arXiv:hep-ph/0110133 v1 10 Oct 2001

The D^0 → K^0K̄^0 decay beyond factorization^1

J. O. Eeg^∗, S. Fajfer^† and J. Zupan^{∗∗}

∗Dept. of Physics, Univ. of Oslo, N-0316 Oslo, Norway †Physics Department, University of Ljubljana, Jadranska 19, and Institut Jožef Stefan, Jamova 39, SI-1000 Ljubljana, Slovenia ∗∗Institut Jožef Stefan, Jamova 39, SI-1000 Ljubljana, Slovenia

Abstract. The decay mode D^0 → K^0K̄^0 has no factorizable contribution. We calculate the nonfactorizable chiral loop contributions of order O(p^3) and then we use a heavy-light type chiral quark model to calculate nonfactorizable tree level terms, also of order O(p^3), proportional to the gluon condensate. Calculated chiral loops and the gluon condensate contributions are of the same order of magnitude as the experimental amplitude.

For nonleptonic decays of D mesons [1] - [10] as well as for K’s and B’s, the so called factorization hypothesis has been commonly used. The factorization hypothesis are known to fail badly for nonleptonic K decays [11, 12]. On the other hand, there are certain heavy hadron weak decays where factorization might apply. Recently, the understanding of factorization for exclusive nonleptonic decays of B mesons in terms of QCD in the heavy quark limit has been considerably improved [13]. Following [14] we discuss nonfactorizable terms for D decays, in particular for the decay mode D^0 → K^0K̄^0. In D^0 → K^0K̄^0, factorization misses completely, predicting a vanishing branching ratio, in contrast with the experimental situation. To see this, note that at tree level the D^0 → K^0K̄^0 decay might occur due to two annihilation diagrams [1] which could potentially create the K^0K̄^0 state. However, they cancel each other by the GIM mechanism. Moreover, in factorization limit, the amplitude is proportional to

⟨K^0K̄^0|V_μ|0⟩⟨0|A^μ|D^0⟩ ≃ (p_K0 − p¯_K0)_μ f_D p^μ_D = 0 . (1)

In many of the studies (e.g. [2, 3, 4, 5, 7]) this decay has been understood as a result of final state interactions (FSI) e.g. [2]. A recent investigation of the D^0 → K^0K̄^0 decay mode performed in [3] has focused on the s channel and the t channel one particle exchange contributions.

On the other hand it is well known that factorization does not work in nonleptonic K decays. Among many approaches the Chiral Quark Model (χQM) [16] was shown to be able to accommodate the intriguing ΔI = 1/2 rule in K → ππ decays, as well as CP violating parameters, by systematic involvement of the soft gluon emission forming gluon condensates and chiral loops at O(p^4) order [12]. In the χQM [16] the light quarks (u, d, s) couple to the would-be Goldstone octet mesons (K, π, η) in a chiral invariant way,

1 Talk given by S. Fajfer

such that all effects are in principle calculable in terms of physical quantities and a few model dependent parameters, namely the quark condensate, the gluon condensate and the constituent quark mass [12, 16, 17].

In the case of D meson decays one has to extend the ideas of the χQM to the sector involving a heavy quark (c) using the chiral symmetry of light degrees of freedom as well as heavy quark symmetry and Heavy Quark Effective Field Theory (HQEFT). Such ideas have already been presented in previous papers [18, 19, 20] and lead to the formulation of Heavy-Light Chiral Quark Models (HLχQM). In our formulation of the HLχQM Lagrangian, an unknown coupling constant appears in the term that couples the heavy meson to a heavy and a light quark [14]. Our strategy is to relate expressions involving this coupling to physical quantities, as it is done within the χQM [12]. We perform the bosonization by integrating out the light and heavy quarks and obtain a heavy quark symmetric chiral Lagrangian involving light and heavy mesons [21, 22, 23].

Because the O(p) (factorizable) contribution is zero as seen in Eq. (1), we approach to the D^0 → K^0K̄^0 decay by calculating systematically O(p^3) contributions. We do this by including first the nonfactorizable contributions coming from the chiral loops. These are based on the weak Lagrangian corresponding to the factorizable O(p) terms for D^0 → π^+π^− and D^0 → K^+K^−. Second, we consider the gluon condensate contributions, also of O(p^3) within the χQM and HLχQM framework. The energy release in D → KK̄ is p = 788 MeV and hence p/Λ_χ (for Λ_χ ≥ 1 GeV), is close to unity. The next to leading O(p^5) terms might be almost of the same order of magnitude compared to our O(p^3) terms. However, we expect a weak suppression of the order p^2/Λ^2_χ. On the other hand, the inclusion of O(p^5) order in this framework is not straightforward. Before doing loop calculations at that order, one has to find a reliable framework to include light resonances like ρ, K^∗, a_0(980), f_0(975) etc. The poorly known scalar resonances would introduce a rather large uncertainty [3]. Right now, a consistent calculation of this or higher orders does not seem to be possible.

Note that we have omitted 1/m_Q terms in the framework of HQEFT. The effective weak Lagrangian at quark level relevant for D → ππ, KK̄ is

L_W = ~G [ c_A (Q_A − Q_C) + c_B (Q^{(s)}_B − Q^{(d)}_B ) ] , (2)

where ~G = − 2 √ 2G_FV_{us}V^∗_{cs}, and

Q_A = (s_Lγ^μc_L) (u_Lγ_μs_L) , Q_C = (d_Lγ^μc_L) (u_Lγ_μd_L) ,

Q^{(q)}_B = (u_Lγ^μc_L) (q_Lγ_μq_L) , (q = s, d) , (3)

are quark operators.

Using Fierz transformations [14] one obtains operators Q_A = Q^{(s)}_B /N_c + R^{(s)}_B , Q_C = Q^{(d)}_B /N_c + R^{(d)}_B , Q^{(s)}_B = Q_A/N_c + R_A and Q^{(d)}_B = Q_C/N_c + R_C, where the R’s correspond to color exchange between two currents and are genuinely nonfactorizable: R_A = 2(s_L γ^μ t^a c_L )(u_L t^a γ_μ s_L ), R_C = 2(d_L γ^μ t^a c_L )(u_L t^a γ_μ d_L ), R_B(q) = 2(u_L γ^μ t^a c_L )(q_L t^a γ_μ q_L ) , (q = s, d). The operators can be written in terms of currents [14]. The factorization approach amounts to writing the currents in

FIGURE 1. The diagrams which give nonzero amplitudes.

terms of hadron (in our case meson) fields only, so that the operator Q^{(s)}_B − Q^{(d)}_B in the left equation is equal to the product of two meson currents. The color currents are then zero if hadronized (mesons are color singlet objects). There is also a replacement of the Wilson coefficients in the hadronized effective weak Lagrangian c_{A,B} → c_{A,B}(1 + 1/N_c). Combining heavy quark symmetry and chiral symmetry of the light sector, we can obtain the weak chiral Lagrangian for nonleptonic D meson decays due to factorizable terms. Then we can first use this to calculate nonfactorizable contributions due to chiral loops. Second, we can calculate the color currents’ contribution using the gluon condensate within the framework of the HLχQM.

Treating the light pseudoscalar mesons as pseudo-Goldstone bosons one obtains the usual O(p^2) chiral Lagrangian [14] and from this Lagrangian, we can deduce the light weak current to O(p).

In the heavy meson sector interacting with light mesons we have used the lowest order O(p) chiral Lagrangian (for details see [14]). Using symmetry arguments, the heavylight weak current is bosonized to O(p^0), with the unknown coupling α_H related to the physical decay constant f_D.

In the factorization limit there are no contributions to D^0 → K^0K̄^0 at tree level. The observation of a partial decay width B(D → K^0K̄^0) = (6.5 ± 1.8) × 10^{−4} on the other hand implies that we can expect sizable contributions at the one loop level. Calculations to one loop in the framework of combined chiral perturbation theory and HQEFT involves a construction of the most general effective Lagrangian that has the correct symmetry properties in order to make the renormalization work. Our calculations were done in the strict MS renormalization scheme.

Writing down the most general one loop graphs with two outgoing Goldstone bosons (K^0 and K̄^0) one arrives at 26 Feynman diagrams. The expressions for nonzero amplitudes corresponding to the graphs on Fig. 1 are given in [14].

FIGURE 2. Feynman diagram for bosonization of left-handed current to order O(p)

The partial decay width for the decay D^0 → K^0K̄^0 is then

Γ_{D0→K0}¯_{K0} = 1 2π G^2_F 8m_D c^2_A|V_{us}V^∗_{cs}|^2 |F|^2 (8π^2)^2 p , (4)

where F = ∑_n F_n is the sum of the amplitudes corresponding to the graphs on Fig.1 and p is the K^0(K̄^0) three - momentum in the D^0 rest frame.

In numerical calculation we use the values of α_H , g and f ( f is related to the π meson decay constant) obtained within the same framework [21, 23, 27, 28, 29]. The coupling g is extracted from existing experimental data on D^∗ → Dπ and D^∗ → Dγ decays. The analysis in [23] includes chiral corrections at one loop order and yields g = 0.27^{+0.04+0.05}

−0.02−0.02, leaving the sign undetermined. Recently CLEO Collaboration has

measured the D^{∗+} decay width [25]. By combining this result with existing data on D^∗ decay widths [15], we obtain value g = 0.57 ± 0.08. We present results for g = 0.27 and g = 0.57. The larger value seems to be in better agreement with the results coming from different approaches listed in [21]. We put everywhere μ = 1 GeV ≃ Λ_χ.

For the Wilson coefficients c_{A,B} of (2) we use c_A = 1.10±0.05 and c_B = −0.06±0.12 [24], calculated at the scale μ = 1 GeV with the number of colors N_c = 3. Due to the suppression of c_B in comparison with c_A, we do not include terms proportional to c_B.

TABLE 1. Table of the one chiral loop amplitudes (see Fig. 1), where M = ∑_n M_n. The second column shows the amplitudes calculated using g = 0.27 while the third column amplitudes have been calculated using g = 0.57.

M_i[×10^{−7}GeV] (g = 0.27) M_i[×10^{−7}GeV] (g = 0.57)

M_1 -0.42 -0.82 M_2 -0.31 -0.62 M_3 -0.62 -1.23 M_4 0.75 -2.54 i 0.70 -2.37 i M_5 -0.81 -0.76 M_6 -0.61 -0.57 M_7 -0.99 -0.92 M_8 0.91 0.85 ∑_i Mi -2.11 -2.54 i -3.37 -2.37 i

The imaginary part of the amplitude comes from the F_4 graph, when the π’s or the K’s in the loops are on-shell. All other graphs contribute only to the real part of the amplitude. The imaginary part of the amplitude is scale and scheme independent within chiral perturbation theory. This amplitude is also obtained from unitarity, and is valid beyond the chiral loop expansion.

FIGURE 3. Diagram for bosonization of the color current to O(p^3)

FIGURE 4. Diagrams representing bosonization of heavy-light weak current. The boldface line represents the heavy quark, the solid line the light quark.

In the effective weak Lagrangian there are, after Fierz transformations, terms that involve color currents. As mesons are color singlet objects, the product of color currents does not contribute at meson level in the factorization limit. However, at quark level they do contribute through the gluon condensate. In order to estimate this contribution we have to establish the connection between the underlying quark-gluon dynamics and the meson level picture. This is done through the use of a Heavy-Light Chiral Quark Model (HLχQM). Our starting point is the Lagrangian containing both quark and meson fields [14, 18, 19, 20, 26]. After bosonizing the light weak current at the order O(p) and O(p^3) (see Fig. 2 and Fig. 3) as in [14] one should bosonize the heavy - light weak current integrating out quark fields as presented on Fig. 4. The product of two external gluon fields (G in Fig. 3 and Fig. 4 ) is interpreted as the gluon condensate (⟨G^2⟩) [14]. This contribution is of the O(p^3) order. In the language of chiral perturbation theory, the divergent part of the counterterm has the Lorentz and flavor structure of the effective Lagrangian given in eq. (47) in [14].

By taking into account various relations of the loop integrals we determine

M (D^0 → K^0K̄^0)_{⟨G}2_⟩ ≃ 0.43 × 10^{−7}GeV ; (5)

which is of the same order of magnitude as the chiral loop contributions in Table 1. Adding both the chiral loops and the gluon condensate (5) contributions, we obtain the total amplitude to O(p^3)

g = 0.27; M_{Th} = (−1.68 − 2.54 i) × 10^{−7}GeV (6) g = 0.57; M_{Th} = (−2.94 − 2.37 i) × 10^{−7}GeV . (7)

or in terms of branching ratio

g = 0.27; B(D^0 → K^0K̄^0)_{Th} = (4.2 ± 1.4) × 10^{−4} (8) g = 0.57; B(D^0 → K^0K̄^0)_{Th} = (6.5 ± 1.7) × 10^{−4} (9) where the estimated uncertainties reflect the uncertainties in the rest of input parameters. These results should be compared with experimental data [15] B(D^0 → K^0K̄^0) = (6.5 ± 1.8) × 10^{−4} .

We can summarize that we indicate the leading nonfactorizable contributions to D^0 → K^0K̄^0. Even though the use of chiral perturbation theory in this decay mode could be questioned, the calculated chiral loops can be considered as part of the final state interactions. In the treatment of the final state interactions the light pseudoscalar meson exchanges have to be present due to unitarity. Although, the next to leading O(p^5) order terms might give sizable contributions to this decay, we have demonstrated that contributions due to the chiral loops and gluon condensates are of the same order of magnitude as the amplitude extracted from the experimental result.

REFERENCES

1. Bauer, M., Stech, B., and Wirbel, M., Z. Phys. C 34, 103-117 (1987). 2. Pham, X. Y., Phys. Lett. B 193, 331-341 (1987). 3. Dai, Y. S. et al., Phys. Rev. D 60, 014014 (1999). 4. Lipkin, H., Phys. Rev. Lett. 44, 710 -712 (1980).

5. Gerard, J.-M., Pastieau, J., Weyers, J., Phys. Lett. B 436, 363-368 (1998). 6. Kamal. A. N., Santra, A. B., Uppal, T., Verma, R.C., Phys. Rev. D 53, 2506- 2515 (1995). 7. Zenczykowski, P., Phys. Lett. B 460, 390-396 (1999). 8. Terasaki, K., Phys. Rev. D 59, 114001-1-23 (1999).

9. Buras, A. J., Gerard, J.- M., Rückl, R., Nucl. Phys. B 268, 16-59 (1986).

10. Buccella, F., Lusignoli, M., Miele, G., Pugliese A., and Santorelli, P., Phys. Rev. D 51, 3478-3486 (1995), Buccella, F., M. Lusignoli, M., and Pugliese, A., Phys. Lett. B 379, 249-256 (1996).

11. See for example: Buras, A.J., Jamin, M., and Lautenbacher, M. E., Nucl. Phys. B 408, 209-285, (1993), Phys. Lett. B 389 , 749-756 (1996), Bertolini, S., Fabbrichesi, M., Eeg, J.O., Rev. Mod. Phys. 72, 65-93 (2000), and references therein.

12. Bertolini, S., Fabbrichesi, M., Eeg, J.O., Nucl. Phys. B 449, 197-228 (1995) V. Antonelli, V., S.

Bertolini, S., Eeg, J.O., Fabbrichesi, M., and Lashin, E.I., Nucl. Phys. B 469 143-180 (1996); Bertolini, S., Eeg, J.O., Fabbrichesi, M., and Lashin, E.I., Nucl. Phys. B 514, 93-112 (1998).

13. Beneke, M., Buchalla,G., Neubert, M., and Sachrajda, C.T.,Phys. Rev. Lett 83, 1914-1917 (1999). 14. Eeg. J.O., Fajfer, S., and Zupan, J., Phys. Rev. D 64, 034010-1-13 (2001). 15. Review of Particle Physics, Groom, D.E., et al., Eur. Phys. J. C 151 (2000). 16. Pich, A., and de Rafael, E., Nucl. Phys. B 358, 311-382 (1991).

17. Eeg, J. O., and Picek, I., Phys. Lett. B 301, 423-429 (1993), Eeg, J. O., and Picek, I., Phys. Lett. B 323, 193-200 (1994) 193, Bergan, A.E., and Eeg, J.O., Phys. Lett. B 390, 420-426 (1997).

18. Bardeen, W.A., and Hill, C.T., Phys. Rev. D49, 409-425 (1994).

19. Ebert, D., Feldmann, T., Friedrich, R., and Reinhardt, H., Nucl. Phys. B 434, 619-646 (1995). 20. Deandrea, A., Di Bartelomeo, N., Gatto, R., Nardulli, G., and Polosa, A.D., Phys. Rev. D 58, 034004- 1-17 (1998), A. D. Polosa, hep-ph/0004183.

21. Casalbuoni, R., et al., Phys. Rep. 281, 145-238 (1997). 22. Wise, M. B., Phys. Rev. D 45, R2188-2191 (1992). 23. Stewart, I.W., Nucl. Phys. B 529, 62-80 (1998). 24. Buras, A.J., Nucl. Phys. B 434, 606-618 (1995). 25. Coan, T.E., et al.(CLEO Collaboration), hep-ex/0102007. 26. Hiorth, A., and Eeg, J. O., in preparation.

27. Grinstein B., et al., Nucl. Phys. B B 380, 369-376 (1992). 28. Falk, A.F., Grinstein, B., Nucl. Phys.B B 416, 771-785 (1994). 29. Boyd C.G., and Grinstein, B., Nucl. Phys. B 442, 205-227 (1995).