nucl-th/9903034 12 Mar 1999

Particle Mixing and Charge Asymmetric ΛN Forces

S. A. Coon, H. K. Han Physics Department, New Mexico State University, Las Cruces, NM 88003, USA

J. Carlson, B. F. Gibson Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA We calculate the contributions of a particular set of charge asymmetric ΛN interactions to the difference of the separation energies of 4ΛHe and 4ΛH. We use perturbation theory with four-body variational Monte Carlo wave functions calculated from a Hamiltonian with two- and three-hadron forces. We compare with the data and with an earlier calculation made by one of us which employed a two-body wave function of the Λ-nucleus type.

1 Introduction

Dalitz and Von Hippel (DvH)^1 applied the Coleman-Glashow analysis of electromagnetic mass splittings^2 to the charge asymmetry (CA) of the ΛN interaction, long before the acceptance of ρ^0ω mixing as a major contribution to nuclear charge asymmetry^{3,4} . Recently the dominant role of meson mixing in the CA N N interaction has been questioned^5, but this issue is not yet finally settled^{4,6}. We reexamine particle mixing as a mechanism for charge asymmetry in the ΛN interaction. In this contribution, we adopt the single meson exchange charge asymmetric potentials^7 based upon the Coleman-Glashow SU (2) breaking tadpole mechanism^2. They include the DvH potential of onepion exchange range allowed by Σ^0 − Λ mixing, the concomitant rho-exchange potential, and ΛN potentials from ρ^0ωϕ and π^0ηη^′ mixing.

2 Charge asymmetry in^4_ΛHe and^4_ΛH

The strongest experimental evidence for a violation of charge symmetry lies in the Λ-separation energies B_Λ of the four-body mirror hypernuclei^4_ΛHe and 4 ΛH. The separation energy of the Λ in a hypernucleus is defined as

B_Λ = M (^{A−1}Z) + M_Λ − M (^A_Λ Z) , (1)

where M (^{A−1}Z), M_Λ, and M (^A_Λ Z) are the masses of the core nucleus, hyperon, and hypernucleus, respectively. We write B_Λ as the difference of the total energies of the hypernucleus and core nucleus (E(^3H) ≈ −8.48 MeV, for example) B_Λ = −[E(^A_Λ Z) − E(^{A−1}Z)] . (2)

From Eq. (2) it is clear that the separation energies of Λ’s in mirror hypernuclei will be equal if the ΛN force is charge symmetric and if the Λ-particle does not distort the core nucleus. The presence of a bound Λ-particle tends to compress the core nucleus, thus increasing the Coulomb repulsion of^4_ΛHe, which in turn decreases the value of B_Λ(^4_ΛHe). Therefore, the Coulomb effect from the distortion of the core is negative, and can be calculated to first order as ΔB^C_Λ = −ΔE^C_Λ where ΔE^C_Λ = E_C(^4_ΛHe) − E_C(^3He). It has been estimated to be about -20 keV, by analogy with the core compression suggested by empirical evidence on the Coulomb energies of^3He and (the compressed by one more neutron)^4He^8. Experimentally,

ΔB^{exp}_Λ = B_Λ(^4_ΛHe) − B_Λ(^4_ΛH) = +350 ± 50 keV, (3)

from the ground state separation energies 2.39 ± 0.03 MeV and 2.04 ± 0.04 MeV^9. The theoretical ΔB_Λ to be attributed to charge asymmetry (ΔB_Λ = ΔB^{exp}_Λ − ΔB^C_Λ ) is then slightly greater than ΔB^{exp}_Λ . A second measure of charge asymmetry is provided by observations^{10} of the M1 γ-rays from the first excited states:

ΔB^{∗exp}_Λ ≈ +230 keV, (4)

The excited states have J^π = 1^+ instead of the J^π = 0^+ assignment of the ground states, and the different four-body states contain significantly different mixtures of the spin-singlet and spin-triplet ΛN interaction^{11}. In a simple model, the excited state is characterized by a spin-flip of the Λ from its ground state configuration. In any model, the two measures of charge asymmetry in Eqs. (3) and (4) (increased slightly by the calculated ΔB^C_Λ ) can be compared with the predictions of theoretical charge asymmetric ΛN potentials.

3 Variational Monte-Carlo calculations

Early perturbative estimates^{1,7} of the effects of CA relied on a two-body wave function obtained from a folding model of the Λ nucleus interaction. Such a two-body calculation has been shown to differ from an exact four-body calculation^{12}. Therefore we employ a variational Monte Carlo method developed for accurate numerical calculations of light nuclei^{13}. The two-hadron potentials have been adapted to this calculational scheme (extended^{11} to the four hadron bound state in which one hadron could be a Λ). The “Urbana-type potentials”, suited to this variational approach, take the form of a sum of operators multiplied by functions of the interparticle distance. We use the original (charge symmetric) Reid soft core nucleon-nucleon potential in the form of the Urbana-type Reid v_8 potential^{14}. The charge symmetric ΛN potential is a spin dependent potential of the Urbana type^{15,16}. To achieve a good description of the core nuclei^3H and^3He, we employ two-parameter three-nucleon forces of a similar Urbana type, introduced in Ref. 12. The Reid v_8 is a simplified (the sum of operators is truncated from a possible 18 to 8 operators) N N force model which is equivalent to the original Reid soft core nucleon-nucleon potential in the lower partial waves and can produce the dominant correlations in s-shell nuclei. In a similar fashion, the Urbana N N N potentials feature a short range repulsion of purely central character plus only those operators corresponding to two-pion exchange which produce significant contributions to the binding energies of s-shell nuclei. It has been demonstrated that one can obtain a quantitatively satisfactory description of the core nuclei^3H and 3He with such a model. Even though the set of N N N operators has been truncated, a need to include the additional operators of the two-pion-exchange NNN interaction^{13,17} or of other theoretical N N N potentials has not been compelling. Therefore, the combination of two and three hadron potentials utilized in this study provide a convenient means of obtaining accurate fourhadron wave functions for the purpose of perturbative estimates of the effects of charge asymmetric ΛN potentials in the four-body mirror hypernuclei^4_ΛHe and^4_ΛH. To this end, we also include a ΛN N interaction, again of the Urbana type^{18}.

Variational calculations with the above charge symmetric potentials give a satisfactory description of the non-strange core nuclei. In Table 1, we average, over^4_ΛHe and^4_ΛH hypernuclei, the ground state ⟨^4_Λ⟩ and first excited state ⟨^4_Λ(∗)⟩ energies to suggest that the variational wave functions should be adequate for perturbation theory. Note the reasonable description of the ≈ 1 MeV spacing

Table 1: Calculated total energies in MeV with charge symmetric potentials.

E(exp) E(model) 3H -8.48 -8.27 3He -7.72 -7.63 4He -28.30 -28.39 ⟨^4_Λ⟩ -10.32 -9.77 ⟨^4_Λ(∗)⟩ -9.20 -8.58

between the (averaged) ground state and the spin-flip excited state given by our chosen interactions. These energies were obtained with the Urbana IX N N N potential, the latest in a series of phenomenological N N N interactions^{19}.

The predicted Coulomb energy of^3He is 644 keV, exactly what would be expected from the measured charge form factors of^3He and^3H^{8,20}, indicating that our charge symmetric Hamiltonian provides a good description of the charge radii of the two core nuclei. The Coulomb contribution, ΔB^C_Λ , to ΔB^{exp}_Λ of Eq. (3) is -42 keV, a little more than the estimate of Ref. [8], but consistent with an earlier variational study^{16}. From our calculations, the Coulomb contribution to the excited state ΔB^{∗exp}_Λ of Eq. (4) is -28 keV. Both estimates are obtained by subtracting two numbers, each with its Monte Carlo uncertainties, so they should be taken as indicative rather than definitive. Still, it is clear that the ΔB_Λ to be attributed to charge asymmetry (ΔB_Λ = ΔB^{exp}_Λ − ΔB^C_Λ ) is positive for both the ground and excited states and the Coulomb corrections to the experimental values are small.

4 Particle mixing and ΔB_Λ

In this contribution, we wish to demonstrate the change in ΔB_Λ (calculated as a first order perturbation of the charge asymmetric potential) as one upgrades a plausible Λ-plus-core nucleus model^{1,7} to a four-body model obtained variationally from plausible potentials. The variational parameters of the Λplus-core-nucleus model (labelled 2-body in Table 2 below) were fit to the (averaged) charge radii of the core nuclei and to the total energy of^4_ΛH (for details see Eqs. (46-48) of Ref. 7) Thus the long range aspects of the two-body wave function were determined about as well as those of the variational Monte Carlo wave function of the previous section (labelled 4-body in Table 2 below). The short range correlations of the two-body wave function were simulated by a correlation function which was zero inside a “hard-core” radius of 0.4 fm and unity elsewhere. In the present 4-body wave function the two- and three-body correlations are determined variationally by the short range behaviour of the two- and three-body potentials.

We fix the mixing constants and coupling constants of the charge asymmetric potentials of Ref. 7 at the values determined in 1979, even though our knowledge of these numbers has evolved over the last twenty years. These published potentials have central, spin-spin and tensor operators, but the 2-body wave function used there had only S-wave components. So we evaluate only the central and spin-spin operators with the present 4-body wave function. The results are compared in Table 2.

We note that the simple 2-body Λ-plus-core-nucleus model might be adequate for evaluation of the long range charge asymmetric force allowed by the Σ^0Λ transition, but the potentials of shorter range are badly served by this model. The effect of the previously dominant single ρ-exchange potential is especially lowered by the 4-body evaluation.

Now we turn to a confrontation of Table 2 with the experimental values of Eqs. (3) and (4). These particle mixing potentials do not explain the large charge asymmetric effect in the s-shell hypernuclei. In particular they appear

Table 2: Contributions in keV to ΔBΛ from the potentials due to particle mixing

J^π = 0^+ J^π = 1^+

4-body 2-body 4-body 2-body

ΔB^{ΣΛ}_π�_{exchange} 45 59 -11 -20 ΔB^{ΣΛ}_ρ�_{exchange} 75 112 -11 -52 ΔB^{πη} -7 -18 1 6 ΔB^{ρω} -14 22 -10 23 ΔB^{ρϕ} -8 -1 -2 7

Total (ΔBΛ) 91 174 -33 -36

to have a spin dependence quite different from experiment.

One effect left out of this calculation is a possible contribution^{21} of small D-components of the hypernuclear wave function which have a strong coupling to the dominant S-components through the tensor operator of the charge asymmetric V^{ΣΛ}_{π−exchange}, V^{ΣΛ}_{ρ−exchange},and V^{πη} . Our charge symmetric ΛN was assumed to be central for this first four-body calculation and therefore cannot create such D-components. We hope to report,in a future publication, calculations with a more general charge symmetric ΛN interaction and an update of the Coleman-Glashow mixing and of the coupling constants of the charge asymmetric ΛN interaction.

For the present, we are left with a larger charge asymmetry to explain in the ΛN interaction than in the N N interaction. The model charge asymmetry based on particle mixing, which works extremely well in the N N interaction, appears to be inadequate to explain all the charge asymmetry in hypernuclei. These facts once again emphasize that hypernuclear physics is not simply nuclear physics with the word “hyper” added. There are new surprises and new mysteries in strange nuclear systems.

Acknowledgments

The work of JAC and BFG was supported by the U. S. Department of Energy. The work of SAC was supported in part by NSF grant No. PHY-9722122. This work was done while HKH was a visitor at Los Alamos National Laboratory and NMSU, supported in part by the U. S. Department of Energy, National Science Foundation, and the Korean Scientific and Engineering Foundation.

References

1. R. H. Dalitz and F. von Hippel, Phys Lett. 10, 153(1964) 2. S. Coleman and S. Glashow, Phys. Rev. Lett. 6, 423 (1961); Phys. Rev.

134, B671 (1964).

3. S. A. Coon and R. C. Barrett, Phys. Rev. C36, 2189 (1987). 4. G. A. Miller and W. T. H. van Oers, in Symmetries and Fundamental Interactions in Nuclei, W. Haxton and E. M. Henley, eds. (World Scientific, Singapore, 1995).

5. T. Goldman, J. A. Henderson, and A. W. Thomas, Few-Body Systems 12 (1992) 123.

6. S. A. Coon, B. H. J. McKellar, and A. A. Rawlinson, Intersections between Particle and Nuclear Physics, ed. T. W. Donnely, AIP Conf. Proc. 412(AIP, New York, 1997) p 368.

7. S. A. Coon and P. C. McNamee, Nucl. Phys. A322, 267 (1979). 8. J. L. Friar and B. F. Gibson, Phys. Rev. C18, 908 (1978). 9. D. H. Davis, in Proc. of LAMPF Workshop on (π, K) Physics, AIP Conf.

Proc. 224, ed. by B. F. Gibson, W. R. Gibbs, and M. B. Johnson, (AIP, New York,1990) p. 38.

10. M. Bedjidian, et. al, Phys. Lett. 83B, 252 (1979).

11. J. Carlson, in Proc. of LAMPF Workshop on (π, K) Physics, AIP Conf.

Proc. 224, ed. by B. F. Gibson, W. R. Gibbs, and M. B. Johnson, (AIP, New York,1990) p. 198.

12. B. F. Gibson and D. R. Lehman, Phys. Rev C23, 573 (1981). 13. J. Carlson, V. R. Pandharipande, and R. B. Wiringa, Nucl. Phys. A 401, 59(1983).

14. R. B. Wiringa and V. R. Pandharipande, Nucl. Phys. A 317, 1 (1979). 15. A. R. Bodmer and Q. N. Usmani, Nuclear Physics A 477, 621 (1988). 16. A. R. Bodmer and Q. N. Usmani, Phys. Rev. C31, 1400 (1985). 17. J. L. Friar, D. Hüber, and U. van Kolck, “Chiral Symmetry and Three- Nucleon Forces”, nucl-th/9809065.

18. A. A. Usmani, Phys. Rev. C 52, 1773 (1995).

19. The parameters of the Urbana VII and IX N N N forces can be found, for example, in B. S. Pudliner, V. R. Pandharipande, J. Carlson, S. C. Pieper, and R. B. Wiringa, Phys. Rev C56, 1720 (1997).

20. R. A. Brandenburg, S. A. Coon, and P. U. Sauer, Nucl. Phys. A294, 305 (1978).

21. R. H. Dalitz, Oxford University preprint, 40/78.