arXiv:hep-ph/0011392 v2 7 Dec 2000

TECHNION-PH-2000-30 hep-ph/0011392 November 2000

CKM Phases from CP Asymmetries^1

Michael Gronau Department of Physics Technion - Israel Institute of Technology, 32000 Haifa, Israel

Abstract

Measuring phases in the Cabibbo-Kobayashi-Maskawa matrix through CP asymmetries in B decays is a major goal of current and future experiments. Methods based on charge-conjugation and isospin symmetries involve very little theoretical uncertainties, while schemes based on flavor SU(3) involve uncertainties due to SU(3) breaking. Resolving these uncertainties requires further studies involving a dialogue between theory and experiments.

1To be published in Proceedings of Beauty 2000, Kibbutz Maagan, Israel, September 13{18, 2000, edited by S. Erhan, Y. Rozen, and P. E. Schlein, Nucl. Inst. Meth. A, 2001.

1 Introduction

Two important developments in K and B physics took place in the past two years towards a better understanding of CP violation. First, after thirty five years of search direct CP violation was finally observed in K^0 → ππ [1], confirming qualitatively a prediction of the Cabibbo-Kobayashi-Maskawa (CKM) picture [2]. A precise calculation of the measured effect within the CKM framework is precluded by theoretical uncertainties in evaluating hadronic matrix elements of low energy effective weak transition operators.

Second, after one year of operation the two asymmetric e^+e^− B-factories, the PEP-II machine at SLAC [3] and the KEK-B collider in Japan [4], demonstrated with their new detectors, BaBar and Belle, a promising discovery potential for CP asymmetry in B^0 → J/ψK_S . This followed a few earlier attempts to measure this asymmetry, by the CDF Collaboration at the Tevatron [5] involving comparable errors, and by the OPAL and ALEPH Collaborations at LEP [6] involving larger errors. The present world average value, sin 2ϕ_1 ≡ sin 2β = 0.49 ± 0.23 [7], extracted from all five measurements, is consistent with the CKM prediction where the asymmetry is given by sin 2β [8]. At the same time direct CP asymmetries were measured by the CLEO Collaboration at CESR [9] for several self-tagging hadronic and radiative B decays. Whereas experimental errors are somewhat smaller than in B^0 → J/ψK_S , CKM asymmetry predictions for these decays involve large theoretical uncertainties as in the case of K^0 → ππ. At this point all present direct CP measurements are consistent with zero asymmetries.

In the next few years substantial improvements in B decay asymmetry measurements are expected. Assuming the CKM framework, large nonzero asymmetries should be observed in certain decays. Of particular importance are decays such as B^0 → J/ψK_S , where the asymmetry determines a CKM weak phase within an excellent approximation [10]. In other cases, to be discussed in this talk, the determination of weak phases requires measuring rates and asymmetries in several symmetry-related processes. Relations between processes which permit phase determinations follow in the best case from accurate symmetries of strong interactions, such as charge-conjugation or isospin. In other cases, where less accurate symmetries such as flavor SU(3) must be employed, one may obtain information about symmetry breaking from other B decay processes.

The purpose of this talk is to review some of the methods suggested in the past ten years, based on this general idea for determining the two “problematic” weak phases ϕ_2 ≡ α and ϕ_3 ≡ γ. Quite a few B and B_s decay modes were shown to be useful in this respect. We choose a few relatively simple examples to represent a much broader effort.

Charge-conjugation symmetry is used in Section 2 for two measurements of γ, while the extraction of α in Section 3 is based on isospin symmetry. We refer to these methods as accurate determinations of weak phases since they are based on good symmetries of strong interactions. In some cases these methods involve the experimental challenge of measuring rare processes with sufficient precision, which may not be achieved in the first round of experiments. Various applications of flavor SU(3) symmetry in charmless B decays are discussed in Section 4, stressing in particular the use of U-spin symmetry in determining the weak phase γ. We argue that uncertainties due to SU(3) breaking effects may be reduced, or even completely eliminated, by measuring these effects in certain processes. We conclude in Section 5.

In each of these schemes one measures a simple trigonometric function of a phase, such as the sine of twice the angle (sin 2α) or the square of the sine of an angle (sin^2 γ). This leaves discrete ambiguities in the solutions for the angles themselves. Such ambiguities, which may hide new physics effects, can be resolved by other rather challenging measurements of different trigonometric functions of the phases, and will be discussed elsewhere at this conference [11]. In the presence of an ambiguity a conservative strategy will be to choose a phase value consistent with the CKM framework. This should eventually improve to a higher precision our knowledge of the CKM mixing matrix. Alternatively, if inconsistencies are found, they would provide probes for new physics.

Before starting a discussion of specific methods, we mention a more ambitious approach, discussed elsewhere at this conference [12, 13]. Hadronic B decay amplitudes into two light mesons are calculated within QCD to leading order in a heavy quark expansion in terms of weak phases and several nonperturbative quantities including form factors, light cone quark distributions in mesons, and chirality enhanced large corrections which occur formally at order 1/m_b. This approach is comparable to the calculation of direct CP violation in K^0 → ππ [2], with the disadvantage that strong phases cannot be measured as in K decays. The advantage lies in the possibility, at least in principle, of carrying out a systematic heavy quark expansion. When applied to weak phase determinations, this approach suffers from the same uncertainties due to SU(3) breaking as discussed in Section 4. The schemes discussed in this section for controlling SU(3) breaking effects apply also to this approach.

2 Accurate determinations of γ

2.1 γ from B ! DK

In B^+ → DK^+ two amplitudes interfere due to color-favored b̄ → c̄us̄ and color-suppressed b̄ → ūcs̄ transitions. This provides a few variants of a basically very simple idea [14] for determining the relative weak phase γ between the two amplitudes. We will describe two variants, in both of which one is trying the measure γ through this interference [15]. Let us discuss these two cases in some detail.

1. B decay to K and flavor specific D^0 modes [16]

The three-body decay B^+ → (K^−π^+)_DK^+, where the K^−π^+ pair has a D^0 invariant mass, involves an interference between two cascade amplitudes,

Aa_{Kπ} ≡ A(B^+ → D^0K^+)A(D^0 → K^−π^+) , (1) and Āā_{Kπ} ≡ A(B^+ → D̄^0K^+)A(D̄^0 → K^−π^+) . (2)

The first amplitude A, due to b̄ → ūcs̄, is color-suppressed and subsequently the D^0 decays into a Cabibbo-favored mode with amplitude a_{Kπ}. The second amplitude Ā from b̄ → c̄us̄ transition is color-favored, and subsequently D̄^0 decays with a doubly Cabibbo-suppressed amplitude ā_{Kπ}. The relative weak phase between A and Ā is γ, their strong phase-difference will be denoted δ, Arg(A/Ā) = δ +γ, and the relative phase between a_{Kπ} and ā_{Kπ} (including a relative weak phase π) will be denoted Δ_{Kπ} ≡ Arg(a_{Kπ}/ā_{Kπ}). Omitting a common phase space factor,

A(B^+ → (K^−π^+)_DK^+) = Aa + Āā , (3) Γ(B^+ → (K^−π^+)_DK^+) = |Aa|^2 + |Āā|^2 + 2|AĀaā| cos(δ + Δ + γ) , where a ≡ a_{Kπ}, ā ≡ ā_{Kπ}, Δ ≡ Δ_{Kπ}.

The rate for the charge-conjugate process, B^− → (K^+π^−)_DK^−, has a similar expression in which γ occurs with an opposite sign, while strong phases are invariant under charge-conjugation. The CP asymmetry in this process, involving an interference of Aa_{Kπ} and Āā_{Kπ}, is proportional to sin(δ + Δ_{Kπ}) sin γ.

Let us summarize the present updated information on the parameters appearing in Eqs. (3). The three amplitudes Ā, a_{Kπ} and ā_{Kπ} have already been measured [17, 18]. The measured ratio |ā_{Kπ}/a_{Kπ}| = (1.21 ± 0.13) tan^2 θ_c = 0.062 ± 0.007 is consistent at 90% confidence level with flavor SU(3) symmetry, which predicts a value of − tan^2 θ_c for the ratio of amplitudes [19]. The amplitude A can be estimated as follows. It involves a CKM factor of |V^∗_{ub}V_{cs}|/|V^∗_{cb}V_{us}| ≈ 0.4 relative to Ā, and is expected to be color-suppressed relative to this amplitude by a factor of about 0.25, measured in B → D̄π decays [20]. Thus one estimates |A/Ā| ∼ 0.1.

Therefore, the two amplitudes interfering in Eqs. (3) are anticipated to be comparable in magnitude, |Āā_{Kπ}/Aa_{Kπ}| ∼ 0.6. This, and large final state phases measured in Cabibbo-favored D → Kπ decays [21], raised the hope [16] for a possible large CP asymmetry in this process. We note, however, that the relevant phase Δ_{Kπ} between a_{Kπ} and ā_{Kπ} vanishes in the SU(3) limit [19] and, as mentioned above, SU(3) does not seem to be strongly broken in |ā_{Kπ}/a_{Kπ}|. A recent study [22] suggests that Δ_{Kπ} is unlikely to be larger than about 20^∘.

The rate expression (3) and its charge-conjugate provide two equations for the three unknowns: A, δ + Δ_{Kπ} and γ. To solve for γ requires observing another doubly Cabibbo-suppressed D^0 decay mode. Such a study is currently under way in the K^+π^−π^0 channel [23], and should soon provide a result for the doubly Cabibbo-suppressed amplitudes ā_K+_ρ− , ā_K∗+_π− and ā_K∗0_π0. Assuming, for instance, a knowledge of ā_{Kρ}, two equations identical to Eqs. (3) and its charge-conjugate can be written for Γ(B^+ → (K^−ρ^+)_DK^+) and Γ(B^− → (K^+ρ^−)_DK^−) involving a ≡ a_{Kρ}, ā ≡ ā_{Kρ}, Δ ≡ Δ_{Kρ}. This introduces in the four equations only one new unmeasurable quantity, δ +Δ_{Kρ}, such that these equations can be solved for γ modulo some discrete ambiguities. The ambiguities may be reduced by including information from other doubly Cabibbo-suppressed modes [24].

This method requires a large number of B’s, at least of order 10^8 − 10^9. This is obvious, since, for instance, B(B^+ → D̄^0K^+)B(D̄^0 → K^−π^+) = (4.2 ± 1.4) × 10^{−8} [17, 18].

2. B decay to K and D^0 CP-eigenstate modes [25]

Neglecting very small CP violation in D^0 − D̄^0 mixing, one can write neutral D meson even/odd CP states (decaying, for instance, to K^+K^− or K_S π^0) as D^0_± = (D^0 ±D̄^0)/ √ 2. Consequently, one has up to an overall phase √ 2A(B^+ → D^0_±K^+) = ±|Ā| + |A| exp[i(δ + γ)] . (4)

Let us define charge-averaged ratios of rates for positive and negative CP states relative to rates corresponding to color-favored neutral D flavor states R_± ≡ 2[Γ(B^+ → D_±K^+) + Γ(B^− → D_±K^−)] Γ(B^+ → D̄^0K^+) + Γ(B^− → D^0K^−)

, (5)

and two corresponding pseudo-asymmetries A_± ≡ Γ(B^+ → D_±K^+) − Γ(B^− → D_±K^−) Γ(B^+ → D̄^0K^+) + Γ(B^− → D^0K^−)

. (6)

These quantities do not require measuring the color-suppressed rate Γ(B^+ → D^0K^+) and its charge-conjugate. One finds R_± = 1 + |A/Ā|^2 ± 2|A/Ā| cos δ cos γ , A_− = −A_+ = |A/Ā| sin δ sin γ . (7)

In principle, Eqs. (7) provide sufficient information to determine the three parameters |A/Ā|, δ and γ, up to certain discrete ambiguities. However, as explained above, one expects |A/Ā| ∼ 0.1. Such a value would be too small to be measured with high precision from the tiny deviation from unity of (R_+ + R_−)/2 = 1 + |A/Ā|^2 .

Nevertheless, one obtains two interesting bounds

sin^2 γ ≤ R_± , (8)

which could potentially imply new constraints on γ in future experiments. Assuming, for instance, |A/Ā| = 0.1, δ = 0, γ = 40^∘, one finds R_− = 0.85. With 10^8 B^+B^− pairs, using measured B and D decay branching ratios [17], one estimates an error [25] R_− = 0.85±0.05. In this case, Eq.(8) excludes the range 73^∘ < γ < 107^∘ with 90% confidence level. Including measurements of the CP asymmetries A_± could further constrain γ. Again, this method would require at least 10^8 − 10^9 B’s similar to the previous scheme. In fact, both methods could and should be combined to improve precision [26].

The large number B’s needed to measure an asymmetry reflects the small color-suppressed rate Γ(B^+ → D^0K^+) ∝ |A|^2 and the combined D^0 branching ratio into CP-eigenstates which is a few percent. Although |A|^2 does not have to be measured, one can show in general [27] that, whenever an asymmetry has to be measured due to an interference between two processes, the required number of events is dictated by the branching ratio of the rarer process and is independent of the more frequent process. For this reason it would be much preferable to use B → D_±K rather than B → D_±π.

Very recently a variant of this scheme was proposed [28], in which one measures in flavor tagged B^0 decays to two vector mesons, B^0 → D^{∗0}K^{∗0}, both the time dependence in this process and the angular dependence in D^{∗0} → D^0π^0 and K^{∗0} → K_S π^0. Measuring interference terms between different helicity amplitudes permits a determination of sin^2(2β + γ), involving the sum of the weak phase in B^0 − B̄^0 mixing and the phase in B decay. This would provide information on γ, assuming that by the time of this measurement β will have been determined. It is claimed that the sensitivity of this method is not limited by the small color-suppressed rates as it is in the above two schemes for measuring γ. However, flavor tagging suppresses the number of events, and a detailed angular analysis may be statistics limited.

2.2 γ from B_s(t) ! D_sK

Time-dependence in B_s(t) → D^−_s K^+ is expected to exhibit an oscillating behavior including interference of two amplitudes, A_s = A(B_s → D^−_s K^+) and Ā_s = A(B̄_s → D^−_s K^+), from quark transitions b̄ → c̄us̄ and b → uc̄s, respectively. Both amplitudes, of order λ^3, are color-allowed and involve a relative weak phase γ. This interference leads to a sin(Δm_st) term in the rate, as in decays to CP-eigenstates. For simplicity, let us first neglect the widthdifference between the two strange B meson mass-eigenstates. Denoting the relative strong phase between A_s and Ā_s by δ_s, one obtains the well-known result for the general time-dependence of neutral B decays [29]

Γ(B_s(t) → D^−_s K^+) = e^{−Γst}[|A_s|^2 cos^2( Δm_st 2 ) + |Ā_s|^2 sin^2( Δm_st 2 ) + |A_sĀ_s| sin(δ_s + γ) sin(Δm_st)] . (9)

Due to the invariance of strong phases under charge-conjugation, the same strong phase δ_s occurs also in decay rates for charge-conjugate initial and final states, B̄_s(t) → D^−_s K^+, B_s(t) → D^+_s K^−, B̄_s(t) → D^+_s K^−. The weak phase changes sign under charge-conjugation. Thus, all four time-dependent rates can be expressed in terms of four quantities, |A_s|, |Ā_s|, sin(δ_s + γ) and sin(δ_s − γ). Measuring the time-dependence of these four processes, all of which require flavor tagging of the initial strange B meson, permits a determination of γ up to a discrete ambiguity [30].

A more precise expression than (9) includes a dependence on the widthdifference (Γ_L − Γ_H )/Γ_{ave}, which is expected to be of order 10−20 %. Assuming that the two exponential decays due to two different lifetimes can be seperated by this measurement, one obtains useful information also from untagged rates [31]:

Γ(B_s(t) → D^−_s K^+) + Γ(B̄_s(t) → D^−_s K^+) = (10) 1 2 (|A_s|^2 + |Ā_s|^2)(e^{−ΓLt} + e^{−ΓH t}) + |A_sĀ_s| cos(δ_s + γ)(e^{−ΓLt} − e^{−ΓH t}) .

The untagged decay rate into D^+_s K^− has a similar expression, in which cos(δ_s + γ) is replaced by cos(δ_s − γ). In order to extract both cos(δ_s + γ) and cos(δ_s − γ), thus eliminating part of the discrete ambiguity in γ, one needs independent information about |A_s|^2. This information can be obtained from the flavor tagged rates, or by relating |A_s|^2 through factorization to the measured value of the CKM-favored rate |A(B_s → D^−_s π^+)|^2.

3 α from B ! ππ

In the CKM framework α = π − β − γ. This phase occurs in the timedependent rate of B^0(t) → π^+π^− and would dominate its asymmetry if only one amplitude (“tree” T ) contributes. In reality this process involves a second amplitude (P ) due to penguin operators which carries a different weak phase than the dominant tree amplitude. This leads to a more general form of the time-dependent asymmetry, which includes in addition to the sin(Δmt) term a cos(Δmt) term due to direct CP violation [10]

A(t) = a_{dir} cos(Δmt) + √ 1 − a^2_{dir} sin 2(α + θ) sin(Δmt) . (11)

Both a_{dir} and θ are given roughly by the ratio of penguin to tree amplitudes, a_{dir} ∼ 2|P/T | sin δ_{ππ}, θ ∼ |P/T | cos δ_{ππ}, where δ_{ππ} is an unknown strong phase. This measurement provides two equations for |P/T |, δ_{ππ} and α, which is insufficient for measuring α. A rough estimate of |P/T |, based on CKM and QCD factors, yielded some time ago the value 0.1 [32]. When flavor SU(3) is applied to relate penguin and tree amplitudes in measured B → ππ and B → Kπ [33] one finds [34] |P/T | = 0.3 ± 0.1. As mentioned, precise knowledge of this ratio could provide very useful information about α [10, 35]. Calculations of |P/T | [12, 36] involve systematic theoretical errors which are uncontrollable at present.

One way of eliminating the penguin effect is by measuring also the timeintegrated rates of B^0 → π^0π^0, B^+ → π^+π^0 and their charge-conjugates [37]. The three B → ππ amplitudes obey an isospin triangle relation,

A(B^0 → π^+π^−)/ √ 2 + A(B^0 → π^0π^0) = A(B^+ → π^+π^0) , (12)

and a similar relation holds for the charge-conjugate processes. One uses the different isospin properties of the penguin (ΔI = 1/2) and tree (ΔI = 1/2, 3/2) contributions and the well-defined weak phase (γ) of the tree amplitude. By constructing the two isospin triangles one may measure the correction to sin 2α in the second term of the asymmetry in Eq. (11).

An electroweak penguin contribution could spoil this method [38] since it involves a ΔI = 3/2 component. This implies that the amplitudes of B^+ → π^+π^0 and its charge-conjugate differ in phase, which introduces a correction at the level of a few percent in the isospin analysis. However, even this small correction can be taken into account analytically in the isospin analysis [39]. Other corrections, from isospin breaking in π^0 − η mixing [40], turn out to be small for large values of |P/T |.

The difficulty of measuring α without knowing precisely |P/T | seems to be experimental rather than theoretical. The average branching ratios obtained from three experiments [33] B(B^0 → π^+π^−) = (5.6 ± 1.3) × 10^{−6}, B(B^+ → π^+π^0) = (4.6 ± 2.0) × 10^{−6}, are somewhat lower than anticipated some time ago [41]. The branching ratio into two neutral pions is likely to be smaller, since it obtains only contributions from penguin and color-suppressed amplitudes. In the most optimistic case, when these contributions interfere constructively, this branching ratio could lie just below the branching ratios measured for charged pions. A small B^0 → π^0π^0 branching ratio and an experimentally indistinguishable background may cause serious difficulties in applying this method. One will have to wait a while before measuring this branching ratio with sufficient precision. Stringent limits on this branching ratio would impose an interesting bound on the uncertainty in sin(2α) obtained from the asymmetry in B^0(t) → π^+π^− [42] sin(δα) ≤ B(B → π^0π^0) B(B^± → π^±π^0)

(13)

Other ways of constraining this uncertainty were discussed in [43].

The isospin method for resolving penguin pollution in sin 2α can also be applied to B → ρπ decays [44], of which there exist five charge modes some of which have already been measured [33], or to B → a_0(980)π [45]. Studying Dalitz plots of B → 3π [46], in which amplitudes describing different resonance bands involve unknown relative phases and interfere with an unknown three pion nonresonant amplitude, may be quite challenging [47].

4 γ from B ! P P

4.1 Flavor SU(3) relates B/B_s ! ππ, Kπ, K^¯K

A large number of charmless B and B_s decays to two light pseudoscalars can be related to each other under approximate flavor SU(3) symmetry. This program started quite a few years ago [48] as a way of classifying hadronic weak amplitudes in terms of quark diagrams, and has been applied extensively for the past seven years to the ΔB = 1, ΔC = 0 low energy effective Hamiltonian for the specific purpose of determining weak phases. Whereas the first few attempts neglected second order electroweak penguin (EWP) contributions [49, 50], a large variety of proposals [39, 51, 52, 53] were made after noting [54] the importance of these terms. Here we will review briefly the most common features of these proposals, focusing on one particular result.

The low energy effective weak Hamiltonian describing ΔS = 1 charmless B decays, such as B → Kπ, is [55]

H^{(s)}_{eff} = G_F √ 2 [ V^∗_{ub}V_{us} (_2 ∑ 1 c_iQ^{us}_i + 10∑ 3 c_iQ^s_i ) + V^∗_{cb}V_{cs} (_2 ∑ 1 c_iQ^{cs}_i + 10∑ 3 c_iQ^s_i )] , (14) where c_i are scale-dependent Wilson coefficients and the flavor structure of the various four-quark operators is Q^{qs}_{1,2} ∼ b̄qq̄s, Q^s_{3,..,6} ∼ b̄s ∑ q̄^′q^′, Q^s_{7,..,10} ∼ b̄s ∑ e_{q′}q̄′q′ (q′ = u, d, s, c). In the ΔS = 0 Hamiltonian H^{(d)}_{eff} describing B → ππ one must replace s → d. The ten operators consist of two (V − A)(V − A) current-current operators (Q_{1,2}), four QCD penguin operators (Q_{3,4,5,6}), and four EWP operators (Q_{7,8,9,10}) with different chiral structures. One makes use of their following two properties:

• All four-quark operators, (b̄q_1)(q̄_2q_3), can be decomposed into a sum of 15, 6 and 3 representations [48]. QCD penguin operators are pure 3.

• The EWP operators with dominant Wilson coefficients, Q_9 and Q_{10}, have a (V − A)(V − A) structure, and their components transforming as given SU(3) representations are proportional to the corresponding components of the current-current operators [56].

All B/B_s → P P decays (where final states belong to 1, 8 and 27) can then be expressed in terms of five SU(3) reduced amplitudes, or alternatively in terms of five independent combinations of eight diagrams [49]: Tree (T ), Color-suppressed (C), Penguin (P ), Annihilation (A), Exchange (E), Penguin Annihilation (P A), EWP (P_{EW} ) and Color-suppressed EWP (P^c_{EW} ). A useful proportionality relation between EWP and current-current (“tree”) operators is

H^{(q)}_{EW P} (15) = − 3 2 c_9 + c_{10} c_1 + c_2 V^∗_{tb}V_{tq} V^∗_{ub}V_{uq} H^{(q)}_T (15) , q = s, d , (15)

where (c_9 + c_{10})/(c_1 + c_2) ≈ −1.12α. This relation between EWP and tree amplitudes simplifies the analysis in certain cases.

Consider, for instance, B → (Kπ)_{I=3/2}, where |I = 3/2⟩ = |K^0π^+⟩ + √ 2|K^+π^0⟩. This process obtains only contributions from 15 EWP and tree operators, which are proportinal to each other and involve a common strong phase. Their ratio is given by − δ_{EW} e^{−iγ} = − 3 2 c_9 + c_{10} c_1 + c_2 V^∗_{tb}V_{ts} V^∗_{ub}V_{us} = −(0.65 ± 0.15) e^{−iγ} . (16)

This feature can be used to obtain a bound on γ in B^± → Kπ [52]. The result can be summarized as follows. Defining a charge-averaged ratio of rates R^{−1}_∗ ≡ 2[B(B^+ → K^+π^0) + B(B^− → K^−π^0)] B(B^+ → K^0π^+) + B(B^− → K̄^0π^−)

, (17)

one derives the following inequality, to leading order in small quantities | cos γ − δ_{EW} | ≥ |1 − R^{−1}_∗ | 2ϵ , (18)

where [33, 50] ϵ = |V^∗_{ub}V_{us}| |V^∗_{tb}V_{ts}| |T + C| |P + EW | = √ 2 V_{us} V_{ud} f_K f_π |A(B^+ → π^0π^+)| |A(B^+ → K^0π^+)|

= 0.20 ± 0.05 . (19)

In the above isospin symmetry relates the dominant Penguin amplitudes in B^+ → K^+π^0 and B^+ → K^0π^+. SU(3) is used in the ratio (16) of subdominant EWP and tree amplitudes, and SU(3) breaking is introduced through f_K/f_π in (19) when evaluating the tree amplitude in B^+ → K^+π^0.

A useful constraint on γ follows for R^{−1}_∗ ≠ 1. The error of the present average value [33], R^{−1}_∗ = 1.45 ± 0.46, ought to be reduced before drawing firm conclusions. Further information about γ, applying also to the case R^{−1}_∗ = 1, can be obtained by measuring separately B^+ and B^− decay rates [53]. The solution obtained for γ involves uncertainties due to SU(3) breaking in subdominant amplitudes and an uncertainty in |V_{ub}/V_{cb}|, both of which affect the value of δ_{EW} . Combined with errors in ϵ ∝ |A(B^+ → π^+π^0)/A(B^+ → K^0π^+)|, and in rescattering effects to be discussed below, the resulting uncertainty in γ is unlikely to be smaller than 10 or 20 degrees [53].

4.2 U-spin in charmless B decays

A subgroup of flavor SU(3), discrete U-spin symmetry interchanging d and s quarks, plays a particularly interesting and quite general role in charmless B decays [57]. Consider the effective Hamiltonian in Eq. (14). Each of the fourquark operators represents an s component (“down”) of a U-spin doublet, so that one can write in short

H^{(s)}_{eff} = V^∗_{ub}V_{us}U^s + V^∗_{cb}V_{cs}C^s , (20)

where U and C are U-spin doublet operators. Similarly, the effective Hamiltonian responsible for ΔS = 0 decays involves d components (“up” in U-spin) of corresponding operators multiplying CKM factors V^∗_{ub}V_{ud} and V^∗_{cb}V_{cd},

H^{(d)}_{eff} = V^∗_{ub}V_{ud}U^d + V^∗_{cb}V_{cd}C^d . (21)

The strucure of the Hamiltonian implies a general relation between two decay processes, ΔS = 1 and ΔS = 0, in which initial and final states are obtained from each other by a U-spin transformation, U : d ↔ s. Writing the ΔS = 1 amplitude as

A(B → f, ΔS = 1) = V^∗_{ub}V_{us}A_u + V^∗_{cb}V_{cs}A_c , (22)

the corresponding ΔS = 0 amplitude is given by A(UB → Uf, ΔS = 0) = V^∗_{ub}V_{ud}A_u + V^∗_{cb}V_{cd}A_c . (23) Here A_u and A_c are complex amplitudes involving CP-conserving phases. The amplitudes of the corresponding charge-conjugate processes are

A(B̄ → f, ΔS = −1) = V_{ub}V^∗_{us}A_u + V_{cb}V^∗_{cs}A_c , (24) and A(UB̄ → Uf, ΔS = 0) = V_{ub}V^∗_{ud}A_u + V_{cb}V^∗_{cd}A_c . (25) Unitarity of the CKM matrix [58], Im(V^∗_{ub}V_{us}V_{cb}V^∗_{cs}) = −Im(V^∗_{ub}V_{ud}V_{cb}V^∗_{cd}), implies, denoting CP rate differences by Δ Δ(B → f) ≡ Γ(B → f) − Γ(B̄ → f) = −Δ(UB → Uf) ≡ −[Γ(UB → Uf) − Γ(UB̄ → Uf )] . (26) Namely, CP rate differences in decays which go into one another under interchanging s and d quarks have equal magnitudes and opposite signs. This rather powerful result, following from U-spin within the CKM framework, can be demonstrated in numerous decay processes, including two body, quasi-two body, and multibody hadronic and radiative B decays. In view of this result, it is rather easy to look for physics beyond the standard model in pairs of U-spin related processes. Since it seems unlikely that strong phases change sign under U-spin breaking, measuring asymmetries with equal signs in such a pair would be a clear signal for new physics.

Let us focus our attention on six U-spin related pairs of processes (out of a total of sixteen decays) of the type B, B_s → ππ, Kπ, KK:

1. B^0 → K^+π^− vs. B_s → π^+K^− , 2. B_s → K^+K^− vs. B^0 → π^+π^− , 3. B^0 → K^0π^0 vs. B_s → K^0π^0 , 4. B^+ → K^0π^+ vs. B^+ → K^0K^+ , 5. B_s → K^0K^0 vs. B^0 → K^0K^0 , 6. B_s → π^+π^− vs. B^0 → K^+K^− .

Equalities of CP rate-differences within each of these pairs can be used to test the validity of U-spin symmetry.

The first five pairs of processes are dominated by a large penguin amplitude P , such that the corresponding branching ratios are of order 10^{−5}. The amplitudes of the last pair involve the combination P A + E, which is expected to be very small [49] unless amplified by rescattering [59]. Neglecting rescattering, one estimates B(B^0 → K^+K^−) ∼ O(10^{−7} − 10^{−8}) [13]. To reach this level, the present experimental upper limit [33], B(B^0 → K^+K^−) < 1.9×10^{−6}, should be improved by one or two orders of magnitude. Assuming that P A + E can be neglected relative to P , one has

A(B_s → K^+K^−) ≈ A(B^0 → K^+π^−) , A(B_s → π^+K^−) ≈ A(B^0 → π^+π^−) . (27) In the approximation of factorized hadronic amplitudes [12, 13], U-spin breaking is introduced through the ratio of corresponding form factors,

A(B_s → K^+K^−)/A(B^0 → K^+π^−) = A(B_s → K^−π^+)/A(B^0 → π^+π^−) = F_{BsK}(m^2_K)/F_{Bπ}(m^2_K) ≈ F_{BsK}(m^2_π)/F_{Bπ}(m^2_π) . (28)

The approximate equality in ratios of form factors holds to within 1%. The rates of these four processes can be used not only to determine the U-spin breaking factor in the ratio of amplitudes, but also to check the factorization assumption by finding equal ratios of amplitudes in the two cases.

4.3 γ from B/B_s ! Kπ

The processes in (27) play a useful role in determining γ. We describe a scheme based on Kπ decays of B^0 and B_s mesons [60], complementary to studying time-dependence in B^0(t) → π^+π^− and B_s(t) → K^+K^− [61].

Writing the amplitudes for B^0 → K^+π^− and B_s → K^−π^+ as in Eqs. (22) and (23), respectively, we note that the rates for these processes and their charge-conjugates depend on four quantities, |V^∗_{ub}V_{us}A_u|, |V^∗_{cb}V_{cs}A_c|, δ_{Kπ} ≡ Arg(A_uA^∗_c) and γ ≡ Arg(−V^∗_{ub}V_{ud}V_{cb}V^∗_{cd}). Because of the equality of CP rate-differences in the two processes, a determination of γ requires another input. This input is provided by |A(B^+ → K^0π^+)| = |V^∗_{cb}V_{cs}A_c|, where small rescattering corrections are neglected as argued above.

Defining two charge-averaged ratios of rates R ≡ Γ(B^0 → K^±π^∓) Γ(B^± → Kπ^±) , R_s ≡ Γ(B_s → K^±π^∓) Γ(B^± → Kπ^±)

, (29)

and CP violating pseudo-asymmetries

A_0 ≡

Δ(B^0 → K^+π^−) Γ(B^± → Kπ^±) , A_s ≡ Δ(B_s → K^−π^+) Γ(B^± → Kπ^±)

, (30)

one finds R = 1 + r^2 + 2r cos δ_{Kπ} cos γ , (31) R_s = tan θ^2_c + (r/ tan θ_c)^2 − 2r cos δ_{Kπ} cos γ , (32) A_0 = −A_s = −2r sin δ_{Kπ} sin γ , (33) where r ≡ |V^∗_{ub}V_{us}A_u|/|V^∗_{cb}V_{cs}A_c|. SU(3) breaking can be checked in (33) and used for improving the precision in γ obtained from these four quantities. It is estimated [60] that a precision of 10^∘ in γ can be achieved in experiments to be performed at the Fermilab Tevatron Run II program [62].

5 Conclusions

Measuring CP asymmetries in B decays is important for several reasons:

• CP violation should be observed outside the K system (B^0 → J/ψK_S).

• In many cases relative signs of asymmetries test the CKM picture (Uspin related processes).

• Certain asymmetries are predicted by CKM to be very small (B_s → J/ψϕ). Sizable asymmetries are signals of new physics.

• Asymmetries in different processes test and overconstrain the CKM parameters. In certain cases phase determinations are theoretically clean (B^0 → J/ψK_S , B → DK, B_s → D_sK), some are difficult (B^0 → π^0π^0), and others still involve theoretical uncertainties due to rescattering and SU(3) breaking effects (B/B_s → P P ). There are ways to measure and set bounds on these corrections. A combined experimental and theoretical effort should resolve these uncertainties.

• CP asymmetries will make us happy and our work interesting in the next few years.

Acknowledgments

I am indebted to David Atwood, Amol Dighe, Gad Eilam, David London, Dan Pirjol, Amarjit Soni, Daniel Wyler, and in particular to Jonathan Rosner for very pleasant collaborations on these subjects. This work was supported in part by the Israel Science Foundation founded by the Israel Academy of Sciences and Humanities, by the United States – Israel Binational Science Foundation under Research Grant Agreement 98-00237, and by the fund for the promotion of research at the Technion.

References

[1] KTev Collaboration, A. Alavi-Harati et al., Phys. Rev. Lett. 83, 22 (1999); NA48 Collaboration, V. Fanti et al., Phys. Lett. B 465, 335 (1999).

[2] A. Pich, talk at the Fourth International Conference of Hyperons, Charm and Beauty Hadrons, Valencia, June 2000, hep-ph/0010181.

[3] D. Hitlin, talk at the 30th International Conference on High Energy Physics, Osaka, Japan, July 27−August 2, 2000, hep-ex/0011024.

[4] H. Aihara, talk at the 30th International Conference on High Energy Physics, Osaka, Japan, July 27−August 2, 2000, hep-ex/0010008.

[5] CDF Collaboration, T. Affolder et al., Phys. Rev. D 61, 072005 (2000).

[6] OPAL Collaboration, K. Ackerstaff et al., Eur. Phys. J. C 5, 379 (1998);

ALEPH Collaboration, R. Barate et al., Phys. Lett. B 492, 259 (2000). [7] J. L. Rosner, in Proceedings of the TASI-2000 Summer School, Boulder, CO June 5−30, 2000, hep-ph/0011355.

[8] A. B. Carter and A. I. Sanda, Phys. Rev. Lett. 45, 952 (1980); Phys.

Rev. D 23, 1567 (1981); I. I. Bigi and A. I. Sanda, Nucl. Phys. 193, 85 (1981).

[9] CLEO Collaboration, T. E. Coan et al., Phys. Rev. Lett. 84, 5283 (2000); S. Chen et al., ibid. 85, 525 (2000).

[10] M. Gronau, Phys. Rev. Lett. 63, 1451 (1989); D. London and R. D.

Peccei, Phys. Lett. B 223, 257 (1989). [11] Y. Grossman, these proceedings. [12] G. Buchalla, these proceedings. [13] A. I. Sanda, these proceedings.

[14] M. Gronau and D. Wyler, Phys. Lett. B 265, 172 (1991); M. Gronau and D. London, ibid. 253, 483 (1991); I. Dunietz, ibid. 270, 75 (1991).

[15] For other variants, see M. Gronau and J. L. Rosner, Phys. Lett. B 439, 171 (1998); Z. Z. Xing, Phys. Rev. D 58, 093005 (1998); J. H. Jang and P. Ko, ibid. 58, 111302 (1998); B. Kayser and D. London, ibid. 61, 116013 (2000); N. Sinha and R. Sinha, Phys. Rev. Lett. 80, 3706 (1998).

[16] D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997). [17] Particle Data Group, D. E. Groom et al., Eur. Phys. J. C 15, 1 (2000) [18] CLEO Collaboration, M. Athanas et al., Phys. Rev. Lett. 80, 5493 (1998); R. Godang et al., ibid. 84, 5038 (2000).

[19] R. L. Kingsley, S. B. Trieman, F. Wilczek and A. Zee, Phys. Rev. D 11, 1919 (1975); M. B. Voloshin, V. I. Zakharov and L. B. Okun, Pis’ma Zh. Eksp. Teor. Fiz. 21, 403 (1975) [JETP Lett. 21, 183 (1975)].

[20] T. E. Browder, K. Honscheid and D. Pedrini, Ann. Rev. Nucl. Part. Sci.

46, 395 (1997).

[21] CLEO Collaboration, M. Bishai et al., Phys. Rev. Lett. 78, 3261 (1997). [22] M. Gronau and J. L. Rosner, hep-ph/0010237; see also L. L. Chau and H. Y. Cheng, Phys. Lett. B 333, 514 (1994); T. E. Browder and S. Pakvasa, Phys. Lett. B 383, 475 (1996); A. F. Falk, Y. Nir and A. A. Petrov, JHEP 9912, 019 (1999).

[23] H. Nelson and A. Smith, private communications. [24] D. Atwood, I. Dunietz and A. Soni, hep-ph/0008090. [25] M. Gronau, Phys. Rev. D 58, 037301 (1998). [26] A. Soffer, Phys. Rev. D 60, 054032 (1999).

[27] G. Eilam, M. Gronau and J. L. Rosner, Phys. Rev. D 39, 819 (1989). [28] D. London, N. Sinha and R. Sinha, Phys. Rev. Lett. 85, 1807 (2000). [29] I. Dunietz and J. L. Rosner, Phys. Rev. D 34, 1404 (1986); M. Gronau, Phys. Lett. B 23, 479 (1989).

[30] R. Aleksan, I. Dunietz and B. Kayser, Zeit. Phys. C 54, 653 (1992). [31] I. Dunietz, Phys. Rev. D 52, 3048 (1995). [32] M. Gronau, Phys. Lett. B 300, 163 (1993).

[33] CLEO Collaboration, R. Godang et al., Phys. Rev. Lett. 80, 3456 (1998); D. Cronin-Hennessy et al., ibid. 85, 515 (2000); R. Stroynowski, Osaka Conference, Ref. [3]; BaBar Collaboration, T. J. Champion, Osaka Conference, Ref. [3]; Belle Collaboration, P. Chang, Osaka Conference, Ref. [3]. For average values, see J. R. Rosner, these proceedings.

[34] A. Dighe, M. Gronau and J. L. Rosner, Phys. Rev. Lett. 79, 4333 (1997). [35] F. DeJongh and P. Sphicas, Phys. Rev. D 53, 4930 (1996); P. S. Marrocchesi and N. Paver, Int. J. Mod. Phys. A 13, 251 (1998).

[36] K. Agashe and N. G. Deshpande, Phys. Rev. D 61, 071301 (2000). [37] M. Gronau and D. London, Phys. Rev. Lett. 65, 3381 (1990). [38] N. G. Deshpande and X. G. He, Phys. Rev. Lett. 74, 26, 4099(E) (1995). [39] M. Gronau D. Pirjol and T. M. Yan, Phys. Rev. D 60, 034021 (1999);

A. J. Buras and R. Fleischer, Eur. Phys. J. C 11, 93 (1999). [40] S. Gardner, Phys. Rev. D 59, 077502 (1999).

[41] M. Bauer, B. Stech and M. Wirbel, Zeit. Phys. C 34, 103 (1987). [42] Y. Grossman and H. R. Quinn, Phys. Rev. D 58, 017504 (1998). [43] J. Charles, Phys. Rev. D 59, 054007 (1999).

[44] H. J. Lipkin, Y. Nir, H. R. Quinn and A. Snyder, Phys. Rev. D 44, 1454 (1991); M. Gronau, Phys. Lett. B 265, 389 (1991); H. R. Quinn and A. Snyder, Phys. Rev. D 48, 2139 (1993).

[45] A. S. Dighe and C. S. Kim, Phys. Rev. D 62, 111303 (2000). [46] A. Deandrea, R. Gatto, M. Ladisa, G. Nardulli and P. Santorelli, Phys.

Rev. D 62, 036001 (2000); H. R. Quinn and J. P. Silva, Phys. Rev. D 62, 054002 (2000); A. Deandrea and A. D. Polosa, hep-ph/0008084.

[47] The BaBar Physics Book, P. F. Harrison and H. R. Quinn, eds. (SLAC Report SLAC-R-504, 1998).

[48] D. Zeppenfeld, Zeit. Phys. C 8, 77 (1981); M. Savage and M. Wise, Phys. Rev. D 39, 3346 (1989); L. L. Chau et al., Phys. Rev. D 43, 2176 (1991).

[49] M. Gronau, O. Hernández, D. London, and J. L. Rosner, Phys. Rev. D 50, 4529 (1994).

[50] M. Gronau, J. L. Rosner and D. London, Phys. Rev. Lett. 73, 21 (1994).

[51] R. Fleischer, Phys. Lett. B 365, 399 (1996); 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); R. Fleischer and T. Mannel, Phys. Rev. D 57, 2752 (1998); M. Gronau and J. L. Rosner, Phys. Rev. D 57, 6843 (1998); R. Fleischer, Phys. Rev. D 58, 093001 (1998); A. J. Buras, R. Fleischer, and T. Mannel, Nucl. Phys. B533, 3 (1998); R. Fleischer and A. J. Buras, Eur. Phys. J. C 16, 97 (2000).

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

[53] M. Neubert and J. L. Rosner, Phys. Rev. Lett. 81, 5076 (1998); M.

Neubert, JHEP 9902, 014 (1999); M. Gronau and D. Pirjol, Phys. Rev. D 61, 013005 (2000). Conference

[54] R. Fleischer, Phys. Lett. B 321, 259 (1994); N. G. Deshpande and X.

G. He, Phys. Rev. Lett. 74, 26 (1995).

[55] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996).

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

[57] M. Gronau, Phys. Lett. B 492, 297 (2000).

[58] C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985).

[59] B. Blok, M. Gronau, and J. L. Rosner, Phys. Rev. Lett. 78, 3999 (1997);

ibid. 79, 1167 (1997); A. Falk et al., Phys. Rev. D 57, 4290 (1998); M. Neubert, Phys. Lett. B 424, 154 (1998); D. Atwood and A. Soni, Phys. Rev. D 58, 036005 (1998); M. Gronau and J. L. Rosner, Phys. Rev. D 58, 113005 (1998); R. Fleischer, Phys. Lett. B 435, 221 (1998).

[60] M. Gronau and J. L. Rosner, Phys. Lett. B 482, 71 (2000); C. W. Chiang and L. Wolfenstein, hep-ph/0004255.

[61] R. Fleischer, Phys. Lett. B 459, 306 (1999). See also I. Dunietz, Proceedings of the Workshop on B Physics at Hadron Accelerators, Snowmass, CO, 1993, p. 83; D. Pirjol, Phys. Rev. D 60, 054020 (1999).

[62] F. Würthwein and R. Jesik, talks presented at the Workshop on B Physics at the Tevatron - Run II and Beyond, Fermilab, February 2000.