arXiv:hep-ph/0111121 v1 10 Nov 2001

The Sigma Meson and Chiral Transition in Hot and Dense Matter

Teiji Kunihiro Yukawa Institute for Theoretical Physics, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

November 10, 2001

Abstract

It is pointed out that the hadron spectroscopy should be a study of the structure of the QCD vacuum, low-energy elementary excitations on top of which are hadrons. Concentrating on the dynamical breaking of the chiral symmetry in the QCD vacuum, we emphasize the importance to clarify what is going on with mesons in the I = J = 0-channel, i.e., the sigma meson channel, because it is connected to the quantum fluctuations of the chiral order parameter. After summarizing the significance of the sigma meson in QCD and low-energy hadron phenomenology, we give a review on some theoretical and experimental effort to try to reveal the possible restoration of chiral symmetry in hot and dense nuclear matter including heavy nuclei.

1 Introduction

A tricky point in the hadron spectroscopy is that QCD, the fundamental theory of the hadron world, is not written in terms of hadron fields but in terms of quark- and gluonfields from which hadrons are composed: The quarks and gluons are colored objects which can not exist in the asymptotic state, and low-lying elementary excitations on top of the non-perturbative QCD vacuum are composite and colorless, which we call hadrons. Furthermore, symmetries possessed by the QCD Lagrangian, such as the chiral SU(3)_L×SU(3)_R symmetry in the massless limit of quarks and the color gauge symmetry are not manifest in our every-day world. This complication of the problem is due to the fact that the true QCD vacuum is completely different from the perturbative one and is actually realized through the phase transitions, i.e., the confinement-deconfinement and the chiral transitions. The notion of such a complicated vacuum structure, i.e., the collective nature of the vacuum and the elementary particles was first introduced by Nambu[1], in analogy with the physics of superconductivity[2]. The nonperturbative nature and the realization of the true QCD vacuum through the phase transitions are being confirmed by the lattice simulations[3]. One may notice that the so called U_A(1) anomaly[4] also characterizes the non-perturbative QCD vacuum. Several rules extracted from the hadron phenomenology such as the vector-meson dominance (VMD)[5, 6] and the Okubo-Zweig-Iizuka (OZI) rule[7] might be also related with some fundamental properties of the QCD vacuum. Thus the hadron spectroscopy can not be failed to be a study of the nature of QCD vacuum including its symmetry properties. In other words, the physics of the hadron spectroscopy is a combination of the condensed matter physics of the QCD vacuum[8, 9] and the atomic physics as played with the constituent quark-gluon model where the vacuum structure is taken for granted[10].

An interesting observation is then that hadrons as elementary excitations on top of the QCD vacuum may change their properties in association with a change or phase transition of the QCD vacuum. What hadrons do change their properties sharply, and how do they in hot and/or dense medium? One should also ask how they are detected in experiment[11, 12, 13, 14, 15]; see also the reviews [8, 16]. For instance, in Table 6.1 in [8], list up are interesting observables and their expected behavior in relation with the chiral transition, possible restoration of the U_A(1)-symmetry and precritical deconfinement at finite temperature and/or density. In association with (partial) restoration of chiral symmetry, the mass of the σ meson[13, 19] is expected to decrease. Some people[11, 15, 20] expect that the vector mesons ρ, ω and ϕ also show a decrease of their masses in association with the chiral restoration. The U_A(1) anomaly, which is responsible for lifting the η^′ meson mass as high as about 1 GeV and make the η^′(η) almost flavor singlet (octet), may be cured at high temperature, which may manifest itself as the decrease of the mass m_η′ [17, 18] for example. The deconfinement may affect the properties of heavy-quark systems such as J/ψ[14, 21] than in light hadrons.

In the present talk, I will focus on the chiral transition in hot and dense hadronic matter and discuss the significance of the scalar and isoscalar meson, the sigma meson and the strength function in its channel in the hadronic medium including heavy nuclei.

2 The sigma meson

The order parameter of the chiral transition is the quark condensate ⟨q̄q⟩ ∼ σ. There arise two kinds of quantum fluctuations of the order parameter, the modulus and phase fluctuations. The pion corresponds to the latter fluctuations. The particle corresponding to the former fluctuation is a scalar-isoscalar meson, which is traditionally called the σ meson. One may notice that the way of the appearance of the σ meson is analogous to that of the Higgs particle, which comes to exist through the dynamical breaking of the gauge symmetry in the standard model while the corresponding NG boson is absorbed into the longitudinal component of the gauge fields. As one can now see, the existence of the σ meson is logically related to the fundamental property of the QCD vacuum in which the chiral symmetry is spontaneously broken. Therefore searching for such a particle in experiment is not eccentric but as naturally motivated as searching for glue balls in QCD and the Higgs particle in the standard model. If such a particle or the like could not be identified, one must consider possible dynamical origins to hinder them from appearing.

Here are a short summary of the significance of the sigma meson in hadron physics:

1. The existence of the σ meson as the quantum fluctuation of the order parameter of the chiral transition accounts for various phenomena in hadron physics which otherwise remain mysterious[22, 8, 23].

2. There have been accumulation of experimental evidence of a low-mass pole in the σ channel in the pi-pi scattering matrix[25, 26]. It should be emphasized that for obtaining this result, it is essential to respect chiral symmetry, analyticity and crossing symmetry even in an approximate way as in the N/D method[27]: The great achievement of the chiral perturbation theory[28] is indispensable for set the precise boundary condition for the scattering matrix in the low-energy region.

3. It is well known that such a scalar meson with the mass range 500 to 700 MeV is responsible for the intermediate range attraction in the nuclear force.[30]

4. The correlation in the scalar channel as summarized by such the sigma meson may account for the enhancement of the ΔI = 1/2 processes in K^0 → π^+π^− or π^0π^0 [29]. In fact, the final state interaction for the emitted two pions may include the σ pole, then the matrix element for of the scalar operator Q_6 ∼ q̄_Rq_Lq̄_Lq_R is sown to be enhanced dramatically.

5. The collective excitation in the scalar channel as described as the σ meson is essential [32] in reproducing the empirical value of the π-N sigma term [31] Σ_{πN} = m̂⟨ūu + d̄d⟩: Empirically, it is known that Σ_{πN} ∼ 40-50 MeV, while the naive quark model only gives as small as ∼ 15 MeV. The basic quantities here are the quark contents of baryons ⟨B|q̄_iq_i|B⟩ ≡ ⟨q̄_iq_i⟩_B (i = u, d, s, ...). Actually, it is more adequate to call them the scalar charge of the hadron. The point is such a scalar charge of the nucleon is enhanced with the existence of the sigma meson pole; such an enhancement of charges by collective modes are well known in nuclear physics.

4 Partial chiral restoration and the σ meson in hadronic matter

Although the recent phase shift analyses [26] of the π-πscattering and the identification of the pole in the I = J = 0 channel as mentioned in 2 above is a great development in this field, one must say that it is still obscure whether the pole really corresponds to the quantum fluctuation of the chiral order parameter, i.e., our σ. If one were to be able to change the environment freely and trace the possible change of the pole position, the nature of the particle corresponding to the pole can be revealed: A change of the vacuum or the equilibrium state leading to the phase transition will make the mode coupled to the order parameter change. Actually this is the usual strategy in the many-body physics[33] to reveal the nature of elementary excitations. Conversely, an observation of the change of the elementary modes as well as that of other thermodynamic quantities tells us the change of the state of the matter.

Effective theories of QCD[13, 19] show that the sigma meson mass m_σ decreases in association with the chiral restoration in hot and/or dense medium, while the pion mass keeps its value in free space as long as the system is in the Nambu-Goldstone phase. The simulations on the lattice QCD also show a decrease of the screening mass in the sigma meson channel; see for instance, [3, 34]. The screening mass which describes the damping of the correlation function in the space direction is not the dynamical mass which is given through the time correlation of the relevant operators. Nevertheless, it is remarkable that the lattice result is not in contradiction with those in the effective theories.

Then the width of the σ is also expected to decrease due to the depletion of the phase space for the decay σ → 2π[35]. Thus one can expect a chance to see the σ meson as a sharp resonance at high temperature and/or density.

Some years ago, the present author proposed several nuclear experiments including one using electro-magnetic probes to produce the σ meson in nuclei, thereby have a clearer evidence of the existence of the σ meson and also explore the possible restoration of chiral symmetry in the nuclear medium[23, 36]: As is well known, there arises a scalar-vector mixing in nuclear matter at finite density[37]. To make a veto for the two pions from the rho meson, the produced pions should be neutral ones which may be detected through four γ’s.

When a hadron is put in a hadronic medium, the hadron might dissociate into complicated excitations to loose its identity. Then the most informative quantity is the response function or spectral function in the hadron channel of the system. If the coupling of the hadron with the environment is relatively small, then there may remain a peak with a small width in the spectral function corresponding to the hadron. Such a peak is to be identified with an elementary excitation or a quasi particle. Then how will the decrease of m_σ in the nuclear medium affect the spectral function.

It has been shown by using linear chiral models that an enhancement in the spectral function in the σ channel occurs just above the two-pion threshold along with the decrease of m_σ[38]. Subsequently, it has been shown [39] that the spectral enhancement near the 2m_π threshold takes place in association with partial restoration of chiral symmetry at finite baryon density.

Hatsuda et al[39] started from the following linear sigma model; L = 1 4 Tr[∂M∂M^† − μ^2MM^† − 2λ 4! (MM^†)^2 − h(M + M^†)] + ψ̄(iγ · ∂ − gM_5)ψ + · · ·, (1)

where M = σ + i⃗τ · ⃗π, M_5 = σ + iγ_5⃗τ · ⃗π, ψ is the nucleon field, and Tr is for the flavor index. Consider the propagator of the σ-meson at rest in the medium : D^{−1}_σ (ω) = ω^2 − m^2_σ− Σ_σ (ω; ρ), where m_σ is the mass of σ in the tree-level, and Σ_σ (ω; ρ) is the loop corrections in the vacuum as well as in the medium. The corresponding spectral function is given by ρ_σ (ω) = −π^{−1}ImD_σ (ω). One can show that

ImΣ_σ ∝ θ(ω − 2m_π ) √ 1 − 4m^2_π ω^2 (2) near the two-pion threshold in the one-loop order. On the other hand, partial restoration of chiral symmetry implies that m^∗_σ defined by ReD^{−1}_σ (ω = m^∗_σ) = 0 approaches to m_π. Therefore, there exists a density ρ_c at which ReD^{−1}_σ (ω = 2m_π ) vanishes even before the complete restoration of chiral symmetry where σ-π degeneracy is realized, namely ReD^{−1}_σ (ω = 2m_π) = [ω^2 − m^2_σ − ReΣ_σ]_{ω=2mπ} = 0. At this point, the spectral function is solely given in terms of the imaginary part of the self-energy;

ρ_σ(ω ≃ 2m_π ) = − 1 π ImΣ_σ ∝ θ(ω − 2m_π) √ 1 −^{4m2π}_{ω2}

, (3)

which clearly shows the near-threshold enhancement of the spectral function. This is a general phenomenon correlated with the partial restoration of chiral symmetry .

Figure 1: The spectral function ρ_σ(ω) (the upper panel) and ReD^{−1}_σ (ω) (the lower panel) calculated with a linear sigma model. Φ(ρ) ≡ ⟨σ⟩/σ_0 measures the rate of the partial restoration of the chiral symmetry at the baryonic density ρ.

In [39], the effect of the meson-loop as well as the baryon density was treated as a perturbation to the vacuum quantities. Therefore, our loop-expansion is valid only at relatively low densities. When we parameterize the chiral condensate in nuclear matter ⟨σ⟩ as

⟨σ⟩ ≡ σ_0 Φ(ρ), (4)

one may take the linear density approximation for small density; Φ(ρ) = 1 − Cρ/ρ_0 with C = (g_s/σ_0m^2_σ)ρ_0.

The spectral function ρ_σ(ω) together with ReD^{−1}_σ (ω) calculated with a linear sigma model are shown in Fig.1: The characteristic enhancements of the spectral function is seen just above the 2m_π . It is also to be noted that even before the σ-meson mass m^∗_σ and m_π in the medium are degenerate,i.e., the chiral-restoring point, a large enhancement of the spectral function near the 2m_π is seen.

Is the near-threshold enhancement obtained above specific to the linear representation of the chiral symmetry, where the σ degree of freedom is explicit as in (1). Jido et al[40] showed that the nonlinear realization of the chiral symmetry can also give rise to the near 2m_π enhancement of the spectral function in nuclear medium as shown in Fig.2.

They begin the discussion with the polar parameterization of the chiral field, M = σ+i⃗τ ·⃗π = (⟨σ⟩+S)U with U = exp(i⃗τ · ⃗ϕ/f^∗_π ). Here f^∗_π is a would-be “in-medium pion decay constant”. L = 1 2 [(∂S)^2 − m^{∗2}_σ S^2] − λ⟨σ⟩ 6 S^3 − λ 4! S^4 + (⟨σ⟩ + S)^2 4 Tr[∂U∂U^†] + ⟨σ⟩ + S 4 h Tr[U^† + U]

+ L^{(1)}_{πN} − gSN̄N , (5)

Figure 2: In-medium ππ cross section in the I = J = 0 channel in the heavy S limit where m^∗_σ is taken to be infinity. The cross section is shown in the arbitrary unit (A.U.).

Figure 3: The new 4π-N-N vertex generated in the nonlinear realization. The solid line with arrow and the dashed line represent the nucleon and pion, respectively.

with L^{(1)}_{πN} = N̄ (iγ · ∂ + iv/ + ia/γ_5 − m^∗_N )N and (v_μ, a_μ) = (ξ∂_μξ^† ± ξ^†∂_μξ)/2, and m^∗_N = g⟨σ⟩. In this representation, the in-medium ππ amplitude in the tree level reads A(s) = s − m^2_π ⟨σ⟩^2 − (s − m^2_π)^2 ⟨σ⟩^2 1 s − m^{∗2}_σ . (6)

The first term in (6) comes from the contact 4π coupling generated by the expansion of the second line in (5) with the coefficient proportional to 1/⟨σ⟩^2. On the other hand, the second term in (6) is from the contribution of the scalar meson S in the s-channel. Fig.2 shows a unitarized in-medium ππ cross section only with the first term in (6), i.e., what is given by the non-linear realization. One sees a clear enhancement of the cross section near the threshold or a softening as chiral symmetry is restored. Although there is no explicit σ-degrees of freedom in this heavy σ approximation, there arises a decrease of the pion decay constant f^∗_π in nuclear medium. This is due to a new vertex, i.e., 4πN-N vertex absent in the free space; see Fig. 3. The vertex is responsible for the reduction of f^∗_π and hence for the spectral enhancement.

5 Possible experimental evidence

Interestingly enough, CHAOS collaboration [41] had measured the π^+π^± invariant mass distribution M^A_π+_π± in the reaction A(π^+, π^+π^±)X with the mass number A ranging from 2 to 208: They observed that the yield for M^A_π+_π− near the 2m_π threshold is close to zero for A = 2, but increases dramatically with increasing A. They identified that the π^+π^− pairs in this range of M^A_π+_π− is in the I = J = 0 state. The A dependence of the the invariant mass distribution presented in [41] near 2m_π threshold has a close resemblance to our model calculation in Fig.1, which suggests that this experiment may already provide a hint about how the partial restoration of chiral symmetry manifest itself at finite density.

In fact, a state of the art calculation based on the conventional many-body theoretical approach without incorporating the effect of the vacuum change was performed[44]; unfortunately, they all failed in reproducing the sufficient enhancement in the near-threshold region consistently with the other energy region. Once the effect of partial chiral restoration in nuclei is incorporated to the conventional approach[43], as suggested in [39], the agreement of the theory and experiment was remarkable. This is encouraging.

To confirm the threshold enhancement, first of all, more experimental work should be done. Measurement of 2π^0 and 2γ in experiments with hadron/photon beams off the heavy nuclear targets should be done, which is free from the ρ meson meson background inherent in the π^+π^− measurement. Such an experiment was in fact performed by the Crystal Ball(CB) [45] collaboration at BNL: They claimed that there is no threshold enhancement that was seen in the CHAOS experiment. A reexamination of the data by the CB group has been done by the CHAOS group[46], and emphasized the importance of the combined ratio

C^A_{ππ} (M_{ππ} ) = σ^A(M_{ππ} )/σ^A_T σ^N(M_{ππ} )/σ^N_T

, (7)

where σ^A_T (σ^A_T ) is the measured total cross section of the π2π process in nuclei (nucleon): This ratio yields the net effect of nuclear matter on the interacting (ππ)_{I=J=0} system. They have shown that the combined ratio grows near the 2m_π threshold consistently in the two experiments, although the statistics in the CB data is poorer.

Measuring of 2 γ’s from the electro-magnetic decay of the σ or (ππ)_{I=J=0} in nuclear matter may be interesting because of the small final state interactions, although the branching ratio is small. One needs also to fight with large background of photons mainly coming from π^0s. Nevertheless, if the enhancement is prominent, there is a chance to find the signal. When σ has a finite three momentum, one can detect dileptons through the scalar-vector mixing in matter: σ → γ^∗ → e^+e^−. The inverse process can be also used to produce the σ or (ππ)_{I=J=0} system by the electro-magnetic probes owing to the scalar-vector mixing in the finite density system where the charge conjugation symmetry is violated. Such an experiment has been planned and being performed in SPRING8[47]. We remark that (d, 3He) or (d,^3He) reactions is also useful to explore the spectral enhancement because of the large incident flux. as in the production of the deeply bound pionic atoms and the possible production of η- or ω- mesic nuclei[48]. The incident kinetic energy E of the deuteron in the laboratory system is estimated to be 1.1GeV < E < 10 GeV, to cover the spectral function in the range 2m_π < ω < 750 MeV. A theoretical evaluation of the feasibility of such experiments is now in progress[49].

6 Other possible evidence of partial chiral restoration in nuclear matter

It is interesting that there are other possible experimental evidences for partial chiral restoration in nuclear matter than the chiral fluctuations in the sigma meson channel discussed so far. The spectral function deduced from the lepton pairs from the heavy ion collisions shows a softening, which might be an evidence for the partial chiral restoration in nuclear medium[50]: Pisarski[11] was the first who suggested that a decrease of the rho meson mass may be a signature of the chiral restoration in hot hadronic matter. Brown and Rho[15] conjectured also the decrease of the vector meson masses in association with the chiral restoration on the basis of a scaling argument (the so called Brown-Rho scaling). Hatsuda and Lee[20] discussed the vector meson properties using the QCD sum rules. A KEK experiment also shows the softening of the spectral function in the ρ/ω channel in heavy nuclei such as Gold[51]. The deeply bound pionic atom has proved to be a good probe of the properties of the hadronic interaction deep inside of heavy nuclei. Yamazaki[52] suggested that the anomalous energy shift of the pionic atoms (pionic nuclei) owing to the strong interaction could be attributed to the decrease of the effective pion decay constant f^∗_π (ρ) at finite density ρ which may imply that the chiral symmetry is partially restored deep inside of nuclei.

7 Summary and concluding remarks

1. The hadron spectroscopy must be a condensed matter physics of the QCD vacuum, because hadrons are elementary excitations on top of the nontrivial QCD vacuum.

2. The σ meson as the quantum fluctuation of the order parameter of the chiral transition may account for various phenomena in hadron physics which otherwise remain mysterious.

3. There have been accumulation of experimental evidence of the σ pole in the pi-pi scattering matrix. Here it has been noticed that the chiral symmetry, analyticity and crossing symmetry are all important.

4. Partial restoration of chiral symmetry in hot and dense medium leads to a peculiar enhancement in the spectral function in the σ channel near the 2m_π threshold.

5. The enhancement is obtained both in the linear and nonlinear realization of chiral symmetry provided that the possible reduction of the quark condensate or f_π is taken into account.

6. Such an enhancement has been observed in the reaction A(π^+, (π^+π^−)_{I=J=0})A’ by CHAOS group, which might possibly be an experimental evidence of the partial restoration of chiral symmetry in heavy nuclei.

7. It seems that there is no serious contradiction between the CHAOS data π^+π^− and the Crystal Ball data on 2π^0.

8. Further theoretical and experimental works are needed to confirm that chiral symmetry is partially restored in heavy nuclei.

9. There are other possible experimental evidences which show a partial restoration in dense nuclear matter.

Acknowledgments I thank the organizers of this symposium for inviting me to the symposium. Most of this report is based on the works done in collaboration with T. Hatsuda, D. Jido and H. Shimizu, to whom I am grateful. This work is partially supported by the Grants-in-Aid of the Japanese Ministry of Education, Science and Culture (No. 12640263 and 12640296).

References

[1] Y. Nambu, Phys. Rev. Lett. 4, 380 (1960); Y. Nambu and G. Jona-Lasinio, Phys. Rev.

122, 345 (1961) , ibid 124, 246 (1961).

[2] Y. Nambu, Phys. Rev. 117, 648 (1960).

[3] F. Karsch, hep-lat/0106019; Z. Fodor and S. D. Katz hep-lat/0106002.

[4] G. A. Christos, Phys. Rep. 116, 219; G. ’t Hooft, ibid, 142, 357 (1986); S. Weinberg, THE QUANTUM THEORY OF FIELDS. VOL. 2: MODERN APPLICATIONS, (Cambridge Univ. Press, 1996).

[5] J. J. Sakurai, Phys. Rev. Lett. 22, 981 (1969).

[6] M. Bando, T. Kugo, S. Uehara, K. Yamawaki and T. Yanagida, Phys. Rev. Lett. 54, 1215 (1985); M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164,217 (1988). See also, H. Georgi, Phys.Rev.Lett. 63, 1917 (1989); Nucl.Phys. B331, 311 (1990).

[7] See for example, S. Okubo, Prog. Theor. Phys. Suppl. 63, 1 (1978); H. Lipkin, Int. J.

Mod. Phys. E1, 603 (1992).

[8] T. Hatsuda and T. Kunihiro, Phys. Rep. 247, 221(1994).

[9] K. Rajagopal and F. Wilczek, to appear as Chapter 35 in the Festschrift in honor of B.L. Ioffe, ’At the Frontier of Particle Physics / Handbook of QCD’, M. Shifman, ed., (World Scientific); hep-ph/0011333.

[10] A. De Rujula, H. Georgi and S. L. Glashow, Phys. Rev. D12 (1975) 149. N. Isgur and G. Karl, Phys. Rev. D18 (1978) 4187; ibid., D19 (1979) 2653. F. E. Close, An Introduction to Quarks and Partons, (Academic Press, London, 1979). T. Barnes, the summary talk of this conference, these proceedings.

[11] R. D. Pisarski, Phys.Lett. B110,155 (1982).

[12] T. Hatsuda and T. Kunihiro, Phys. Lett. B145, 7 (1984).

[13] T. Hatsuda and T. Kunihiro , Prog. Theor. Phys. 74, 765 (1985); Phys. Rev. Lett., 158 55.

[14] T. Hashimoto, K. Hirose, T. Kanki and O. Miyamura, Phys. Rev. Lett. 57, 2123 (1986).

[15] G. E. Brown and M. Rho, Phys. Rev. Lett. 66, 2720 (1991). [16] G. E. Brown and M. Rho, Phys.Rep. 269,333 (1996); hep-ph/0103102. [17] R. D. Pisarski and F. Wilczek, Phys. Rev. D29,338 (1984). [18] T. Kunihiro, Phys. Lett. B219,363 (1989).

[19] V. Bernard, Ulf G. Meissner, I. Zahed, Phys. Rev. Lett. 59, 966 (1987). [20] T. Hatsuda and S.-H. Lee, Phys. Rev. C46,34 (1992); T. Hatsuda, Y. Koike and S.-H.

Lee, Nucl. Phys. B394, 221 (1993).

[21] T. Matsui and H. Satz, Phys. Lett. B178, 416 (1986). [22] V. Elias and M. D. Scadron, Phys. Rev. Lett. 53, 1129 (1984).

[23] T. Kunihiro, Prog. Theor. Phys. Supple. 120, 75 (1995); nucl-th/0006035;

nucl-th/9604019; hep-ph/9905262.

[24] See for example, T. Kunihiro, hep-ph/0009116, contained in [25]. [25] The proceedings of Workshop at Yukawa Institute for Theoretical Physics, “Possible Existence of the σ-meson and Its Implications to Hadron Physics”, KEK Proceedings 2000-4, (December, 2000), ed. by S. Ishida et al.

[26] N. A. Törnqvist and M. Roos, Phys. Rev. Lett. 76, 1575 (1996);

M. Harada, F. Sannino and J. Schechter, Phys. Rev. D54, 1991 (1996); S. Ishida et al., Prog. Theor. Phys.98, 1005 (1997); J. A. Oller, E. Oset and J. R. Peláez, Phys. Rev. Lett. 80, 3452 (1998); K. Igi and K. Hikasa, Phys. Rev. D59, 034005 (1999); G. Colangelo, J. Gasser, H. Leutwyler, Nucl. Phys. B603,125 (2001); Z. Xiao and H. Zheng, Nucl. Phys. A695,273 (2001). See also other contributions to these proceedings.

[27] K. Igi and K. Hikasa, Phys. Rev. D59, 034005 (1999); J. A. Oller, E. Oset and J. R.

Peláez, Phys. Rev. Lett. 80, 3452 (1998); G. Colangelo, J. Gasser, H. Leutwyler, Nucl. Phys. B603,125 (2001);Ż. Xiao and H. Zheng, Nucl. Phys. A695,273 (2001).

[28] J. Gasser and H. Leutwyler, Nucl. Phys. B250, 465 (1985).

[29] E. P. Shabalin, Sov. J. Nucl. Phys. 48,172 (1988); , T. Morozumi, C. S. Lim and A. I.

Sanda, Phys. Rev. Lett. 65, 404 (1990).

[30] Prog. Theor. Phys. Suppl. 39 (1967); K. Holinde, Phys. Rep. 68(1981), 121; G. E.

Brown, in “Mesons in Nuclei”, ed by M. Rho and D. Wilkinson (North Holland, 1979), p. 329; J. W. Durso, A. D. Jackson and B. J. Verwest, Nucl. Phys. A345(1980), 471; K. Machleidt, R. Holinde and Ch. Elster, Phys. Rev. 149 (1987) 1.

[31] R. L. Jaffe and C. L. Korpa, Comm. Nucl. Part. Phys. 17 (1987) 163; J. Gasser, H.

Leutwyler and M. E. Sainio, Phys. Lett. 253 (1991), 252.

[32] T. Kunihiro and T. Hatsuda , Phys. Lett. B240 (1990) 209; T. Hatsuda and T.

Kunihiro , Nucl. Phys. B387 (1992), 715.

[33] See e.g., P. W. Anderson, Basic Notion of Condensed Matter Physics (Benjamin, California, 1984).

[34] C. DeTar, in Quark Gluon Plasma 2 ed. by R.C. Hwa (World Scientific 1995); QCD- TARO Collaboration, Nucl. Phys. B83 Proc.Suppl.,411 (2000).

[35] T. Hatsuda and T. Kunihiro , Phys. Lett. B185, 304 (1987).

[36] T. Kunihiro, invited talk presented at Japan-China joint symposium, “ Recent Topics on Nuclear Physics”, Tokyo Institute of Technology, 30 Nov - 3 Dec, 1992, (nucl-th/0006035).

[37] B. D. Serot and J. D. Walecka, Adv. Nucl. Phys. 16, 1 (1986); H. A. Weldon, Phys.

Lett. B274, 133 (1992); T. Kunihiro, Phys. Lett. B271, 395 (1991). [38] S. Chiku and T. Hatsuda, Phys. Rev. D58, 076001 (1998); M. K. Volkov, E. A. Kuraev, D. Blaschke, G. Roepke and S. M. Schmidt, Phys. Lett. B424, 235 (1998).

[39] T. Hatsuda, T. Kunihiro and H. Shimizu, Phys. Rev. Lett. 82, 2840 (1999). [40] D. Jido , T. Hatsuda and T. Kunihiro, Phys.Rev. D63,011901 (2000). [41] F. Bonutti et al. (CHAOS Collaboration), Phys. Rev. Lett. 77, 603 (1996); Nucl. Phys.

A677, (2000), 213. The experminet was motivated to explore the possible strong pi-pi correlations in the nuclear medium[42].

[42] P. Schuck, W. Norönberg and G. Chanfray, Z. Phys. A330, 119(1988); G. Chanfray, Z. Aouissat, P. Schuck and W. Nörenberg, Phys. Lett. B256, 325 (1991). Z. Aouissat, R. Rapp, G. Chanfray, P. Schuck and J. Wambach, Nucl. Phys. A581, 471 (1995); R. Rapp, J. W. Durso and J. Wambach, Nucl. Phys. A596, 436 (1996).

[43] Z. Aouissat, G. Chanfray, P. Schuck and J. Wambach, Phys. Rev. C61, 012202 (2000);

D. Davesne, Y. J. Zhang and G. Chanfray, Phys. Rev. C62, 024604(2000). [44] R. Rapp et al, Phys. Rev. C 59, R1237 (1999); M. J. Vicente-Vacas and E. Oset, Phys.

Rev. C60, 064621 (1999).

[45] A. Starostin et al, Phys. Rev. Lett. 85, 5539 (2000). [46] P. Camerini et al, nucl-ex/0109007. [47] H. Shimizu, these proceedings.

[48] R.S. Hayano, S. Hirenzaki and A. Gillitzer, Eur. Phys. J. A6,99 (1999). [49] S. Hirenzaki, T. Hatsuda, K. Kume, T. Kunihiro, H. Nagahiro, Y. Okumura, E. Oset, A.

Ramos, H. Toki, Y.Umemoto Nucl.Phys. A663, 553 (2000); S. Hirenzaki, H. Nagahiro, T. Hatsuda and T. Kunihiro, in preparation.

[50] CERES Collaboration, Phys. Rev. Lett. 75, 1272 (1995); Phys. Lett. B422, 405 (1998);

Nucl. Phys. A638, 159c, (1998).

[51] E325 Collaboration (K. Ozawa et al.), Phys.Rev.Lett. 86, 5019 (2001). [52] T. Yamazaki et al, Phys.Lett. B418, 246 (1998); K. Itahashi et al, Phys. Rev. C62, 025202 (2000).