arXiv:hep-ph/0010229 19 Oct 2000

International Journal of Modern Physics A,

f_{c World Scientific Publishing Company}

THE ROLE OF FINAL STATE INTERACTIONS IN ε^′/ε

ELISABETTA PALLANTE SISSA, Via Beirut 2-4, I-34013 Trieste, Italy

ANTONIO PICH, IGNAZIO SCIMEMI IFIC, Universitat de València – CSIC, Apt. Correus 22085, E–46071 València, Spain

The Standard Model prediction for ”0=” is updated, taking into account the chiral loop corrections induced by final state interactions. The resulting value, ”0=” = (17�6)�10�4, is in good agreement with present measurements.

1. Introduction

The CP–violating ratio ε^′/ε constitutes a fundamental test for our understanding of flavour–changing phenomena. The present experimental world average,1 Re (ε^′/ε) = (19.3 ± 2.4) · 10^{−4}, provides clear evidence for a non-zero value and, therefore, the existence of direct CP violation.

The theoretical prediction has been rather controversial since different groups, using different models or approximations, have obtained different results.2^,3^,4^,5^,6^,7^,8^,9 In terms of the K → ππ isospin amplitudes, A_I = A_I e^{iδ}I (I = 0, 2), ε^′ ε = e^{iΦ} ω √ 2|ε| [ ImA_2 ReA_2 − ImA_0 ReA_0 ] , Φ ≈ δ_2 − δ_0 + π 4 ≈ 0 , (1)

where ω = ReA_2/ReA_0 ≈ 1/22. The CP–conserving amplitudes ReA_I , their ratio ω and ε are usually set to their experimentally determined values. A theoretical calculation is then only needed for the quantities ImA_I .

Since M_W ≫ M_K , there are large short–distance logarithmic contributions which can be summed up using the Operator Product Expansion and the renormalization group.10^,11 To predict the physical amplitudes one also needs to compute long–distance hadronic matrix elements of light four–quark operators Q_i. They are usually parameterized in terms of the so-called bag parameters B_i, which measure them in units of their vacuum insertion approximation values.

To a very good approximation, the Standard Model prediction for ε^′/ε can be written (up to global factors) as5 ε^′ ε ∼ [ B^{(1/2)}_6 (1 − Ω_{IB} ) − 0.4 B^{(3/2)}_8 ] , Ω_{IB} = 1 ω (ImA_2)_{IB} ImA_0

. (2)

Thus, only two operators are numerically relevant: the QCD penguin operator Q_6 governs ImA_0 (ΔI = 1/2), while ImA_2 (ΔI = 3/2) is dominated by the electroweak 1

penguin operator Q_8. The parameter Ω_{IB} takes into account isospin breaking corrections; the value Ω_{IB} = 0.25 was usually adopted in all calculations.12 Together with B_i ∼ 1, this produces a numerical cancellation leading to values of ε^′/ε ∼ 7 × 10^{−4}. This number has been slightly increased by a recent Chiral Perturbation Theory (χPT) calculation at O(p^4) which finds Ω_{IB} = 0.16 ± 0.03.13

2. Chiral Loop Corrections

Chiral symmetry determines the low–energy hadronic realization of the operators Q_i, through a perturbative expansion in powers of momenta and quark masses. The corresponding chiral couplings can be calculated in the large–N_C limit of QCD. The usual input values B^{(3/2)}_8 ≈ B^{(1/2)}_6 = 1 correspond to the lowest–order approximation in both the 1/N_C and χPT expansions.

The lowest–order calculation does not provide any strong phases δ_I . Those phases originate in the final rescattering of the two pions and, therefore, are generated by higher–order chiral loops. Analyticity and unitarity require the presence of a corresponding dispersive effect in the moduli of the isospin amplitudes. Since the S–wave strong phases are quite large, specially in the isospin–zero case, one should expect large unitarity corrections.

The one–loop analyses of K → 2π show in fact that pion loop diagrams provide an important enhancement of the A_0 amplitude.14 This chiral loop correction destroys the accidental numerical cancellation in eq. (2), generating a sizeable enhancement of the ε^′/ε prediction.2 The large one–loop correction to A_0 has its origin in the strong final state interaction (FSI) of the two pions in S–wave, which generates large infrared logarithms involving the light pion mass.3 Using analyticity and unitarity constraints, these logarithms can be exponentiated to all orders in the chiral expansion.2^,3 For the CP–conserving amplitudes, the result can be written as A_I = ( M^2_K − M^2_π ) a_I (M^2_K ) = ( M^2_K − M^2_π ) Ω_I (M^2_K , s_0) a_I (s_0) , (3)

where a_I (s) denote reduced off-shell amplitudes with s ≡ (p_{π1} + p_{π2} )^2 and

Ω_I (s, s_0) ≡ e^{iδ}I^{(s)} ℜ_I (s, s_0) = exp { (s − s_0) π ∫ dz (z − s_0) δ_I (z) (z − s − iϵ) } (4) provides an evolution of a_I (s) from an arbitrary low–energy point s_0 to s = M^2_K . The physical amplitude a_I (M^2_K ) is of course independent of s_0.

Taking the chiral prediction for δ_I (z) and expanding the exponential to first order, one just reproduces the one–loop χPT result. Eq. (4) allows us to get a much more accurate prediction, by taking s_0 low enough that the χPT corrections to a_I (s_0) are small and exponentiating the large logarithms with the Omnès factor Ω_I (M^2_K , s_0). Moreover, using the experimental phase-shifts in the dispersive integral one achieves an all–order resummation of FSI effects. The numerical accuracy of this exponentiation has been successfully tested through an analysis of the scalar pion form factor,3 which has identical FSI than A_0.

3. Numerical Predictions

At s_0 = 0, the chiral corrections are rather small. To a very good approximation,4 we can just multiply the tree–level χPT result for a_I (0) with the experimentally determined Omnès exponentials:3

ℜ_0 ≡ ℜ_0(M^2_K , 0) = 1.55 ± 0.10 , ℜ_2 ≡ ℜ_2(M^2_K , 0) = 0.92 ± 0.03 . (5)

Thus, B^{(1/2)}_6 ≈ ℜ_0 × B^{(1/2)}_6 | | |_N C→∞ = 1.55, B^{(3/2)}_8 ≈ ℜ_2 × B^{(3/2)}_8 | | |_N C →∞ ≈ 0.92 and Ω_{IB} ≈ 0.16 × ℜ_2/ℜ_0 = 0.09. This agrees with the result Ω_{IB} = 0.08 ± 0.05, obtained recently with an explicit chiral loop calculation.15

The large FSI correction to the I = 0 amplitude gets reinforced by the mild suppression of the I = 2 contributions. The net effect is a large enhancement of ε^′/ε by a factor 2.4, pushing the predicted central value from5^,6 7 × 10^{−4} to3 17 × 10^{−4}. A more careful analysis, taking into account all hadronic and quark–mixing inputs gives the Standard Model prediction:4

ε^′/ε = (17 ± 6) × 10^{−4} , (6)

which compares well with the present experimental world average.

Acknowledgements

This work has been supported by the ECC, TMR Network EU RODAP HN E (ERBFMX-CT98-0169), and by DGESIC (Spain) under grant No. PB97-1261.

References

1. KTeV collaboration, Phys. Rev. Lett. 83 (1999) 22; NA48 collaboration, Phys. Lett.

B465 (1999) 335; http://www.cern.ch/NA48/Welcome.html. 2. E. Pallante and A. Pich, Phys. Rev. Lett. 84 (2000) 2568. 3. E. Pallante and A. Pich, Nucl. Phys. B in press [hep-ph/0007208]. 4. E. Pallante, A. Pich and I. Scimemi, IFIC/00-31.

5. A.J. Buras et al., hep-ph/0007313; S. Bosch et al., Nucl. Phys. B565 (2000) 3. 6. M. Ciuchini et al., hep-ph/0006056; hep-ph/9910237; Nucl. Phys. B523 (1998) 501. 7. S. Bertolini et al., Rev. Mod. Phys. 72 (2000) 65; hep-ph/0002234. 8. T. Hambye et al., hep-ph/0001088; Nucl. Phys. B564 (2000) 391. 9. J. Bijnens and J. Prades, JHEP 06 (2000) 035; hep-ph/0010008. 10. A.J. Buras et al., Nucl. Phys. B408 (1993) 209; Phys. Lett. B389 (1996) 749. 11. M. Ciuchini et al., Phys. Lett. B301 (1993) 263; Z. Phys. C68 (1995) 239. 12. J.F. Donoghue et al., Phys. Lett. B179 (1986) 361; A.J. Buras and J.-M. Gérard, Phys.

Lett. B192 (1987) 156; H.Y. Cheng, Phys. Lett. B201 (1988) 155; M. Lusignoli, Nucl. Phys. B325 (1989) 33.

13. G. Ecker, G. Müller, H. Neufeld and A. Pich, Phys. Lett. B477 (2000) 88. 14. J. Kambor et al., Nucl. Phys. B346 (1990) 17; Phys. Lett. B261 (1991) 496; Phys.

Rev. Lett. 68 (1992) 1818; J. Bijnens, E. Pallante and J. Prades, Nucl. Phys. B521 (1998) 305; E. Pallante, JHEP 01 (1999) 012.

15. K. Maltman and C.E. Wolfe, Phys. Lett. B482 (2000) 77; hep-ph/0007319.