arXiv:hep-ph/0109238 v2 15 Oct 2001

TECHNION-PH-2001-35 EFI 01-42 hep-ph/0109238 September 2001

IMPLICATIONS OF CP ASYMMETRY LIMITS FOR B → Kπ AND B → ππ Michael Gronau Physics Department, Technion – Israel Institute of Technology 32000 Haifa, Israel

Jonathan L. Rosner Enrico Fermi Institute and Department of Physics University of Chicago, Chicago, Illinois 60637

Recent experimental limits for the direct CP asymmetries in B^0 → K^+π^−, B^+ → K^+π^0, B^+ → K^0π^+, and B^0 → π^+π^−, and for the indirect CP asymmetry in B^0 → π^+π^−, are combined with information on CPaveraged branching ratios to shed light on weak and strong phases. At present such bounds favor γ ≥ 60^∘ at the 1σ level. The prospects for further improvements are discussed.

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

I Introduction

The decays of B mesons to the charmless final states ππ and Kπ are a rich source of information on the fundamental parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, but the extraction of this information from data requires the separation of weak interaction effects from strong-interaction quantities such as magnitudes of operator matrix elements and strong phases. A number of model-independent analyses of these systems [1, 2, 3, 4] have shown that when one combines data on CP asymmetries with branching ratios of CP-averaged final states, one can separate the strong interaction effects from fundamental CKM parameters, obtaining useful information on both sets of quantities.

In the present paper we apply several of these analyses [1, 2, 3] to the decays B → Kπ and B → ππ, using new upper limits quoted by the CLEO [5], BaBar [6, 7], and Belle [8] Collaborations for several CP-violating asymmetries in these decays, as well as updated CP-averaged branching ratios for these states. Comparison of the CPaveraged rate for B^0 → K^+π^− with that for B^+ → K^0π^+, given a small strong phase difference, excludes 31^∘ ≤ γ ≤ 60^∘ for the weak phase γ ≡ Arg(−V^∗_{ub}V_{ud}/V^∗_{cb} V_{cd}), while comparison of B^+ → K^+π^0 with B^+ → K^0π^+ sets a 1σ lower limit of γ > 50^∘. Present 1σ bounds on the asymmetry parameter S_{ππ} in B^0 → π^+π^− exclude roughly half the CKM parameter space allowed by other measurements.

We review the flavor decomposition of amplitudes in Section II and the relevant data in Section III. The decays B^+ → K^0π^+, expected to be dominated by the penguin amplitude and thus to have no CP-violating asymmetry, are discussed in Section IV. We then analyze rates and CP asymmetries for B^0 → K^+π^−, normalizing amplitudes in terms of the pure-penguin processes B^+ → K^0π^+, in Section V. The process B^+ → K^+π^0 and its comparison with B^+ → K^0π^+ are treated in Section VI, while Section VII deals with B^0 → π^+π^−. Section VIII concludes.

II Flavor decomposition of amplitudes

In order to put the observed rates and asymmetries in theoretical context, we review the SU(3) flavor-decomposition of B → P P amplitudes, where P = π, K [9]. Defining t = T + P^c_{EW} , p = P −^1_3 P^c_{EW} −^1_3 P^E_{EW} , c = C + P_{EW} , a = A + P^E_{EW} , and e + pa = E +P A+^1_3 P^A_{EW} , where T is a color-favored tree amplitude, P is a penguin amplitude, C is a color-suppressed tree amplitude, A is an annihilation amplitude, E is an exchange amplitude, P A is a penguin annihilation amplitude, and P_{EW} , P^c_{EW} , P^E_{EW} , and P^A_{EW} are respectively color-favored, color-suppressed, (γ, Z)-exchange, and (γ, Z)- direct-channel electroweak penguin amplitudes [10], we have

A(B^0 → π^+π^−) = −(t + p + e + pa) , A(B^+ → π^+π^0) = −(t + c)/ √ 2 , A(B^0 → π^0π^0) = (p − c + e + pa)/ √ 2 , A(B^0 → K^0K^0) = p + pa ,

A(B^+ → K^0K^+) = p + a , A(B^0 → K^+K^−) = −(e + pa) .

A(B^0 → K^+π^−) = −(t^′ + p^′) , A(B^+ → K^0π^+) = p^′ + a^′ ,

A(B^+ → K^+π^0) = −(p^′ + a^′ + t^′ + c^′)/ √ 2 , A(B^0 → K^0π^0) = (p^′ − c^′)/ √ 2 , (1)

Here unprimed amplitudes denote ΔS = 0 processes, while primed amplitudes involve |ΔS| = 1. The B^0 → K^+K^− decay is expected to be highly suppressed since it involves only amplitudes associated with interactions with the spectator quarks. Measurement of rates for this process can place upper limits on such spectator amplitudes (equivalently, on effects of rescattering [11]).

The quark subprocesses describing the above amplitudes for b̄ quark decay are summarized in Table I. We use the unitarity of the CKM matrix, V^∗_{tb}V_{tq} = −V^∗_{cb}V_{cq} − V^∗_{ub}V_{uq} , (q = d, s), to eliminate elements involving the top quark in favor of those involving the charm and up quarks in penguin amplitudes, and then incorporate up quark contributions into redefined tree contributions. In this convention tree amplitudes involve CKM factors V^∗_{ub}V_{uq} , while penguin and electroweak penguin amplitudes contain factors V^∗_{cb}V_{cq} . The weak phases of amplitudes for B decays occur in the last column of Table I.

A useful flavor SU(3) relation between tree and electroweak penguin amplitudes holds when keeping only dominant (V − A)(V − A) electroweak operators in the effective weak Hamiltonian. Neglecting very small (a few percent) electroweak penguin contributions from operators having a different chiral structure, tree and electroweak

Table I: Weak phases of amplitudes in the flavor decomposition.

Amplitude Quark CKM Weak subprocess element phase T, C b̄ → ūud̄ V^∗_{ub}V_{ud} γ P, P_{EW} , P^c_{EW} , P^E_{EW} b̄ → d̄ V^∗_{cb}V_{cd} 0 E b̄d → ūu V^∗_{ub}V_{ud} γ A b̄u → d̄u V^∗_{ub}V_{ud} γ P A, P^A_{EW} b̄d → vacuum V^∗_{cb}V_{cd} 0 T^′, C^′ b̄ → ūus̄ V^∗_{ub}V_{us} γ P^′, P^′_{EW} , P^{′c}_{EW} , P^{′E}_W b̄ → s̄ V^∗_{cb}V_{cs} π E^′ b̄s → ūu V^∗_{ub}V_{us} γ A^′ b̄u → s̄u V^∗_{ub}V_{us} γ P A^′, P^{′A}_{EW} b̄s → vacuum V^∗_{cb}V_{cs} π

penguin operators carrying a given SU(3) representation are proportional to each other, and one finds in the SU(3) limit [2]

t^′ + c^′ = (T^′ + C^′) ( 1 − δ_{EW} e^{−iγ} ) , (2)

where δ_{EW} is given in terms of ratios of Wilson coefficients and CKM factors: δ_{EW} = − 3 2 c_9 + c_{10} c_1 + c_2 |V^∗_{cb}V_{cs}| |V^∗_{ub}V_{us}| = 0.65 ± 0.15 . (3)

The central value is obtained for |V_{ub}/V_{cb} | = 0.09.

III Rate and asymmetry data and averages

A. Rates The CLEO [12], Belle [13], and BaBar [14, 15] CP-averaged branching ratios for several B → P P modes are summarized in Table II, along with averages from Ref. [16]. We first note several general properties of these branching ratios.

1. Dominance of B^0 → π^+π^− and B^+ → π^+π^0 by the color-favored tree amplitude would imply the relation

2B(B^+ → π^+π^0) r_τ B(B^0 → π^+π^−)

= 1 , (4)

where r_τ ≡ τ_B+ /τ_B0 = 1.068 ± 0.016 is the ratio of B^+ and B^0 lifetimes [17]. The observed ratio corresponding to the left-hand side of (4) is 2.4 ± 0.8, or 1.7σ above 1. The color-suppressed tree amplitude c with Re(c/t) ≃ 0.2 [9, 18] adds about 44% to the predicted B^+ → π^+π^0 branching ratio, converting the right-hand side of (4) to 1.44 and reducing the discrepancy to 1.2σ.

Table II: Branching ratios in units of 10^{−6} for B^0 or B^+ decays to pairs of light pseudoscalar mesons. Averages over decay modes and their CP-conjugates are implied.

Mode CLEO [12] Belle [13] BaBar [14, 15] Average [16] π^+π^− 4.3^{+1.6}_{−1.4} ± 0.5 5.6^{+2.3}_{−2.0} ± 0.4 4.1 ± 1.0 ± 0.7 4.4 ± 0.9 π^+π^0 5.4 ± 2.6 7.8^{+3.8+0.8}_{−3.2−1.2} 5.1^{+2.0}_{−1.8} ± 0.8 5.6 ± 1.5 K^+π^− 17.2^{+2.5}_{−2.4} ± 1.2 19.3^{+3.4+1.5}_{−3.2−0.6} 16.7 ± 1.6 ± 1.3 17.4 ± 1.5 K^0π^+ 18.2^{+4.6}_{−4.0} ± 1.6 13.7^{+5.7+1.9}_{−4.8−1.8} 18.2^{+3.3}_{−3.0} ± 2.0 17.3 ± 2.4 K^+π^0 11.6^{+3.0+1.4}_{−2.7−1.3} 16.3^{+3.5+1.6}_{−3.3−1.8} 10.8^{+2.1}_{−1.9} ± 1.0 12.2 ± 1.7 K^0π^0 14.6^{+5.9+2.4}_{−5.1−3.3} 16.0^{+7.2+2.5}_{−5.9−2.7} 8.2^{+3.1}_{−2.2} ± 1.2 10.4 ± 2.6 π^0π^0 < 5.6(90% c.l.)

K^0K^0 < 6.1(90% c.l.) < 7.3(90% c.l.) K^+K^− < 1.9(90% c.l.) < 2.7(90% c.l.) < 2.5(90% c.l.) K^0K^+ < 5.1(90% c.l.) < 5.0(90% c.l.) < 2.4(90% c.l.)

2. Dominance of the B → Kπ decays by penguin amplitudes would imply

B(B^0 → K^+π^−) = B(B^+ → K^0π^+)/r_τ

= 2B(B^+ → K^+π^0)/r_τ = 2B(B^0 → K^0π^0) , (5) while these quantities are in the ratio

1.08 ± 0.18 : 1 (def.) : 1.41 ± 0.28 : 1.29 ± 0.37 (6)

(normalizing to the pure-penguin amplitude for B^+ → K^0π^+). Thus the strongest evidence for amplitudes other than the penguin appears at the 1.46σ level in the ratio R_c ≡ 2B(B^+ → K^+π^0) B(B^+ → K^0π^+)

= 1.41 ± 0.28 . (7)

3. To first order in subleading amplitudes, one has the sum rule [19, 20, 21]

2B(B^+ → K^+π^0)/r_τ + 2B(B^0 → K^0π^0)

= B(B^+ → K^0π^+)/r_τ + B(B^0 → K^+π^−) . (8) The left- and right-hand sides of this relation are (43.6 ± 6.1) × 10^{−6} and (33.6 ± 2.7) × 10^{−6}, respectively. These relations are fairly general, so any violation of them would most likely signal systematic experimental errors.

B. Asymmetries

In Table III we summarize data on CP asymmetries in B → P P , defined by A_{CP} ≡ Γ(B̄ → f̄) − Γ(B → f) Γ(B̄ → f̄) + Γ(B → f)

, (9)

Table III: Asymmetries A_{CP} for B → P P decays

Mode CLEO [5] BaBar [6, 7] Belle [8] Average S_{ππ} 0.03^{+0.53}_{−0.56} ± 0.11 0.03 ± 0.56 C_{ππ} −0.25^{+0.45}_{−0.47} ± 0.14 −0.25 ± 0.48 K^+π^− −0.04 ± 0.16 −0.07 ± 0.08 ± 0.02 0.044^{+0.186+0.018}_{−0.167−0.021} −0.048 ± 0.068 K^+π^0 −0.29 ± 0.23 0.00 ± 0.18 ± 0.04 −0.059^{+0.222+0.055}_{−0.196−0.017} −0.096 ± 0.119 K^0π^+ 0.18 ± 0.24 −0.21 ± 0.18 ± 0.03 0.098^{+0.430+0.020}_{−0.343−0.063} −0.047 ± 0.136

while coefficients of sin Δm_dt and cos Δm_dt measured in time-dependent CP asymmetries of π^+π^− states produced in asymmetric e^+e^− collisions at the Υ(4S) are [22] S_{ππ} ≡ 2Im(λ_{ππ} ) 1 + |λ_{ππ} |^2 , C_{ππ} ≡ 1 − |λ_{ππ} |^2 1 + |λ_{ππ} |^2

, (10)

where λ_{ππ} ≡ e^{−2iβ} A(B^0 → π^+π^−) A(B^0 → π^+π^−)

. (11)

The smallness of these asymmetries will lead to useful constraints on CKM parameters, though reduction of statistical errors will be quite helpful. In some cases, however, the reduction of statistical errors on ratios of branching ratios described in the previous Section will actually be of greater use.

IV B^+ → K^0π^+

The decay B^+ → K^0π^+ is expected to be dominated by the penguin amplitude, with a small contribution from the quark subprocess b̄u → s̄u proportional to the ratio f_B/m_B ≃ 1/25. An equivalent contribution is generated by rescattering, e.g., from such final states as K^+π^0. Since the weak phase of the annihilation and penguin amplitudes are different, the annihilation amplitude can lead to a small CP asymmetry in the rate for B^+ → K^0π^+ vs. its CP-conjugate decay. There is no evidence for such an asymmetry at present, but the experimental upper bounds are no stronger than for processes in which the penguin amplitude is expected to be accompanied by tree amplitudes, such as B^0 → K^+π^− and B^+ → K^+π^0. Much larger CP asymmetries could occur in those processes if strong phases were sufficiently large.

A useful way to estimate the effect of the annihilation amplitude in B^+ → K^0π^+ [23] is to use the U-spin [24, 25] transformation s ↔ d to relate it to B^+ → K^0K^+. Under this substitution the penguin amplitude (proportional to V^∗_{cb}V_{cd}) is reduced by a factor of λ = |V_{cd}/V_{cs} |, while the annihilation amplitude is increased by a factor λ^{−1} = |V_{ud}/V_{us} |, where λ ≃ 0.22. Thus, not only should the CP asymmetry in B^+ → K^0K^+ be substantially larger than that in B^+ → K^0π^+, but if the annihilation amplitude is large enough it could lead to an enhancement of the rate for B^+ → K^0K^+ over that expected if the penguin amplitude P were dominant, which corresponds to a branching ratio of about B(B^+ → K^0K^+) ≃ |V_{cd}/V_{cs}|^2B(B^+ → K^0π^+) = 8 × 10^{−7} [26, 27]. The present experimental limit [14] is only a factor of three larger.

Evidence for rescattering [11] would also be forthcoming from the process B^0 → K^+K^−, for which the contributions of the E and P A amplitudes are expected to lead to a branching ratio below 10^{−7}. Present experimental limits are an order of magnitude above this value.

V B^0 → K^+π^−

Fleischer and Mannel [28] pointed out that a useful ratio giving information on the weak phase γ is R ≡ r_τ [ B(B^0 → K^−π^+) + B(B^0 → K^+π^−) ] B(B^− → K^0π^−) + B(B^+ → K^0π^+)

. (12)

Within the assumption of a dominant penguin amplitude and a subdominant tree amplitude, one finds R = 1 − 2r cos γ cos δ_0 + r^2 , (13)

where r ≡ |T^′/P^′| is the ratio of tree to penguin amplitudes for strangeness-changing B decays to charmless final states, and δ_0 ≡ δ_T ′ − δ_P ′ is the strong final-state phase difference between tree and penguin amplitudes. Independently of r and δ_0 it can then be shown [28] that R ≥ sin^2 γ, so that a value of R below 1 could place useful bounds on γ.

The present experimental data summarized in Table II indicate R = 1.08 ± 0.18, so that no useful bound arises from the Fleischer-Mannel procedure. However, it was shown in Ref. [1] that if one combined data on R with the CP pseudo-asymmetry

A_0 ≡

Γ(B^0 → K^−π^+) − Γ(B^0 → K^+π^−) Γ(B^− → K^0π^−) + Γ(B^+ → K^0π^+)

= A_{CP} (B^0 → K^+π^−)R

= −2r sin γ sin δ_0 , (14)

one could eliminate the strong phase difference between tree and penguin amplitudes and obtain useful information on the weak phase γ. The result is

R = 1 + r^2 ± √ 4r^2 cos^2 γ − A^2_0 cot^2 γ . (15)

Plots of R as a function of γ for various values of r and A_0 were given in Ref. [1]. Note that this function is invariant under the replacement γ → π − γ, so it only need be plotted for 0 ≤ γ ≤ 90^∘. However, the expression (13) indicates that the upper branches of the curves correspond to cos γ cos δ_0 < 0, while the lower branches correspond to cos γ cos δ_0 > 0.

Using the experimental asymmetries summarized in Table III, one finds A_0 = −0.052 ± 0.073. In Ref. [1] we estimated r = 0.16 ± 0.06. Using the most recent

Figure 1: Behavior of R for r = 0.14 and A_0 = 0 (dashed curves) or |A_0| = 0.125 (solid curve) as a function of the weak phase γ. Horizontal dashed lines denote ±1σ experimental limits on R. The upper branches of the curves correspond to the case cos γ cos δ_0 < 0, while the lower branches correspond to cos γ cos δ_0 > 0.

experimental data for B^+ → K^0π^+ to estimate |P^′| and factorization in B → πlν [29] and flavor SU(3) [9] to estimate |T^′|, an updated result is r = 0.184 ± 0.044.

The most conservative bounds on γ are obtained using the smallest value of r and the largest value of |A_0|. A plot of R for r = 0.14 (the 1σ lower bound) and both A_0 = 0 and |A_0| = 0.125 (the 1σ upper bound) is shown in Figure 1. With present experimental errors, no useful bound on γ emerges from the consideration of R unless additional assumptions are made. Reduction of errors on R by roughly a factor of two could have a considerable impact even given present errors on A_0 and r. Since the curves for A_0 = 0 and |A_0| = 0.125 are fairly close to one another for a considerable range of γ, improvement of bounds on A_0 is less likely to sharpen the bounds on γ unless that angle differs considerably from 90^∘.

Theoretical estimates [18] of small final-state phases imply cos δ_0 > 0, so that with γ ≤ 90^∘ one should have destructive tree-penguin interference in B^0 → K^+π^− and thus should be on the lower branch of the curves in Fig. 1. The 1σ lower bound on R then would exclude 31^∘ ≤ γ ≤ 60^∘.

The expressions for R and A_0 are invariant under the interchange of γ and δ_0, so that Fig. 1 can also be used in principle for bounds on δ_0. At present, no useful bounds emerge. However, writing sin δ_0 = −A_0/(2r sin γ) and using the 1σ range −0.125 ≤ A_0 ≤ 0.021 and the lower bounds r ≥ 0.14 from the above discussion and γ ≥ 32^∘ from a fit to CKM parameters [30], one finds −8^∘ ≤ δ_0 ≤ 57^∘ up to a discrete ambiguity which also permits a solution δ_0 → π − δ_0.

VI B^+ → K^+π^0

The ratio R_c ≡ 2[B(B^− → K^−π^0) + B(B^+ → K^+π^0)] B(B^− → K^0π^−) + B(B^+ → K^0π^+)

(16)

also contains useful information on the weak phase γ. Initially it was proposed to use this ratio in an amplitude triangle construction [31] in which the amplitude t^′ + c^′ = −A(B^+ → K^0π^+) − √ 2A(B^+ → K^+π^0) was evaluated using flavor SU(3) from the corresponding amplitude t + c = − √ 2A(B^+ → π^+π^0). However, this procedure neglected important electroweak penguin (EWP) contributions [32]. It was then shown that these could be taken into account [2] through the SU(3) relation (2). Neglecting a^′ contributions in decay amplitudes, and writing − √ 2A(B^+ → K^+π^0) = p^′ + (T^′ + C^′) ( 1 − δ_{EW} e^{−iγ} ) , (17)

one finds

R_c = 1 − 2r_c cos δ_c(cos γ − δ_{EW} ) + r^2_c (1 − 2δ_{EW} cos γ + δ^2_{EW} ) , (18)

where r_c ≡ |T^′ + C^′|/|p^′|, δ_c ≡ δ_T ′_{+C}′ − δ_p′ , and δ_{EW} is given in Eq. (3). Note that the latter parameter involves a sizable uncertainty from |V_{ub}/V_{cb} |. In order to demonstrate possible constraints on weak and strong phases, we will explore the effect of ±1σ deviations from the central value of δ_{EW} = 0.65 ± 0.15.

The CP-violating asymmetry in B^+ → K^+π^0 decays then provides a constraint on the relative strong phase δ_c. We define a pseudo-asymmetry A_c ≡ 2[B(B^− → K^−π^0) − B(B^+ → K^+π^0)] B(B^− → K^0π^−) + B(B^+ → K^0π^+)

= R_cA_{CP} (B^+ → K^+π^0)

= −2r_c sin δ_c sin γ , (19) and, using the experimental averages in Tables II and III, we find A_c = −0.13 ± 0.17.

Eliminating δ_c, we can plot R_c as a function of γ for various values of δ_{EW} , r_c and A_c, to see if any constraints on γ emerge when taking a 1σ lower limit on R_c, R_c ≥ 1.13. The ratio r_c, obtained from [31]

r_c = √ 2 V_{us} V_{ud} f_K f_π [ B(B^− → π^−π^0) + B(B^+ → π^+π^0) B(B^− → K^0π^−) + B(B^+ → K^0π^+) ]_{1/2} , (20)

Figure 2: Behavior of R_c for r_c = 0.265 (1σ upper limit) and A_c = 0 (dashed curves) or |A_c| = 0.30 (solid curve) as a function of the weak phase γ. Horizontal dashed lines denote ±1σ experimental limits on R_c. Upper branches of curves correspond to cos δ_c(cos γ − δ_{EW} ) < 0, while lower branches correspond to cos δ_c(cos γ − δ_{EW} ) > 0. Here we have taken δ_{EW} = 0.80 [the 1σ upper limit in Eq. (3)], which leads to the most conservative bound on γ.

was estimated in Ref. [2] to be r_c ≡ ϵ_{3/2} = 0.24 ± 0.06. We can update this estimate using the new branching ratios quoted in Table II, finding r_c = 0.230 ± 0.035. The resulting plot is shown in Fig. 2 for the +1σ values of r_c and δ_{EW} (which lead to the weakest lower bound on γ), both for A_c = 0 and for the 1σ upper limit A_c = 0.30. The weakest 1σ bound on γ in this case, as opposed to the case of B^0 → K^+π^−, occurs when A_c = 0, and is γ ≥ 50^∘. As a result of the electroweak penguin term, the value of R_c is not symmetric under the replacement γ → π −γ, in contrast to the case of R for B^0 → K^+π^−. In Table IV we show the minimum values of γ obtained on the basis of the 1σ inequality R_c ≥ 1.13 for r_c = 0.230 ± 0.035 and δ_{EW} = 0.65 ± 0.15, both for A_c = 0 and for A_c = 0.3.

As in the case of B^0 → K^+π^−, there is little difference on the bounds one obtains for zero CP asymmetry and for the maximum allowed value. The greatest leverage

Table IV: Minimum values of γ (in degrees) for R_c ≥ 1.13, given central and ±1σ values of r_c and δ_{EW} . First figure denotes value with A_c = 0 while second figure denotes value with |A_c| = 0.30.

r_c: 0.195 0.230 0.265 δ_{EW} : 0.50 75/82 71/74 68/70 0.65 66/74 62/67 60/62 0.80 57/68 53/59 50/54

on bounds would be provided by reducing the experimental error on R_c, with some additional help associated with reduction of the errors on r_c and δ_{EW} . The limits of Table IV correspond to the branches of the curves that would be chosen if cos δ > 0, as expected in some theoretical treatments [18].

One can place a one-sided 1σ limit on the strong phase δ_c using the present range −0.30 ≤ A_c ≤ 0.04. With

sin δ_c = −A_c/(2r_c sin γ) , (21)

γ ≥ 32^∘, and r_c ≥ 0.195 one has −0.19 ≤ sin δ_c ≤ 1.44, so δ_c ≥ −11^∘. The upper limit on |A_c| [equivalently, on |A_{CP} (B^+ → K^+π^0)] must be reduced to about 2/3 of its present value if a two-sided constraint on δ_c is to be obtained.

VII B^0 → π^+π^−

The implications of the BaBar [7] limits on S_{ππ} and C_{ππ} quoted in Table III have been partially explored in Ref. [29]. Here we review these limits, discuss their implications for CKM parameters, and discuss prospects for their improvement.

As mentioned in Section III, the present experimental ratio (4) of B^+ → π^+π^0 and B^0 → π^+π^− branching ratios is somewhat larger than that expected from treedominance alone, even accounting for a color-suppressed contribution to the former process. For this reason, as well as for the purpose of estimating the “penguin pollution” correction to the time-dependent CP asymmetry in B^0 → π^+π^−, it is useful to estimate the ratio |P/T | of penguin to tree amplitudes in ΔS = 0 B decays. Using this estimate it is then possible to place limits on the weak phase α even given the crude limits on S_{ππ} and C_{ππ} noted in Table III.

Many previous attempts have been made to estimate |P/T | in a model-independent way, including an isospin analysis requiring the measurement of B^+ → π^+π^0, B^0 → π^0π^0, and corresponding charge-conjugate decays [33], methods which use only part of the above information [34, 35, 36], and numerous applications of flavor SU(3) [9, 37, 38]. There have been hints, based on earlier data, that the penguin amplitude was interfering destructively with the tree in B^0 → π^+π^− [39].

The method of Ref. [29] is capable in principle of giving a good value of |T | based on naïve factorization and measurement of the spectrum of B → πlν near q^2 = 0, where q^2 is the squared effective mass of the lν system. Present experimental measurements and some theoretical estimates of form factor shapes based on lattice gauge theory lead to an estimate |T | = 2.7 ± 0.6, where all amplitudes are quoted as square roots of B^0 branching ratios multiplied by 10^3. This is the same value obtained [40] from B^+ → π^+π^0 with additional assumptions about the color-suppressed amplitude.

The penguin amplitude can be estimated from B^+ → K^0π^+. The average of the branching ratios for that process in Table II is

B(B^+ → K^0π^+) = (17.2 ± 2.4) × 10^{−6} , (22)

leading to |P^′|^2 = (17.2 ± 2.4)/r_τ , |P^′| = 4.02 ± 0.28,

We now estimate the strangeness-preserving b̄ → d̄ amplitude |P | which is proportional to the CKM factor V_{cd}V^∗_{cb} in our convention. We find |P/P^′| = | | | V_{cd} V_{cs} | | | = 0.22 , |P | ≃ 0.91 ± 0.06 , (23)

Assuming factorization of penguin amplitudes [18], this estimate is corrected by an SU(3) breaking factor of f_π /f_K and becomes |P | ≃ 0.74 ± 0.05.

With the present method of estimating errors on |P | and |T |, we then find |P/T | = 0.34 ± 0.08 without introducing SU(3) breaking in P/P^′, or |P/T | = 0.276 ± 0.064 when SU(3) breaking in P/P^′ is introduced through f_π /f_K . The latter number, which will be used in the subsequent discussion, is to be compared with a value of 0.285 ± 0.076 obtained by [18] on the basis of a theoretical calculation which includes small annihilation corrections. A value of 0.26 ± 0.08 was obtained [29] when defining P and P^′ as the amplitudes containing V_{td} and V_{ts}, respectively, without introducing SU(3) breaking in the ratio of these amplitudes.

The decay amplitudes to π^+π^− for B^0 and B^0 are A(B^0 → π^+π^−) = −(|T |e^{iδT} e^{iγ} + |P |e^{iδP} ) , A(B^0 → π^+π^−) = −(|T |e^{iδT} e^{−iγ} + |P |e^{iδP} ) , (24) where δ_T and δ_P are strong phases of the tree and penguin amplitudes, and δ ≡ δ_P −δ_T . The CP-averaged branching ratio in Table II then implies

|T |^2 + |P |^2 + 2|T P | cos γ cos δ = 4.4 ± 0.9 , (25)

which suggests but does not prove, given our errors on |T | and |P |, that the tree and penguin amplitudes are interfering destructively with one another in B^0 → π^+π^−. For cos δ > 0 as favored theoretically [18], this would require cos γ < 0, which is not favored by CKM fits [16].

The BaBar Collaboration [7] has recently reported the first results for the CPviolating asymmetries (10) in B^0 → π^+π^− decays. Our expressions for the decay amplitudes imply λ_{ππ} = e^{2iα} ( 1 + |P/T |e^{iδ}e^{iγ} 1 + |P/T |e^{iδ}e^{−iγ} ) . (26)

Figure 3: Constraints on parameters of the CKM matrix. Solid circles denote limits on |V_{ub}/V_{cb}| = 0.090 ± 0.025 from charmless b decays. Dashed arcs denote limits from B^0–B^0 mixing. Dot-dashed arc denotes limit from B_s–B_s mixing. Dotted hyperbolae are associated with limits on CP-violating K^0–K^0 mixing (the parameter ϵ). Limits of ±1σ from CP asymmetries in B^0 → J/ψK_S leading to sin(2β) = 0.79 ± 0.10 are shown by the solid rays. The small dashed lines represent the constraint due to S_{ππ} , with 0.21 ≤ |P/T | ≤ 0.34. The plotted point lies in the middle of the allowed region.

In the absence of the penguin amplitude we would have S_{ππ} = sin(2α). If |P/T | ≠ 0 but δ is small [18], we have S_{ππ} ≃ sin(2α_{eff} ), where α_{eff} = α + Δα, with

Δα = tan^{−1} [ |P/T | sin γ 1 + |P/T | cos γ ] . (27)

Using

tan α = η η^2 − ρ(1 − ρ)

, tan Δα = η|P/T | √ ρ^2 + η^2 + ρ|P/T |

, (28)

we plot in Fig. 3 the ±1σ contours of −0.53 ≤ S_{ππ} ≤ 0.59, along with other CKM constraints taken from Ref. [16]. The 1σ S_{ππ} bounds exclude about half of the (ρ, η) parameter space allowed by all other constraints. Similar constraints under slightly different technical assumptions were obtained in Ref. [29].

The quantity C_{ππ} is also consistent at present with zero. Its observed range is not yet tightly enough constrained to provide much information, but reduction in errors will eventually be useful mainly in constraining the strong phase difference δ. For one such example, see Ref. [29].

VIII Conclusions

While a CP-violating indirect asymmetry (associated with B^0–B^0 mixing) has been observed in the decays B^0 → J/ψK_S , no direct asymmetries have yet been observed in B → Kπ decays, and no asymmetries of any sort have been seen in B → π^+π^−. Nonetheless, the present upper limits on Kπ and ππ asymmetries, crude as they are, already are beginning to provide useful information on CKM phases. As one example, the deviation of the ratio 2B(B^+ → K^+π^0)/B(B^+ → K^0π^+) from 1 is able at the 1σ level to provide a lower bound γ ≥ 50^∘ independently of the CP asymmetry in B^+ → K^+π^0. The proximity of the ratio (τ_+/τ_0)B(B^0 → K^+π^−)/B(B^+ → K^0π^+) to unity, when combined with the expectation that the final-state strong phase is small in the K^+π^− system, allows one to exclude a range 31^∘ ≤ γ ≤ 60^∘ at the 1σ level. Finally, the ±1σ bounds on S_{ππ} allow one to exclude (at the 1σ level) roughly half of the parameter space in the (ρ, η) plane allowed by other observables. The 1σ bound γ ≥ 60^∘ is the strongest constraint of these.

Uncertainties in theoretical parameters, including the ratios of tree to penguin amplitudes in B → Kπ and B → ππ, should be reduced in the future with a larger amount of data. More severe constraints are expected for small rescattering and color-suppressed electroweak amplitudes in B → Kπ, which were neglected in the present treatment. With the increased data samples expected to be available from BaBar and Belle, one can look forward to greatly improved limits on CKM parameters from analyses such as ours even if no CP asymmetries are observed in B → Kπ and B → ππ decays.

Acknowledgments

We thank Martin Beneke, Alex Kagan and Vivek Sharma for discussions. This work was performed in part at the Aspen Center for Physics. The work of J. L. R. was supported in part by the United States Department of Energy through Grant No. DE FG02 90ER40560. This work was partially supported by the Israel Science Foundation founded by the Israel Academy of Sciences and Humanities and by the US - Israel Binational Science Foundation through Grant No. 98-00237.

References

[1] M. Gronau and J. L. Rosner, Phys. Rev. D 57, 6843 (1998).

[2] M. Neubert and J. L. Rosner, Phys. Lett. B 441, 403 (1998); Phys. Rev. Lett.

81, 5076 (1998); M. Neubert, JHEP 9902, 014 (1999); M. Gronau, D. Pirjol and T. M. Yan, Phys. Rev. D 60, 034021 (1999).

[3] M. Gronau and J. L. Rosner, Phys. Rev. Lett. 76, 1200 (1996); A. S. Dighe, M.

Gronau, and J. L. Rosner, Phys. Rev. D 54, 3309 (1996); A. S. Dighe and J. L. Rosner, Phys. Rev. D 54, 4677 (1996).

[4] M. Gronau, J. Rosner and D. London, Phys. Rev. Lett. 73, 21 (1994); R. Fleischer, Phys. Lett. B 365, 399 (1996); Phys. Rev. D 58, 093001 (1998); R. Fleischer and T. Mannel, Phys. Rev. D 57, 2752 (1998); A. J. Buras, R. Fleischer, and T. Mannel, Nucl. Phys. B533, 3 (1998); R. Fleischer and A. J. Buras, Eur. Phys. J. C 11, 93 (1999); M. Gronau and D. Pirjol, Phys. Rev. D 61, 013005 (2000); A. J. Buras and R. Flesicher, Eur. Phys. J. C 16, 97 (2000); M. Gronau, Nucl. Instr. Meth. A 462, 1 (2001); M. Gronau and J. L. Rosner, Phys. Lett. B 500, 247 (2001); X.-G. He, Y. K. Hsiao, J. Q. Shi, Y. L. Wu, and Y. F. Zhou, Phys. Rev. D 64, 034002 (2001).

[5] CLEO Collaboration, S. Chen et al., Phys. Rev. Lett. 85, 525 (2000).

[6] BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett. 87, 151802 (2001).

[7] BaBar Collaboration, B. Aubert et al., SLAC report SLAC-PUB-8929, hepex/0107074.

[8] Belle Collaboration, K. Abe et al., Phys. Rev. D 64, 071101 (2001).

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

[10] M. Gronau, Phys. Rev. D 62, 014031 (2000).

[11] B. Blok, M. Gronau, and J. L. Rosner, Phys. Rev. Lett. 78, 3999 (1997); 79, 1167 (1997); M. Gronau and J. L. Rosner, Phys. Rev. D 58, 113005 (1998).

[12] CLEO Collaboration, D. Cronin-Hennessy et al., Phys. Rev. Lett. 85, 515 (2000);

S. J. Richichi et al., Phys. Rev. Lett. 85, 520 (2000); D. Cinabro, presented at XXX International Conference on High Energy Physics, Osaka, Japan, July 27 – August 2, 2000, hep-ex/0009045. The CLEO B^+ → π^+π^0 branching ratio is estimated by M. Gronau and J. L. Rosner, Phys. Rev. D 61, 073008 (2000).

[13] Belle Collaboration, K. Abe et al., Phys. Rev. Lett. 87, 101801 (2001)

[14] BaBar Collaboration, T. Champion, Osaka Conf. [12], hep-ex/0011018; G.

Cavoto, XXXVI Rencontres de Moriond, March 17–24, 2001 (unpublished); B. Aubert et al., [6].

[15] BaBar Collaboration, B. Aubert et al., SLAC report SLAC-PUB-8978, hepex/0109005, submitted to the 9th International Symposium on Heavy Flavor Physics, Sept. 10–13, 2001, Pasadena, CA.

[16] J. L. Rosner, lectures at TASI-2000, Boulder, Colorado, June 5–30, 2000, Enrico Fermi Institute Report No. 2000-47, hep-ph/0011355, to be published in TASI-2000: Flavor Physics for the Millennium, edited by J. L. Rosner (World Scientific, 2001).

[17] K. Osterberg, talk presented at the International Europhysics Conference on High-Energy Physics, Budapest, Hungary, 12–18 July 2001, to appear in the Proceedings.

[18] M. Beneke, G. Buchalla, M. Neubert, and C. T. Sachrajda, Nucl. Phys. B606, 245 (2001).

[19] H. J. Lipkin, Phys. Lett. B 445, 403 (1999).

[20] M. Gronau and J. L. Rosner, Phys. Rev. D 59, 113002 (1999). [21] J. Matias, Univ. of Barcelona report UAB-FT-514, hep-ph/0105103 (unpublished).

[22] M. Gronau, Phys. Rev. Lett. 63, 1451 (1989).

[23] A. Falk, A. L. Kagan, Y. Nir, and A. Petrov, Phys. Rev. D 57, 4290 (1998). [24] S. Meshkov, C. A. Levinson, and H. J. Lipkin, Phys. Rev. Lett. 10, 361 (1963). [25] M. Gronau, Phys. Lett. B 492, 297 (2000).

[26] A. S. Dighe, M. Gronau and J. L. Rosner, Phys. Rev. Lett. 79, 4333 (1997). [27] A somewhat larger branching ratio was calculated recently by C. H. Chen and H. N. Li, Phys. Rev. D 63, 014003 (2001).

[28] R. Fleischer and T. Mannel, Phys. Rev. D 57, 2752 (1998). [29] Z. Luo and J. L. Rosner, Enrico Fermi Institute Report No. 01-28, hepph/0108024, submitted to Phys. Rev. D.

[30] J. L. Rosner, Enrico Fermi Institute Report No. 01-34, hep-ph/0108195, based on five lectures at the 55th Scottish Universities’ Summer School in Particle Physics, St. Andrews, Scotland, August 7–23, 2001, to be published by the Institute of Physics (U.K.).

[31] M. Gronau, D. London, and J. L. Rosner, Phys. Rev. Lett. 73, 21 (1994). [32] R. Fleischer, Zeit. Phys. C 62, 81 (1994); Phys. Lett. B 321, 259 (1994); 332, 419 (1994); 365, 399 (1994); N. G. Deshpande and X.-G. He, Phys. Rev. Lett. 74, 26, 4099(E) (1995).

[33] M. Gronau and D. London, Phys. Rev. Lett. 65, 3381 (1990). [34] Y. Grossman and H. R. Quinn, Phys. Rev. D 58, 017504 (1998). [35] J. Charles, Phys. Rev. D 59, 054007 (1999).

[36] M. Gronau, D. London, N. Sinha, and R. Sinha, Phys. Lett. B 514, 315 (2001).

[37] J. Silva and L. Wolfenstein, Phys. Rev. D 49, 1151 (1994). [38] See, e.g., Ref. [3].

[39] W.-S. Hou, J. G. Smith, and F. Würthwein, hep-ex/9910014; X.-G. He, W.-S.

Hou, and K. C. Yang, Phys. Rev. Lett. 83, 1100 (1999); M. Gronau and J. L. Rosner, Phys. Rev. D 61, 073008 (2000).

[40] J. L. Rosner, Nucl. Instr. Meth. A 462, 44 (2001).