arXiv:hep-ph/0103110 v2 22 Mar 2001

TECHNION-PH-2001-19 EFI 01-07 hep-ph/0103110 March 2001

Measuring D^0–D^0 Mixing and Relative Strong Phases

at a Charm Factory^1

Michael Gronau and Yuval Grossman

Department of Physics, Technion-Israel Institute of Technology Technion City, 32000 Haifa, Israel and Jonathan L. Rosner

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

ABSTRACT

We propose a set of measurements at a charm factory to determine the D^0– D^0 mixing parameters ΔM and ΔΓ and the strong phase difference δ between doubly-Cabibbo-suppressed (DCS) and Cabibbo-favored (CF) neutral D decays into K^−π^+. The method can also be used to measure strong phase differences between other corresponding DCS and CF amplitudes. These phase differences are important for studies of D^0–D^0 mixing.

The time development of decays of neutral D mesons to doubly-Cabibbo-suppressed (DCS) modes such as K^+π^− exhibits interesting behavior. At t = 0 the only term in the amplitude is the direct DCS D^0 → K^+π^− term, but for t > 0 a D^0–D^0 mixing contribution appears. The interference of this term with the DCS contribution involves the lifetime and mass differences of the neutral D mass eigenstates as well as the finalstate strong phase difference δ between the Cabibbo-favored (CF) D^0 → K^+π^− and DCS D^0 → K^+π^− decay amplitudes.

A recent study of this process by the CLEO Collaboration [1], when combined with direct measurements of the lifetime difference between CP-even and CP-odd neutral D mesons [2, 3, 4, 5, 6], suggests that this strong phase difference may be large [7]. The FOCUS Collaboration has also presented data in agreement with CLEO’s results

1To be submitted to Physics Letters B.

[8]. Several attempts to estimate this phase theoretically [9, 10, 11, 12] involve various degrees of model-dependence. A recent proposal to measure the phase [13] assumes that ΔI = 0 and ΔI = 1 DCS D → Kπ amplitudes into I = 1/2 final states involve equal strong phases. In the present note we suggest an entirely assumption-free method for determining this phase experimentally. We show that related measurements are capable of determining D^0–D^0 mixing parameters at the percent level.

A charm factory operating at the ψ(3770) resonance produces D^0D^0 pairs in a state of definite charge-conjugation eigenvalue C = −. At slightly higher energies one can produce such pairs with C = + [14]. One may tag one of the neutral D mesons as a CP eigenstate through its decays into CP eigenmodes, such as K_S (π^0, ρ^0, ω, η, η^′, ϕ), K^+K^−, and π^+π^−. (These decays are important in a different context of studying the weak phase γ in B → D^0K [15, 16].) The other neutral D meson must then have opposite CP if C(D^0D^0) = − and the same CP if C(D^0D^0) = + [14]. One measures its decay rate into K^−π^+, which includes an interference between CF and DCS amplitudes. The measured rate thus is given in terms of the already-measured CF and DCS rates and the relative strong phase δ, which permits a determination of δ. (This phase plays an important role in a method [17] for measuring γ in B → D^0K.)

We now discuss details of this method, beginning with conventions and notation and ending with an estimate of the achievable precision. For the majority of our discussion we shall neglect CP violation in neutral D mixing and decays, which is expected to be very small in the Standard Model. Our master equations for correlated hadronic decays of D^0D^0 pairs, Eqs. (10)–(11) below, apply also to the case of CP violation. Towards the end of our study we will argue that including CP violation beyond the Standard Model has a negligible effect on the proposed measurement of the relative strong phase δ. The mass eigenstates in the neutral D meson system may be defined as D_1 ≡ p|D^0⟩ + q|D^0⟩ , D_2 ≡ p|D^0⟩ − q|D^0⟩ , (1) where |p|^2 + |q|^2 = 1, with corresponding eigenvalues μ_{1,2} ≡ M_{1,2} − iΓ_{1,2}/2. Neglecting CP violation in D^0–D^0 mixing, we adopt the convention [7] in which D_1 is the CP-odd and D_2 the CP-even state, choosing further p = q = 1/ √ 2. We define M ≡ M_1 + M_2 2 , Γ ≡ Γ_1 + Γ_2 2 , μ ≡ μ_1 + μ_2 2 , (2)

x ≡ M_2 − M_1 Γ , y ≡ Γ_2 − Γ_1 2Γ , Δμ ≡ μ_2 − μ_1 = Γ(x − iy) . (3)

The decay amplitudes are defined as ⟨K^−π^+|D^0⟩ ≡ Ae^{iδR} , ⟨K^−π^+|D^0⟩ ≡ Āe^{iδW} , δ ≡ δ_R − δ_W , (4) where δ_R and δ_W refer, respectively, to “right-sign” and “wrong-sign” strong phases in the K^−π^+ system.

With the above-mentioned convention for CP eigenstates, self-consistency requires us to take D^0 ≡ cū, D^0 ≡ −uc̄ as in Ref. [18]. The decay D_1 → K^+K^− then is forbidden. With this convention, in the SU(3) limit, we would have Ā/A = −V_{cd}V^∗_{us}/V_{ud} V^∗_{cs} = + tan^2 θ_C ≃ 0.05, where θ_C is the Cabibbo angle. We thus take, more generally, Ā/A ≡ r > 0. We note that (4) implies ⟨K^+π^−|D^0⟩ = −Ā^∗e^{iδW} which is equal, by a U-spin s ↔ d substitution and a replacement of CKM elements, to [V_{cd}V^∗_{us}/V_{ud}V^∗_{cs} ]A^∗e^{iδR} . Thus δ = 0 in the SU(3) limit [19, 20].

We begin by considering the process studied by CLEO and FOCUS [5, 8], which does not require a symmetric charm factory. A state which is identified at the time of production as a D^0, e.g., by the decay D^{∗+} → π^+D^0, evolves in time as D^0(t) = D^0f_+(t) + D^0f_−(t), where

f_±(t) = 1 2 [e^{−iμ1t} ± e^{−iμ2t}] = e^{−iμt} { cos(Δμt/2) i sin(Δμt/2) } . (5)

Similarly D^0(t) = D^0f_+(t) + D^0f_−(t). The time-dependence of a “wrong-sign” final state is governed by the amplitude

⟨K^−π^+|D^0(t)⟩ = e^{−iμt}[⟨K^−π^+|D^0⟩ cos(Δμt/2) + ⟨K^−π^+|D^0⟩i sin(Δμt/2)] ≃ ⟨K^−π^+|D^0⟩e^{−iμt}e^{iδW} [r + ie^{iδ}Γt(x − iy)/2] , (6) where the small-argument approximation is sufficient for the trigonometric functions since r, x, y ≪ 1. The ratio of wrong-sign to right-sign decays, as a function of time, is then R(t) ≡ | | | | | ⟨K^−π^+|D^0(t)⟩ ⟨K^−π^+|D^0(t)⟩ | | | | | 2 ≃ | | |r + i Γt 2 (x − iy)e^{iδ} | | | 2 .

= r^2 + ry^′Γt + (Γt 2 )_2

(x^2 + y^2) , (7)

where x^′ ≡ x cos δ + y sin δ, y^′ = y cos δ − x sin δ. The suggestion of large δ first arose because the CLEO analysis [1] slightly favored negative y^′ in the term linear in t in the above equation, while the FOCUS result for y [3], the dominant one in terms of statistical error, favored y > 0. The results for y are summarized in Table 1. The evidence for y > 0 now is slightly less than 2σ. CLEO reported y^′ = (−2.5^{+1.4}_{−1.6} ± 0.3)% in an analysis allowing for CP violation and y^′ = (−2.3^{+1.3}_{−1.4} ± 0.3)% when CP symmetry was assumed.

If all three terms in Eq. (7) (constant, linear, and quadratic in t) are measurable, and y is also measured, then it is possible in principle to determine x and δ up to discrete ambiguities. However, most (but not all) estimates of x and y within the Standard Model are considerably less than a percent [21]. If this is so, the last term in (7) may be inaccessible even though there may exist evidence for the ry^′ term, and we need an independent determination of δ. This may be achieved through experiments at a charm factory, as we now show.

Table I: Results on y. A shorter lifetime for the CP-even neutral D corresponds to y > 0. Reference Value (percent) Δχ^2 E791 [2] 0.8 ± 2.9 ± 1.0 0.16 FOCUS [3] 3.42 ± 1.39 ± 0.74 0.80 Belle [4] 1.0^{+3.8+1.1}_{−3.5−2.1} 0.06 CLEO [5] −1.1 ± 2.5 ± 1.4 1.18 Belle [6] 1.16^{+1.67}_{−1.65} (a) Average 2.0 ± 1.2 2.2

(a) Not used in average since no systematic error was quoted.

We consider a D^0D^0 pair produced in a state of definite charge-conjugation eigenvalue η_C = ±1. The initial states Ψ_{ηC} , namely,

Ψ_± = 1 √ 2 [D^0(p̂)D^0(−p̂) ± D^0(p̂)D^0(−p̂)] , (8)

evolve in time to

Ψ_±(t, t̄) = 1 √ 2 e^{−iμ(t+t̄)} { cos[Δμ(t ± t̄)/2][D^0(p̂)D^0(−p̂) ± D^0(p̂)D^0(−p̂)]

±i sin[Δμ(t ± t̄)/2][D^0(p̂)D^0(−p̂) ± D^0(p̂)D^0(−p̂)] } , (9) Here t refers to the proper time of a state traveling along the +p̂ direction, while t̄ refers to one traveling along −p̂.

We now consider decays of these correlated systems into various final states, searching in particular for interference effects depending on δ. In all cases we integrate with respect to proper time, since vertex separation in a symmetric e^+e^− “charm factory” is likely to be problematic. An early study of correlated D^0D^0 decays into specific flavor final states, assuming δ = 0, was carried out by Bigi and Sanda [22]. More recently Xing [23] has considered both time-dependent and time-integrated decays into correlated pairs of states, including some effects of a nonzero final state phase difference. However, he has not considered the cases (3^−) and (3^+) below, from which we propose to measure δ. For completeness, we derive general expressions for time-integrated decay rates into a pair of final states f_1 and f_2, from C = −1 and C = +1 D^0D^0 states, in agreement with [23]:

Γ^{C=−1}(f_1, f_2) = 1 2 |A^{(−)}|^2 [ 1 1 − y^2 + 1 1 + x^2 ]

+ 1 2 |B^{(−)}|^2 [ 1 1 − y^2 − 1 1 + x^2 ] , (10)

Γ^{C=+1}(f_1, f_2) = 1 2 |A^{(+)}|^2 [ 1 + y^2 (1 − y^2)^2 + 1 − x^2 (1 + x^2)^2 ]

+ 1 2 |B^{(+)}|^2 [ 1 + y^2 (1 − y^2)^2 − 1 − x^2 (1 + x^2)^2 ]

+ 2Re { A^{(+)∗}B^{(+)} [ y (1 − y^2)^2 + ix (1 + x^2)^2 ]} , (11) where

A^{(±)} = ⟨f_1|D^0⟩⟨f_2|D^0⟩ ± ⟨f_1|D^0⟩⟨f_2|D^0⟩ , (12) B^{(±)} = ⟨f_1|D^0⟩⟨f_2|D^0⟩ ± ⟨f_1|D^0⟩⟨f_2|D^0⟩ . (13)

The rate expressions simplify if one of the states (say, f_2) is a CP eigenstate S_ζ with eigenvalue ζ = ±1:

Γ^{C=−1} (f_1, S_ζ) = |A_{Sζ} |^2 |⟨f_1|D^0⟩ + ζ⟨f_1|D^0⟩|^2 1 − y^2

, (14)

Γ^{C=+1}(f_1, S_ζ ) = |A_{Sζ} |^2 |⟨f_1|D^0⟩ − ζ⟨f_1|D^0⟩|^2 (1 + ζy)^2

, (15)

where A_{Sζ} = ⟨S_ζ |D^0⟩, and we have used CP |D^0⟩ = −|D^0⟩.

The expressions for products of amplitudes in Eqs. (12) and (13) can be easily generalized allowing for CP violation:

A^{(±)} = p q A_1A_2 (λ_2 ± λ_1) , (16)

B^{(±)} = p q A_1A_2 (1 ± λ_2λ_1) , (17)

where A_i ≡ ⟨f_i|D^0⟩ , Ā_i ≡ ⟨f_i|D^0⟩ , λ_i ≡ q p Ā_i A_i . (18)

Here and everywhere we use a normalization in which Γ(D^0 → f_i) = |A_i|^2.

Keeping terms up to order r^2, x^2, y^2 in the expressions for rates, and assuming CP conservation we list the following results for various cases: C = −1 D^0D^0 states:

(1^−) K^−π^+(p̂)K^−π^+(−p̂).

Γ^{(−)}(K^−π^+, K^−π^+) = 1 2 A^4|1 − r^2e^{−2iδ}|^2(x^2 + y^2) ≈ 1 2 A^4(x^2 + y^2) , (19)

where A was defined in Eq. (4). This process serves to measure mixing effects when normalized by the one which follows.

(2^−) K^−π^+(p̂)K^+π^−(−p̂).

Γ^{(−)}(K^−π^+, K^+π^−) = A^4|1 − r^2e^{−2iδ}|^2[1 − 1 2 (x^2 − y^2)]

≈ A^4[1 − 2r^2 cos 2δ − 1 2 (x^2 − y^2)] . (20)

The dominant contribution is proportional to A^4, so by comparing this case with the previous one we can learn the combination x^2 +y^2 describing mixing. Similar information could be gleaned from a fit to the time-distribution of a single tagged D^0 as described above, if x^2 +y^2 is sufficiently large, but this may not be the case. The small interference terms in (20) are probably unmeasurable.

(3^−) K^−π^+(p̂)S_ζ (−p̂).

Γ^{(−)}(K^−π^+, S_ζ ) = A^2A^2_{Sζ} |1 + ζre^{−iδ}|^2(1 + y^2) ≈ A^2A^2_{Sζ} (1 + 2ζr cos δ) . (21)

Recall r ≈ tan^2 θ_C ≃ 0.05 in the SU(3) limit. By comparing rates with ζ = +1 final states such as K^+K^− and ζ = −1 final states such as K_S (ρ^0, ω, ϕ) one can measure the ratio (1 + 2r cos δ)/(1 − 2r cos δ) and, given an independent measurement of r, one can obtain cos δ.

(4^−) K^−π^+(p̂)ℓ^−(−p̂).

Using a leptonic D^0 flavor tag and defining A_ℓ� = ⟨ℓ^−X|D^0⟩, one finds

Γ^{(−)}(K^−π^+, ℓ^−) = A^2A^2_ℓ�[1 − 1 2 (x^2 − y^2)] . (22)

This process serves as a normalization for the one which follows describing the oppositesign D^0 flavor tag.

(5^−) K^−π^+(p̂)ℓ^+(−p̂).

Γ^{(−)}(K^−π^+, ℓ^+) = A^2A^2_ℓ+ [r^2 + 1 2 (x^2 + y^2)] , (23)

where A_ℓ+ = ⟨ℓ^+ X|D^0⟩ = A_ℓ�. By comparing this process with the previous one, we obtain r^2 + (x^2 + y^2)/2. This may be of interest for mixing parameters if r, x, y are of comparable size but, as mentioned, it is much more likely that x, y ≪ r in which case this process can be used to measure r.

(6^−) S_ζ (p̂)ℓ^+(−p̂).

Γ^{(−)}(S_ζ , ℓ^+) = A^2_ℓ+ A^2_{Sζ} (1 + y^2) . (24) Strictly speaking, the y^2 correction is one order higher in small parameters than we have been keeping, since A^2_{Sζ} is already of order r. This process serves as a normalization for others.

C = +1 D^0D^0 states:

(1^+) K^−π^+(p̂)K^−π^+(−p̂).

Γ^{(+)}(K^−π^+, K^−π^+) = 4A^4[r^2 + ry^′ + 3 8 (x^2 + y^2)] . (25)

This expression gives information similar to that learned from the time-dependence (7) in the decay of a single tagged neutral D.

(2^+) K^−π^+(p̂)K^+π^−(−p̂).

Γ^{(+)}(K^−π^+, K^+π^−) = A^4[1 + 2r^2 cos 2δ + 4rỹ − 3 2 (x^2 − y^2)] , (26)

where ỹ ≡ y cos δ + x sin δ. The correction terms are probably unmeasurable, so this process serves as a normalization in comparison with the previous one.

(3^+) K^−π^+(p̂)S_ζ (−p̂).

Γ^{(+)}(K^−π^+, S_ζ) = A^2A^2_{Sζ} |1 − ζre^{−iδ} |^2(1 − 2ζy + 3y^2) ≈ A^2A^2_{Sζ} (1 − 2ζr cos δ)(1 − 2ζy) . (27)

There thus appears to be ample information to constrain cos δ once r and y are wellenough known.

(4^+) K^−π^+(p̂)ℓ^−(−p̂).

Γ^{(+)}(K^−π^+, ℓ^−) = A^2A^2_ℓ�[1 + 2rỹ − 3 2 (x^2 − y^2)] . (28)

There is a small difference in comparison with the corresponding C = −1 case.

(5^+) K^−π^+(p̂)ℓ^+(−p̂).

Γ^{(+)}(K^−π^+, ℓ^+) = A^2A^2_ℓ+ [r^2 + 2ry^′ + 3 2 (x^2 + y^2)] . (29)

In contrast to the corresponding C = −1 case, this expression involves interference between mixing and DCS decay similar to Eq. (25).

(6^+) S_ζ (p̂)ℓ^+(−p̂).

Γ^{(+)}(S_ζ , ℓ^+) = A^2_ℓ+ A^2_{Sζ} (1 − 2ζy + 3y^2) . (30)

This differs from the C = −1 case by a term of first order in y.

An additional set of cases involves the detection of one flavor eigenstate with direction p̂ and a different flavor eigenstate with direction −p̂. Examples are Kπ, Kρ, and K^∗π. Processes with opposite-flavor final states [such as K^−π^+(p̂)K^+ρ^−(−p̂)] serve for normalization. Processes with same-flavor eigenstates [such as K^−π^+(p̂)K^−ρ^+(−p̂)] from C = −1 D^0D^0 pairs then give rise to a leading term in the rate proportional to |r_ie^{−iδi} − r_j e^{−iδj} |^2, where i and j denote two different channels, r_i is the ratio of DCS to CF amplitudes in the channel i, and δ_i is the strong phase difference between right-sign and wrong-sign decays in that channel. Given three such measurements, and independent determinations of two of the three r_i, one can solve for the three phase differences δ_i − δ_j up to discrete ambiguities. Measurement of the third r_i reduces those ambiguities by a factor of 2 and provides one constraint. There remains an overall ambiguity in the common sign of all phases. One can thereby check whether the quantities δ_i differ from channel to channel. The comparison of strengths of K^∗π and Kρ Dalitz plot bands in (DCS) D → Kππ and (CF) D → K̄ππ decays already indicate the possibility of this difference [24], since U-spin relations of flavor SU(3) [12] appear to be violated in such cases. This method is unable to provide absolute values of any of the phases δ_i, in contrast to those based on the examples (3^−) and (3^+) above.

At this point let us comment briefly on how our results may be modified in the presence of CP violation. In the Cabibbo-Kobayashi-Maskawa framework CP violation in neutral D mixing and decays, dominated by the first two generations, is very small and can be safely neglected. Extensions of the Standard Model could induce new sources of CP violation. The most likely sizable effect is a possible new CP violating phase, ϕ = arg(qĀ/pA), occuring in the interference between D^0 − D^0 mixing and decay amplitudes into Kπ or other hadronic states. Dependence on such a phase requires mixing and would affect, for instance, the term linear in t in Eq. (7) [7] and the ry^′ terms in Eqs. (25) and (29). However, it affects Eq. (21), from which cos δ is obtained, only in terms quadratic in x, y, which we neglected. This is true also for possible CP violation in mixing, |q/p| ≠ 1.

Other CP violating effects in Eq. (21) can come from direct CP violation in Cabibbofavored D^0 → K^−π^+ and in singly Cabibbo-suppressed D^0 → S_ζ decays. This would introduce in the amplitudes A and A_{Sζ} corrections of order |⟨K^+π^−|D^0⟩/ ⟨K^−π^+|D^0⟩|−1 and |⟨S_ζ |D^0⟩/⟨S_ζ |D^0⟩| − 1, respectively. Such effects are expected to be very small in extensions of the Standard Model, where direct CP violation was shown to be negligible even in DCS decays [25]. This can be checked directly by comparing D^0 and D^0 branching ratios into CP-conjugate states. Furthermore, these small effects can be shown to occur only at second order when combining the rate of Eq. (21) with its CP-conjugate.

In order to estimate the total sample of events needed to perform a useful measurement of δ, we note that the rates for the processes of interest are given in terms of the already measured CF and DCS rates and the relative strong phase δ. Let us define an asymmetry A ≡ Γ^{(−)}(S_+) − Γ^{(−)}(S_−) Γ^{(−)}(S_+) + Γ^{(−)}(S_−)

, (31)

where Γ^{(−)}(S_±) is a rate for a C = −1 D^0D^0 configuration to decay into a CP -eigenstate S_± with direction −p̂ and a flavor eigenstate such as K^−π^+ with direction +p̂ [the case (3^−) noted above)]. Eq. (21) implies a small asymmetry, A = 2r cos δ. For a small asymmetry, a general result is that its error ΔA is approximately 1/ √ N, where N is the total number of events tagged with CP-even and CP-odd eigenstates. Thus we have

Δ(cos δ) ≃ 1 2r √ N . (32)

The number N of CP-tagged events decaying to K^−π^+ is related to the total number of D^0D^0 pairs N(D^0D^0) through N ≈ 0.01N(D^0 D^0)B(D^0 → K^−π^+) ≈ 4 × 10^{−4} N(D^0D^0), since the branching-ratio-times-efficiency factor for tagging CP eigenstates is only about 1.1% [16] (the total branching ratio into CP eigenstates is larger than about 5% [26]). With r = 1.2 tan^2 θ ≃ 0.06 [1, 8], one then has

Δ(cos δ) ≈ 400 √ N(D^0D^0)

. (33)

The cross section for e^+e^− → ψ(3770) is about 10 nb at the peak [27], while a foreseen integrated luminosity for a charm factory operating at this energy is about 3 fb^{−1} [28]. One can thus envision collecting 3 × 10^7 DD̄ pairs, of which half are charged and half are neutral. We are entitled to a factor of 2 for considering both K^−π^+ and K^+π^− final states. We thus estimate that one may be able to reach an accuracy of about 0.07 in cos δ.

The achievable error on (x^2 + y^2)^{1/2} is of the order of a percent. To see this, we note that the case (1^−) mentioned above should yield about 15 × 10^6(x^2 + y^2)[B(D^0 → K^−π^+)]^2 ≃ 2.2 × 10^4(x^2 + y^2) (K^∓π^±)(K^∓π^±) events under the conditions mentioned above, giving rise to sensitivity to x^2 + y^2 at the level of about 10^{−4}. Modest improvements will be possible by adding other final states.

The parameter y^′ = y cos δ − x sin δ is obtained from the ry^′ terms occuring in the time-dependence (7) in the decay of a single tagged neutral D, and in the rates (25) and (29) measured by producing D^0D^0 pairs with C = +1. Since r > x, y, the accuracy of measuring y^′ is expected to be better than of measuring (x^2 + y^2)^{1/2}. Once cos δ is measured with the above calculated precision, separate measurements of x and y at a corresponding level of sensitivity may be achieved.

We thank David Asner, David Cinabro, Jonathan Link, Harry Nelson, Sandip Pakvasa, and Alex Smith for useful discussions, and A. I. Sanda for extending the hospitality of Nagoya University during part of this work. This work was supported in part by the United States Department of Energy through Grant No. DE FG02 90ER40560, by the Israel Science Foundation founded by the Israel Academy of Sciences and Humanities, and by the U. S. – Israel Binational Science Foundation through Grant No. 98-00237.

References

[1] CLEO Collaboration, R. Godang et al., Phys. Rev. Lett. 84 (2000) 5038.

[2] Fermilab E791 Collaboration, E. M. Aitala et al., Phys. Rev. Lett. 83 (1999) 32.

[3] FOCUS Collaboration, J. M. Link et al., Phys. Lett. B 485 (2000) 62.

[4] Belle Collaboration, Measurement of Charmed Meson Lifetimes, BELLE- CONF-0002, talk #274 at XXX International Conference on High Energy Physics, 27 July – 2 August 2000, Osaka, Japan, available at http://bsunsrv1.kek.jp/conferences/ichep2000.html.

[5] CLEO Collaboration, D. Cronin-Hennessy et al., CLEO CONF 01-1, hepex/0102006; A. Smith, talk at BCP4 Conference, 19 – 23 February 2001, Ise, Japan, available at http://www.hepl.phys.nagoya-u.ac.jp/public/bcp4.

[6] J. Tanaka, talk at BCP4 Conference, Ref. [5].

[7] S. Bergmann, Y. Grossman, Z. Ligeti, Y. Nir, and A. Petrov, Phys. Lett. B 486 (2000) 418.

[8] FOCUS Collaboration, J. M. Link et al., FERMILAB-PUB-00-341-E, hepex/0012048, submitted to Phys. Rev. Lett.

[9] L. L. Chau and H. Y. Cheng, Phys. Lett. B 333 (1994) 514. [10] T. E. Browder and S. Pakvasa, Phys. Lett. B 383 (1996) 475. [11] A. F. Falk, Y. Nir, and A. A. Petrov, JHEP 9912 (1999) 019. [12] M. Gronau and J. L. Rosner, Phys. Lett. B 500 (2001) 247. [13] E. Golowich and S. Pakvasa, hep-ph/0102068 (unpublished). [14] See, e.g., M. Goldhaber and J. L. Rosner, Phys. Rev. D 15 (1977) 1254. [15] M. Gronau and D. London, Phys. Lett. B 253 (1991) 483; M. Gronau and D. Wyler, Phys. Lett. B 265 (1991) 172.

[16] CLEO Collaboration, CLEO III: Design and Physics Goals, Cornell University Report CLNS-94-1277 (1994).

[17] D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. Lett. 78 (1997) 3257; Phys. Rev.

D 63 (2001) 036005.

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

[19] R. L. Kingsley, S. B. Treiman, F. Wilczek and A. Zee, Phys. Rev. D 11 (1975) 1919;

M. B. Voloshin, V. I. Zakharov and L. B. Okun, Pis’ma Zh. Eksp. Teor. Fiz. 21 (1975) 403 [JETP Lett. 21 (1975) 183].

[20] L. Wolfenstein, Phys. Rev. Lett. 75 (1995) 2460.

[21] H. Nelson, preprint UCSB-HEP-99-08, hep-ex/9908021, talk given at 19th International Symposium on Lepton and Photon Interactions at High-Energies, Stanford, CA, 9–14 Aug 1999.

[22] I. Bigi and A. I. Sanda, Phys. Lett. B 171 (1986) 320. The last line of our Eq. (11) is half the corresponding term of Eq. (8) in this paper.

[23] Z. Z. Xing, Phys. Rev. D 53 (1996) 204; Phys. Lett. B 372 (1996) 317; 379 (1996) 257; Phys. Rev. D 55 (1997) 196; Phys. Lett. B 463 (1999) 323.

[24] A. Smith, private communication.

[25] S. Bergmann and Y. Nir, JHEP 9909 (1999) 031.

[26] Particle Data Group, D. E. Groom et al., Eur. Phys. J. C 15 (2000) 1. [27] BES Collaboration. J. Z. Bai et al., hep-ex/0102003 (unpublished). [28] We thank D. M. Asner, D. Cinabro, and H. Nelson for communications on this point.