arXiv:hep-ph/0608085 v4 27 Oct 2006

SLAC-PUB-12043 EFI 06-17 hep-ph/0608085 August 2006

UPDATED BOUNDS ON CP ASYMMETRIES IN B^0 → η^′K_S AND B^0 → π^0K_S^1

Michael Gronau^{a,b}, Jonathan L. Rosner^c, and Jure Zupan^d

aPhysics Department, Technion – Israel Institute of Technology 32000 Haifa, Israel

bStanford Linear Accelerator Center, Stanford University Stanford, CA 94309, USA

cEnrico Fermi Institute and Department of Physics, University of Chicago Chicago, Illinois 60637

dCarnegie-Mellon University, Pittsburgh, PA 15213, and J. Stefan Institute, Jamova 39, P.O. Box 3000 1001 Ljubljana, Slovenia

New rate measurements of B^0 decays into π^0π^0, π^0η, π^0η^′, ηη, ηη^′, η^′η^′ and K^+K^− are used in conjunction with flavor SU(3) to constrain the coefficients S and C of sin Δmt and cos Δmt in the time-dependent CP asymmetries of B^0 → η^′K_S and B^0 → π^0K_S . Experimental values of S_η′_K are now seen to be closer to the Standard Model expectations, fully consistent with the new improved bounds.

PACS codes: 12.15.Hh, 12.15.Ji, 13.25.Hw, 14.40.Nd

I INTRODUCTION

Time-dependent CP asymmetries in B^0 decays to CP eigenstates dominated by the b → s penguin amplitude have for several years been fertile ground for exploring signatures of new physics [1]. The decay B^0 → η^′K_S , as one example, attracted attention because of the possible deviation of the coefficient S_η′_{KS} of the sin Δmt term from its predicted value of sin 2ϕ_1 = sin 2β, where β ≡ arg(−V_{tb}V^∗_{td}V_{cd}V^∗_{cb}) is one of the phases in the standard unitary triangle constructed from the Cabibbo- Kobayashi-Maskawa (CKM) matrix elements. A value sin 2β = 0.674 ± 0.026 is extracted from B → J/ψK_{S,L} decays [2],

In Refs. [3] and [4] correlated bounds on S and C parameters in time-dependent decays B^0 → η^′K_S and B^0 → π^0K_S were obtained using branching ratio measurements of SU(3)-related B^0 decays. The BaBar Collaboration now has updated its

1Research supported in part by the US Department of Energy, contract DE-AC02-76SF00515.

measurements of a number of branching ratios which contributed to the bounds in Ref. [3], leading to a further strengthening of these bounds within the Standard Model. These new results include branching ratios for B^0 → ηη^′, ηπ^0, η^′π^0 based on 232 million B̄B pairs [5], for B^0 → ηη, η^′η^′ based on 324 million B̄B pairs [6], and B^0 → π^0π^0 based on 347 million B̄B pairs [7]. Belle has also updated its branching ratio for B^0 → π^0π^0 based on 532 million B̄B pairs [8]. At the same time BaBar has presented new values for S_η′_K and C_η′_K which are closer to the predictions of the Standard Model [9], while Belle has updated its values based on more data [2, 10, 11]. Finally, new measurements of S_π0_{KS} and C_π0_{KS} were presented by both Belle [10] and BaBar [12]. The purpose of this work is to compare the new predictions with the new measurements. The considerable improvements in bounds in comparison with our earlier treatments [3, 4] deserve to be noted despite the fact that we break no new theoretical ground here. Where otherwise unspecified we use values of branching ratios quoted by the Heavy Flavor Averaging Group [13].

Alternative approaches for studying the asymmetries S and C in b → s penguindominated B^0 decays have been adopted in other works by calculating hadronic amplitudes for these processes within the frameworks of QCD Factorization [14], Soft Collinear Effective Theory (SCET) [15] and a model for final state interactions [16].

In Section II we briefly sketch the formalism for the case of time-dependent asymmetries in B^0 → η^′K_S , referring to [3] for details, and present the new bounds on S_η′_{KS} and C_η′_{KS} . In Section III the updated bounds for B^0 → π^0K_S will then be given. We summarize in Section IV, stressing the fact that our bounds may be approaching their optimum limits.

II BOUNDS FOR S_η′_{KS} AND C_η′_{KS}

For η^′K_S the asymmetry has the form [17]: A(t) ≡ Γ(B̄^0(t) → η^′K_S ) − Γ(B^0(t) → η^′K_S ) Γ(B̄^0(t) → η^′K_S ) + Γ(B^0(t) → η^′K_S )

= −C_η′_K cos(Δmt) + S_η′_K sin(Δmt) , (1) with S_η′_K ≡ 2Im(λ_η′_K ) 1 + |λ_η′_K |^2 , C_η′_K ≡ 1 − |λ_η′_K |^2 1 + |λ_η′_K |^2 , λ_η′_K ≡ −e^{−2iβ} A(B̄^0 → η^′K̄^0) A(B^0 → η^′K^0)

. (2)

We decompose the B^0 → η^′K^0 amplitude into two terms A^′_P and A^′_C containing respectively the CKM factors V^∗_{cb}V_{cs} and V^∗_{ub}V_{us}^2

A(B^0 → η^′K^0) = A^′_P + A^′_C = |A^′_P |e^{iδ} + |A^′_C |e^{iγ} , (3)

where δ and γ in the last equality are respectively the strong and the weak phase. In the diagrammatic language A^′_P is the dominant b → s penguin amplitude and A^′_C is a color-suppressed amplitude.

2The normalization of A^′_{P,C} differs from the one in [3] by √ 6. This normalization cancels in the results for S_η′_K , C_η′_K .

The asymmetries S_η′_K and C_η′_K are

S_η′_K = sin 2β + 2|A^′_C /A^′_P | cos δ sin(2β + γ) − |A^′_C /A^′_P |^2 sin(2α) R_η′_K , (4)

C_η′_K =

2|A^′_C /A^′_P | sin δ sin γ R_η′_K , (5)

R_η′_K ≡ 1 + 2|A^′_C /A^′_P | cos δ cos γ + |A^′_C /A^′_P |^2 . (6)

The amplitudes A^′_P and A^′_C are expected to obey |A^′_C | ≪ |A^′_P | [18]. If A^′_C were neglected one would have S_{πK} = sin 2β, C_{πK} = 0. Keeping only linear terms in |A^′_C /A^′_P | [17] one would have an allowed region in the (S_η′_K , C_η′_K ) plane lying inside an ellipse centered at (sin 2β, 0). We use the exact expressions (4)–(6). Bounds on γ from global CKM analyses [19] lead to asymmetries in the approximately elliptical regions surrounding the Standard Model point.

Using the flavor-SU(3) decomposition of Refs. [18, 20–25] one can express the ratio A^′_C /A^′_P in terms of SU(3)-related amplitudes A_C /A_P for ΔS = 0 B^0 decays as pointed out in [26]. The bounds on ΔS_η′_K ≡ S_η′_K −sin 2β and C_η′_K then arise because A^′_C = λ̄A_C is CKM-suppressed, while A^′_P = −λ̄^{−1}A_P is CKM-enhanced compared to the ΔS = 0 amplitudes (here λ̄ = −V_{cd}/V_{cs} = 0.230). Writing A_{P,C} in terms of the ΔS = 0 B → f amplitudes A_f

Σ_f a_f A(f) = A_P + A_C , (7)

one then obtains the bounds (see [3] for details) |R − λ̄^2| 1 + R ≤ |A^′_C /A^′_P | ≤ R + λ̄^2 1 − R . (8)

The ratio R is R^2 ≡ λ̄2[|Σ_f a_f A(f)|2 + |Σ_f a_fĀ(f)|2] |A(B^0 → η^′K^0)|^2 + |A(B̄^0 → η^′K̄^0)|^2

, (9)

and is bounded by R ≤ λ̄Σ_f |a_f | √ B̄_f B̄(η′K 0) . (10)

For a given set of coefficients a_f , nonzero branching ratio measurements and upper limits on CP averaged branching ratios B̄_f provide an upper bound on R, for which the right-hand-side of (8) gives an upper bound on |A^′_C /A^′_P |.

Since there are more physical amplitudes A(f) than SU(3) contributions, one may form a variety of combinations satisfying (7). We consider two of the cases noted in Ref. [3]:

1. A combination involving pairs including π^0, η and η^′ in the final state was proposed in [26] by using a complete SU(3) analysis, and in [27] by applying

Table I: Branching ratios in 10^{−6} and 90% C.L. upper limits on branching ratios

Mode η^′K^0 π^0π^0 π^0η π^0η^′ ηη η^′η^′ ηη^′ This work 64.9 ± 3.5 1.31 ± 0.21 < 1.3 1.5^{+0.7}_{−0.6} < 1.8 < 2.4 < 1.7 Ref. [3] 65.2^{+6.0}_{−5.9} 1.9 ± 0.5 < 2.5 < 3.7 < 2.8 < 10 < 4.6

U-spin symmetry arguments:

Σ_f a_f A(f) = 1 4 √ 3 A(π^0π^0) − 1 3 A(π^0η) + 5 6 √ 2 A(π^0η^′) + 2 3 √ 3 A(ηη) − 11 12 √ 3 A(η^′η^′) − 5 3 √ 3 A(ηη^′) . (11)

2. Another superposition, satisfying (7) in the limit in which small amplitudes involving the spectator quark may be neglected, involves only three strangenessconserving amplitudes:

Σ_f a_f A(f) = − 5 6 A(π^0η) + 1 3 √ 2 A(π^0η^′) − √ 3 2 A(ηη^′) . (12)

The coefficients a_f in these cases can be read off Eqs. (11) and (12).

As mentioned before, the upper bounds for a number of the relevant decays have been strengthened recently. In units of 10^{−6}, we use the value [13] B(η^′K^0) = 64.9 (we ignore the error ±3.5 as in Ref. [3]) and the 90% c.l. upper limits B(π^0π^0) < 1.58, B(π^0η) < 1.3, B(π^0η^′) < 2.4, B(ηη) < 1.8, B(η^′η^′) < 2.4, and B(ηη^′) < 1.7. These inputs are compared with those used in Ref. [3] in Table I. The bounds on R obtained in the above two cases are then as follows:

1. Assuming exact SU(3) and applying (11) we find, using the central value for B̄(η^′K^0), R < 0.116 (formerly 0.18) . (13)

2. Using (12), which contains three processes, one finds

R < 0.070 (formerly 0.10) . (14)

The approximation involved in deriving (14), where SU(3) breaking and small amplitudes were neglected, is comparable to that associated with (13) which only neglects SU(3) breaking effects.

In order to study constraints in the (S_η′_K , C_η′_K ) plane, we now apply the upper bounds (13) and (14). The exact expressions (4)–(6) imply correlated bounds on these two quantities associated with fixed values of R. We scan over −π ≤ δ ≤ π, taking a central value β = 21.2^∘, values of γ satisfying 52^∘ ≤ γ ≤ 74^∘ [19], and

Figure 1: Regions in the (S_η′_K , C_η′_K ) plane satisfying limits on the ratio |A^′_C /A^′_P | and bounds (13) (region enclosed by the solid curve) or (14) (region enclosed by the dashed curve). The small plotted point denotes (S_η′_K , C_η′_K ) = (sin 2β, 0). The points with experimental errors denote values from BaBar [9] (plain point) and Belle [11] (small square).

values of |A^′_C /A^′_P | in the range (8), where R satisfies the bound (13) or (14). The bounds on (S_η′_K , C_η′_K ) are shown in Fig. 1. The small plotted point corresponds to (S_η′_K , C_η′_K ) = (sin 2β, 0) (see below). The large plotted points correspond to the most recent results reported by BaBar [9] and Belle [11]. These results are noted in Table II.

The greatest range of ΔS_η′_{KS} is obtained for C_η′_{KS} = 0. For the inner ellipse in Fig. 1, based on Eq. (14), one finds

−0.046 < ΔS_η′_{KS} < 0.094 , (15)

while for the outer ellipse based on Eq. (13), the limits are

−0.133 < ΔS_η′_{KS} < 0.152 , (16)

Note that the conservative bound (16) uses only SU(3) symmetry. In obtaining

Table II: Time-dependent asymmetries in B^0 → η^′K_S .

Parameter BaBar [9] Belle [11] S_η′_{KS} 0.58 ± 0.10 ± 0.03 0.64 ± 0.10 ± 0.04 C_η′_{KS} −0.16 ± 0.07 ± 0.03 0.01 ± 0.07 ± 0.05

Table III: Time-dependent asymmetries in B^0 → π^0K_S .

Parameter BaBar [12] Belle [2] S_π0_{KS} 0.33 ± 0.26 ± 0.04 0.33 ± 0.35 ± 0.08 C_π0_{KS} 0.20 ± 0.16 ± 0.03 0.05 ± 0.14 ± 0.05

the more restrictive bound (15) further dynamical assumptions were made: that the annihilation-like amplitudes pa and e [18] can be neglected (this can be justified by taking the m_b → ∞ limit [15, 28]) and furthermore that the singlet annihilation-like amplitudes c_s and s_0 [15] that depend on the gluonic content of η^′ can be neglected (the latter do not vanish in the m_b → ∞ limit, while it is not clear whether or not they are small numerically [15]). The explicit calculations in QCD Factorization [14], SCET [15], and a model for final state interactions [16] give results that lie well within both of the above ranges.

III BOUNDS FOR S_π0_{KS} and C_π0_{KS}

We next turn to B → π^0K_S decay. Measured asymmetries are summarized in Table III. The analysis is similar to the one presented above, with the details given in [4]. Using the same notation as for B → η^′K_S we have ∑ f a_f A_f = A(B^0 → π^0π^0) + A(B^0 → K^+K^−)/ √ 2, (17)

so that (9) gives now R^2_{π/K} ≡ λ̄2 [|A_{ππ} + A_{KK} /√2|2 + |Ā_{ππ} + Ā_{KK} /√2|2] |A_{πK} |^2 + |Ā_{πK} |^2

. (18)

As in [4] we now distinguish two cases:

1. Neglect the 1/m_b suppressed B^0 → K^+K^− amplitude for which the experimental value is B̄(B^0 → K^+K^−) = (0.07^{+0.12}_{−0.11}) · 10^{−6} [13]. Then with B̄(B^0 → π^0π^0) = (1.31 ± 0.21) × 10^{−6} and B̄(B^0 → π^0K^0) = (10.0 ± 0.6) × 10^{−6}, we find R_{π/K} = λ̄ √ B̄(B0 → π0π0) B̄(B0 → π0K 0) = (8.3 ± 0.7) · 10^{−2}, (19) to be compared with R_{π/K} = (9.1 ± 1.2) · 10^{−2} in [4].

2. Keeping A(B^0 → K^+K^−) increases the error on R_{π/K} which now lies in the range R_− ≤ R_{π/K} ≤ R_+ , (20) where R_± ≡ λ̄ (√ B̄(B0 → π0π0) B̄(B0 → π0K 0) ± √ B̄(B0 → K +K −) 2B̄(B^0 → π^0K^0) ) ≡ R_{π/K} (1 ± r) . (21)

With B̄(B^0 → K^+K^−) < (0.224 × 10^{−6} (90% c.l.) and the central value of B̄(B0 → π0π0) we find r < r_{max} = 0.292. Then the lower limit on R_{π/K} becomes R_− = (0.076)(1 − r_{max}) = 0.054, while the upper limit becomes R_+ = (0.090)(1 + r_{max}) = 0.117. These are to be compared with R_− = 0.055, R_+ = 0.126 obtained in [4] using central values for B̄(B^0 → π^0K^0), B̄(B^0 → π^0π^0) and the upper limit on B̄(B^0 → K^+K^−).

The results of these two cases are shown in Figs. 2. A small region of parameter space near the value (S, C) = (sin 2β, 0) is actually excluded, as in the case considered in Ref. [4] when the small B^0 → K^+K^− decay amplitude was ignored. Here, a small region is excluded even when B^0 → K^+K^− is taken into account. This is due in part to the improved upper bounds on this process but also to the more restricted range assumed for γ: 52^∘ ≤ γ ≤ 74^∘ [19] compared with 38^∘ ≤ γ ≤ 80^∘ taken in Ref. [4].

IV SUMMARY

SU(3) bounds on the time-dependent CP asymmetries in B^0 → η^′K_S and B^0 → π^0K_S continue to improve as one incorporates improved bounds on rare B^0 → π^0η^{(′)}, η^{(′)}η^{(′)}, and K^+K^− decay branching ratios. The bounds presented in this work will thus reach their minimal values once all the above decay branching ratios are measured. These minimal bounds can be estimated using theoretical predictions for B^0 → π^0η^{(′)}, η^{(′)}η^{(′)}, and K^+K^− within QCD Factorization [14], SCET [15] and perturbative QCD (PQCD) [29]. While the central values in these calculations are typically smaller than the current experimental upper bounds, their theoretical uncertainties are large, permitting values close to these bounds. For example, gluonic contributions to B → η^{(′)} form factors may enhance the relevant branching ratios. Global SU(3) fits for B decays into two pseudoscalars obtain values which are within errors near the upper bounds [27, 30, 31]. A first indication that the actual branching ratios are not far below current bounds is the measurement B(B^0 → π^0η^′) = (1.5^{+0.7}_{−0.3}) × 10^{−6}, lying significantly higher than central values calculated in QCD Factorization and PQCD. This may indicate that the bounds (13) and (14) will not improve significantly in the future.

The present constraint on the region around (S, C) = (sin 2β, 0) consistent with the Standard Model is shown in Figs. 1 and 2. With the new measurements the experimental deviations from the Standard Model for B^0 → η^′K_S have decreased, while those for B^0 → π^0K_S are not yet statistically compelling.

Figure 2: Top: points in the S_{πK} –|C_{πK} | plane satisfying ±1σ limits (19) on the ratio R_{π/K} , with the small B^0 → K^+K^− contribution ignored. The small plotted point denotes the pure-penguin value S_{πK} = sin 2β, C_{πK} = 0. Points with experimental errors denote values from BaBar [12] (plain point) and Belle [10] (small square). The dashed arc denotes the boundary of allowed values: S^2_{πK} + C^2_{πK} ≤ 1. Bottom: small B^0 → K^+K^− contribution included.

Acknowledgments

We thank Bill Ford, Fernando Palombo, Jim Smith, and Denis Suprun for helpful comments. M.G. is grateful to the SLAC Theory Group for its kind hospitality. J.L.R. thanks the Newman Laboratory of Elementary-Particle Physics, Cornell University, for its kind hospitality during part of this investigation. This work was supported in part by the United States Department of Energy, High Energy Physics Division, through Grant No. DE-FG02-90ER40560, under Grants No. DOE-ER-40682-143 and DEAC02-6CH03000, by the Israel Science Foundation under Grant No. 1052/04 and by the German-Israeli Foundation under Grant No. I-781-55.14/2003.

References

[1] M. Gronau and D. London, Phys. Rev. D 55 (1997) 2845; Y. Grossman and M.

P. Worah, Phys. Lett. B 395 (1997) 241; D. London and A. Soni, Phys. Lett. B 407 (1997) 61.

[2] M. Hazumi, plenary talk at 33rd International Conference on High Energy Physics (ICHEP06), Moscow, Russia, 26 July – 2 August 2006.

[3] M. Gronau, J. L. Rosner and J. Zupan, Phys. Lett. B 596, 107 (2004).

[4] M. Gronau, Y. Grossman and J. L. Rosner, Phys. Lett. B 579, 331 (2004).

[5] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 73, 071102 (2006).

[6] B. Aubert et al. [BaBar Collaboration], BaBar report BaBar-PUB-06/051, SLAC report SLAC-PUB-11992, presented by M. Bona at ICHEP06, Moscow [arXiv:hep-ph/0607063].

[7] B. Aubert et al. [BaBar Collaboration], BaBar reports BaBar-CONF-06/039 (hep-ex/0607106) and BaBar-CONF-06/058, presented by M. Bona at ICHEP06, Moscow.

[8] Y. Unno [Belle Collaboration], presented at ICHEP06, Moscow.

[9] B. Aubert et al. [BABAR Collaboration], BaBar Report BaBar-PUB-06/063, SLAC report SLAC-PUB-12127, arXiv:hep-ex/0609052, submitted to Phys. Rev. Lett.

[10] K. Hara [Belle Collaboration], presented at ICHEP06, Moscow.

[11] K. Abe et al. [Belle Collaboration], Belle report BELLE-CONF-0647, presented at ICHEP06, Moscow, arXiv:hep-ex/0608039.

[12] B. Aubert et al. [BaBar Collaboration], BaBar report BaBar-CONF-06/030, SLAC-PUB-11982, presented by A. Lazzaro at ICHEP06, Moscow, arXiv:hepex/0607096.

[13] E. Barbiero et al., Heavy Flavor Averaging Group,

http://hep.physics.wayne.edu/∼harr/hfags06/.

[14] M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003); M. Beneke, Phys.

Lett. B 620, 143 (2005).

[15] A. R. Williamson and J. Zupan, Phys. Rev. D 74, 014003 (2006). [16] H. Y. Cheng, C. K. Chua and A. Soni, Phys. Rev. D 72, 014006 (2005). [17] M. Gronau, Phys. Rev. Lett. 63 (1989) 1451.

[18] M. Gronau, O. Hernández, D. London, and J. L. Rosner, Phys. Rev. D 50 (1994) 4529; Phys. Rev. D 52 (1995) 6374.

[19] J. Charles et al. [CKMfitter Group], presenting updated results periodically on the web site http://ckmfitter.in2p3.fr. For general methods see A. Höcker et al., Eur. Phys. J. C 21 (2001) 225. The latest publicly available analysis in April 2006 quotes the 2σ range 51.9^∘ ≤ γ ≤ 73.7^∘. Slightly more restrictive 2σ limits are implied by the latest results of M. Bona et al. [UTfit Group], hepph/0606167 and http://www.utfit.org/. In the latter, the “full fit” value for γ is (61.3 ± 4.5)^∘, implying 52.3^∘ ≤ γ ≤ 70.3^∘ at the ±2σ level.

[20] D. Zeppenfeld, Zeit. Phys. 8 (1981) 77. [21] L. L. Chau et al., Phys. Rev. D 43 (1991) 2176.

[22] M. Gronau and J. L. Rosner, Phys. Rev. D 53 (1996) 2516; A. S. Dighe, Phys.

Rev. D 54 (1996) 2067.

[23] M. Savage and M. Wise, Phys. Rev. D 39 (1989) 3346; ibid. 40 (1989) 3127(E). [24] N. G. Deshpande and X. G. He, Phys. Rev. Lett. 75 (1995) 3064; N. G. Deshpande, X. G. He and S. Oh, Zeit. Phys. C 74 (1997) 359.

[25] B. Grinstein and R. F. Lebed, Phys. Rev. D 53 (1996) 6344. [26] Y. Grossman, Z. Ligeti, Y. Nir and H. R. Quinn, Phys. Rev. D 68 (2003) 015004. [27] C. W. Chiang, M. Gronau and J. L. Rosner, Phys. Rev. D 68 (2003) 074012. [28] C. W. Bauer and D. Pirjol, Phys. Lett. B 604, 183 (2004). [29] H. s. Wang, X. Liu, Z. j. Xiao, L. b. Guo and C. D. Lu, Nucl. Phys. B 738, 243 (2006) Z. j. Xiao, D. q. Guo and X. f. Chen, arXiv:hep-ph/0607219.

[30] H. K. Fu, X. G. He and Y. K. Hsiao, Phys. Rev. D 69, 074002 (2004). [31] C. W. Chiang, M. Gronau, J. L. Rosner and D. A. Suprun, Phys. Rev. D 70, 034020 (2004).