arXiv:nucl-th/0301012 v2 13 Jan 2003

NT@UW-03-001

Nuclear Spin-Isospin Correlations, Parity Violation, and the f_π Problem

Gerald A. Miller Department of Physics University of Washington Seattle, WA 98195-1560 The strong interaction effects of isospin- and spin-dependent nucleon-nucleon correlations observed in many-body calculations are interpreted in terms of a one-pion exchange mechanism. Including such effects in computations of nuclear parity violating effects leads to enhancements of about 10%. A larger effect arises from the one-boson exchange nature of the parity non-conserving nucleon-nucleon interaction, which depends on both weak and strong meson-nucleon coupling constants. Using values of the latter that are constrained by nucleonnucleon phase shifts leads to enhancements of parity violation by factors close to two. Thus much of previously noticed discrepancies between weak coupling constants extracted from different experiments can be removed.

The problem of determining the parity-violating interaction between nucleons has drawn recent attention with measurements of the^{133}Cs anapole moment [1], the TRI- UMF measurement of proton-proton scattering [2] and the interactions of epithermal neutrons with heavy nuclei [3]. The parity non-conserving NN potential, V^{PNC}, of Desplanques, Donoghue and Holstein (DDH) [4], constructed so that the only unknown quantities are the weak meson-nucleon coupling constants, which govern the strength of the weak meson-nucleon vertex function, has been the standard tool to analyze these data because the parity-violating observables have been expressed as linear combinations of these, presumably fundamental, weak coupling constants. As explained in various reviews [5–9], a problem occurs because different values of the weak coupling constants are needed to describe different experiments. In particular, the^{133}Cs anapole moment requires a pion-nucleon weak coupling constant f_π that is larger than that predicted in Ref. [4], but the observation of circularly polarized γ rays in the decay of^{18}F data require a very small value for f_π . Furthermore, a recent analysis of heavy compound nuclei [10] finds parity violating effects that are larger (by factors ∼ 1.7 − 3) than those predicted using DDH potential.

We next explain why the results of nuclear structure calculations [11,12] cause us to examine the effects of spin-isospin, nucleon-nucleon, correlations on parity violation. Nuclear parity violating effects have been typically analyzed in terms of a parity-violating single nucleon shell model potential, constructed from the DDH potential using a Hartree-Fock approximation and RPA correlations (e.g. [5,10,13]). However, two-particle-two-hole correlations are known to be as vital elements of nuclear structure. The spin-independent effects of the short range correlations are often incorporated [5] using the Miller-Spencer correlation function [14], but this does not take into account all of the correlation effects [15,7].

In particular, recent variational studies of nuclear matter [11] and^{16}O [12] have demonstrated that spin-isospin correlations are very important. To be specific, consider two-nucleon pair correlation functions defined by the expectation values

ρ_Γ(r) = 1 4πr^2A ⟨Ψ| ∑ i<j δ(r − r_{ij} )Γ_{i,j} |Ψ⟩, (1) with r_{ij} = |r_i − r_j |, and Γ_{i,j} are various two-nucleon operators. For the central term Γ_c = 1. The work of Refs. [11,12] found that with Γ_{i,j} = τ_i · τ_j σ_i · σ_j , (Γ = στ ) or Γ_{i,j} = τ_i · τ_j S_{ij} (Γ = tenτ ), the ρ_Γ(r) can be relatively large, even larger than the well-known effects of short-distance repulsion. Other operators Γ cause much smaller effects and are ignored here.

What is the impact of spin-isospin correlations on calculations of parity-violating observables? Consider the construction of the single-particle PNC potential ^U^{PNC} which governs the interaction between a valence nucleon (i) with a spin 0^+, N = Z core. In using the Hartree-Fock approximation, one folds the operator V^{PNC} with the density matrix of the core. The pion exchange term contains the operator i(τ_i × τ_j )_z , where j represents the core nucleons. The expectation value of this operator vanishes.

But if one includes spin-isospin correlations, the relevant matrix elements include a factor τ_i ·τ_j , and the product i(τ_i × τ_j )_zτ_i ·τ_j = −2(τ_i −τ_j )_z −i(τ_i × τ_j )_z contains a non-vanishing term, −2τ_i. Thus a new non-vanishing contribution will appear.

The starting point for our evaluation of the PNC single-particle potential is the effective parity-violating nucleon-nucleon potential [4] between two nucleons (i,j):

MV^{PNC}(i, j) = i f_πg_{πN N} √ 2 (τ_i × τ_j 2 ) z (σ_i + σ_j ) · u_π(r) −g_ρ ( h^0_ρτ_i · τ_j + h^1_ρ ( τ_i + τ_j 2 ) z + h^2_ρ

(3τ^z_i τ^z_j − τ_i · τ_j ) 2 √ 6 )

× ((σ_i − σ_j ) · v_ρ(r) + i(1 + χ_V ) (σ_i × σ_j ) · u_ρ(r)) − g_ω ( h^0_ω + h^1_ω + (τ_i + τ_j 2 ) z )

× ((σ_i − σ_j ) · v_ω(r) + i(1 + χ_S ) (σ_i × σ_j ) · u_ω(r)) − (g_ωh^1_ω − g_ρh^1_ρ) ( τ_i − τ_j 2 ) z ×(σ_i + σ_j ) · v_ω(r) − g_ρh^{1′}_ρ i (τ_i × τ_j 2 ) z (σ_i + σ_j ) · u_ω(r) (2)

where M is the nucleon mass, v_m(r) ≡ {p, f_m(r)} , u_m(r) ≡ [p, f_m(r)] , f_m(r) = exp(−m_mr)/4πr (with m_m = m_{π,ρ,ω}). The strong interaction parameters used by DDH are g_{πN N} = 13.45, g_{ρN N} = 2.79, g_{ωN N} = 8.37, χ_V = 3.7, and χ_S = −0.12. The formula (2) is still used, [10,17]- [19] with these original strong interaction parameters.

The effect we wish to incorporate is that Eq. (2) is not the complete PNC interaction between two-nucleons. This is because the PNC potential acting once, occurs in the midst of all orders of the strong potential, V . The resulting PNC reaction matrix G^{PNC}(E) is a generalization of the Bruckner reaction matrix and is given by:

G^{PNC} (E) = Ω^†(E)V^{PNC}Ω(E), (3)

Ω(E) = 1 + Q E − H_0 V Ω(E) = 1 + Q E − H_0 G(E), (4) where E is an energy to be discussed below, and Q is an operator which projects onto unoccupied states.

Our focus is on a first estimate of the effects of spin-isospin correlations. Thus we consider a nucleon of momentum P outside a core which is approximated as infinite nuclear matter. In this case, the PV single particle potential ^U^{PNC} is given by: ⟨s, t| ^U^{PNC}(P)|s^′, t^′⟩ = ∑ k,(k≤k_F )m,m_t ⟨P, s, t; k, m, t|G^{PNC}(E)|P, s^′, t^′; k, m, m_t⟩_A. (5) The goal of this work is to assess the influence of tensor and spin dependent correlation effects on calculations of PNC observables. Since these are usually ignored, performing a schematic calculation seems appropriate. It might seem easiest to parameterize the different contributions to Ω(E) as function of r, the procedure of Miller & Spencer. Such a strategy will not work here, with the emphasis on finding hitherto neglected contributions to the direct term. To see this consider the terms of the DDH potential of the form [p, f_m] ∼ σ · r. The Miller-Spencer procedure would be to treat ⟨r|Ω(E)|κ, m, m_t⟩ as a function of r, so that the direct matrix element of Eq. (5) would involve a vanishing volume integral of σ · r times a function of r. Indeed, the PV effective potential arises from the dependence of Ω(E) on the relative momentum

κ = (P − k)/2. (6)

The importance of the spin-isospin correlations arises from the exchange of pions [11,12], so we separate the potential V into a one pion exchange term, V_{OPE} and a remainder approximated as being a central potential, V_c. We include the effects of the central potential (which include the short-distance repulsion) to all orders and keeps terms of first-order in V_{OPE}. The application of the two-potential theorem to Eq. (4) gives

Ω(E) ≈ Ω_c(E) + Ω^†_c(E) Q E − H_0 V_{OPE} Ω_c(E), (7)

with Ω_c(E) ≡ 1 +^Q_{E−H0} V_c Ω_c(E), and Q is the usual operator which projects onto two-particle-two-hole states. It is natural to model Ω_c(E) as

(r|Ω_c(E)|κ) = (1 + f_c(r))e^iκ^{·r}, (8)

so that Eq. (7) can be expressed as

(r|Ω(E)|κ) = (1 + f_c(r))e^iκ^{·r} + ψ̂κ(r), (9)

with

^ψκ(r) = (1 + f_c(r)) ∫ d^3p (2π)^3 M p^2 + ω^2 e^{ip·r}(p| V_{OPE}(1 + f_c)|κ). (10)

The notation |) denotes a spatial overlap, so that ^ψκ(r) are operators in spin-isospin space. The parameter ω (ω^2/M = −E), will be chosen to reproduce the results of Ref. [11]. Using a negative value of E causes the two-particle-two-hole fluctuations to have a short range of order ∼ 1/ω. This allows us to neglect the effects of the operator Q because terms involving 1 − Q can be regarded as correction terms, of higher order in the density than the terms we examine here.

The main result of this analysis is the simple model (9). It is necessary to compute the matrix elements of the pair-correlation operators of Eq. (1) to see if the results of Ref. [11] can be reproduced with such a simple formula. Evaluating Eq. (1) keeping only two-nucleon correlations leads to the result:

ρ_Γ(r) = ∑ S,M_S ,T,M_T ∫ d^3κ (2π)^3 θ(k_f − κ)f(κ)⟨κ, S, M_S , T, M_T | ^ρ_Γ(r)|κ, S, M_S , T, M_T ⟩_A, (11) ^ρ_Γ(r) ≡ 2 4πr^2 Ω^†(E) ∑ i<j δ(r − r_{ij} )Γ_{ij} Ω(E), (12) where f(κ) = 1 −^3_2 (^κ_{kF} ) +^1_2 (^κ_{kF} )^3 and |κ, S, M_S , T, M_T ⟩_A ≡ |κ, S, M_S , T, M_T ⟩ − (−1)^{S+T} | − κ, S, M_S , T, M_T ⟩. We take k_F = 1.36 fm^{−1} and choose the previously determined [14] function f_c(r) = −e^{−αr2} (1 − βr^2) with α = 1.1 fm^{−2}, β = 0.68 fm^{−2}. The value of ω that leads to reproducing the results of Ref. [11] is ω = 2fm^{−1}, which is of the expected order ∼ k_F . As shown in Fig. 1, and the present results reproduce the qualitative features of the pair-correlation functions of Ref. [11].Furthermore, the integrals of our ρ_Γ are in quantitative agreement with those of Ref. [11], so the present model should provide an adequate first assessment of the impact of such correlations on calculations of PNC observables.

FIG. 1. Pair-correlation functions. Solid curves are from Akmal & Pandharipande [11], dashed curves are from this work.

Given our model of Eq. (9), we can now evaluate the operator ^U^{PNC} of Eq. (5). Using Eq. (9) in Eq. (3), and keeping terms of first order in V_{OPE} leads to

G^{PNC} (E) ≈ ~V^{PNC} + Ω^†_c(E)V_{OPE} Q E − H_0 ~V^{PNC} + Ṽ^{PNC} Q E − H_0 V_{OPE}Ω_c(E), (13)

= ~V^{PNC} + ΔG^{PNC}(E), (14) where ~V^{PNC} ≡ (1+f_c)V^{PNC}(1+f_c). The use of Eq. (13) in Eq. (5) specifies our model [16]. The numerical evaluations are straightforward, so we present the results.

The operator ^U^{PNC}(P) of Eq. (5) must be a pseudo-scalar spin-isospin operator. For our nuclear matter problem it is of the form

^U^{PNC}(P) = σ · P ρ M^3

(g_0 + g_1τ_z ). (15)

For^{133}Cs and^{205}Th, (N − Z)/(N + Z) ≈ 0.17, and we find that keeping the term g_1 amounts to keeping a correction to a term that is not large. So we take N = Z causing g_1 to vanish. To assess the importance of the spin-isospin correlation, we compare the influence of the two terms of Eq. (14) in Eq. (5). Denoting the results of using the first (V^{PNC}) term as g^{(0)}_0 and those of using the second term as Δg_0, with g_0 = g^{(0)}_0 + Δg_0, and evaluating the matrix element numerically leads to the results:

g^0 = 24 f_π − 6.9 h^0_ρ − 3.6 h^1_ρ − 4.1 h^0_ω − 4.1 h^1_ω (16) Δg_0 = 2.43 f_π − 1.2 h^0_ρ − .66 h^1_ρ − .351 h^0_ω − .15 h^1_ω (17)

We see that the coefficient of each term is enhanced by about 10% if Δg_0 is included. This is in contrast with many other nuclear structure effects which reduce the effects of PNC [8,9]. The present results constitute an argument that the effects of spinisospin correlations need to be included in quantitative calculations of PNC effects, but are not large enough to not have a major impact [20]. Indeed, uncertainties due to nuclear structure effects might not have a large impact on PNC observables.

But there is a more obvious source of change to present evaluations. Examination of the DDH potential, Eq. (2) immediately reveals the dependence on the product of strong and weak coupling constants. In a one-boson-exchange model one uses one strong and one weak meson-nucleon vertex function to construct the potential. But the strong coupling constants can be separately determined by computing the potential V and choosing the parameters to reproduce experimentally measured scattering observables. This is the procedure of e. g. the Bonn potential [23]. As shown in Table I, the strong coupling constants required to fit phase shifts are much larger than those used originally by DDH (and used presently in Refs. [17–19]).

DDH Bonn (OBEPR) g_{πN N} 13.45 13.68 g_ρ 2.79 3.46 χ_V 3.7 6.1 g_ω 8.37 20 χ_S −0.12 0.0

TABLE I. Comparison of strong coupling constants.

The coordinate-space potential (Table 14) of Ref. [23] is used for this comparison because it is a non-relativistic, local potential that is technically compatible with Eq. (2). The large values of χ_V and g_ω are essential requirements to reproduce data, if a one-boson-exchange model is used [24].

Now consider the impact of using the Bonn parameters of Table I, in the DDH potential. If one considers a nucleon outside an N=Z core, the parameter combinations h^{0,1}_ρ g_ρ(1 + χ_V ) and h^{0,1}_ω g_ω determine the vector meson contributions to U^{PNC} [5]. Thus using the Bonn parameters is equivalent to increasing the coefficient of the terms proportional to h^{0,1}_{ω,ρ} by a factor of 1.9. The effects of using values such as those of Table I have been noticed previously [25,26].

FIG. 2. Constraints on the PNC coupling constants (×10^7) that follow from using the Bonn coupling constants of Table I.

To make a first assessment of the impact of this finding, we revise the results of Table VII and Fig. 9 of Ref. [17] by multiplying the coefficient of the terms proportional to h^{0,1}_{ω,ρ} by a factor of 1.9 [21]. This leads to Fig. 2. The allowed regions are between the dashed lines (pp), each set of solid lines (^{18,19}F ), and each set of dot-dashed lines

133Cs,^{205}Tl. The results of the pp, and^{18,19}F experiments can be explained with one set of weak-coupling parameters. The^{205}Tl result with its large error band is almost consistent with that set of parameters, but the^{133}Cs, and^{205}Tl experimental results are not compatible, as pointed out earlier [17]. The results from compound nuclei are typically not shown in plots such as Fig. 2, but using the Bonn parameters of Table I, would reduce the discrepancies between theory and experiment.

The constraints arising from (p, α) scattering experiments are not shown in Fig. 2, because currently interpreted provides constraints very similar to that of the^{19}F experiment, and the calculations are not not complete. For example, ^U^{PNC}, which should be complex, is treated as real. But it is worth remarking that an (n, α) experiment would provide very different constraints. The parity violation predicted using the original DDH potential is very small due to a cancellation between the pionic and vector meson exchange terms [22]. The use of the Bonn coupling constants (Table I) leads to a value of g_n = 1.9 (see Eq. (18) of [13]) instead of g_n = 0.2. This would be increased further by using a smaller value of f_π (indicated in Fig. 2) than the DDH “best guess value” of Ref. [13]. If f_π = 1, then g_n = 3.2.

The ranges of weak-coupling constants covered by Fig. 2 are roughly consistent with the DDH “reasonable ranges” and the same coupling constants account for much of the data, except for that of^{133}Cs. This constitutes some success in explaining PNC phenomena, but the main improvement obtained here by using larger strong coupling constants could itself be true only within one-boson exchange models. All such models have large values of χ_V and g_{ωN N} , but two-boson exchange models have smaller values of g_{ωN N} [23]. Furthermore, the one-boson-exchange approach is not consistent with the present state of the art treatments of nucleon-nucleon scattering, see Refs. [27,28], and [29]. An appropriate treatment of PNC effects is one which involves incorporating PNC effects within an updated treatment of the nucleon-nucleon interaction. For example, Holstein has recently advocated an effective field theory treatment [30].

Thus our summary is that the present results demonstrate the need for an improved, updated, consistent incorporation of strong and weak interaction effects, and also indicate that the nuclear structure uncertainties might not be very severe. Thus the improvement of calculations of nuclear PNC effects seems to be an interesting and feasible task, even though much remains to be done.

ACKNOWLEDGMENTS

This work is partially supported by the USDOE. This work has benefited from conversations with W. C. Haxton, B. R. Holstein, C. P. Liu, O. P. Sushkov and U. van Kolck.

[1] C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J. L. Roberts, C. E. Tanner and C. E. Wieman, Science 275, 1759 (1997).

[2] A. R. Berdoz et al. [TRIUMF E497 Collaboration], Phys. Rev. Lett. 87, 272301 (2001). [3] D. A. Smith et al., Phys. Rev. C 64, 015502 (2001). S. L. Stephenson et al., Phys. Rev.

C 61, 045501 (2000). B. E. Crawford et al., Phys. Rev. C 60, 055503 (1999). [4] B. Desplanques, J.F. Donoghue, and B.R. Holstein, Ann. Phys. (NY) 124 (1980) 449. [5] E.G. Adelberger and W.C. Haxton, Ann. Rev. Nucl. Part. Sci. 35 (1985) 501. [6] W. Haeberli and B. R. Holstein, “Parity Violation and the Nucleon-Nucleon System,” in “Symmetries and Fundamental Interactions in Nuclei”, ed. by W. C. Haxton and E.M. Henley, World Scientific Singapore 1995 [7] B. Desplanques Phys. Rept. 297,1 (1998) [8] W. C. Haxton and C. E. Wieman, Ann. Rev. Nucl. Part. Sci. 51, 261 (2001) [9] W. C. Haxton, Science 275, 1753 (1997) [10] S. Tomsovic, M. B. Johnson, A. Hayes and J. D. Bowman, Phys. Rev. C 62, 054607 (2000).

[11] A. Akmal and V. R. Pandharipande, Phys. Rev. C 56, 2261 (1997) [12] S. C. Pieper, R. B. Wiringa and V. R. Pandharipande, Phys. Rev. C 46,1741 (1992). [13] V. V. Flambaum and D. W. Murray, Phys. Rev. C 56, 1641 (1997). [14] G. A. Miller and J. E. Spencer, Annals Phys. 100, 562 (1976). [15] M. Gari, Phys. Rept. 6C, 317 (1973).

[16] The higher order terms lead to negligible PNC effects and are also negligible in Eq. (11). [17] W. C. Haxton, C. P. Liu and M. J. Ramsey-Musolf, Phys. Rev. C 65, 045502 (2002). [18] R. Schiavilla, J. Carlson and M. Paris, arXiv:nucl-th/0212038. [19] C. P. Liu, arXiv:nucl-th/0211095.

[20] Some of the effects we include as ΔG^{PNC} are included in shell model calculations.

However, the tensor force (essential here) has long been known to require the use of extremely large model spaces: J. P. Vary, P. U. Sauer, and C. W. Wong, Phys. Rev. C 7, 1770 (1973). Thus most of the influence of ΔG^{PNC} is absent from present calculations.

[21] Although V^{PNC} is of first-order in g_{ωN N} and g_{ρN N} (1 + χ_V ), the observable quantities depend on these coupling constants in a non-linear manner. This effect is ignored here.

[22] V. V. Flambaum, V. B. Telitsin and O. P. Sushkov, Nucl. Phys. A 444, 611 (1985);

V. f. Dmitriev, V. v. Flambaum, O. P. Sushkov and V. B. Telitsin, Phys. Lett. B 125, 1 (1983).

[23] R. Machleidt, K. Holinde and C. Elster, Phys. Rept. 149, 1 (1987). [24] R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989).

[25] F. Nessi-Tedaldi and M. Simonius, Phys. Lett. B 215, 159 (1988). [26] D. E. Driscoll and G. A. Miller, Phys. Rev. C 39, 1951 (1989); D. E. Driscoll and G. A. Miller, Phys. Rev. C 40, 2159 (1989).

[27] D. R. Entem and R. Machleidt, Phys. Lett. B 524, 93 (2002). [28] E. Epelbaum, W. Glockle and U. G. Meissner, Nucl. Phys. A 671, 295 (2000). [29] U. van Kolck, Prog. Part. Nucl. Phys. 43, 337 (1999). [30] B. R. Holstein, INT talk Nov. 8, 2002