arXiv:nucl-th/9912063 v2 8 Jan 2000

Submitted to Progress of Theoretical Physics Supplement

H-dibaryon

Tsutomu Sakai^{�)}, Kiyotaka Shimizu^{�)} and Koichi Yazaki^{�),�)}

�RCNP, Osaka University, Osaka 567-0047 �Department of Physics, Sophia University, Tokyo 102-0094 �Department of Physics, University of Tokyo, Tokyo 113-0033

Abstract

The quark cluster model studies concerning the H-dibaryon are reviewed. The covered topics are the H-dibaryon itself, the interaction between a nucleon and an Hdibaryon, and the one between two H-dibaryons. A related study on the H-dibaryon in nuclear matter is also reviewed and its implication to double hypernuclei is discussed.

�) E-mail address: tsakai@rcnp.osaka-u.ac.jp �) E-mail address: k-simizu@hoffman.cc.sophia.ac.jp �) E-mail address: yazaki@phys.s.u-tokyo.ac.jp �) Present address: College of Arts and Sciences, Tokyo Women’s Christian University, Tokyo 167-8585

1 typeset using PTPTEX.sty <ver.0.8> x1. Introduction

The H-dibaryon is a spin and isospin singlet, positive parity state composed of six quarks (uuddss). It was first proposed by Jaffe in 1977 using MIT bag model as a strongly bound state with its mass 81 MeV lighter than the ΛΛ threshold^{1)}. Being the ground state in the S = −2 sector of a B = 2 system, the H-dibaryon is stable against the strong interaction and can decay only via the weak interaction. During two decades, the H-dibaryon has attracted much interest as a plausible candidate of exotic states, which are different from the hadrons known so far, i.e. mesons qq̄ and baryons q^3.

Lots of efforts for H-dibaryon hunting have been made although there have been no conclusive experimental results on the existence of the H-dibaryon.^{77)} -^{129)} Many of the Hdibaryon search experiments have been made with nuclear reactions, in which the H-dibaryon is expected to be produced in nuclei.

On the theoretical side, many calculations of the H-dibaryon mass and structure have been performed using various models and theories.^{1)} -^{58)} Among them, the non-relativistic quark cluster model (QCM), which is successful in describing the baryon mass spectra and the experimental data of the nucleon–nucleon (NN)^{179)} and nucleon–hyperon (NY)^{22), 24)} scattering, is applied to the H-dibaryon state.^{22)} -^{31)} Theoretical analyses of the production^{55), 130)} -^{144)} of the H-dibaryon in various processes have been performed mainly by the coalescence model. The weak decay processes of the H-dibaryon are also studied.^{∗)} Donoghue et al. calculated the H-dibaryon lifetime.^{69), 70)} For Cygnus X-3 events^{72)} and ultra-high energy cosmic ray (UHECR) events^{52)} beyond the GZK cutoff,^{195), 196)} the H-dibaryon, with its mass below NΛ for Cygnus X-3^{72)} and below NN for UHECR,^{52)} has been proposed as a possible long-lived, neutral particle which can reach the Earth without altering its direction by interstellar magnetic fields and losing its energy by the interaction with the cosmic background radiation. However, the calculated H-dibaryon lifetime is too short to explain the Cygnus X-3 events.^{69), 70)} The H-dibaryon mass is now known to be higher than ΛN threshold, which makes the lifetime even shorter by many orders of magnitude and excludes the hypothesis for the UHECR events.

The H-dibaryon may exist in another environment e.g. in a double hypernucleus or in some special astrophysical objects. Double hypernucleus data have important meaning for the existence of the H-dibaryon in the sense that the binding energy of two Λ’s is related to the lower limit of the H-dibaryon mass. However, whether S = −2 component in a double hypernucleus takes the form of ΛΛ is not a trivial problem, and it is possible that a double

�) Weak decay process of a hypothetical^1S_0 bound state of two Λ’s is also discussed by Krivoruchenko and Shchepkin.^{71)}

hypernucleus is an H-nucleus state.^{166), 158)} The possibility that H-dibaryon matter may exist in the core of a neutron star has also been pointed out.^{162)}

In this article, we will review the studies of the H-dibaryon using the non-relativistic quark cluster model. In the next section, we will briefly summarize the theoretical and experimental status of the H-dibaryon. In §3, studies on the mass and structure of the H-dibaryon employing the quark cluster model will be reviewed. Though many of them are devoted to the baryon–baryon interaction including the S = −2, J = T = 0 channel, we will confine ourselves to the H-dibaryon state. In §4, a study on the interaction between a nucleon and an H-dibaryon will be reviewed. This NH interaction is used for an investigation on the property of the H-dibaryon in nuclear matter. The implication on the double hypernuclei will be also mentioned. In §5, we will review a study on the interaction between two H-dibaryons and the expected properties of H-dibaryon matter are discussed.

x2. H-dibaryon

In this section, the present status of theoretical and experimental studies on the Hdibaryon is briefly reviewed. Double hypernuclei, which have close connection with the H-dibaryon, are also reviewed.

2.1. Theoretical status of the H-dibaryon

Since Jaffe’s prediction,^{1)} many theoretical calculations have been made to predict the mass of the H-dibaryon, employing various QCD-inspired models (bag model^{2)} -^{12)}, nonrelativistic quark cluster model^{22)} -^{31)}, Skyrme model^{13)} -^{21)}, and so on^{43)} -^{54)}), QCD sum rule^{37), 38)} and lattice QCD^{32)} -^{36)}. Many of them predict the bound state. However, the results of calculations spread over wide range as shown in Fig. 1. It makes clear contrast to the success in reproducing the mass spectrum of mesons and baryons using the above methods.

This situation indicates an importance of the H-dibaryon as a touchstone of the predictive power of models and theories, and, on the other hand, experimental studies on the existence of the H-dibaryon are highly encouraged and will give a new insight into the dynamics of multiquark systems.

The basic mechanism which is expected to give large attractive force between quarks in the H-dibaryon is the color magnetic interaction (CMI), which is proportional to σ_i ·σ_jλ_i ·λ_j , where σ_i is the Pauli matrix for the spin SU(2) group and λ_i is the Gell-Mann matrix for the color SU(3) group of the ith quark. In the flavor SU(3) symmetric limit, the expectation value of the sum of the operator σ_i · σ_j λ_i · λ_j for all pairs of quarks in a color singlet n-quark

Fig. 1. The calculated masses of the H-dibaryon. The dotted line indicates the ΛΛ threshold.

Some thresholds^{187)} (Thres.) and experimental masses (Exp.) of the H-dibaryon candidates reported so far are also shown. Vertical lines above the ΛΛ threshold with upward arrow means that the upper limits are not shown in the literature. Corresponding references are as follows. Experiment (Exp.): A:79), B:80), C:84), D–G:81), H,I:83). The events D–I are claimed to be excited states. Bag model (Bag): A:1), B:2), C:3), D:4), E:5), F:6), G:7), H:8), I:9), J:10), K:11), L:12). Skyrme model (Skyrme): A:13), B:14), C:15), D:16), E:18), F:20), G:21). The value in Ref.19) is 3.9¸4.4 GeV. Non-relativistic quark cluster model (QCM): A:22), B:23), C:24), D:25), E:26), 27), F:28), G:29), H:30), I:31). Lattice gauge theory (Lattice): A:32), B:33), C:34), D:35). The value in Ref.36) is 2221�141 MeV for smaller lattice and heavier for larger lattice. QCD sum rule (SR): A:37), B:38). Others: A:39), B:40), C:41), D:42), E:43), F:44), G:9), H:45), I:46), J:47), K:48), L:49), M:50), N:52), O:53). Here we cite the values in the references as they are. Some of them are better to be compared with the mass of two Λ’s calculated in the same framework. When the cited value is the binding energy, it is subtracted from the experimental value of the ΛΛ threshold (2231 MeV). For further details please see each reference.

system with negative sign is

Θ ≡ −⟨ ∑ i<j σ_i · σ_jλ_i · λ_j⟩ = n(n − 10) + 4 3 J(J + 1) + ⟨( ∑ i f_i )_2⟩

, (2.1) where J is the spin of the n-quark system and ⟨(∑ f_i )_2⟩ = 4 3 ( λ^2 + λμ + μ^2 ) + 4(λ + μ). (2.2)

Here, (λ, μ) specifies the irreducible representation of the flavor SU(3) group. Θ favors the spin-flavor symmetric state. In fact, the expectation value of the Casimir operator ⟨ ( ∑ f_i)^2 ⟩ is 12 for [21]_f = (1, 1) state^{181)} and 0 for the flavor-singlet state like the H-dibaryon, so that 2Θ = −16 for two Λ’s and Θ = −24 for the H-dibaryon. This is the main reason why the H-dibaryon is likely to be a bound state. In terms of baryon configuration, the flavor SU(3) symmetric state [222]_f can be written as | H⟩ = √ 1 8 | ΛΛ⟩ + √ 4 8 | NΞ⟩ − √ 3 8 | ΣΣ⟩. (2.3) Recent QCD sum rule calculation proposed another possibility of the mass spectrum of the “H-dibaryons”^{∗)}, i.e. 27plet [42]_f and octet [321]_f H-dibaryons are lighter than the singlet H-dibaryon although they are resonances between ΛΛ and NΞ thresholds in their calculation^{68)}.

2.2. Experimental status of the H-dibaryon

Experimental searches of H-dibaryon have been performed elaborately. However, there have been no conclusive results on the existence of the H-dibaryon. The H-dibaryon searches have been made by several methods and in the wide range of its expected mass and lifetime. The H-dibaryon may be produced via (K^−, K^+) reaction, Ξ^−-capture, heavy ion collision, p̄- nucleus annihilation reaction and so on, and then the fragments produced in the decay of the H-dibaryon are trucked, e.g. for the H-dibaryon below ΛΛ threshold, H → Σ^−p, H → Σ^0n, H → Λn, H → pπ^−Λ, and so on. We do not step into the details of each experiment here. Instead, we list in Table I the experiments with their key reaction processes, i.e. how to produce the H-dibaryon, the decay processes to detect, or the process like pp → K^+K^+X in which the invariant mass analysis is made. Many of them are still in progress. See also the review paper by Paul^{126)} including ealier experiments^{74)} -^{76)} not shown in Table I and recent reviews by Ashery^{128)} and Klingenberg^{129)}.

Most of the groups have reported that no evidence was found for the H-dibaryon. However, Shahbazian et al.^{79)} -^{83)} reported some H-dibaryon candidates including H-dibaryon excited states. Alekseev et al.^{84)} also reported two candidate events of the H-dibaryon with

�) The term H-dibaryon is used for the flavor-singlet H-dibaryon state in this paper. For other multiplets of uuddss color-singlet states,^{1); 2); 47); 59)} -^{68); 102)} we refer the flavor multiplets they belong. The unitary transformation coefficients between each multiplets and two-baryon configurations are shown in Table 3 of Ref. 27).

Table I. Experimental searches for the H-dibaryon. For some of the experiments, we show in the third column to what range of the H-dibaryon mass that experiment is sensitive. For KEK E224, (pp) and (p) mean a proton pair and a proton in^{12}C, respectively. B_H ȷ 2M_Λ � M_H.

Collaboration reaction process (production/decay) sensitive mass range BNL E703 77) p + p → K+ + K+ + X MH = 2.0 ∼ 2.5 GeV BNL E810 86), 87), 104) Si+Pb collision / H → Σ�p, Λpπ� BNL E813 K� + p → K+ + Ξ�, (Ξ�d)atom → H + n −15 < BH < 80 MeV 88) - 92), 103), 104), 106) BNL E830 105) K� + 3He → K+ + H + n BNL E836 K� + 3He → K+ + H + n BH = 50 ∼ 380 MeV 90) - 93), 103), 104), 106) K� + 6Li → K+ + H + X BNL E864 104), 105) Au+Pb collision BNL E885 92), 94), 95), 104) K� + (p) → K+ + Ξ�,

(Ξ�_{A)atom → H + X} K�_{+ A → K}+_{+ X + H}

BNL E886 96), 104) Au+Pt collision BNL E888 p + A → H + X / H → Λn or Σ0n,

97) - 99), 104), 106) H+A → Λ + Λ + A MH < 2150 MeV BNL E896 100), 104), 105) Au+Au collision / H → Σ�p → nπ�p, H → Λpπ� → pπ�pπ�, H → Λn → pπ�n BNL E910 101) p+A / H → Λpπ�, H → Σ�p BNL STAR 125), 102) Au+Au collision KEK E176 107) - 109), 115) K� + (pp) → K+ + H

K�_{+ p → K}+_{+ Ξ}�_{, Ξ}�_{+ (p) → H}

KEK E224 110) - 115) K� + (pp) → K+ + H

K�_{+ (p) → K}+_{+ Ξ}�_{, Ξ}�_{+ (p) → H}

KEK E248 116) p + p → K+ + K+ + X Fermilab E791 119) H → p + π� + Λ, Λ → p + π�, H → Λ + Λ → p + π� + p + π� Fermilab KTeV Collab. p+A / H → p + π� + Λ MH = 2194

120) ∼ 2231 MeV

Shahbazian et al. 79) - 83) p + 12C → H(H+) + X / H → Σ� + p, Σ� → π�n H+ → p + π0 + Λ, Λ → p + π� H+ → p + Λ, Λ → p + π� Alekseev et al. 84) n + A → H + X / H → pπ�Λ, Λ → pπ� DIANA Collab. 117), 118) p̄ + Xe → K+HX, K+K+HX / H → Σ� + p Condo et al. 78) p̄ + A → H + X / H → Σ� + p Ejiri et al. 85) d → H + β + ν, 10Be → 8Be + H, MH < 1875.1 MeV 72Ge → 70Ge + H + γ, 127I → 125I + H + γ, 127I → 125Te + H + β+ + ν CERN NA49 121) Pb+Pb collision / H → Σ�p, Λpπ CERN WA89 122) Σ� + A → X + H / H → ΛΛ, NΞ, H → Λpπ�, Σ�p, Σ0n, Λn CERN WA97 123) Pb+Pb collision CERN ALICE 125) Pb+Pb collision CERN OPAL 124) Z0 decay

M_H = 2217.1 ± 7.1 MeV and 2224.3 ± 8.4 MeV. (See Exp. part in Fig. 1. F, G, H and I are positively charged, and claimed to be a member of isotriplet together with neutral particle events, D and E.) These events, however, are controversial and more careful background event analysis and further experimental supports are needed. Anyway, few events with different masses cannot lead to any conclusion. Recently, the enhancement of the ΛΛ invariant mass near threshold was observed in^{12}C(K^−, K^+ΛΛ) reaction (KEK E224).^{114)} However, according to the analysis by Ohnishi et al.,^{146)} this enhancement can be reproduced by the attractive ΛΛ final state interaction with the possible scattering length corresponding to the bound or unbound ΛΛ. At present, whether this enhancement means a ΛΛ resonance state or not is unclear.

Some of the H-dibaryon production processes are analyzed with theoretical models, and the H-dibaryon formation cross sections are calculated. In Table II, such analyses are listed. Some of them have been very helpful to experiments. For instance, the analyses of the H-

Table II. H-dibaryon production processes analyzed theoretically.^{∗)} Formation of a bound state of two Λ’s as a doorway to the H-dibaryon state.

Author/Year Ref. process Badalyan et al. ’82 55) pp → K+K+H Aerts & Dover ’82,’83 130), 131) K� +3 He → K+ + n + H Aerts & Dover ’84 132) K� + p → K+ + Ξ�, (Ξ�p)atom → H + γ

(Ξ�_{d)atom → H + n} (Ξ�4_{He)atom → H + t}

Dover et al. ’89 133) Si+Au collision Sano et al. ’89 134) Ne+Ne, p+Ne collision Kishimoto ’89 135) AΛN →A�2 N + H + π+ Dover et al. ’91 136) high-energy nuclear collision Moinester et al. ’92 137) Ξ� + p → π0 + H, ρ0 + H

Σ�_{+ p → K}0_{+ H, K}0�_{+ H}

Λ + p → K^+ + H, K�^+ + H

Ξ�_{+ p → H + p̄ + X}

Aizawa & Hirata ’92 138) K� +3 He → K+ + n + H Rotondo ’93 139) p-A collision Baltz et al. ’94 �) 145) Au+Au → (ΛΛ)b + X Cole et al. ’95 140) p-A collision Cousins & Klein ’97 142) p-Pt collision Batty et al. ’99 143) (Ξ�d)atom → H + n Kahana ’99 144) Au+Au collision

dibaryon formation processes of BNL E813 and E836 are given in the papers by Aerts and Dover,^{130)} -^{132)} and have given guidances to the experiments through the direct comparison between theoretical prediction and experimental data. The relation between the lifetime and the mass of the H-dibaryon calculated by Donoghue et al.^{69), 70)} also has played important roles in setting the searching mass and lifetime region in experiments. However, as May pointed out,^{158)} this relationship may depend critically on the wave function of the Hdibaryon.

2.3. Double hypernuclei

The double hypernucleus sheds light on the problem of the existence of the H-dibaryon from other aspects. Consider a double hypernucleus which is formed by the fusion of a nonstrange nucleus and two Λ’s with its binding energy B_{ΛΛ} ≡ M(^{A−2}Z)+2M_Λ −M(^A_{ΛΛ}Z). If the mass of the double hypernucleus is heavier than the sum of the masses of the H-dibaryon and the original nucleus, then the double hypernucleus can decay strongly into the H-dibaryon and the original nucleus. Therefore, the existence of a double hypernucleus means that the mass of the H-dibaryon should be heavier than the mass of the two Λ’s minus the binding energy: M_H > 2M_Λ − B_{ΛΛ}. There have been reported a few events of double hypernuclei. Old nuclear emulsion experiments reported^{10}_{ΛΛ}Be^{147)} and^6_{ΛΛ}He.^{148)} The former was reanalyzed by Dalitz et al.^{159)} An emulsion-counter hybrid experiment (KEK E176) reported that an event^{149)} can be interpreted as^{10}_{ΛΛ}Be^{149), 160)} or^{13}_{ΛΛ}B.^{149), 160), 161)} Since then several candidates of double hypernuclei have been reported and the analyses are under way.^{150), 151)} Many projects for double hypernucleus hunting are going on.^{92), 95), 105), 106), 116), 127), 152)} -

158) In Table III, we list the double hypernuclei reported so far with their binding en-

ergy of two Λ’s in the double hypernuclei B_{ΛΛ} and the ΛΛ interaction energy defined by ΔB_{ΛΛ}(^A_{ΛΛ}Z) ≡ B_{ΛΛ}(^A_{ΛΛ}Z) − 2B_Λ(^{A−1}_Λ Z), where B_Λ(^A_Λ Z) ≡ M(^{A−1}Z) + M_Λ − M(^A_ΛZ). Table III. Reported double hypernuclear events are listed with their two Λ binding energy B_{ΛΛ} and their ΛΛ interaction energy ΔB_{ΛΛ}. ΔB_{ΛΛ} for the event reported by Aoki et al. is cited from Refs.160), 161).

Year Authors Nuclide BΛΛ (MeV) ΔBΛΛ (MeV) 1963 Danysz et al. 147) 10ΛΛBe 17.7 ± 0.4 4.3 ± 0.4 1966 Prowse et al. 148) 6ΛΛHe 10.9 ± 0.5 4.7 ± 1.0 1991 Aoki et al. 149) 10ΛΛBe 8.5 ± 0.7 −4.9 ± 0.7 or 13 ΛΛB 27.6 ± 0.7 4.9 ± 0.7

After all, only the H-dibaryon with the small binding energy less than a few tens MeV survives in the present status.

x3. H-dibaryon in the quark cluster model

In this section, we will review the work on the H-dibaryon in the non-relativistic quark cluster models (QCMs). These investigations have been done in relation to S = −2, J^π = 0^+, T = 0 channel baryon–baryon interaction. The non-relativistic quark cluster models are successful in reproducing baryon mass spectrum and NN scattering phase shifts. Although the NY scattering data are not enough to make phase shift analyses, QCMs are also successful in reproducing the cross sections. We will not go further into the baryon spectrum and baryon–baryon interaction in QCM, and leave them to the other reviews in this supplement and a previous review^{181)} by Shimizu. We only mention here that the results for baryon– baryon interaction by the QCMs agree well not only qualitatively but also quantitatively. In QCM, the internal wave function of a baryon is represented by a shell model wave function (usually the one of the harmonic oscillator), which is assumed to be known. Then, the total wave function of a baryon–baryon system is constructed by the antisymmetrized product of two baryons supplemented by the wave function of the relative motion between two baryons. The variational principle for energy (bound states)^{182), 184)} or S-matrix (scattering states)^{185)} leads to the resonating group method (RGM) equation, by which the relative motion wave function is solved. The versions of QCMs are different in the way of reflecting the flavor symmetry breaking to the wave function, interaction between quarks, the treatment for meson exchange contributions, or the treatment of quark confinement.

The wave functions for the flavor SU(3) octet baryons with spin^1_2 (N, Σ, Ξ, Λ) are given by ϕ(q^3) = φ(ξ_1, ξ_2)F([21]_f )S([21]_σ)C([111]_c), (3.1) where [21]_f , [21]_σ and [111]_c denote the irreducible representations of the flavor, spin and color symmetry, respectively. For the low-lying baryons, the orbital part is assumed to have [3] symmetry. Most of the calculations assume the flavor SU(3) symmetry in the wave functions, although the symmetry breaking is taken into account in the hamiltonian. A few versions of QCMs take account of the mass difference between the non-strange and strange quarks also in the wave function. The orbital part of the single quark wave function in the baryon is taken to be Gaussian, i.e.

φ(r) = (πb^2)^{−3/4}e^{− r2}2b^2 , (3.2)

where b is the size parameter of the harmonic oscillator. The flavor SU(3) symmetry breaking in φ(r) is taken into account by the replacement:^{24), 9), 45)} 1 b^2_s = m_s m_{u,d} 1 b^2

(3.3)

for s quark. This replacement follows from the equilibrium of the kinetic energy of the quarks in hadrons, i.e. 3 4m_{u,d}b^2 = 3 4m_sb^2_s

. (3.4)

The total wave function of baryon–baryon system is then written as

Ψ = A[φ_1φ_2χ], (3.5) where A is the antisymmetrization operator and χ is the wave function of the relative motion between two baryon clusters.

For the interaction between quarks, the one-gluon-exchange potential (OGEP) of the Fermi-Breit type^{170)} is used. Its form is

V^{OGEP} ij (r_{ij} ) = λ_i · λ_j α_s 4 [ 1 r_{ij} − π m_im_j ( 1 + 2 3 σ_i · σ_j ) δ(r_{ij}) ]

−λ_i · λ_j α_s 4 1 2m_im_j ( p_i · p_j r_{ij} + r_{ij} · (r_{ij} · p_i)p_j r^3_{ij} ) , (3.6)

where r_{ij} = r_i −r_j is the relative coordinate between quarks, and p_i and p_j are the momenta of the quarks. In the right-hand side of (3.6), the first term is momentum-independent while the second term is the momentum-dependent term. The part proportional to σ_i · σ_j in the first term is the color-magnetic interaction (CMI) term, which gives a large attraction for the H-dibaryon state.

The flavor SU(3) symmetry breaking (FSB) is implemented in several ways. It appears in the following parts: (i) the wave function; (ii) the quark mass term; (iii) the kinetic term; (iv) OGEP. The FSB in the quark mass term causes only constant shifts. In order to avoid complications, (i) and (iii) are often treated as flavor symmetric, and all the effects from FSB is ascribed to (iv). The essential results are the same for the baryon spectra and the NY scattering phase shifts, independently of the way FSB is taken into account.

Takeuchi and Oka^{26), 27)} studied another type of interquark force, which is induced by light-quark–instanton coupling and therefore named the instanton induced interaction (III).

188), 189) III was originally derived by ’t Hooft to represent the effect of the U

A(1) symmetry breaking.^{188)} Takeuchi and Oka reduce III to a nonrelativistic form, which consists of the twoand three-body forces.^{190), 26), 27), 73)} The two-body interaction terms include a color-magnetic term, which has the same spin-color structure as that in OGEP. The three-body interaction has interesting features. It acts among u-d-s quarks, but in a single baryon it is inactive so that only the two-body part of III contributes to the mass splittings among baryons. The three-body part of III acts as a strong short-range repulsive force between strange baryons. If we assume that a part of CMI stems from the two-body part of III, the hadron mass spectra are hardly affected except for the η–η^′ splitting. In the H-dibaryon, however, the short-range repulsion due to the three-body part of III may reduce or even cancel the attractive force due to CMI. Unfortunately, ambiguity in determining the strength of the three-body force of III prevents us from drawing a definite conclusion. However, it is interesting to point out that, for the spectrum of dibaryons with strangeness, there may be a driving force other than OGEP.

One comment is in order. Morimatsu and Takizawa^{57)} estimated the effects of a U_A(1) breaking interaction of the form:^{191)}

L_6 = −6K { det(ψ̄_Rψ_L) + (h.c.) } , (3.7)

where ψ is the quark field and K is a coupling constant determined so as to reproduce the mass spectra of the pseudoscalar meson nonet reasonably. Using the wave functions of the MIT bag model or the nonrelativistic quark model, they calculated matrix elements of the U_A(1) breaking interaction for various baryon and two-baryon channels. They found that for the H-dibaryon the three-body part of the interaction (3.7) also gives a repulsion, but that its magnitude is much less than the result of Takeuchi and Oka.^{26), 27)} The two-body part gives strong attraction (−36 ∼ −86 MeV), while the three-body part gives somewhat moderate repulsion (4 ∼ 17 MeV).^{∗)}

Though the OGEP is known to reproduce the short-range part of the NN phase shift successfully, the medium- and long-range part needs the meson-exchange contribution. The simplest phenomenological treatment is to include the effective meson exchange potential (EMEP) as an interaction potential between baryons.^{179)} More elaborate studies to include the meson exchange as an interaction between quarks have been done although mesons are also composites of quark-antiquark.

The earlier study by Oka et al.^{22)} focused mainly on the short-range part of the baryon– baryon interaction, and the meson-exchange was beyond the scope of it. The first study that applied the meson-exchange potential to the H-dibaryon channel was by Straub et al.^{24)} They include the pseudoscalar-meson exchange potential on the quark level,

V^{psM}_{ij} = − 1 3 g^2_{qqM} 4π μ^2 4M_AM_B Λ^2 Λ^2 − μ^2 exp(−μ^2b^2/3) ×μ ( exp(−μr_{ij}) μr_{ij} − Λ^3 μ^3 exp(−Λr_{ij}) Λr_{ij} ) σ_i · σ_jO^F_{ij} , (3.8)

where g_{qqM} is the coupling constant, μ is the meson mass, M_A and M_B are the masses of two baryon clusters, Λ is the cutoff parameter and O^F_{ij} is the flavor operator, and the phenomenological σ-meson exchange potential on the baryon level,

V_σ(r) = − g^2_σ 4π 1 2m^2_σR^2_σr

{[1 − exp(−m_σr) − exp(−2m_σR_σ) sinh(m_σr)]θ(2R_σ − r) +[cosh(2m_σR_σ) − 1] exp(−m_σr)θ(r − 2R_σ)} , (3.9)

where R_σ is the cutoff radius of the σ-meson.^{180)} They found that the σ-meson exchange gives quite important attractive contribution. Only with the one-gluon-exchange potential

�) The instanton contribution on H-dibaryon mass is estimated also in the earlier work of Ref. 12). The contribution from three-body force is very small (about 3 MeV) in that calculation.

and the pseudoscalar meson exchange, the H-dibaryon does not appear as a bound state, but a resonance is found at E_{cm} = 26 MeV in the ΛΛ-NΞ-ΣΣ three channel phase shift calculation. When the σ-meson exchange potential is switched on, the H-dibaryon mass is pushed down below the ΛΛ threshold with its binding energy 15 ∼ 25 MeV according to the σ-meson coupling strength g^2_σ/4π, whose range is determined so as to reproduce the data of the ΛN and ΣN cross sections.

Nakamoto et al. use a more elaborate meson exchange potential, which incorporates the scalar-meson nonet instead of the flavor-singlet σ-meson.^{28)} In their ΛΛ-NΞ-ΣΣ channel coupling calculation using one of their models RGM-F, an H-dibaryon bound state is found at 19 MeV below the ΛΛ threshold although this value should be interpreted as a qualitative result because in their calculation the mass differences among ΛΛ, NΞ and ΣΣ thresholds are smaller than the experimental values. Note that the contribution from the flavor-octet scalar-meson exchanges is repulsive for the H-dibaryon,^{167)} although the net contribution from the scalar-meson exchanges is attractive.

Chiral quark models, in which the interaction between constituent quarks is mediated by Goldstone bosons, or their hybrid versions describe successfully baryon spectra, NN and NY scattering, and properties of the deuteron.^{51), 171)} -^{178)} Stancu et al. argued that the H-dibaryon will not bind^{50)} because the pseudoscalar meson exchange gives rise to a strong repulsion in contrast to the one-gluon exchange. They estimated an adiabatic potential, which is defined as V (R) = ⟨H⟩_R − ⟨H⟩_∞ , where ⟨H⟩_R is the expectation value of the hamiltonian with respect to the state with the separation distance R between two (0s)^3 clusters, and ⟨H⟩_∞ = 2m_Λ. They obtained V (0)=847 MeV and claimed that the H-dibaryon should not exist because of this strong repulsion.

Shimizu and Koyama studied more quantitatively the above chiral quark model and its hybrid version by an extended RGM, which allows baryons to swell in the interaction region.^{30)} The calculation is made for three cases of the interactions between quarks, which reproduce the NΔ mass difference correctly. The model (I) uses the OGEP with only long range Yukawa parts of the pseudoscalar meson exchange retained. The model (II) is a hybrid model, in which the pseudoscalar meson exchange gives about a third of the NΔ mass difference and the rest of the NΔ mass splitting is the contribution from the OGEP. For the meson exchange parts, the pseudoscalar meson exchange (PSME) potential V^{ps}_{ij} (r_{ij}) and the σ meson exchange potential V^σ_{ij} (r_{ij}) are taken into account. They have the following forms:

V^{ps}_{ij} (r_{ij}) = 1 3 g^2_c 4π m^2_{ps} 4m_im_j Λ^2 Λ^2 − m^2_{ps} f_i · f_jσ_i · σ_j e^{−mpsrij} r_{ij} − ( Λ m_{ps}

)_2 e^{−Λrij} r_{ij} , (3.10)

V^σ_{ij} (r_{ij}) = g^2_c 4π Λ^2 Λ^2 − m^2_σ ( e^{−mσrij} r_{ij} − e^{−Λrij} r_{ij} ) , (3.11)

where f is the generators of the flavor SU(3) group. In model (II), the coupling constant g_c is determined so as to give the πNN coupling constant:

g^2_c 4π m^2_π 4m^2_{u,d} = ( 3 5 )_2 g_2 πNN 4π m^2_π 4M^2_N

. (3.12)

The model (III) has no OGEP part and the NΔ mass difference is wholly given by the PSME. The three coupling constants, g_c(π), g_c(K) and g_c(η), for pseudoscalar meson exchanges are determined so as to give the NΔ mass difference and the thresholds NΞ and ΣΣ correctly, whereas a common coupling constant is used in models (I) and (II). The results of the ΛΛ-NΞ-ΣΣ coupled channel calculation are as follows. When the same σ-meson exchange potential is used for three models, the binding energies for model (I) and (II) are 74.5 MeV and 24.4 MeV, respectively, but there is no bound state for model (III). However, the model (II) and (III) are found to give less attractive NN potential. If the strengths of the σ-meson exchange potential are increased so as to reproduce the phase shifts of the NN^1S_0 state, the binding energy for the model (II) becomes 56.8 MeV and even the model (III) gives a bound state with its binding energy 15.6 MeV. After all, the binding energies of the H-dibaryon in chiral (or hybrid chiral) quark models are much less than those in OGE models due to the repulsion mainly from the pion exchange, but room for the bound H-dibaryon still remains on account of the medium range attraction from the σ-meson exchange. The calculation also shows that the wave function of the H-dibaryon is more spread out than the simple (0s)^6 configuration due to the medium range attraction. The ΣΣ component is drawn inside because this channel gains a lot of attractions at short distances due to the CMI, whereas the ΛΛ and NΞ components are slightly apart from each other to reduce the relative kinetic energy. A recent study in a hybrid chiral quark model also gives similar results.^{31)} Quark confinement is realized in the QCMs by a potential among quarks. Mostly used one is the linear or quadratic type of potential between two quarks:

−a_1|r_1 − r_2|λ_1 · λ_2 (linear) (3.13a) or −a_2(r_1 − r_2)^2λ_1 · λ_2 (quadratic). (3.13b)

These types of confinement potential hardly affect the physical observables of the baryon– baryon system such as the binding energy (of two baryon system) or the phase shift. This is because in the flavor symmetric limit ⟨ ∑ i<j λ_i · λ_j ⟩ is dependent only on the number of quarks so that the confinement potential term does not give any net force between baryon clusters. Even when the flavor symmetry breaking is introduced in the wave function, only negligible contribution arises.

Another quark confinement mechanism called flip-flop model is proposed^{192)} and studied in S = −2 channel.^{25)} The flip-flop model avoids the long-range “color van der Waals force”^{193)} which appears through a virtual excitation of the hidden color state (the color octet dipole state). Such a force cannot be represented by a two-body potential and is necessarily a many-body force. Let us illustrate a two-baryon system to explain the flip-flop model. First, six quarks are divided into nearest-neighbor three quark systems. Then if each cluster is in the color-singlet state, both of three quark systems are confined separately, i.e. the confining force is inactive between the quarks in the different clusters. Otherwise the confining force acts among all pairs of six quarks.

Including the pseudoscalar and σ-meson exchange, Koike et al. found the H-dibaryon binding energy 64.4∼124.5 MeV varying with the coupling constant for the σ-meson.^{25)} This binding energy is rather large compared with other QCM calculations with the confinement through the two-body potential. There is a bound state for another channel with S = −2, i.e. J = 1, T = 0 NΞ channel with its binding energy 6.3 MeV, which can decay only via weak interaction.

To summarize the QCM for the H-dibaryon, we can extract some common results as follows. Here we consider the calculations using (OGEP)+(meson-exchange potential)+(twobody confinement potential) and including the FSB as a “standard calculation” in QCM.

(i) The CMI in the OGEP gives large attractive force but it is not sufficient for the H-dibaryon to bind. The scalar meson (σ-meson) exchange is indispensable. The coupled channel ΛΛ-NΞ-ΣΣ calculation without σ-meson exchange potential shows a resonance in the ΛΛ phase shift,^{22), 24)} which disappears in the calculation with σ-meson exchange.^{24)} (ii) The FSB reduces the attractive force due to the CMI.^{22), 23), 28)} In the flavor SU(3) symmetric limit, the H-dibaryon bound states appear even without the σ-meson exchange. These bound states vanish when the effect of the FSB is taken into account in the calculation without σ-meson exchange.^{22), 23)}

(iii) The ΛΛ-NΞ-ΣΣ coupled, flavor-singlet structure is essential for the H-dibaryon to bind. The ΛΛ single-channel calculation shows that the interaction between two Λ’s has repulsive core.^{22), 24), 28)} On the other hand, the NΞ and ΣΣ single-channel calculations show the attractive interactions in these channels. This attractive nature leads to a resonance structure in the calculation without σ-meson exchange^{22), 24)} or a bound state^{24)} in the full three-channel calculation.

(iv) Although the relative magnitudes of the ΛΛ, NΞ and ΣΣ components of the bound

H-dibaryon wave function roughly agree with those of the flavor-singlet state of eq.(2.3),

22), 24), 25) the wave function changes as a reflection of the natures of each components. 30)

(v) The quark-quark interactions other than OGEP, i.e. III and Goldstone boson exchange, may reduce the attractive force in the H-dibaryon channel substantially.^{26), 27), 50), 30), 31)}

x4. Nucleon–H-dibaryon interaction In this section, we will review a study on the interaction between a nucleon and an Hdibaryon in Ref. 165) and further comment on the possible implication of the H-dibaryon to the world of the nucleus with S = −2. As stated in the introduction, the H-dibaryon is not only an interesting object in itself but also important in S = −2 sector nuclear physics. In fact, though a few events of double hypernuclei were reported^{147)} -^{149)} and several candidate events have successively been reported recently,^{150), 151)} structures of these double hypernuclei have not been fully understood yet. It is possible that there is a double hypernucleus which have the character of an H-nucleus rather than ΛΛ nucleus, if the H-dibaryon is strongly bound in the nucleus.

In §4.1, the framework of the QCM commonly used in the calculation of the NH and HH (§5) interaction is explained. The results for the NH interaction^{165)} are recapitulated in §4.2. In §4.3, a study on the behavior of the H-dibaryon in nuclear matter^{166)} is reviewed. The relation with the ΛΛ in nuclear matter is also discussed.

4.1. The framework of the quark cluster model

In this work and the work on the interaction between two H-dibaryons in the next section, the following framework of the quark cluster model is used.

(i) The orbital parts of the internal wave functions of the nucleon and the H-dibaryon have (0s)^3 and (0s)^6 configurations, respectively, and the flavor symmetry breaking (FSB) is not introduced in the wave function, i.e. FSB is reflected only in the hamiltonian. The internal wave functions of a nucleon ϕ_N(ξ_N) and an H-dibaryon ϕ_H(ξ_H) are then written as

ϕ_N(ξ_N) = φ_N(ξ_N)C([111]_C)S([3]_{SF}), ϕ_H(ξ_H) = φ_H(ξ_H)C([222]_C)S([222]_{SF}), (4.1)

where ξ_N and ξ_H are internal coordinates. Here, φ_N and φ_H are the orbital parts, C is the color part and S is the spin-flavor part of the internal wave functions.

For the relative motion, only S-waves are considered. (ii) The hamiltonian is H = K + V, (4.2) where K is the sum of the kinetic energy of each quark with the center-of-mass kinetic energy of the totalsystem subtracted, K = Nq∑ i=1 p^2_i 2m_i − ( ∑ p_i)^2 2 ∑ m_i , (4.3)

where N_q is the total number of quarks, and V is the potential term which consists of the residual interaction and the confinement term V^{conf}. For the residual interaction, the momentum-independent part of the one-gluon-exchange potential of the Fermi-Breit type V^{OGEP} ij (3.6) supplemented by meson exchange potential is used. The relevant part of V^{OGEP}_{ij} is V^{OGEP} ij = λ_i · λ_j α_s 4 [ 1 r_{ij} − π m_im_j ( 1 + 2 3 σ_i · σ_j ) δ(r_{ij}) ] . (4.4)

Here, α_s is the quark-gluon coupling constant. The color magnetic interaction term plays important role in producing the H-dibaryon bound state and short-range repulsive forces between NN, NH or HH. So FSB is introduced by the following parametrization: π m_im_j → ξ_{ij} π m_u^2

(4.5)

so that the thresholds, ΛΛ, NΞ and ΣΣ are correctly given.^{22)} Here, the parameter ξ_{ij} = 1 when both i and j are u- or d-quarks, ξ_{ij} = ξ_1 when either i or j is an s-quark, and ξ_{ij} = ξ_2 when both i and j are s-quarks. In the naive interpretation of (4.5), ξ_2 = ξ^2_1 . However, as a consequence that all FSB effects are burdened to this term, the actual values are taken to be ξ_1 = 0.6 and ξ_2 = 0.1.^{22)} For the two-body confinement potential, quadratic type (3.13b) is used, i.e. V^{conf} = −a_2 ∑ i<j r^2_{ij} λ_i · λ_j. (4.6)

(iii) The meson exchange contributions to NH and HH interactions are introduced as follows. An effective meson exchange potential (EMEP) is introduced into the RGM hamiltonian kernel,^{179)}

V^{EMEP}

RGM (R, R^′) = ∫ N^{1/2}_{RGM}(R^′, R^{′′})V(R^{′′})N^{1/2}_{RGM}(R^{′′}, R)dR^{′′}, (4.7)

where the phenomenological potential V(R) is taken to be gaussian^{166), 167)}

V(R) = V_0 exp(−R^2/α^2). (4.8)

This is a simple extension of the method developed in the pioneering work of the NN interaction in the quark cluster model.^{179)} First, the range of the strength of EMEP for the

H-dibaryon, V^H_0 , is determined to give the mass of the H-dibaryon between ΛΛ threshold and the lower limit determined from the KEK experiment,^{149)} i.e.

0 < 2M_Λ − M_H < 27.6 MeV. (4.9)

Then, the gaussian size parameters, α_{NH} and α_{HH}, and the strength of EMEP, V^{NH}_0 and V^{HH}_0 , for the NH and HH interactions, respectively, are obtained by the direct convolution^{165), 167)} of the EMEP for the H-dibaryon as

α^2_{NH} = α^2_H + 1 6 b^2, V^{NH}_0 = 2V^H_0 ( α_H α_{NH}

)_3

, (4.10a)

α^2_{HH} = α^2_H + 1 3 b^2, V^{HH}_0 = 4V^H_0 ( α_H α_{HH}

)_3

. (4.10b)

The parameters used in the calculations are listed in Table IV.

Table IV. The parameters used in the calculation of the NH and HH interactions.

m b αs a_2 ξ_1 ξ_2 α_{NH} α_{HH} (MeV) (fm) (MeV/fm2) (fm) (fm) 300 0.6 1.39 33.0 0.6 0.1 0.97 1.00 2MΛ − MH V NH0 V HH0 (MeV) (MeV) 0 −601 −1096 8.5 −623 −1136 27.6 −673 −1227 43.4 −714 −1302

4.2. The property of the NH interaction

In Fig. 2 the binding energy of the NH system as a function of the strength parameter of EMEP, V^{NH}_0 , is shown. The NH scattering phase shift δ is shown in Fig. 3 as a function of the relative energy E_{rel} for several V^{NH}_0 . The essential results of this calculation are as follows.

(i) The bound state exists only for the rather strong EMEP. For example, NH system is loosely bound with its binding energy 0.2 MeV for V^{NH}_0 = −714 MeV.

(ii) The fundamental character of the NH interaction is that it has a repulsive core in the short-range region and an attractive force in the medium-range region. This nature of the interaction is clearly seen in the behavior of the phase shift of Fig.3. The origin of the short-range repulsion is the Pauli principle for quarks and CMI. The normalization kernel, which represents the overlap of the wave function in a sense, is^5_8 at zero separation of NH clusters, while one at infinity. Therefore the Pauli blocking is^3_8 times as effective as the complete blocking. The role of CMI can be qualitatively explained as follows. In the flavor

Fig. 2. The binding energy of the NH system

as a function of the strength of EMEP V^{NH}_0 . (Taken from Ref. 165).)

Fig. 3. The NH scattering phase shift δ as a function of the relative energy E_{rel} for several V^{NH}_0 . (Taken from Ref. 165).)

SU(3) symmetric limit, the CMI term is proportional to Θ defined in (2.1). For a nucleon and an H-dibaryon, Θ_N = −8 and Θ_H = −24, respectively, while for an NH system of zero separation Θ_{NH} = 4. The difference Θ_{NH} − (Θ_N + Θ_H) = 36 causes a strong repulsive force. The main contribution to the medium-range attractive force is from the σ-meson exchange.

4.3. H-dibaryon in nuclear matter

In Ref. 166), the property of the H-dibaryon in nuclear matter is investigated. First, the single-particle potential of the H-dibaryon in nuclear matter is calculated employing the Brueckner theory. The non-local potential between N and H derived from the QCM (§4.2) is Fourier-transformed and then used to solve the Bethe–Goldstone equation. In this work, N and H are treated as elementary particles. Single-particle potential in uniform matter is well described by an effective mass and a depth of the potential. The effective mass of the H-dibaryon, M^∗_H, and the potential well depth, D_H, are dependent on the EMEP parameter V^{NH}_0 . The obtained values are listed in Table V.

Table V. The ratio of the H-dibaryon effective mass in nuclear matter, M^∗_H, to the H-dibaryon mass in free space, M_H, and the well depth, D_H, in nuclear matter. V^{NH}_0 is the strength of the effective meson exchange potential between a nucleon and an H-dibaryon. Those under the effect of the coupling with ΛΛ, M^{∗(c)}_H and D^{(c)}_H , are also shown for the case ΔM_H = 0.

V^{NH}_0 (MeV) M�_H/M_H D_H (MeV) M�^{(c)}_H /M_H D^{(c)}_H (MeV)

−601 0.853 14.5 0.848 7.2 −623 0.820 28.7 0.814 22.3 −673 0.769 63.6 0.769 60.0 −714 0.755 95.3 0.750 90.1

In the actual situation, the coupling with the ΛΛ channel is important for the H-dibaryon near the ΛΛ threshold. This effect is taken into account by a model with a simple coupling vertex function between H-dibaryon and ΛΛ,

Γ (k) = ge^{−b2k2} . (4.11)

The physical H-dibaryon mass M_H (ΔM_H = M_H − 2M_Λ) is determined by the position of the pole of the propagator:

ΔM_H − ΔM^{(0)}_H − Re[g^2Σ(ΔM_H)] = 0, (4.12)

where ΔM^{(0)}_H is the bare H-dibaryon mass measured from the ΛΛ threshold and Σ is the self-energy defined by g^2Σ(E) = ∫ dq (2π)^3

Γ^2(q) E − q^2/M_Λ + iϵ . (4.13)

Eq.(4.12) determines ΔM_H provided ΔM^{(0)}_H and Γ (q) are given. Here, inversely, eq.(4.12) is used to determine the bare mass M^{(0)}_H from a given ΔM_H. Γ (k) is determined so as to reproduce the low-energy behavior of ΛΛ scattering given by a QCM in Ref. 27). Then using M^{(0)}_H and Γ (k), the properties of the H-dibaryon in nuclear matter affected by the coupling with the ΛΛ channel are studied through the analysis of the H-dibaryon propagator in nuclear matter, G_H(E, P ):

G^{−1}_H (E, P ) = E −

P^2 2M^∗_H

− (ΔM^{(0)}_H − D_H) − ∫ dq (2π)^3

Γ (q)^2 E −^{P 2}_{4M}�_Λ −^{q2}_M�_Λ + 2D_Λ + iϵ

, (4.14)

where P is the momentum of the H-dibaryon. The potential well depth of Λ in nuclear matter, D_Λ, used here is 27.5 MeV and M^∗_Λ/M_Λ = 0.8.^{186)} Here, M^∗_H/M_H and D_H are regarded as the quantities for the “bare” H-dibaryon, which are not subject to the coupling. The total energy (= kinetic energy + potential energy) of the H-dibaryon in nuclear matter, E_H(P ), obtained from the condition

Re[G^{−1}_H (E_H, P )] = 0, (4.15)

is parametrized in the effective mass approximation:

E_H(P ) =

P^2 2M^{∗(c)}_H

− D^{(c)}_H . (4.16)

M^{∗(c)}_H /M_H and D^{(c)}_H for ΔM_H = 0 are also shown in Table V. The value of D^{(c)}_H is to be compared with 2D_Λ. If the energy of the H-dibaryon,^{P 2}_{2M}�_{(c)H} − D^{(c)}_H , is less than the ΛΛ

threshold energy, 2

[_(

P/2)^2 2M�_Λ − DΛ ] , in nuclear matter, the H-dibaryon becomes the ground state of an S = −2 two-baryon system in nuclear matter. From the value of D^{(c)}_H listed in Table V, the H-dibaryon does not appear as the bound state in nuclear matter and the ground state in nuclear matter is ΛΛ for most of the plausible values of V^{NH}_0 . Only for relatively strong EMEP, the H-dibaryon appears as a bound state. However, even when the ground state in nuclear matter is ΛΛ, the continuum above the threshold is a mixed state of ΛΛ and H-dibaryon, and there is a region where the H-dibaryon component becomes strong. To see this, the spectral function S(E, P ) = − 1 π Im[G_H(E, P )] (4.17)

is shown in Fig.4. Fig.4a corresponds to the case where the energies of the H-dibaryon exceed

Fig. 4. (a) The spectral function, S(E, P ), at P = 0 and 1 fm^{−1} is shown for M^∗_H/M_H = 0.820 and D_H = 28.7 MeV. ΔM_H = 0. The solid (broken) line corresponds to P = 0 fm^{−1} (P = 1 fm^{−1}). (b) Same as (a) but for M^∗_H/M_H = 0.769 and D_H = 63.6 MeV. The amounts of the ΛΛ admixture in bound states, P_{ΛΛ}, are also given. (Data in these figures are taken from Ref. 166).)

the ΛΛ thresholds in nuclear matter, and shows that narrow ranges around peaks contain appreciable amounts of the H-dibaryon component. For comparison, shown in Fig.4b is the case where the H-dibaryon appears as the bound state, which is seen as the δ-function peak in the spectral function.

Though this work has been done for nuclear matter, it may give an implication to finite double hypernuclei. The situation for a finite nucleus, corresponding to the case where there is no H-bound state in nuclear matter, will be that the low-lying discrete states have the character of ΛΛ bound states, but that some of excited-states may have strong admixture of the H-nuclear states. In the opposite case where H is bound below the ΛΛ-threshold in nuclear matter, it is expected that the ground states in finite nuclei with strangeness −2 will have the character of the H-nuclear states and the amounts of the mixing with ΛΛ states are roughly given by the nuclear matter calculation.

x5. Interaction between H-dibaryons

In this section, we will review an investigation on the interaction between two H-dibaryons in Ref. 167). As the framework of the QCM is the same as in the work reviewed in the previous section, we do not repeat here.

Tamagaki suggested the possibility that H-matter appears at densities several times higher than normal nuclear density.^{162)} That work is based on an assumption that the CMI plays a key role in determining the properties of the H–H interaction. In this pioneering study, a simple H–H interaction model consisting of a hard-core potential plus a square well attractive potential outside the core was used, because no microscopic calculation of the H– H interaction was available at that time. In the work reviewed here,^{167)} more quantitative information on the H–H interaction is extracted from a microscopic calculation by employing the quark cluster model.

In Fig. 5 the binding energy of the HH system as a function of V^{HH}_0 is shown. The HH scattering phase shift is shown in Fig. 6 as a function of the relative wave number k for several V^{HH}_0 . The following results are obtained from this calculation.

Fig. 5. The binding energy of the HH system

as a function of the strength of EMEP V^{HH}_0 . (Taken from Ref. 167).)

Fig. 6. The HH scattering phase shift δ as a function of the relative wave number k for several V^{HH}_0 . (Taken from Ref. 167).)

(i) The interaction between H-dibaryons has a strongly attractive nature, and bears the deeply bound state. The binding energy in the ground state is 100∼170 MeV. Even a second bound state appears for V^{HH}_0 <∼ −1200 MeV. (See Fig.5).

(ii) The main properties of the interaction between H-dibaryons can be characterized as a short-range repulsion due to Pauli blocking and the CMI, and a medium-range attraction due to flavor singlet scalar meson exchange (See Fig.6). The two H-dibaryons are bound with a separation of about 0.8 ∼ 0.9 fm due to the strong repulsive core. If we follow the discussion made in §4, the normalization kernel at zero separation is^{25}_{32} , which indicates the effect of the Pauli blocking, and the CMI term bears a repulsive force as Θ_{HH} − 2 × Θ_H = 24 − 2 × (−24) = 72.

It is worth while noting that a bound state of two H-dibaryons is also obtained in the Skyrme model^{168)} although the binding energy of the “tetralambda” state (E_B = 15 ∼ 20 MeV) is rather smaller than the value obtained in the QCM. The attractive nature of the inter-H interaction is also implied in a study on H-dibaryon matter in the Skyrme model^{169)} following the method developed by Manton et al.^{194)}

The implications of this result for the occurrence of H-matter are as follows. In Tamagaki’s discussion^{162)} that there is a possibility of a phase transition from neutron matter to H-matter at a density which is 6∼9 times greater than the normal nuclear density ρ_0, the interaction between H-dibaryons is through a hard core potential and an attractive square well potential outside the core. The depth of the attractive potential was assumed to be so weak that it can be treated as a perturbation. The depth of the square well potential has been determined so that the scattering length becomes zero for the first time, when the strength of the attractive potential is gradually increased. The pertinent strength parameter corresponding to the EMEP can be obtained from the scattering length calculated from S-matrix through the effective range theory. It is found to be V^{HH}_0 = −638 MeV. Thus the attraction used in Ref. 162) is much weaker than the one used in this QCM calculation, in which V^{HH}_0 is typically −1300 ∼ −1100 MeV. If the attractive H–H potential is indeed as strong as the EMEP employed in this calculation, the critical transition density beyond which H-matter formation is energetically favorable may be appreciably lower, although a more quantitative estimate is not simple because of the inapplicability of perturbation theory under a strong attractive potential as in the present calculation.

Some comments on implications of the existence of the H-dibaryon to neutron star properties are in order. In the framework of the Walecka model with the strength of the H-H interaction of the present calculation, it has been shown that H-matter is unstable against compression.^{163)} Therefore, if the central density of a neutron star exceeds the critical density for H-matter formation, the energetically favorable compression of H-matter could provide a scenario for the conversion of a neutron star into a strange quark star.^{163)} Using a relativistic mean field theory, it is studied how H-dibaryon condensate affects the equation of state and the properties of neutron stars.^{164)} It is shown that, if the limiting neutron star mass is about the mass of the Hulse-Taylor pulsar (1.44M_⊙), a condensate of H-dibaryons with their mass in the vacuum about 2.2 GeV and a moderately attractive potential in the medium could not be ruled out.

Acknowledgements

One of the authors (T.S.) is grateful for the Special COE grant of the Ministry of Education, Science and Culture of Japan. The work is partly supported by Grant-in-Aid for Scientific Research on Priority Areas (Theoretical Study of Nuclei with Strangeness) by the Ministry of Education, Science, Sports and Culture. The authors would like to thank A. J. Buchmann and J. Mori for the collaboration on which this review is based.

References 1) R. L. Jaffe, Phys. Rev. Lett. 38 (1977), 195; 617(E).

2) A. Th. M. Aerts, P. J. G. Mulders and J. J. de Swart, Phys. Rev. D17 (1978), 260. 3) P. J. Mulders, A. T. Aerts and J. J. de Swart, Phys. Rev. D21 (1980), 2653. 4) K. F. Liu and C. W. Wong, Phys. Lett. B113 (1982), 1.

5) P. J. Mulders and A. W. Thomas, J. of Phys. G: Nucl. Phys. 9 (1983), 1159. 6) A. T. M. Aerts and J. Rafelski, Phys. Lett. B148 (1984), 337. 7) K. Saito, Prog. Theor. Phys. 72 (1984), 674.

8) L. A. Kondratyuk, M. I. Krivoruchenko and M. G. Shchepkin, Yad. Fiz. 45 (1987), 514 [Sov. J. Nucl. Phys. 45 (1987), 323].

9) S. Fleck, C. Gignoux, J. M. Richard and B. Silvestre-Brac, Phys. Lett. B220 (1989), 616.

10) E. Golowich and T. Sotirelis, Phys. Rev. D46 (1992), 354. 11) K. Maltman, Phys. Lett. B291 (1992), 371.

12) A. E. Dorokhov and N. I. Kochelev, JINR Preprint E2-86-847 (1986).

A. E. Dorokhov, Yu. A. Zubov and N. I. Kochelev, Fiz. Elem. Chastits At. Yadra 23 (1992), 1192 [Sov. J. Part. Nucl. 23 (1993), 522].

13) A. P. Balachandran, A. Barducci, F. Lizzi, V. G. J. Rodgers and A. Stern, Phys.

Rev. Lett. 52 (1984), 887.

14) A. P. Balachandran, F. Lizzi, V. G. J. Rodgers and A. Stern, Nucl. Phys. B256 (1985), 525.

15) R. L. Jaffe and C. L. Korpa, Nucl. Phys. B258 (1985), 468. 16) S. A. Yost and C. R. Nappi, Phys. Rev. D32 (1985), 816. 17) J. Kunz and D. Masak, Phys. Lett. B191 (1987), 174. 18) H. K. Lee and J. H. Kim, Mod. Phys. Lett. A5 (1990), 887.

19) V. B. Kopeliovich, B. Schwesinger and B. E. Stern, Nucl. Phys. A549 (1992), 485.

20) F. G. Scholtz, B. Schwesinger and H. B. Geyer, Nucl. Phys. A561 (1993), 542. 21) G. L. Thomas, N. N. Scoccola and A. Wirzba, Nucl. Phys. A575 (1994), 623. 22) M. Oka, K. Shimizu and K. Yazaki, Phys. Lett. B130 (1983), 365; Nucl. Phys.

A464 (1987), 700.

23) B. Silvestre-Brac, J. Carbonell and C. Gignoux, Phys. Rev. D36 (1987), 2083. 24) U. Straub, Z. Y. Zhang, K. Bräuer, A. Faessler and S. B. Khadkikar, Phys. Lett.

B200 (1988), 241.

U. Straub, Z. Y. Zhang, K. Bräuer, A. Faessler, S. B. Khadkikar and G. Lübeck, Nucl. Phys. A508 (1990), 385c.

A. Faessler and U. Straub, Prog. Part. Nucl. Phys. 24 (1990), 323. 25) Y. Koike, K. Shimizu and K. Yazaki, Nucl Phys. A513 (1990), 653. 26) S. Takeuchi and M. Oka, Phys. Rev. Lett. 66 (1991), 1271. 27) M. Oka and S. Takeuchi, Nucl. Phys. A524 (1991), 649.

28) C. Nakamoto, Y. Suzuki and Y. Fujiwara, Prog. Theor. Phys. 97 (1997), 761.

C. Nakamoto, Y. Fujiwara and Y. Suzuki, Nucl. Phys. A639 (1998), 51c. 29) C. E. Wolfe and K. Maltman, Phys. Lett. B393 (1997), 274. 30) K. Shimizu and M. Koyama, Nucl. Phys. A646 (1999), 211.

31) P. N. Shen, Z. Y. Zhang, Y. W. Yu, X. Q. Yuan and S. Yang, J. of Phys. G25 (1999), 1807.

32) P. B. Mackenzie and H. B. Thacker, Phys. Rev. Lett. 55 (1985), 2539. 33) Y. Iwasaki, T. Yoshié and Y. Tsuboi, Phys. Rev. Lett. 60 (1988), 1371. 34) T. Yoshié, Y. Iwasaki and S. Sakai, Nucl. Phys. B (Proc. Suppl.) 17 (1990), 413. 35) J. W. Negele, A. Pochinsky and B. Scarlet, Nucl. Phys. B (Proc. Suppl.) 73 (1999), 255.

36) I. Wetzorke, F. Karsch and E. Laermann, hep-lat/9909037.

37) S. A. Larin, V. A. Matveev, A. A. Ovchinnikov and A. A. Pivovarov, Yad. Fiz. 44 (1986), 1066 [Sov. J. Nucl. Phys. 44 (1986), 690].

38) N. Kodama, M. Oka and T. Hatsuda, Nucl. Phys. A580 (1994), 445; See also the footnote in Ref. 68) about a typographical error.

39) K. Nishikawa, N. Aoki and H. Hyuga, Nucl. Phys. A534 (1991), 573. 40) D. Pal and J. A. McGovern, J. of Phys. G18 (1992), 593. 41) Sanjay K. Ghosh and S. C. Phatak, Phys. Rev. C58 (1998), 1714. 42) J. Carlson and V. R. Pandharipande, Phys. Rev. D43 (1991), 1652. 43) J. L. Rosner, Phys. Rev. D33 (1986), 2043.

44) T. Goldman, K. Maltman G. J. Stephenson, Jr., K. E. Schmidt and F. Wang, Phys.

Rev. Lett. 59 (1987), 627.

45) N. Aizawa and M. Hirata, Prog. Theor. Phys. 86 (1991), 429. 46) F. Wang, J. L. Ping, G. H. Wu, L. J. Teng and T. Goldman, Phys. Rev. C51 (1995), 3411.

47) L. A. Kondratyuk and A. V. Vasilets, Nuovo Cim. 102A (1989), 25. 48) D.I. Diakonov, V.Yu. Petrov, P.V. Pobylitsa and M. Praszalowicz, Phys. Rev. D39 (1989), 3509.

49) T. Goldman, K. Maltman, G. J. Stephenson, Jr., J.-L. Ping and Fan Wang, Mod.

Phys. Lett. A13 (1998), 59.

50) Fl. Stancu, S. Pepin and L. Ya. Glozman, Phys. Rev. D57 (1998), 4393. 51) L. Ya. Glozman, Nucl. Phys. A639 (1998), 65c.

52) N. I. Kochelev, Pis’ma Zh. Éksp. Teor. Fiz. 70 (1999), 483 [JETP Letters 70 (1999), 491].

53) D. B. Lichtenberg, R. Roncaglia and E. Predazzi, J. of Phys. G23 (1997), 865. 54) C. Gignoux, B. Silvestre-Brac and J. M. Richard, Phys. Lett. B193 (1987), 323. 55) A. M. Badalyan and Yu. A. Simonov, Yad. Fiz. 36 (1982), 1479. [Sov. J. Nucl.

Phys. 36 (1983), 860.]

56) B. O. Kerbikov, Yad. Fiz. 39 (1984), 816 [Sov. J. Nucl. Phys. 39 (1984), 516]. 57) O. Morimatsu and M. Takizawa, Nucl. Phys. A554 (1993), 635. 58) P. Żenczykowski, Phys. Rev. D36 (1987), 3517.

59) R. P. Bickerstaff and B. G. Wybourne, J. of Phys. G: Nucl. Phys. 7 (1981), 275;

995(E).

60) G. Karl and P. Żenczykowski, Phys. Rev. D36 (1987), 2079. 61) J. Kunz and P. J. Mulders, Phys. Lett. B215 (1988), 449.

P. J. Mulders and J. Kunz, Nucl. Phys. A497 (1989), 339c. 62) I. R. Klebanov and K. M. Westerberg, Phys. Rev. D53 (1997), 2804. 63) M. Oka, Phys. Rev. D38 (1988), 298. 64) C. B. Dover, Nuovo Cim. A102 (1989), 521. 65) S. Q. Xie, J. of Phys. G15 (1989), 287. 66) K. Maltman, Nucl. Phys. A501 (1989), 843.

67) S. Takeuchi, S. Nussinov and K. Kubodera, Phys. Lett. B318 (1993), 1. 68) S. D. Paganis, T. Udagawa, G. W. Hoffmann and R. L. Ray, Phys. Rev. C56 (1997), 570.

69) J. F. Donoghue, E. Golowich and B. R. Holstein, Phys. Lett. B174 (1986), 441. 70) J. F. Donoghue, E. Golowich and B. R. Holstein, Phys. Rev. D34 (1986), 3434. 71) M. I. Krivoruchenko and M. G. Shchepkin, Yad. Fiz. 36 (1982), 1328 [Sov. J. Nucl.

Phys. 36 (1982), 769].

72) G. Baym, E. Kolb, L. McLerran, T. P. Walker and R. L. Jaffe, Phys. Lett. B160 (1985), 181.

73) M. Oka, Hyperfine Interactions 103 (1996), 275. 74) P. Beillière et al., Phys. Lett. B39 (1972), 672. 75) G. Wilquet et al., Phys. Lett. B57 (1975), 97.

76) D. P. Goyal, J. N. Misra and A. V. Sodhi, Phys. Rev. D21 (1980), 607. 77) A. S. Carroll, I-H. Chiang, R. A. Johnson, T. F. Kycia, K. K. Li, R. Cester, R. C.

Webb and M. S. Witherell, Phys. Rev. Lett. 41 (1978), 777; 1002(E). 78) G. T. Condo, W. M. Bugg, T. Handler and H. O. Cohn, Phys. Lett. B144 (1984), 27. 79) B. A. Shahbazian, A. O. Kechechyan, A. M.Tarasov and A. S. Martynov, Z. Phys.

C39 (1988), 151.

80) B. A. Shahbazian, V. A. Sashin, A. O. Kechechyan and A. S. Martynov, Phys. Lett.

B235 (1990), 208.

81) B. A. Shahbazian, T. A. Volokhovskaya, V. N. Yemelyanenko and A. S. Martynov, Phys. Lett. B316 (1993), 593.

82) B. A. Shahbazian, T. A. Volokhovskaya, V. N. Yemelyanenko and A. S. Martynov, Nuovo Cim. A107 (1994), 2459.

83) P. Z. Aslanyan, B. A. Shahbazian, T. A. Volokhovskaya, V. N. Yemelyanenko, A. S.

Martynov and V. S. Rikhvitzkiy, Nucl. Phys. B (Proc. Suppl.) 75B (1999), 63. 84) A. N. Alekseev et al., Yad. Fiz. 52 (1990), 1612 [Sov. J. Nucl. Phys. 52 (1990), 1016].

85) H. Ejiri, E. Takasugi, T. Kishimoto, H. Ohsumi, J. Tanaka and A. Kashitani, Phys.

Lett. B228 (1989), 24.

86) R. S. Longacre et al., Nucl. Phys. A590 (1995), 477c.

87) R. S. Longacre, AIP Conference Proceedings 432, Seventh International Conference on Hadron Spectroscopy, Upton, New York, U.S.A., eds. S.-U. Chung and H. J. Willutzki, (American Institute of Physics, New York, 1998), p.217.

88) G. B. Franklin, Nucl. Phys. A450 (1986), 117c.

89) T. Iijima (BNL E813 Collaboration), Proceedings of the 13th International Conference on Particles and Nuclei (PAN XIII), Perugia, Italy, June 1993, ed. A. Pascalini, (World Scientific, 1994), p.652.

90) P. D. Barnes, Nucl. Phys. A547 (1992), 3c.

91) W. D. Ramsay, Proceedings of the 14th International Conference on Particles and Nuclei (PANIC ’96), ed. C. E. Carlson and J. J. Domingo, (World Scientific, Singapore, 1997), p.602.

92) B. Quinn et al., Proceeding of the International Conference on the Structure of Baryons and Related Mesons, Yale Univ., June 1992, ed. M. Gai (World Scientific, Singapore, 1993), p.278.

93) R. W. Stotzer et al., Phys. Rev. Lett. 78 (1997), 3646. 94) K. Yamamoto et al., Nucl. Phys. A639 (1998), 371c. 95) M. May, Nucl. Phys. A639 (1998), 363c. 96) A. Rusek et al., Phys. Rev. C52 (1995), 1580.

A. Rusek et al., Nucl. Phys. A585 (1995), 59c.

97) J. Belz et al. (BNL-E888 Collaboration), Nucl. Phys. A585 (1995), 97c. 98) J. Belz et al. (BNL-E888 Collaboration), Phys. Rev. D53 (1996), 3487. 99) J. Belz et al., Phys. Rev. Lett. 76 (1996), 3277; Phys. Rev. C56 (1997), 1164. 100) H. J. Crawford, Nucl. Phys. A639 (1998), 417c.

101) I. Chemakin et al. (BNL E910 Collaboration), Nucl. Phys. A639 (1998), 407c. 102) S. D. Paganis, G. W. Hoffmann, R. L. Ray, J.-L. Tang, T. Udagawa and R. S.

Longacre, nucl-ex/9910007.

103) B. Bassalleck et al. (BNL E813/E836 Collaboration), Few-Body Systems Suppl. 9 (1995), 51.

104) B. Bassalleck, AIP Conference Proceedings 412, 6th Conference on Intersections between Particle and Nuclear Physics, Big Sky, Montana, U.S.A., ed. T. W. Donnelly, (American Institute of Physics, New York, 1997), p.457.

105) R. E. Chrien, Nucl. Phys. A629 (1998), 388c. 106) B. Bassalleck, Nucl. Phys. A639 (1998), 401c. 107) S. Aoki et al., Phys. Rev. Lett. 65 (1990), 1729. 108) K. Imai, Nucl. Phys. A527 (1991), 181c. 109) K. Imai, Nucl. Phys. A547 (1992), 199c. 110) J. K. Ahn et al., Nucl. Phys. A547 (1992), 211c. 111) J. K. Ahn et al., Nuovo Cim. 107A (1994), 2415. 112) J. K. Ahn et al., Phys. Lett. B378 (1996), 53.

113) J. K. Ahn et al. (KEK-PS E224 Collaboration), Nucl. Phys. A639 (1998), 379c. 114) J. K. Ahn et al. (KEK-PS E224 Collaboration), Phys. Lett. B444 (1998), 267. 115) K. Imai, Nucl. Phys. A553 (1993), 667c. 116) K. Nakazawa, Nucl. Phys. A639 (1998), 345c. 117) V. V. Barmin et al., Nucl. Phys. A558 (1993), 361c. 118) V. V. Barmin et al., Phys. Lett. B370 (1996), 233. 119) D. Ashery, Hyperfine Interactions 103 (1996), 253. 120) A. Alavi-Harati et al. (KTeV Collaboration), hep-ex/9910030.

121) J. W. Mitchell (NA49 Collaboration), in Proceedings of International Symposium on Strangeness and Quark Matter, eds. G. Vassiliadis, A. D. Panagiotou, S. Kumar and J. Madsen (World Scientific, 1995), p.249.

122) S. Paul (WA89 Collaboration), in Proceedings of the 13th International Conference on Particles and Nuclei (PAN XIII), ed. A. Pascolini (World Scientific, 1994), p.646. B. Povh, in Proceedings of the U.S.-Japan Seminar on Properties and Interactions of Hyperons, eds. B. F. Gibson, P. D. Barnes and K. Nakai (World Scientific, 1994), p.211.

M. Godbersen (WA89 Collaboration), AIP Conference Proceedings 338, 5th Conference on Intersections between Particle and Nuclear Physics, St. Petersburg, Florida, U.S.A., ed. S. J. Seestrom, (American Institute of Physics, New York, 1995), p.533.

123) A. Jacholkowski et al. (WA97 Collaboration), J. of Phys. G25 (1999), 423. 124) G. Alexander et al. (OPAL Collaboration), Phys. Lett. B384 (1996), 377. 125) J. P. Coffin and C. Kuhn, J. of Phys G23 (1997), 2117. 126) S. Paul, Nucl. Phys. B(Proc. Suppl.)21 (1991), 243. 127) T. Fukuda, Hyperfine Interactions 103 (1996), 267.

128) D. Ashery, AIP Conference Proceedings 432, Seventh International Conference on Hadron Spectroscopy, Upton, New York, U.S.A., eds. S.-U. Chung and H. J. Willutzki, (American Institute of Physics, New York, 1998), p.293.

129) R. Klingenberg, J. of Phys. G25 (1999), R273.

130) A. T. M. Aerts and C. B. Dover, Phys. Rev. Lett. 49 (1982), 1752. 131) A. T. M. Aerts and C. B. Dover, Phys. Rev. D28 (1983), 450. 132) A. T. M. Aerts and C. B. Dover, Phys. Rev. D29 (1984), 433. 133) C. B. Dover, P. Koch and M. May, Phys. Rev. C40 (1989), 115. 134) M. Sano, M. Wakai and H. Bandō, Phys. Lett. B224 (1989), 359. 135) T. Kishimoto, Phys. Rev. Lett. 62 (1989), 2456.

T. Kishimoto, Nuovo Cim. A102 (1989), 553.

136) C. B. Dover, U. Heinz, E. Schnedermann and J. Zimányi, Phys. Rev. C44 (1991), 1636.

137) M. A. Moinester, C. B. Dover and H. J. Lipkin, Phys. Rev. C46 (1992), 1082. 138) N. Aizawa and M. Hirata, Z. Phys. A343 (1992), 103. 139) F. S. Rotondo, Phys. Rev. D47 (1993), 3871.

140) B. A. Cole, M. Moulson and W. A. Zajc, Phys. Lett. B350 (1995), 147. 141) S. V. Bashinsky and R. L. Jaffe, Nucl. Phys. A625 (1997), 167. 142) R. D. Cousins and J. R. Klein, Phys. Rev. D56 (1997), 1673.

143) C. J. Batty, E. Friedman and A. Gal, Phys. Rev. C59 (1999), 295. 144) D. E. Kahana and S. H. Kahana, Phys. Rev. C60 (1999), 065206. 145) A. J. Baltz, C. B. Dover, S. H. Kahana, Y. Pang, T. J. Schlagel and E. Schnedermann, Phys. Lett. B325 (1994), 7.

146) A. Ohnishi, Y. Hirata, Y. Nara, S. Shinmura and Y. Akaishi, nucl-th/9903021. 147) M. Danysz et al., Phys. Rev. Lett. 11 (1963), 29.

M. Danysz et al., Nucl. Phys. 49 (1963), 121. 148) D. J. Prowse, Phys. Rev. Lett. 17 (1966), 782. 149) S. Aoki et al., Prog. Theor. Phys. 85 (1991), 1287.

150) R. Tanaka and N. Ushida (KEK-E176 Collaboration), Nucl. Phys. A585 (1995), 323c.

151) K. Nakazawa, Nucl. Phys. A585 (1995), 75c. 152) G. B. Franklin, Nucl. Phys. A585 (1995), 83c.

153) B. Bassalleck et al. (BNL E885 Collaboration), Nucl. Phys. A585 (1995), 339c. 154) P. Khaustov (BNL E885 Collaboration), Nucl. Phys. A639 (1998), 375c. 155) T. Nagae, Nucl. Phys. A631 (1998), 363c.

156) T. Fukuda (BNL E906 Collaboration), Nucl. Phys. A639 (1998), 355c. 157) R. Sawafta, Nucl. Phys. A623 (1997), 289c.

158) M. May, Proceedings of the 25th INS International Symposium on Nuclear and Particle Physics with High-Intensity Proton Accelerators, ed. T. K. Komatsubara, T. Shibata and T. Nomura (World Scientific, Singapore, 1998), p.312.

159) R. H. Dalitz, D. H. Davis, P. H. Fowler, A. Montwill, J. Pniewski and J. A. Zakrzewski, Proc. R. Soc. Lond. A426 (1989), 1.

160) Y. Yamamoto, H. Takaki and K. Ikeda, Prog. Theor. Phys. 86 (1991), 867. 161) C. B. Dover, D. J. Millener, A. Gal and D. H. Davis, Phys. Rev. C44 (1991), 1905. 162) R. Tamagaki, Prog. Theor. Phys. 85 (1991), 321.

163) A. Faessler, A. J. Buchmann, M. I. Krivoruchenko and B. V. Martemyanov, Phys.

Lett. B391 (1997), 255.

A. Faessler, A. J. Buchmann and M. I. Krivoruchenko, Phys. Rev. C56 (1997), 1576.

164) N. K. Glendenning and J. Schaffner-Bielich, Phys. Rev. C58 (1998), 1298. 165) T. Sakai, A. Buchmann, K. Yazaki and K. Shimizu, Nucl. Phys. A543 (1992), 661. 166) T. Sakai, K. Yazaki and K. Shimizu, Nucl. Phys. A594 (1995), 247. 167) T. Sakai, J. Mori, A. J. Buchmann, K. Shimizu and K. Yazaki, Nucl. Phys. A625 (1997), 192.

168) A. I. Issinskiĭ, B. V. Kopeliovich and B. E. Shtern, Yad. Fiz. 48 (1988), 209 [Sov.

J. Nucl. Phys. 48 (1988), 133].

169) T. Sakai and H. Suganuma, Phys. Lett. B430 (1998), 168. 170) A. de Rujula, H. Georgi and S. L. Glashow, Phys. Rev. D12 (1975), 147. 171) L. Ya. Glozman and D. O. Riska, Phys. Rep. 268 (1996), 263. 172) Fl. Stancu, S. Pepin and L. Ya. Glozman, Phys. Rev. C56 (1997), 2779. 173) C. Nakamoto and H. Toki, Prog. Theor. Phys. 99 (1998), 1001. 174) Z. Y. Zhang, A. Faessler, U. Straub and L. Ya. Glozman, Nucl. Phys. A578 (1994), 573.

175) F. Fernández, A. Valcarce, U. Straub and A. Faessler, J. of Phys. G19 (1993), 2013. 176) A. Valcarce, A. Buchmann, F. Fernández and A. Faessler, Phys. Rev. C50 (1994), 2246.

177) A. Valcarce, A. Faessler and F. Fernández, Phys. Lett. B345 (1995), 367. 178) Z. Y. Zhang, Y. W. Yu, P. N. Shen, L. R. Dai, A. Faessler and U. Straub, Nucl.

Phys. A625 (1997), 59.

179) M. Oka and K. Yazaki, Prog. Theor. Phys. 66 (1981), 556; 572. 180) Z. Y. Zhang, K. Bräuer, A. Faessler and K. Shimizu, Nucl. Phys. A443 (1985), 557.

181) K. Shimizu, Rep. Prog. Phys. 52 (1989), 1. 182) J. A. Wheeler, Phys. Rev. 32 (1937), 1083; 1107. 183) S. Saito, Prog. Theor. Phys. Suppl. 62 (1977), 11. 184) H. Horiuchi, Prog. Theor. Phys. Suppl. 62 (1977), 90. 185) M. Kamimura, Prog. Theor. Phys. Suppl. 62 (1977), 236. 186) R. E. Chrien and C. B. Dover, Ann. Rev. Nucl. Part. Sci. 39 (1989), 113. 187) Particle Data Group, Eur. Phys. J. C3 (1998), 1. 188) G. ’t Hooft, Phys. Rev. D14 (1976), 3432.

189) M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B163 (1980), 46. 190) M. Oka and S. Takeuchi, Phys. Rev. Lett. 63 (1989), 1780. 191) M. Kobayashi, H. Kondo and T. Maskawa, Prog. Theor. Phys. 45 (1971), 1955. 192) F. Lenz, J. T. Londergan, E. J. Moniz, R. Rosenfelder, M. Stingl and K. Yazaki, Ann. of Phys. 170 (1986), 65.

Y. Koike and K. Yazaki, Phys. Lett. B179 (1986), 332. Y. Koike, O. Morimatsu and K. Yazaki, Nucl. Phys. A449 (1986), 635. Y. Koike, Nucl. Phys. A454 (1986), 509.

193) R. S. Willey, Phys. Rev. D18 (1978), 270.

P. R. Fishbane and M. T. Grisaru, Phys. Lett. B74 (1978), 98. S. Matsuyama and H. Miyazawa, Prog. Theor. Phys. 61 (1979), 942.

O. W. Greenberg and H. J. Lipkin, Nucl. Phys. A370 (1981), 349. 194) N. S. Manton and P. J. Ruback, Phys. Lett. B181 (1986), 137.

N. S. Manton, Commun. Math. Phys. 111 (1987), 469. 195) K. Greisen, Phys. Rev. Lett. 16 (1966), 748.

196) G. T. Zatsepin and V. A. Kuźmin, Pis’ma Zh. Éksp. Teor. Fiz. 4 (1966), 114 [JETP Lett. 4 (1966), 78].