hep-lat/9908025 18 Aug 1999

BNL-66731 CU-TP-947 RBRC preprint A first study of ffl^0=ffl on the lattice using domain wall fermions

T. Blum^a, P. Chen^b, N. Christ^b, C. Dawson^c, G. Fleming^b, R. Mawhinney^b, S. Ohta^{a,d}, S. Sasaki^a, G. Siegert^b, A. Soni^c, P. Vranas^e, M. Wingate^a, L. Wu^b, and Y. Zhestkov^b (RIKEN-BNL-Columbia Collaboration) aRIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973 bPhysics Department, Columbia University, NY, NY 10027 cDepartment of Physics, Brookhaven National Laboratory, Upton, NY 11973 d Institute of Particle and Nuclear Studies, KEK, Tsukuba, Ibaraki 305-0801, Japan ePhysics Department, University of Illinois, Urbana, IL 61801

Bearing in mind the attractive features of domain wall fermions with regard to maintenance of the chiral symmetries of the continuum theory, we attempt to calculate K → 2π decay amplitudes and Re(ϵ0/ϵ) on the lattice in the quenched approximation. The matrix elements actually computed are for K → π which are then related to K → 2π using lowest order chiral perturbation theory. The picture that emerges is significantly different from the expectations of continuum phenomenology. The contribution of the QCD penguin is found to be very large compared to electroweak penguins, and in particular the sign of the QCD penguin is opposite to phenomenological expectations. At β = 6.0 we find Re(ϵ0_{DW F} /ϵ_{EXP} ) = −(3.3 ± 0.3(stat) ± 1.6(syst))×10�^2η where the rough systematic error estimates have been added in quadrature.

We present a calculation in the Standard Model (SM) of the direct CP violation parameter ϵ0 [1].

ϵ0 = ie^{i(δ2}�^{δ0)} √ 2 ReA_2 ReA_0

(ImA_2

ReA_2 − ImA_0 ReA_0 ) , (1)

with the isospin decay amplitudes ReA_{0,2} = ⟨ ππ(I = 0, 2)|H^{ΔS=1}_{eff} |K ⟩ and δ_{0,2} the final state strong interaction phases. In light of recent experimental measurements of ϵ0 [2], a SM determination is very important since it provides a new test of the SM description of CP violation [3]. We use lattice gauge theory methods to compute the amplitudes in Eq. (1) in the SM.

A promising development in lattice gauge theory applications is that domain wall fermions (DWF) [4–6] appear highly practical for simulating QCD, both in its quenched [7–9] as well as dynamical [10] versions. The remarkable feature of DWF is that by introducing a fictitious 5th dimension one is able to bypass the Nielsen-Ninomiya no-go theorem [11] and simultaneously maintain both chiral and flavor symmetry on a lattice with non-zero-lattice-spacing (a) i.e. before the continuum limit is taken. Thus, for the first time, the flavor symmetry limit is decoupled from the continuum limit. For DWF chiral symmetry (χS) is intimately controlled by the length of the 5th dimension (N_s), symmetry violations being reduced by enlarging this dimension. Thus the computational cost of increased symmetry scales with the length of the fifth dimension rather than with the Euclidean four-volume as with conventional discretizations. Furthermore, for sufficiently large N_S, discretization errors in low-energy observables are O(a^2) [7,12]. To date quenched simulations are consistent with this expectation [7,13]. This improved scaling behavior may well compensate for the cost of the extra-dimension.

Because χS is crucial in K, π physics, these attractive features motivate us to use DWF for investigating long standing problems in K → 2π decays, namely the ΔI = 1/2 rule and even more importantly an evaluation of the direct CP violation parameter ϵ0 [14]. We recall that these calculations require using a non-perturbative method, such as the lattice, for the evaluation of the K → 2π matrix elements of the 4-quark operators of the ΔS = 1 effective weak Hamiltonian, which we write schematically as H^{ΔS=1}_{eff} = ∑ i V_iC(μ)_iQ(μ)^{cont}_i [15]. Here V_i are the appropriate CKM matrix elements, and C(μ)_i [16–18] the Wilson coefficients calculated to next to leading order for a continuum 4-quark operator Q(μ)^{cont}_i . Both C(μ)_i and Q(μ)^{cont}_i depend on the renormalization scale μ, but H^{ΔS=1}_{eff} is scale-independent.

There are two key ingredients to consider when using lattice methods. First, direct computation of the matrix elements ⟨ππ|Q^{latt}|K⟩ necessitates 4-point function calculations and is computationally very intensive. Since DWF respect χS to a high degree of accuracy, we can avoid this difficulty by using lowest order chiral perturbation theory (LOChPT) to relate ⟨ππ|Q|K⟩ to a linear combination of ⟨π|Q|K⟩ and ⟨0|Q|K⟩ as first suggested by Bernard et al. [19].

Second, the renormalization relating the lattice and continuum operators must be calculated. In this context, an important contribution to lattice gauge methods was made by Martinelli et al. [20] who proposed a non-perturbative renormalization (NPR) procedure which is regularization scheme independent (RI scheme). Thus Q^{cont}_i = Z_{ij} Q^{latt}_j where Z_{ij} are the operator renormalization constants calculated on the lattice. In fact, this NPR method works very well with DWF [21]; our study is the first application of the NPR method to the complete ΔS = 1 Hamiltonian.

We use the boundary fermion variant of DWF by Shamir [6]. The DWF are gauged in the ordinary four dimensions only, with the left and right-handed modes coupling to the gauge field with equal strength. The four-dimensional quarks appear as light modes coupled to the boundaries of the 5th dimension and can be created by the five-dimensional fermi field, projected onto these boundaries [6,7]. The quarks are given an explicit bare mass m by adding links that connect the two boundaries with a strength −m. Lattice perturbation theory [22] up to one-loop shows that the quark mass m_q ∝ m is multiplicatively renormalized for sufficiently large N_S. Non-perturbatively, the residual (or the additive) mass induced by the finiteness of N_S can be monitored in simulations by studying the violation of the non-singlet axial ward identity [23,24]. In typical simulations with β >∼ 6.0 and N_S >∼ 10 the induced quark mass is found to be in the range, 10�^3 <∼ m^{induced} <∼ 10�^2

[23,24]. Whether or not N_S is sufficiently large can also be monitored by demonstrating that the various matrix elements of 4-quark operators exhibit the behavior expected from LOChPT. Thus we explicitly verify that the operators that transform as (8,1) or (27,1) under SU(3)_L × SU(3)_R vanish with m whereas those that are (8,8) go to a constant when m → 0 [24].

Our numerical calculations are done at β = 6.0 (a�^1 ≈ 1.9 GeV using the ρ mass [24]) on a 16^3 × 32 lattice with N_s = 16 and a domain wall height M = 1.8 [24]. The bare matrix elements are computed on 98 gauge field configurations while the renormalization constants are computed using 336 configurations. We calculate both with the charm quark as an explicit field on the lattice as well as by integrating it out. However, the active charm case is not under good systematic, and in the case of ReA_0, statistical control [25]. Therefore, the results presented in this Letter are from the approach where charm has been integrated out. The two approaches should agree up to NLO corrections in the C_i(μ) and up to contributions from higher dimensional operators that are suppressed by powers of 1/m_c. Table (I) shows the K → 2π matrix elements for the NPR 4-quark operators obtained for initial and final state mesons composed of degenerate quarks and with mass roughly equal to that of the physical kaon, M_i ≡ ⟨ππ|Q^{cont}_i |K⟩ f_K/(⟨K|q̄γ_0γ_5q|0⟩ ⟨0|q̄γ_0γ_5q|K⟩) = ⟨ππ|Q^{cont}_i |K⟩ /(f_Km^2_K). Fig. (1) shows our result for the amplitude ReA_0 for K → 2π(I = 0). For convenience, we calculate physical quantities using the M_i defined above which are then multiplied by the factor f_Km^2_K calculated at m = 0.02 which corresponds to the physical kaon mass. ReA_0 is found to be quite sensitive, at this gauge coupling, to the mixing matrix element Z_{26}. This is a consequence of the fact that ⟨ Q^{bare}_6 ⟩ ≫ ⟨ Q^{bare}_2 ⟩ . We find that Z_{26} is only a few percent at β = 6.0, and therefore its computation in the NPR method is very demanding and requires even more than the 336 gauge configurations that were used. The errors on ReA_0 due to Z_{26} are still rather large and are much larger than those due to the matrix element calculations. Furthermore, unphysical contamination to Z_{26} from lower dimensional operators, likely to be small, still needs to be subtracted [21]. So, while we see indications of the ΔI = 1/2 μ(GeV) M_1 M_2 M_3 M_4 M_5 M_6 M_7 M_8 M_9 M_{10} 2.05 -1.6(6) 3.8(2.2) 2.4(4.0) 7.8(6.1) -7.3(2.9) 104(9) 1.8(5) 85.2(3.6) -3.7(2.2) 1.8(6) 0.28(1) 0.28(1) - - - - 3.1(1) 10.8(3) 0.42(1) 0.42(1) 2.3 -1.7(6) 3.2(1.7) 1.2(3.4) 6.0(4.8) -2.0(2.3) 107(9) 1.6(5) 90.2(3.5) -3.1(1.7) 1.8(6) 0.28(1) 0.28(1) - - - - 3.1(1) 10.8(3) 0.42(1) 0.42(1) 2.9 -1.6(6) 3.9(2.2) 2.9(4.1) 8.4(6.3) -0.4(2.5) 105(9) 4.8(5) 91.3(3.0) -3.8(2.2) 1.7(6) 0.26(1) 0.26(1) - - - - 3.1(1) 10.8(3) 0.40(1) 0.40(1)

TABLE I. Matrix elements M_i ≡ ⟨ ππ|Q^{cont}_i |K ⟩ /(f_KM^2_K) renormalized at 2.05, 2.3, and 2.9 [26] GeV in the RI scheme (using the Landau gauge). They are evaluated at the physical kaon mass(m = 0.02); errors are statistical only. The top row for each μ corresponds to the ππ(I = 0) channel and the bottom to ππ(I = 2).

enhancement, this is not yet a demonstration of the ΔI = 1/2 rule.

Fig. (2) shows our central result, η�^1Re(ϵ0/ϵ), η being the CP violation parameter in the Wolfenstein parameterization [27] of the CKM matrix [3]. Fig. (2) depicts results using ReA_0 and ReA_2 from experiment as our lattice calculation of ReA_0 is still rather crude, (see above). Our key result is:

η�^1Re(ϵ0_{DW F} /ϵ_{EXP} ) = −(3.3 ± 0.3(stat) ± (syst)) × 10�^2, (2)

where the statistical error was obtained from a jackknife analysis. As is usual in lattice calculations, the systematic errors are difficult to determine. Comparing ⟨Q_6⟩ with an earlier 24^3 × 40, N_s = 10 calculation [23] with m=0.025 and 0.05 suggests the finite volume effects may be at or below the 15% level. Finite lattice spacing errors can be estimated by comparing ⟨Q_6⟩ to our ongoing simulations at β = 5.85. The bare value of ⟨Q_6⟩ increases significantly as β increases from 5.85 to 6.0 (or, lattice spacing decreases). However, there is a corresponding decrease in Z_{66}. We note that at β = 6.0, Z_{66} ≈ 1. Overall, these considerations suggest that non-zero-lattice-spacing errors may be less than 25%. The choice of renormalization scale and the effect of Landau gauge Gribov copies introduces a further 10% error, while our treatment of isospin violation may be subject to 15% errors [28]. The uncertainty in the C(μ)_i is about (20%) [15,17]. We roughly estimate the errors introduced by our use of lowest order ChPT from two terms: the explicit mass dependence of Re(ϵ0/ϵ) in Fig. (2), in the chiral limit, gives a 12% correction. We estimate an additional 22% correction in converting K → π to K → ππ, for a total of 25% error due to ChPT [29]. The errors associated with quenching are especially difficult to estimate. Studies of weak matrix elements with relatively heavy dynamical quarks suggest <∼ 10% corrections [30]. These systematic error estimates are intended as rough guides, some of them may be larger; in particular, we cannot rule out the possibility that the quenching error may be twice as large. Combining these 8 errors in quadrature, we get a total systematic error estimate of ±48%; thus, in Eq. (2), (syst) = 0.16. Several further remarks are in order, especially with regard to the sign of Re(ϵ0/ϵ) in Eq. (2).

(1) We stress that the origin of the minus sign in Eq. (2) is the sign of the QCD penguin contribution, ⟨ππ|Q_6|K⟩, which is opposite to that of conventional phenomenology [31] and is the dominant contribution to ImA_0. Thus B_6 as defined in conventional phenomenology [31] is negative, i.e. a complete breakdown of the vacuum saturation approximation(VSA), B_i ≡ 1. This should not be surprising because one knows that the use of factorization, or VSA, can easily lead to the loss of the ΔI = 1/2 enhancement [33]. In any case, the lattice data gives a succinct explanation for this phenomena (see Fig. (3)). We find that the so-called eye contraction [34] has a sign opposite to the figure eight contraction [34] and is by far the largest contribution. The eye contribution is difficult to deal with in the factorization approach whereas the figure eight is readily factorizable. Indeed on the lattice the sign of the figure eight contribution to the matrix element is negative, consistent with conventional phenomenology, but it happens to be sub-dominant. Since the eye contraction is pure ΔI = 1/2 whereas the figure eight is a mixture of 1/2 and 3/2, it is expected [34] and easy to understand that the eye dominates. In this way the features of the ϵ0 calculation are intimately intertwined with the origin of the ΔI = 1/2 rule [32].

(2) An important consistency check of our calculation is that ⟨π|Q_6|K⟩ exhibits the correct chiral behavior (⟨π|Q_6|K⟩ ∝ m_{quark}) only if the eye graph has the opposite sign of the figure eight graph. Given that the eye contribution dominates, the opposite sign for ϵ0/ϵ compared to phenomenology readily follows.

(3) Our signs for ReA_0, ReA_2, ImA_2, B_K, and B^{3/2}_{7,8} are all positive and consistent with experiment, previous lattice estimates [35], and/or phenomenological expectations [31]; only the sign of M_6 (which is very difficult to deal with phenomenologically), and consequently of ImA_0, is different from phenomenology.

(4) Our calculations are done using LOChPT; while this is a limitation, ImA_0 shows mild mass dependence (see Fig. (3)), so higher order chiral corrections are unlikely to change the sign [29].

(5) With regard to final state re-scattering effects, which are also of higher order in ChPT, it is important to note that ϵ0/ϵ depends on a ratio, ImA_0/ReA_0. If both the numerator and the denominator are calculated on the lattice, and especially in the event they are both dominated by a single operator, i.e. Q_6 (as seems to be the case at β = 6.0), this ratio is immune to final state re-scattering effects (remarkably, the same argument tends to make ϵ0/ϵ insensitive to quenching effects).

Another interesting feature that emerges which is rather distinct from the phenomenological expectations [31] of the past decade is that the contribution of the electroweak penguins (EWP) to ϵ0/ϵ originating from ImA_2 (i.e. Q^{ΔI=3/2}_{7,8,9} ) is small, less than 10% of Q_6, and in any case their contributions to ϵ0 add. Note that M^{ΔI=3/2}_8 is about 10% of M_6 and gets enhanced by ReA_0/ReA_2 ≈ 22. However, C_8(μ) is much smaller than C_6(μ) [17,18], so the final contribution is small. The fact that there are no significant cancellations between the QCD penguins and the EWP makes the lattice calculation of ϵ0/ϵ unexpectedly robust, with the major contribution coming from a single operator, Q_6.

We recall that η as determined from existing phenomenological constraints is poorly known, η ≈ 0.37 ± 0.15 (95% confidence) [36]. Taking these constraints at face value, our lattice result suggests that the SM favors a negative value for Re(ϵ0/ϵ) ≈ −(12.2±6.8)×10�^3, with magnitude larger than experiment [2], although the current systematic uncertainties in the lattice calculation preclude any strong conclusions.

In Eq. (2) and the above discussion we have used the indirect CP violation parameter ϵ as measured from experiment. As is well known, in the SM ϵ is controlled by the matrix element ⟨ K̄ 0|[s̄γ_μ(1 − γ_5)d]2|K 0 ⟩ which we also calculate on the lattice [24]. Since both ϵ and ϵ0 are proportional to η, their ratio is independent of η but depends on ρ, the other poorly known Wolfenstein parameter [27] of the CKM matrix. Using ϵ0/ϵ from experiment and both ϵ and ϵ0 from theory, we find ρ = 7.9 ± 3.9 compared to a representative phenomenological fit [36], ρ = 0.20 ± 0.22.

We stress that some of the systematic errors referred to in Eq. (2) can be directly studied by simulation at larger volume and weaker coupling and by including dynamical quarks. Repeating the calculation at weaker coupling not only reduces lattice spacing errors, but the explicit treatment of the charm quark is improved, operator mixing is less significant and matching to continuum perturbation theory is more reliable. By improving the lattice calculation of ReA_0, we may be able to reliably compute the ratio ImA_0/ReA_0 which, as mentioned above, is less subject to systematic errors.

In summary, the good chiral properties of DWF have rendered the lattice calculation of K → 2π amplitudes and therefore ϵ0/ϵ feasible. Our initial quenched study reveals significant differences from phenomenological expectations in the hadronic matrix element of the QCD penguin operator Q_6. Indeed, if this key feature stands up to further scrutiny, the implications for the SM may be profound.

We are grateful to M. Creutz, T. Klassen, and T.D. Lee for encouragement and discussions. This research was supported in part by the US DOE under contracts DE-AC02- 98CH10886(BNL) and DE-FG02-92ER40699(CU) and by the US NSF under grant NSF- PHY96-05199 (PMV). The simulations were done on the RIKEN BNL QCDSP and NERSC T3E supercomputers. We also thank RIKEN, Brookhaven National Laboratory and, the U.S. Department of Energy for providing the facilities essential for the completion of this work.

[1] B. Winstein and L. Wolfenstein, Rev. Mod. Phys. 65, 1113 (1993).

[2] The experimental “grand average” is, Re(ϵ0/ϵ) = (21.2 ± 4.6) × 10�^4. See: A. Alavi-Harati et al [KTEV Collab.], Phys. Rev. Lett 83, 22 (1999); see also the talk by M. Sozzi [NA48 Collab.], http://hep.uchicago.edu/Kaon99/talks/sozzi/; G. D. Barr et al, Phys. Lett. B317, 233 (1993); L. K. Gibbons et al, Phys. Rev. Lett. 70, 1203 (1993).

[3] M. Kobayashi and T. Maskawa, Prog. Theo. Phys. 49, 652 (1973). [4] D. Kaplan, Phys. Lett. B288, 342 (1992).

[5] R. Narayanan and H. Neuberger, Phys. Lett. B302, 62 (1993); Nucl. Phys. B412, 574(1994). [6] Y. Shamir, Nucl. Phys. B409, 90 (1993); Y. Shamir and V. Furman, Nucl. Phys. B439, 54 (1995).

[7] T. Blum and A. Soni, Phys. Rev. D56, 174 (1997); Phys. Rev. Lett. 79, 3595 (1997); heplat/9712004.

[8] P. Chen, et al. , Nucl. Phys. (Proc. Suppl.), 73, 204 (1999); Nucl. Phys. (Proc. Suppl.), 73, 207 (1999); Nucl. Phys. (Proc. Suppl.), 73, 405 (1999);

[9] See contributions by Y. Aoki and T. Izubuchi (CP-PACS Collab.), Lattice 99 (Pisa). [10] P.M. Vranas, Nucl. Phys. B(Proc. Suppl.), 53, 278 (1997); Phys. Rev. D 57 (1998) 1415; P.

Chen, et al. , Nucl. Phys. (Proc. Suppl.), 73, 456 (1999).

[11] H.B. Nielsen and M. Ninomiya, Nucl. Phys. B185, 10 (1981); Nucl. Phys. B195, 541 (1982) E; Nucl. Phys. B193, 173 (1981).

[12] Y. Kikukawa et al., Phys. Lett. B399, 105 (1997). See also, J. Noaki and Y. Taniguchi, heplat/9906030.

[13] T. Blum, A. Soni and M. Wingate, hep-lat/9902016.

[14] F. Gilman and M. Wise, Phys. Lett. 83B, 83 (1979); Phys. Rev. D20, 2392 (1979). See also, M. Shifman et al., Nucl. Phys. B120, 316(1977); J. Ellis et al, Nucl. Phys. B109, 213(1976).

[15] We use the operator basis as given in M. Ciuchini, et al. , Z. Phys. C68, 239 (1995). [16] A.J. Buras et al., Nucl. Phys. B370, 69 (1992); Addendum, ibid, Nucl. Phys. B375, 501 (1992). [17] A.J. Buras et al. , Nucl. Phys. B400, 37 (1993); B400, 75 (1993); see also, G. Buchalla et al., Rev. Mod. Phys. 68, 1125 (1996).

[18] M. Ciuchini, et al. , Nucl. Phys. B415, 403 (1994). [19] C. Bernard et al., Phys. Rev. D32, 2343 (1985). [20] G. Martinelli, et al. , Nucl. Phys. B445, 81 (1995).

[21] See the Lattice 99 (Pisa) contribution by C. Dawson (RIKEN-BNL-Columbia Collab). [22] S. Aoki et al., Phys. Rev. D59, 094505 (1999); Phys. Rev. D59, 094506 (1999); hep-lat/9902008 [23] T. Blum, Nucl. Phys. B(Proc. Suppl.), 73, 167 (1999).

[24] See contributions by T. Blum, G. Fleming, A. Soni, M. Wingate, and L. Wu (for the RIKEN- BNL-Columbia Collab.), Lattice 99 (Pisa).

[25] At β = 6.0 a charm quark mass of about 1.5 GeV may be a bit too heavy; furthermore, hardware limitations prevented the calculation of the K to vacuum contribution which is now underway.

[26] We expect discretization errors in the Z_i(μ) to increase when μ is large compared to a�^1 (see [20]). The value of μ = 2.9 GeV may be too large since a�^1 ≈ 1.85 GeV at 6/g^2 = 6.0.

[27] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983).

[28] The numerical value given in Eq. (2) includes a correction due to isospin violation via (1−Ω) =

0.75 ± 0.10. See A. J. Buras and J.-M. Gerard, Phys. Lett. B. 192, 156 (87); see also, J. F. Donoghue et al, Phys. Lett. B179, 361(86) and Ref. [15]; H. -Y. Cheng, Phys. Lett. B201, 155(1988); M. Lusignoli, Nucl. Phys. B325, 33(1989).

[29] We calculate the matrix elements of 4-quark operators by dividing them by ⟨π|q̄γ_0γ_5q|0⟩ ⟨0|q̄γ_0γ_5q|K⟩ as we expect such ratios to have smaller chiral corrections. In addition, our result for ReA_2 agrees with experiment to within 30%. Our estimates for these corrections are also based on: J. Kambor, et al. , Phys. Lett. 261, 496(1991); M. Golterman and K-C Leung, Phys. Rev. D58, 097503, 1998 and J. Bijnens and J. Prades, JHEP 9901, 023, 1999.

[30] N. Ishizuka et al, Phys. Rev. Lett. 71, 24(1993); G. Kilcup et al, Nucl. Phys. B53 (Proc.

Suppl.), 345(1997); see also S. Sharpe, Nucl. Phys. B(Proc. Suppl.) 53, 181(1997). [31] See e. g. , S. Bertolini et al, hep-ph/9802405; A. J. Buras, hep-ph/9905437 and T. Hambye et al, Phys. Rev. D58, 014017(1998).

[32] Recently Pekurovsky and Kilcup reported a lattice calculation of ϵ0/ϵ using staggered quarks(see hep-lat/9812019). As the authors themselves emphasize, their calculations are hampered by the complete breakdown of lattice perturbation theory; e. g. see their Table 1. In their data (β = 6.0) there seems to be an indication of a negative but small value of M_6; however, given the caveats just mentioned reliable conclusions cannot be drawn. In light of our study with DWF at β = 6.0 and β = 5.85 we are led to conclude that their magnitude of M_6 provides another indication (i.e. in addition to B_K [24]) that DWF are scaling better than staggered fermions.

[33] See, e. g. , J. Donoghue, et al. , “Dynamics of the Standard Model”, Cambridge Univ. Press (1992), p. 227; R. S. Chivukula, et al. , Phys. Lett. B171, 453(1986).

[34] C. Bernard et al., Phys. Rev. Lett. 55, 2770 (1985).

[35] S. Aoki, et al. , Phys. Rev. Lett. 80, 5271 (1998); D. Pekurovsky and G. Kilcup [32]; L. Conti, et al. , Phys. Lett. B421, 273 (1998); G. Kilcup, et al. , Phys. Rev. D57, 1654 (1998).

[36] A. Ali and D. London, hep-ph/9903535.

FIG. 1. ReA_0 in the case where the charm quark has been integrated out. Values are shown for renormalization scales μ = 2.05 GeV (octagons), 2.3 GeV (squares), and 2.9 GeV (diamonds) [26]. The horizontal line denotes the experimental value. Note that the bare quark mass m = 0.02 corresponds to a meson made of degenerate quarks with the mass of the physical kaon.

FIG. 2. The value of ϵ0/ϵ scaled by the CKM parameter η. Here ϵ and ReA_{0,2} are taken from experiment. See also the Fig. (1) caption.

FIG. 3. The K → 2π matrix element (using lowest order chiral perturbation theory) of the bare operator Q_6 at β = 6.0; m_p and f_p are the mass and the decay constant of the pseudoscalar of degenerate quark mass m. The contributions from “eye”(fancy squares), “figure eight”(fancy diamonds), and vacuum subtraction(squares) contractions are shown. The total(diamonds) is dominated by the eye contribution and is thus positive. See also the Fig. (1) caption.