^μξ^†) , (8)

where ξ = exp(iπ̂/f_π), f_π = 132 MeV is the pion decay constant and we define the pion field by

π̂ = π 0 √ 2 π^+ π^− −^{π0√}_2 . (9)

Finally the vector (ρ and ω) meson field and its field tensor are defined by

ρ_μ = i g_V √ 2 ρ̂_μ , (10)

ρ̂_μ =

ρ^0√

2 +^{ω√}_2 ρ^+ ρ^− −^{ρ0√}_2 +^{ω√}_2 μ , (11)

F_{μν} (ρ) = ∂_μρ_ν − ∂_ν ρ_μ + [ρ_μ, ρ_ν ] , (12)

where g_V is the gauge coupling constant of the hidden local symmetry [50].

The coupling constant g_π for πP P^∗ is fixed from the strong decay of D^∗ → Dπ [51]. The coupling constants β and λ are determined by the radiative decays of D^∗ and semileptonic decays of B with the vector meson dominance [52]. The resulting values are given in Table. II.

From Eq. (1) we obtain πP P^∗ and πP^∗P^∗ vertices as L_{πP P} ∗ = 2 g_π f_π (P^†_a P^∗_{b μ} + P^{∗ †}_{a μ}P_b)∂^μπ̂_{ab} , (13) L_{πP} ∗_P ∗ = 2i g_π f_π ϵ^{μναβ} v_μP^{∗ †}_{a β}P^∗_{b ν} ∂_απ̂_{ab} . (14) We note that there is no πP P vertex due to parity invariance. Similarly, from Eq. (2), we

TABLE II: Masses and coupling constants of mesons.

m_α [MeV] g_π β λ [GeV^{−1}] g^2_{αNN} /4π κ π 137.27 0.59 — — 13.6 — ρ 769.9 — 0.9 0.56 0.84 6.1 ω 781.94 — 0.9 0.56 20.0 0.0

derive the vector meson vertices as L_{vP P} = − √ 2βg_V P_bP^†_a v · ρ̂_{ba} , (15) L_{vP P} ∗ = −2 √ 2λg_V v_μϵ^{μναβ} ( P^†_a P^∗_{b β} − P^{∗ †}_{a β}P_b ) ∂_ν (ρ̂_α)_{ba} , (16) L_{vP} ∗_P ∗ = √ 2βg_V P^∗_b P^{∗†}_a v · ρ̂_{ba} +i2 √ 2λg_V P^{∗ †}_{a μ}P^∗_{b ν} (∂^μ(ρ̂^ν )_{ba} − ∂^ν (ρ̂^μ)_{ba}) . (17)

The interaction Lagrangians for a meson and nucleons are given by the standard form, L_{πNN} = √ 2ig_{πNN}N̄γ_5π̂N , (18) L_{vNN} = √ 2g_{vNN} [ N̄γ_μρ̂^μN + κ 2m_N N̄σ_{μν} ∂^νρ̂^μN ] , (19)

where N = (p, n)^T is the nucleon field. In the vector meson interaction there are vector (Dirac) and tensor (Pauli) terms. For ρ meson the tensor term dominates, while for ω it is negligible. The coupling constants associated to the nucleon are taken from Ref. [53] as summarized also in Table. II.

To parametrize internal structure of hadrons, we introduce form factors associated with finite size of the mesons and nucleons. We adopt a dipole form factor at each vertex :

F_α(Λ, ⃗q ) =

Λ^2 − m^2_α Λ^2 + |⃗q |^2

, (20)

where m_α and ⃗q are the mass and three-momentum of the incoming meson α (= π, ρ, ω). The cutoff parameter for the meson-nucleon vertex Λ = Λ_N is determined such that the resulting NN potential reproduces the binding energy of the deuteron. For the derivation of the potential, see the discussion below and also Appendix. When the NN potential is constructed only by π exchange, Λ_N = 830 MeV, while when the potential is constructed by π, ρ, ω exchanges, Λ_N = 846 MeV. To test the validity of the potentials, we have computed low energy properties of the deuteron and NN scattering. The results are given in Table. III, for the π exchange and π, ρ, ω exchange potentials. Another cutoff parameter Λ_P for the meson-meson vertex is determined by the ratio of the size of the pseudoscalar meson P as given in Ref. [16], Λ_D = 1.35Λ_N and Λ_B = 1.29Λ_N . We have adopted the same value of the cutoff for the vertices including vector meson P^∗.

We have also constructed the interaction from the flavor SU(4) symmetry for comparison with that of the heavy quark symmetry. However, it turns out that the coupling strength of the πP P^∗ vertex is smaller than the one determined from the experimental decay rate of D^∗ → Dπ. We have found that there is no bound state when such a small coupling strength is used. In this work we use the potential derived from the heavy quark symmetry with the coupling strength determined by the experimental decay width of D^∗ → Dπ.

Having all the above interaction Lagrangians for the Yukawa vertices, we obtain potentials for various channels which are summarized in Appendix. In doing so, we employ the static approximation where the energy transfer can be ignored. This is a good approximation when P^∗ does not decay into P π in the heavy quark limit and at low energies below the threshold of pion productions. The total Hamiltonian is then given as the sum of the kinetic energies and the potential for coupled channels as shown explicitly in Appendix. We solve the coupled Schrödinger equations for the P N and P^∗N system in their center of mass frame by using the numerical method developed in Ref. [54]. The total energy E is measured from the P N threshold.

We have tested our method for the deuteron case where we can compare our results with the known results. As summarized in Table. III, we point out that the π exchange potential reproduces the deuteron properties well, such as the binding energy E_B , the Dwave probability P_D, the mean square radius ⟨r^2⟩^{1/2}, as well as the scattering length a and the effective range r_e in the^3S_1 and I = 0 channel in the NN scattering. The results with the π, ρ, ω exchange potential are very similar to those of the π exchange potential. This indicates that the ρ and ω exchanges play only a minor role for low energy properties as expected, because the deuteron is a loosely bound state and a rather extended object.

TABLE III: Low energy properties of the NN system. Results for the π and πρ ω potentials are compared.

Potential Λ_N [MeV] E_B [MeV] P_D[%] ⟨r^2⟩^{1/2} [fm] a [fm] r_e [fm] π 830 2.22 5.4 3.7 5.27 1.50 πρ ω 846 2.22 5.3 3.7 5.23 1.49

TABLE IV: Binding energies, root mean square radii and cutoff parameters of heavy mesons. Results for the π and πρ ω potentials are compared. D̄N(π) D̄N(πρ ω) BN(π) BN(πρ ω) E_B [MeV] 1.60 2.14 19.50 23.04 ⟨r^2⟩^{1/2} [fm] 3.5 3.2 1.3 1.2 Λ_P [MeV] 1121 1142 1070 1091

III. BOUND STATES

In this section let us study low lying states for the P N-P^∗N system. We find a bound state in the (I, J^P ) = (0, 1/2^−) channel as discussed in Ref. [16]. The results of π exchange potential are almost the same as those of π, ρ, ω exchange potential as seen in the deuteron case. The binding energies E_B = |E| and the root mean square radii ⟨r^2⟩^{1/2} for D̄N and BN states are shown in Table. IV. As emphasized in Ref. [16], the tensor force causing mixing between D̄N and D̄^∗N states of different angular momenta by ΔL = 2 yields strong attraction. This is particularly so for heavier quark sector, where P and P^∗ mesons degenerate. Therefore, the BN state is more bound than the D̄N state. In fact, the binding energies of BN states are about ten times larger than those of D̄N states. The mass dependence of the binding energies will be discussed more in detail in section V.

The corresponding root mean square radii are over 3 fm for the charm and over 1 fm for the bottom baryons, respectively. Both radii are larger than typical hadron size of order 1 fm, justifying the hadronic composite structure of the present states. To complete our presentations, in Fig. 1, we also show bound state wave functions when the πρ ω potential is used. Finally we note that there is no bound state in J^P = 3/2^− as shown in Ref. [16] a) D̄N b) BN

FIG. 1: The wave functions of the D̄N and BN bound states with (I, J^P ) = (0, 1/2^−) when the πρ ω potential is used.

IV. SCATTERING STATES AND RESONANCE

Let us now turn to the scattering region above the P N threshold. First, we see the scattering state in the (I, J^P ) = (0, 1/2^−) channel. In Fig. 2, we present the phase shifts δ of P N(^2S_{1/2}), P^∗N(^2S_{1/2}) and P^∗N(^4D_{1/2}) channels when the πρ ω potential is used. Each phase shift is plotted as a function of the scattering energy E in the center of mass system. The P N phase shift starts at δ = π because of the presence of the bound state discussed in the previous section. Otherwise the energy dependence of all the phase shifts is rather smooth. We summarize the scattering lengths and the effective ranges in Table V. We have checked the relation E_B =^1_{2μa2} (μ is reduced mass) holds with good accuracy within a few percents. We also note that the properties of D̄N system are rather similar to those of the NN system.

We show the total cross sections of D̄N and BN scattering when the πρ ω potential is used in Fig. 3. They start from the maximum value at the threshold and decrease monotonically. For shallower bound state (for D̄N system), the peak value at the threshold is larger, due to the presence of the bound state near the threshold. In the limit the binding energy E_B → 0, the peak diverges as explained by the zero-energy resonance.

In the (I, J^P ) = (0, 3/2^−) channel, we find an interesting structure; the phase shifts shown in Fig. 4 indicate a resonance at the scattering energy E_{re} = 113.19 MeV for D̄N and at E_{re} = 6.93 MeV for BN, as the phase shifts cross π/2. The mechanism of the resonance

TABLE V: The scattering length a and effective range r_e with (I, J^P ) = (0, 1/2^−). D̄N(π) D̄N(πρ ω) BN(π) BN(πρ ω) a [fm] 4.36 4.38 1.61 1.56 r_e [fm] 1.04 1.05 0.71 0.68

FIG. 2: Phase shift of the D̄N and BN scattering state with (I, J^P ) = (0, 1/2^−) when the πρ ω potential is used.

can be understood by looking at the phase shifts in other channels; in particular, we find that those of D̄^∗N(^4S_{3/2}) and of B^∗N(^4S_{3/2}) start from δ = π, indicating the presence of a bound state in these channels. Indeed, we checked that, when the P N(^2D_{3/2}) channel is ignored and only the P^∗N(^2D_{3/2}), P^∗N(^4D_{3/2}) and P^∗N(^4S_{3/2}) channels are considered, there are bound states at E_B = 11.50 MeV from the D̄^∗N threshold and at E_B = 21.67 MeV from the B^∗N threshold. Therefore, these resonances are the Feshbach resonances.

We can also extract the width of the resonances from the slope of the phase shift at π/2; Γ = 2 dδ/dE|_{E=Ere} , (21)

for the phase shift δ in the partial wave, namely P N(^2D_{3/2}). The results are listed in Table VI. These values are very small in particular for the BN system. There are two reasons for that; one is that the resonance energy is close to the threshold of the open channel of BN, and the other is that the decay occurs in the D-wave. The latter effect is important as the decay width is proportional to the fifth power (2L + 1, L = 2) of the

FIG. 3: Total cross section of the D̄N and BN scattering state with (I, J^P ) = (0, 1/2^−) when the πρ ω potential is used.

decaying momentum and works as a suppression factor near the threshold. The physics behind is the centrifugal barrier for a partial wave with a finite angular momentum.

In Fig. 5, we plot the cross section in the (I, J^P ) = (0, 3/2^−) channel. Because there is a resonant state at E_{re} = 113 MeV in the D̄N scattering and at E_{re} = 7 MeV in the BN scattering, the cross section becomes maximum at each resonance energy.

TABLE VI: The resonance energy and decay width for (I, J^P ) = (0, 3/2^−). D̄N(π) D̄N(πρ ω) BN(π) BN(πρ ω) E_{re} [MeV] 113.51 113.19 8.41 6.93 Γ [MeV] 19.43 17.72 0.16 0.0946

FIG. 4: Phase shift of the D̄N and BN scattering state with (I, J^P ) = (0, 3/2^−) when the πρ ω potential is used.

FIG. 5: Total cross section of the D̄N and BN scattering state with (I, J^P ) = (0, 3/2^−) when the πρ ω potential is used.

V. FLAVOR DEPENDENCE OF THE BOUND AND RESONANT STATE

In the previous sections, we have seen that the bound and resonant states in the bottom sector receive more attractions than in the charm sector. In other words, the existence of the present exotic baryons is a unique feature of heavier mesons. To see this more quantitatively, let us vary the mass of the heavy mesons continuously and see how the bound and resonant state properties change. Let us make an interpolation of heavy meson masses, by regarding the mass of the P meson as a function of the mass of the P^∗ meson. Given the experimental values of (m_K , m_K∗ ), (m¯_D, m¯_D∗ ) and (m_B , m_B∗ ), we find the parametrization m_P ∗ − m_P = 1.9 × 10^6/m^{1.25}_P ∗ in units of MeV to optimally interpolate the masses at the three flavor points, as shown in Fig. 6. In the heavy quark mass limit, the mass difference m_P ∗ − m_P is expected to be proportional to the inverse mass of the heavy quark and so to the mass of the vector meson. The deviation of the power 1.25 from unity is due to some finite mass corrections. Here, the details of the functional form is not important, but only an interpolation at a qualitative level is enough.

Having this parametrization, we perform calculations for the bound and resonant state properties. In Fig. 7, the eigenenergy of the bound state is plotted as a function of m_P ∗ . As expected, the binding energy increases as the mass of the heavy meson increases. What is then interesting is that the bound state disappears at m_P ∗ ∼ 1700 MeV, which is about 300 MeV smaller than the mass of D^∗. Hence, that the masses of the mesons are heavy is crucial for the presence of the exotic baryons.

In Fig. 8 we plot the resonance energy as a function of m_P ∗ ; it increases as m_P ∗ decreases. The resonance exists for a small meson mass region also where the bound state no longer exists. The behavior of the decay width of the resonance as shown in Fig. 9 is interesting, as it takes the maximum value at m_P ∗ ∼ 1700 MeV. For larger masses m_P ∗ ∼ 5400 MeV and beyond, the width becomes zero, where the would-be bound state of the single channel P^∗N is located below the decay channel of P N. Contrary, as m_P ∗ decreases, the resonance energy becomes larger and its wave function extends more. This suppresses the overlap of the wave functions of the resonance and decaying channels. These explain the reason that the decay width takes the maximum value at a medium energy point.

FIG. 6: The mass splitting m_P ∗ − m_P as a function of the heavy vector meson mass m_P ∗ .

FIG. 7: Eigenenergy for (I, J^P ) = (0, 1/2^−) as a function of heavy vector meson mass m_P ∗ .

FIG. 8: Resonance energy for (I, J^P ) = (0, 3/2^−) as a function of heavy vector meson mass m_P ∗ .

FIG. 9: Decay width for (I, J^P ) = (0, 3/2^−) as a function of heavy vector meson mass m_P ∗ .

VI. SUMMARY

In this paper, we have investigated heavy baryons having exotic flavor quantum numbers as hadronic composites (D̄N and BN) of a heavy meson and a nucleon. In the quark content, this has minimally five quarks of qqqqQ̄. Because of the light flavor content, the one pion exchange interaction is at work and its tensor force plays a very important role through channel couplings of different angular momentum states of ΔL = 2. The mechanism is essentially the same as that for the deuteron binding. Such channel coupling effects become more striking if the masses of the mesons become heavier than those of charmed mesons, where the pseudoscalar and vector mesons are more degenerate.

Our interactions were determined consistently with the low energy properties of the twonucleon systems including the deuteron and some properties of the heavy mesons and the nucleon. We have confirmed that the previous finding of the pion dominance for such novel states to exist by including short range interaction mediated by ρ and ω. As a result, we have found that the bound state appears for (I, J^P ) = (0, 1/2^−), which has been predicted before. We have also found a new resonant state for (I, J^P ) = (0, 3/2^−) with a narrow decay width as a Feshbach resonance predominated by the heavy vector meson and nucleon bound state, which decays into an open channel of a pseudoscalar and a nucleon. We have investigated the flavor dependence by changing continuously the masses of heavy mesons. Then we have found that the bound states in the (I, J^P ) = (0, 1/2^−) channel exist for the vector meson masses larger than 1700 MeV. We have also found a resonance with (I, J^P ) = (0, 3/2^−) having a narrow decay width. Therefore the heavy masses of the mesons are crucial for the existence of the exotic baryons in the present study.

Final remark is related to how these states are observed. Resonant states may be found as a pair of strongly decaying pseudoscalar meson and nucleon in high energy hadronic collisions. Exclusive experiments such as hadron and photon induced reactions would be useful for the observation of bound states since they are stable against strong decay. The understanding of production reactions is an important issue in the future, which can be studied at J-PARC, GSI and so on. It has been recently proposed that the quark-gluon plasma formed in the relativistic heavy ion collisions will serve a source of multi-particles including exotic hadrons [55]. Therefore, RHIC, LHC and other facilities will also help to search the exotic states predicted in the present work.

Acknowledgments

This work is supported in part by Grant-in-Aid for Scientific Research on Priority Areas

Elucidation of New Hadrons with a Variety of Flavors (E01:21105006) from the ministry of

Education, Culture, Sports, Science and Technology of Japan.

Appendix A: Potentials and kinetic terms

Interaction potentials are derived by using the Lagrangians Eqs. (13)-(19). In deriving

the potentials we use the static approximation where the energy transfer can be neglected

as compared to the momentum transfer. The resulting potentials for the coupled channel

systems are given in the matrix form of 3 × 3 for J^P = 1/2^− and of 4 × 4 for J^P = 3/2^−,

V_{1/2}− =

V^{11}_{1/2−} V^{12}_{1/2−} V^{13}_{1/2−}

V^{21}_{1/2−} V^{22}_{1/2−} V^{23}_{1/2−}

V^{31}_{1/2}− V^{32}_{1/2}− V^{33}_{1/2}−

, (A1)

V_{3/2}− =

V^{11}_{3/2}− V^{12}_{3/2}− V^{13}_{3/2}− V^{14}_{3/2}−

V^{21}_{3/2−} V^{22}_{3/2−} V^{23}_{3/2−} V^{24}_{3/2−}

V^{31}_{3/2−} V^{32}_{3/2−} V^{33}_{3/2−} V^{34}_{3/2−}

V^{41}_{3/2}− V^{42}_{3/2}− V^{43}_{3/2}− V^{44}_{3/2}−

, (A2)

with the basis given in Table I in the same ordering. The π exchange potential between

heavy flavor meson and nucleon is obtained by

V^π_{1/2}− = g_πg_{πNN} √ 2m_N f_π 1 3 0 √ 3C_{mπ} − √ 6T_{mπ} √ 3C_{mπ} −2C_{mπ} − √ 2T_{mπ} − √ 6T_{mπ} − √ 2T_{mπ} C_{mπ} − 2T_{mπ} ⃗τ_P · ⃗τ_N , (A3)

V^π_{3/2}− = g_πg_{πNN} √ 2m_N f_π 1 3

0 √ 3T_{mπ} − √ 3T_{mπ} √ 3C_{mπ} √ 3T_{mπ} C_{mπ} 2T_{mπ} T_{mπ} − √ 3T_{mπ} 2T_{mπ} C_{mπ} −T_{mπ} √ 3C_{mπ} T_{mπ} −T_{mπ} −2C_{mπ} ⃗τ_P · ⃗τ_N , (A4) where C_m = C(r; m), T_m = T (r; m), and ⃗τ_P and ⃗τ_N are the isospin matrices for P (P^∗) and N. The functions C(r; m) and T (r; m) are given by C(r; m) = ∫ d^3q (2π)^3 m^2 ⃗q^2 + m^2 e^{i⃗q·⃗r}F (Λ_P , ⃗q )F (Λ_N , ⃗q ), (A5) T (r; m)S_{12}(r̂) = ∫ d^3q (2π)^3 −⃗q^2 ⃗q^2 + m^2 S_{12}(q̂)e^{i⃗q·⃗r}F (Λ_P , ⃗q )F (Λ_N , ⃗q ), (A6) with S_{12}(x̂) = 3(⃗σ_1 ·x̂)(⃗σ_2 ·x̂)−⃗σ_1 ·⃗σ_2, and F (Λ, ⃗q ) denotes the form factor given in Eq. (20).

The corresponding potentials of the ρ meson exchange are given by

V^ρ_{1/2−} = g_V g_{ρNN} β √ 2m^2_ρ

C_{mρ} 0 0 0 C_{mρ} 0 0 0 C_{mρ} ⃗τ_P · ⃗τ_N

+ g_V g_{ρNN} λ(1 + κ) √ 2m_N 1 3 0 2 √ 3C_{mρ} √ 6T_{mρ} 2 √ 3C_{mρ} −4C_{mρ} √ 2T_{mρ} √ 6T_{mρ} √ 2T_{mρ} 2C_{mρ} + 2T_{mρ} ⃗τ_P · ⃗τ_N , (A7)

V^ρ_{3/2−} = g_V g_{ρNN} β √ 2m^2_ρ

C_{mρ} 0 0 0 0 C_{mρ} 0 0 0 0 C_{mρ} 0 0 0 0 C_{mρ} ⃗τ_P · ⃗τ_N

+ g_V g_{ρNN} λ(1 + κ) √ 2m_N 1 3

0 − √ 3T_{mρ} √ 3T_{mρ} 2 √ 3C_{mρ} − √ 3T_{mρ} 2C_{mρ} −2T_{mρ} −T_{mρ} √ 3T_{mρ} −2T_{mρ} 2C_{mρ} T_{mρ} 2 √ 3C_{mρ} −T_{mρ} T_{mρ} −4C_{mρ} ⃗τ_P · ⃗τ_N .

(A8)

The ω meson exchange potential can be obtained by replacing the relevant coupling constants and the mass of the exchanged meson, and by removing the isospin factor ⃗τ_P · ⃗τ_N . The anomalous coupling κ for the ω meson exchange potential is set as zero in Eqs. (A7)-(A8).

In Figs. 10-12 the functional forms of all the potentials are shown. In these figures, we can see clearly the dominance of the tensor force in the transition amplitude, for instance, V^{13}_{1/2−} and V^{23}_{1/2−} .

The kinetic terms are given by

K_{1/2}− = diag ( − 1 2m̃_P △_0, − 1 2m̃_P ∗

△_0 +Δm_{P P} ∗ , − 1 2m̃_P ∗

△_2 +Δm_{P P} ∗ ) , (A9)

K_{3/2}− = diag ( − 1 2m̃_P △_2, − 1 2m̃_P ∗

△_0 +Δm_{P P} ∗ , − 1 2m̃_P ∗

△_2 +Δm_{P P} ∗ , − 1 2m̃_P ∗

△_2 +Δm_{P P} ∗ ) , (A10)

for J^P = 1/2^− and 3/2^−, respectively. Here, we define △_0 = ∂^2/∂r^2 + (2/r)∂/∂r and △_2 = △_0 + 6/r^2, m̃_P (∗) = m_N m_P (∗) /(m_N + m_P (∗) ), with Δm_{P P} ∗ = m_P ∗ − m_P . The total Hamiltonian is then given by H_J P = K_J P + V_J P .

V^{11}_{1/2−} : D̄N(^2S_{1/2}) − D̄N(^2S_{1/2}) V^{12}_{1/2−} : D̄N(^2S_{1/2}) − D̄^∗N(^2S_{1/2})

V^{13}_{1/2−} : D̄N(^2S_{1/2}) − D̄^∗N(^4D_{1/2}) V^{22}_{1/2−} : D̄^∗N(^2S_{1/2}) − D̄^∗N(^2S_{1/2})

V^{23}_{1/2−} : D̄^∗N(^2S_{1/2}) − D̄^∗N(^4D_{1/2}) V^{33}_{1/2−} : D̄^∗N(^4D_{1/2}) − D̄^∗N(^4D_{1/2})

FIG. 10: Various components of the πρ ω exchange potential for (I, J^P ) = (0, 1/2^−).

V^{11}_{3/2−} : D̄N(^2D_{3/2}) − D̄N(^2D_{3/2}) V^{12}_{3/2−} : D̄N(^2D_{3/2}) − D̄^∗N(^4S_{3/2})

V^{13}_{3/2−} : D̄N(^2D_{3/2}) − D̄^∗N(^4D_{3/2}) V^{14}_{3/2−} : D̄N(^2D_{3/2}) − D̄^∗N(^2D_{3/2})

FIG. 11: Various components of the πρ ω exchange potential for (I, J^P ) = (0, 3/2^−).

V^{22}_{3/2−} : D̄^∗N(^4S_{3/2}) − D̄^∗N(^4S_{3/2}) V^{23}_{3/2−} : D̄^∗N(^4S_{3/2}) − D̄^∗N(^4D_{3/2})

V^{24}_{3/2−} : D̄^∗N(^4S_{3/2}) − D̄^∗N(^2D_{3/2}) V^{33}_{3/2−} : D̄^∗N(^4D_{3/2}) − D̄^∗N(^4D_{3/2})

V^{34}_{3/2−} : D̄^∗N(^4D_{3/2}) − D̄^∗N(^2D_{3/2}) V^{44}_{3/2−} : D̄^∗N(^2D_{3/2}) − D̄^∗N(^2D_{3/2})

FIG. 12: Continued from Fig. 11.

[1] E. Oset and A. Ramos, Nucl. Phys. A 635 (1998) 99 [arXiv:nucl-th/9711022]. [2] T. Hyodo, S. I. Nam, D. Jido and A. Hosaka, Phys. Rev. C 68 (2003) 018201 [arXiv:nucl-th/0212026].

[3] T. Hyodo, S. I. Nam, D. Jido and A. Hosaka, Prog. Theor. Phys. 112 (2004) 73 [arXiv:nucl-th/0305011].

[4] T. Hyodo and W. Weise, Phys. Rev. C 77 (2008) 035204 [arXiv:0712.1613 [nucl-th]]. [5] D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725 (2003) 181 [arXiv:nucl-th/0303062].

[6] T. Hyodo, D. Jido and T. Kunihiro, Nucl. Phys. A 848 (2010) 341 [arXiv:1007.1718 [hep-ph]]. [7] A. Dobado and J. R. Pelaez, Phys. Rev. D 56 (1997) 3057 [arXiv:hep-ph/9604416]. [8] J. A. Oller and E. Oset, Nucl. Phys. A 620 (1997) 438 [Erratum-ibid. A 652 (1999) 407] [arXiv:hep-ph/9702314].

[9] J. A. Oller, E. Oset and J. R. Pelaez, Phys. Rev. D 59 (1999) 074001 [Erratum-ibid. D 60 (1999) 099906] [Erratum-ibid. D 75 (2007) 099903] [arXiv:hep-ph/9804209].

[10] D. Jido, H. Nagahiro and S. Hirenzaki, Phys. Rev. C 66, 045202 (2002) [arXiv:nucl-th/0206043].

[11] T. Mizutani and A. Ramos, Phys. Rev. C 74, 065201 (2006) [arXiv:hep-ph/0607257]. [12] L. Tolos, A. Ramos and T. Mizutani, Phys. Rev. C 77, 015207 (2008) [arXiv:0710.2684 [nuclth]].

[13] A. Dote, T. Hyodo and W. Weise, Nucl. Phys. A 804, 197 (2008) [arXiv:0802.0238 [nucl-th]]. [14] A. Dote, T. Hyodo and W. Weise, Phys. Rev. C 79, 014003 (2009) [arXiv:0806.4917 [nucl-th]]. [15] M. F. M. Lutz et al. [PANDA Collaboration], arXiv:0903.3905 [hep-ex]. [16] S. Yasui and K. Sudoh, Phys. Rev. D 80 (2009) 034008 [arXiv:0906.1452 [hep-ph]]. [17] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A 359, 305 (1997) [arXiv:hep-ph/9703373].

[18] T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91, 012002 (2003) [arXiv:hep-ex/0301020].

[19] C. Gignoux, B. Silvestre-Brac and J. M. Richard, Phys. Lett. B 193 (1987) 323. [20] H. J. Lipkin, Phys. Lett. B 195 (1987) 484.

[21] D. O. Riska and N. N. Scoccola, Phys. Lett. B 299 (1993) 338. [22] Y. s. Oh, B. Y. Park and D. P. Min, Phys. Rev. D 50 (1994) 3350. [23] Y. s. Oh and B. Y. Park, Z. Phys. A 359 (1997) 83.

[24] I. W. Stewart, M. E. Wessling and M. B. Wise, Phys. Lett. B 590, (2004) 185. [25] Y. Sarac, H. Kim and S. H. Lee, Phys. Rev. D 73 (2006) 014009.

[26] T. D. Cohen, P. M. Hohler and R. F. Lebed, Phys. Rev. D 72, 074010 (2005) [arXiv:hep-ph/0508199].

[27] S. H. Lee, S. Yasui, W. Liu and C. M. Ko, Eur. Phys. J. C 54, 259 (2008) [arXiv:0707.1747 [hep-ph]].

[28] S. H. Lee and S. Yasui, Eur. Phys. J. C 64, 283 (2009) [arXiv:0901.2977 [hep-ph]]. [29] J. J. Wu, R. Molina, E. Oset and B. S. Zou, Phys. Rev. Lett. 105, 232001 (2010) [arXiv:1007.0573 [nucl-th]].

[30] S. C. Pieper and R. B. Wiringa, Ann. Rev. Nucl. Part. Sci. 51, 53 (2001) [arXiv:nucl-th/0103005].

[31] K. Ikeda, T. Myo, K. Kato and H. Toki, Lect. Notes Phys. 818, 165 (2010) [arXiv:1007.2474 [nucl-th]].

[32] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345. [33] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 124 (1961) 246. [34] J. He and X. Liu, Phys. Rev. D 82 (2010) 114029 [arXiv:1008.1500 [hep-ph]]. [35] A. V. Manohar and M. B. Wise, Nucl. Phys. B 399, 17 (1993) [arXiv:hep-ph/9212236]. [36] N. A. Tornqvist, Z. Phys. C 61, 525 (1994) [arXiv:hep-ph/9310247]. [37] N. Isgur and M. B. Wise, Phys. Lett. B 232 (1989) 113. [38] N. Isgur and M. B. Wise, Phys. Rev. Lett. 66, 1130 (1991).

[39] For example, A. V. Manohar and M. B. Wise, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol.

10, 1 (2000).

[40] G. Burdman and J. F. Donoghue, Phys. Lett. B 280, 287 (1992). [41] M. B. Wise, Phys. Rev. D 45, 2188 (1992).

[42] T. M. Yan et al., Phys. Rev. D 46, 1148 (1992) [Erratum-ibid. D 55, 5851 (1997)]. [43] M. A. Nowak et al., Phys. Rev. D 48, 4370 (1993). [44] W. A. Bardeen and C. T. Hill, Phys. Rev. D 49, 409 (1994). [45] M. F. M. Lutz and E. E. Kolomeitsev, Nucl. Phys. A 730, 110 (2004).

[46] J. Hofmann and M. F. M. Lutz, Nucl. Phys. A 763, 90 (2005). [47] D. Gamermann et al., Phys. Rev. D 76, 074016 (2007). [48] J. Haidenbauer et al., Eur. Phys. J. A 33, 107 (2007).

[49] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto, F. Feruglio and G. Nardulli, Phys.

Rept. 281 (1997) 145 [arXiv:hep-ph/9605342].

[50] M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164 (1988) 217. [51] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667 (2008) 1.

[52] C. Isola, M. Ladisa, G. Nardulli and P. Santorelli, Phys. Rev. D 68 (2003) 114001 [arXiv:hep-ph/0307367].

[53] R. Machleidt, K. Holinde and C. Elster, Phys. Rept. 149 (1987) 1;

R. Machleidt, Phys. Rev. C 63 (2001) 024001 [arXiv:nucl-th/0006014]. [54] B. R. Johnson. Chem. Phys. 69, 4678 (1978).

[55] S. Cho et al. [ExHIC Collaboration], arXiv:1011.0852 [nucl-th].