arXiv:0911.4406v1 [nucl-th] 23 Nov 2009

Λ(1405)N → YN transition in nuclear medium for non-mesonic absorption of K̄ in nucleus

T. Sekihara^a, D. Jido^b, Y. Kanada-En’yo^b

aDepartment of Physics, Kyoto University, Kyoto 606-8502, Japan bYukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

Abstract

Non-mesonic transition of Λ(1405)N → YN is investigated as one of the essential processes for the non-mesonic absorption of K̄ in nuclei. Using one-meson exchange model in the calculation of the transition, we find that the non-mesonic transition ratio Γ_{ΛN} /Γ_{ΣN} depends strongly on the ratio of the Λ(1405) (Λ^∗) couplings to K̄N and πΣ. Especially a larger Λ^∗-K̄N coupling leads to enhancement of the transition to ΛN. Using the chiral unitary model for the description of the Λ^∗, we obtain Γ_{ΛN} /Γ_Σ0_N ≈ 1.2 which is almost independent of the nucleon density, and find the total non-mesonic decay width of the Λ^∗ in uniform nuclear matter to be 22 MeV at the normal density.

Key words: Non-mesonic decay, kaonic nuclei; Λ(1405) doorway; Chiral unitary approach PACS: 21.85.+d, 14.20.Jn, 13.75.Jz, 13.30.Eg

1. Introduction

The study of the in-medium properties of anti-kaon (K̄) has attracted continuous attention [1]. K̄ has been theoretically expected to be bound by nuclear systems due to attractive strong interaction between K̄ and nucleon N [2]. These K̄-nuclear bound systems assisted mainly by the strong interaction, which are so-called kaonic nuclei, have at least two important aspects; the kaonic nuclei are strongly interacting exotic many-body systems, and they provide favorable sysmets for the studies of the K̄ properties at finite density. However, in spite of experimental efforts to search for the K̄-nuclear bound systems [3], there are no clear evidences observed yet.

In order to understand the K̄-nucleus systems, it is important to investigate theoretically the decay mechanism of the kaonic nuclei, or the absorption process of the K̄ into nuclei. Especially the decay (absorption) ratios of various modes and explicit numbers of the decay (absorption) widths are key quantities for the K̄-nucleus systems. The decay of the kaonic nuclei in strong interactions can be categorized into two processes; one is the mesonic process such as K̄N → πY, and the other is the non-mesonic process such as K̄NN → YN, where Y denotes hyperon (Λ or Σ). The non-mesonic decays have advantage in experimental observations, since signals from kaonic nuclei are readily distinguished from backgrounds and no extra mesons do not have to be detected. Therefore, systematic studies of the non-mesonic decay of the kaonic nuclei are desirable. Especially the ratios of the decay widths are interesting, since they will be insensitive to details of the production mechanism.

The absorption of the K̄ in nuclei may take place dominantly through the Λ(1405) (Λ^∗) resonance, owning to the presence of the Λ^∗ just below the K̄N threshold. Namely the Λ^∗ can

Preprint submitted to Nuclear Physics A November 23, 2009

ΛN1 ΛN2 ΣN1 ΣN2

Figure 1: Feynman diagrams for the Λ^∗ N → YN transition in the one-meson exchange model. The left two diagrams are for the ΛN final state and the right two are for the ΣN state.

be a doorway of the K̄ absorptions in nuclei. The Λ^∗ doorway picture is more probable, in case that the Λ^∗ is a quasi-bound state of K̄N [4, 5], which has large K̄N components as almost real particles. Therefore the strong K̄N correlations are expected to be responsible for the Λ^∗-induced decays of the K̄ in nuclei. Motivated by the Λ^∗ doorway picture, we study the non-mesonic transition of Λ^∗ N → YN (Λ^∗ p → Λp, Σ^0 p, Σ^+n and Λ^∗n → Λn, Σ^0n, Σ^− p) in uniform nuclear matter with a one-meson exchange approach.

2. Λ(1405) doorway process for the non-mesonic decay in kaonic nuclei

Now let us define the transition rate of the Λ^∗N → YN process by the transition probability divided by time T as,

γ_{YN} ≡ 1 T 1 V^2 1 4 � spin � dΦ_2|S − 1|^2 = 1 V 1 4 � spin � dΦ_2|T_{YN} |^2(2π)^4δ^4(P_Λ∗ + P_{in} − P_N − P_Y ), (1)

with the S -matrix S for the transition process given by the transition amplitudes T_{YN} as S = 1 − i(2π)^4δ^4(P_Λ∗ + P_{in} − P_N − P_Y )T_{YN} . V is volume of the system, and dΦ_2 is the phase-space for the final state. The transition rate depends on the center-of-mass energy E_{c.m.}, equivalently the initial nucleon momentum. Summing up the Λ^∗ N → YN transition rate in terms of the initial nucleon states, we can estimate the non-mesonic decay width of the Λ^∗ in nuclear medium as a function of the nucleon density. The factor 1/V in the last form of Eq. (1) is responsible for the fact that only one N exists in the initial state in the volume V.

We evaluate the transition amplitudes T_{YN} with one-meson exchange diagrams shown in Fig. 1. The each diagram is composed of three parts: the s-wave Λ^∗ MB coupling G_{MB}, the meson propagator including short-range correlation Π̃(q^2) [7, 8], and the p-wave MBB coupling V_{MBB}, which is determined by the flavor SU(3) symmetry. The explicit form is given in Ref. [6].

Among the three parts for the transition, only the s-wave Λ^∗ MB coupling constants G_{MB} are the model parameters, which are determined by the properties of the Λ^∗. Therefore, in order to study the non-mesonic decay pattern in the Λ^∗ doorway, let us discuss the G_{MB} coupling dependence of the ratio of the transition rates, γ_{ΛN} /γ_Σ0_N . With the conditions that G_{ηΛ} = 0, the initial nucleon momentum p_{in} = 0, and the Λ^∗ mass M_Λ∗ = 1420 MeV, we show the numerical result of the ratio of the transition rates, γ_{ΛN} /γ_Σ0_N as a function of G¯_{KN} /G_{πΣ} in Fig. 2, in which we assume G¯_{KN} /G_{πΣ} to be a real number. As seen in the figure, the ratio γ_{ΛN} /γ_Σ0_N has strong dependence on the coupling ratio G¯_{KN} /G_{πΣ}. This is because the transition to ΛN is governed by the K̄ exchange and the transition to ΣN is dominated by the π exchange due to the coupling V_{MBB} strength. This result suggests that larger Λ^∗K̄N coupling leads to enhancement of the decay ratio to ΛN in the kaonic nuclei, although the Λ^∗ in vacuum cannot decay into final states including Λ. 2

Figure 2: Ratio of the transition rates of Λ^∗ N to ΛN and Σ^0 N, γ_{ΛN} /γ_Σ0_N , as a function of G¯_{KN} /G_{πΣ}. We fix the initial nucleon momentum p_{in} = 0 and the Λ^∗ mass M_Λ∗ = 1420 MeV and assume G_{ηΛ} = 0.

Now we calculate the non-mesonic decay of the Λ^∗ in uniform nuclear matter induced by the Λ^∗ N → YN transition, under the free Fermi gas approximation for nuclear matter. We evaluate the non-mesonic decay width Γ_{YN} by summing up the transition rate γ_{YN} for the nucleons:

Γ_{YN} ≡

A_N�

i=1 γ_{YN} (k_i) =

�_{kFN} 0 dk k^2 π^2

V γ_{YN} (k), (2)

where A_N = k^3_{FN} /(3π^2) × V (N = p or n) is the numbers of the protons or neutrons in V.

Furthermore we fix the ratios of the Λ^∗ MB coupling constants from the s-wave K̄N(I = 0) → MB(particle-basis) scattering amplitudes t_{MB}(W) around the Λ^∗ resonance energy, as ratios of the t_{MB}(W). Here W is the center-of-mass energy chosen to be the Λ^∗ resonance position on the real energy axis. For the description of the K̄N scattering amplitudes t_{MB}(W), we use the chiral unitary approach (ChUA), which reproduces well the s-wave scattering amplitudes of K̄N → MB in the coupled-channels method based on chiral dynamics with dynamically generated Λ^∗ [9]. We use the parameter set in Ref. [10] and take W = M_Λ∗ = 1420 MeV, which is obtained by chiral unitary approach.

Fixing the ratios of the Λ^∗ coupling constants, G_{MB}, we plot the ratio of the non-mesonic decay widths of the in-medium K̄ to ΛN and Σ^0N as a function of the proton (or neutron) density

(a) (b)

Figure 3: (a) Non-mesonic decay width ratio of Λ^∗ in nuclei. (b) Non-mesonic decay width of Λ^∗ in nuclei. In both cases the Λ^∗ coupling constants are determined by the chiral unitary approach. 3 in Fig. 3(a). This figure shows that the ratio of the non-mesonic decay widths Γ_{ΛN} /Γ_Σ0_N is around 1.2 almost independently of the nucleon density. The density independence of the ratio of the decay widths is caused by sufficiently large phase-space in the final states.

We also obtain the absolute values of the non-mesonic decay widths of the Λ^∗ in nuclear matter. We use the couping constants of the Λ^∗ to K̄N, πΣ and ηΛ obtained by the chiral unitary approach, which gives the in-vacuum mesonic decay as Γ_Λ∗_{→πΣ} = 40 MeV with M_Λ∗ = 1420 MeV as observed in a K^− initiated channel [11, 12]. We show the non-mesonic decay widths in Fig. 3(b). The linear dependence of the decay widths is caused by the large phase-space in the final states. At the normal nuclear density (ρ_B = 0.17 fm^{−3}), the total non-mesonic decay width is 22 MeV, which is almost half of the mesonic decay width of Λ^∗ (∼ 40 MeV).

3. Conclusion

We have investigated the non-mesonic transition Λ^∗Y → YN in nuclear medium as one of the essential processes for the non-mesonic absorption of K̄ in nucleus. Calculating the Λ^∗N → YN transition rates in the one-meson exchange processes, we have found that the ratio of the Λ^∗ N transition rates to ΛN and ΣN strongly depends on the ratio of the Λ^∗ couplings, G¯_{KN} /G_{πΣ}. Especially, larger Λ^∗ couplings to K̄N lead to enhancement of the non-mesonic Λ^∗ decay with ΛN emission. Furthermore, describing the Λ^∗ properties by the chiral unitary approach, we have obtained the ratio of the non-mesonic decay widths to ΛN and Σ^0 N as Γ_{ΛN} /Γ_Σ0_N = 1.2 almost independently of the nucleon density. We have also estimated that the total non-mesonic decay width is 22 MeV at the saturation density. This study can be extend to the calculation of the absorption width of the K̄ in nuclear medium [13].

References

[1] C. J. Batty, E. Friedman and A. Gal, Phys. Rept. 287 (1997) 385; T. Waas and W. Weise, Nucl. Phys. A625 (1997) 287; A. Ramos and E. Oset, Nucl. Phys. A671 (2000) 481.

[2] T. Kishimoto, Phys. Rev. Lett. 83 (1999) 4701; E. Friedman and A. Gal, Phys. Lett. B 459 (1999) 43; Y. Akaishi and T. Yamazaki, Phys. Rev. C 65 (2002) 044005; E. Friedman and A. Gal, Phys. Rept. 452 (2007) 89.

[3] T. Kishimoto et al., Prog. Theor. Phys. Suppl. 149 (2003) 264; M. Agnello et al. [FINUDA Collaboration], Phys.

Rev. Lett. 94 (2005) 212303; T. Kishimoto et al., Nucl. Phys. A 754 (2005) 383; T. Suzuki et al., Nucl. Phys. A 754 (2005) 375.

[4] R. H. Dalitz, T. C. Wong and G. Rajasekaran, Phys. Rev. 153 (1967) 1617. [5] T. Hyodo, D. Jido and A. Hosaka, Phys. Rev. C 78 (2008) 025203. [6] T. Sekihara, D. Jido and Y. Kanada-En’yo, Phys. Rev. C 79 (2009) 062201. [7] E. Oset and W. Weise, Nucl. Phys. A 319 (1979) 477. [8] D. Jido, E. Oset and J. E. Palomar, Nucl. Phys. A 694 (2001) 525.

[9] N. Kaiser, P. B. Siegel and W. Weise, Nucl. Phys. A 594 (1995) 325; E. Oset and A. Ramos, Nucl. Phys. A 635 (1998) 99; E. Oset, A. Ramos and C. Bennhold, Phys. Lett. B 527 (2002) 99; D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725 (2003) 181.

[10] T. Sekihara, T. Hyodo and D. Jido, Phys. Lett. B 669 (2008) 133. [11] O. Braun et al., Nucl. Phys. B 129 (1977) 1.

[12] D. Jido, E. Oset and T. Sekihara, Eur. Phys. J. A 42 (2009) 257. [13] T. Sekihara, J. Yamagata-Sekihara, D. Jido and Y. Kanada-En’yo, in preparation.

4