arXiv:hep-ph/0002161 v2 4 Apr 2000

UTPT-00-02 FERMILAB-Pub-00/039-T hep-ph/0002161

A Model Independent Determination of jVubj

Christian W. Bauer,^a Zoltan Ligeti,^b and Michael Luke^a

aDepartment of Physics, University of Toronto, 60 St. George Street, Toronto, Ontario, Canada M5S 1A7

bTheory Group, Fermilab, P.O. Box 500, Batavia, IL 60510

Abstract

It is shown that measuring the lepton invariant mass spectrum in inclusive semileptonic B̄ → X_uℓν̄ decay yields a model independent determination of |V_{ub}|. Unlike the lepton energy and hadronic invariant mass spectra, nonperturbative effects are only important in the resonance region, and play a parametrically suppressed role when dΓ/dq^2 is integrated over q^2 > (m_B − m_D)^2, which is required to eliminate the charm background. Perturbative and nonperturbative corrections are presented to order α^2_sβ_0 and Λ^2_{QCD}/m^2_b, and the Λ^3_{QCD}/m^3_b corrections are used to estimate the uncertainty in our results. The utility of the B̄ → X_sℓ^+ℓ^− decay rate above the ψ(2S) resonance is discussed.

A precise and model independent determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V_{ub} is important for testing the Standard Model at B factories via the comparison of the angles and the sides of the unitarity triangle. The first extraction of |V_{ub}| from experimental data relied on a study of the lepton energy spectrum in inclusive charmless semileptonic B decay [1]. Recently |V_{ub}| was also measured from exclusive semileptonic B̄ → ρℓν̄ and B̄ → πℓν̄ decay [2], and from inclusive decays using the reconstruction of the invariant mass of the hadronic final state [3].

These determinations suffer from large model dependence. The exclusive |V_{ub}| measurements rely on form factor models or quenched lattice calculations at the present time.^1 Inclusive B decay rates are currently on a better theoretical footing, since they can be computed model independently in a series in Λ_{QCD}/m_b and α_s(m_b) using an operator product expansion (OPE) [7–10]. However, the predictions of the OPE are only model independent for sufficiently inclusive observables, while the B̄ → X_uℓν̄ decay rate can only be measured by imposing severe cuts on the phase space to eliminate the ∼ 100 times larger B̄ → X_cℓν̄ background. For both the charged lepton and hadronic invariant mass spectra, these cuts spoil the convergence of the OPE, and the most singular terms must be resummed into a nonperturbative b quark distribution function [11]. While it may be possible to extract this from the photon spectrum in B → X_sγ [11,12], it would clearly be simpler to find an observable for which the OPE did not break down in the region of phase space free from charm background. In this Letter we show that this is the situation for the lepton invariant mass spectrum.

At leading order in the Λ_{QCD}/m_b expansion the B meson decay rate is equal to the b quark decay rate. Nonperturbative effects are suppressed by at least two powers of Λ_{QCD}/m_b. Corrections of order Λ^2_{QCD}/m^2_b are characterized by two heavy quark effective theory (HQET) matrix elements [8–10], which are defined by

λ_1 = ⟨B(v)| h̄^{(b)}_v (iD)^2 h^{(b)}_v |B(v)⟩/2m_B , λ_2 = ⟨B(v)| g_s 2 h̄^{(b)}_v σ_{μν}G^{μν} h^{(b)}_v |B(v)⟩/6m_B . (1) These matrix elements also occur in the expansion of the B and B^∗ masses in powers of Λ_{QCD}/m_b,

m_B = m_b + Λ̄ − λ_1 + 3λ_2 2m_b + . . . , m_B� = m_b + Λ̄ − λ_1 − λ_2 2m_b + . . . . (2)

Similar formulae hold for the D and D^∗ masses. The parameters Λ̄ and λ_1 are independent of the heavy b quark mass, while there is a weak logarithmic scale dependence in λ_2. The measured B^∗ −B mass splitting fixes λ_2(m_b) = 0.12 GeV^2. At O(Λ^3_{QCD}/m^3_b ) seven additional

1A model independent determination of |V_{ub}| from exclusive decays is possible without first order heavy quark symmetry or chiral symmetry breaking corrections [4], but it requires data on B̄ → K^∗ℓ^+ℓ^−. A model independent extraction is also possible from decays to wrong-sign charm [5], but this is very challenging experimentally. See also [6] for a discussion of extracting |V_{ub}| from a comparison of photon spectra in B and D radiative leptonic decays.

parameters arise in the OPE [13–15], and varying these parameters is often used to estimate the theoretical uncertainty in the OPE [14–16].

In inclusive semileptonic B decay, for a particular hadronic final state X, the maximum lepton energy is E^{(max)}_ℓ = (m^2_B − m^2_X)/2m_B (in the B rest frame), so to eliminate charm background one must impose a cut E_ℓ > (m^2_B − m^2_D)/2m_B. The maximum lepton energy in semileptonic b quark decay is m_b/2, which is less than the physical endpoint m_B/2. Their difference, Λ̄/2, is comparable in size to the endpoint region ΔE^{(endpoint)} ℓ = m^2_D/2m_B ≃ 0.33 GeV. The effects which extend the lepton spectrum beyond its partonic endpoint appear as singular terms in the prediction for dΓ/dE_ℓ involving derivatives of delta functions, δ^{(n)}(1 − 2E_ℓ/m_b). The lepton spectrum must be smeared over a region of energies ΔE_ℓ near the endpoint before theory can be compared with experiment. If the smearing region ΔE_ℓ is much smaller than Λ_{QCD}, then higher dimension operators in the OPE become successively more important and the OPE is not useful for describing the lepton energy spectrum. For ΔE_ℓ ≫ Λ_{QCD}, higher dimension operators become successively less important and a useful prediction for the lepton spectrum can be made using the first few terms in the OPE. When ΔE_ℓ ∼ Λ_{QCD}, there is an infinite series of terms in the OPE which are all equally important. Since ΔE^{(endpoint)}_ℓ is about Λ_{QCD}, it seems unlikely that predictions based on a few low dimension operators in the OPE can successfully determine the lepton spectrum in this region.

It was shown in [11] that the leading singularities in the OPE may be resummed into a nonperturbative light-cone distribution function f(k_+) for the heavy quark. To leading order in 1/m_b, the effects of the distribution function may be included by replacing m_b by m^∗_b ≡ m_b + k_+, and integrating over the light-cone momentum dΓ dE_ℓ = ∫ dk_+ f(k_+) dΓ_p dE_ℓ | | | m_b→m�_b

, (3)

where dΓ_p/dE_ℓ is the parton-level spectrum. Analogous formulae hold for other differential distributions [17,18]. For purposes of illustration, we will use a simple model for the structure function given by the one-parameter ansatz [19]

f(k_+ ) = 32 π^2Λ

(1 − x)^2 exp [ − 4 π (1 − x)^2 ] Θ(1 − x) , x ≡ k_+ Λ , (4)

taking the model parameter Λ = 0.48 GeV, corresponding to m_b = 4.8 GeV.

The charm background can also be eliminated by reconstructing the invariant mass of the hadronic final state, m_X, since decays with m_X < m_D must arise from b → u transition. While this analysis is challenging experimentally, the m_X < m_D cut allows a much larger fraction of b → u decays than the E_ℓ > (m^2_B − m^2_D)/2m_B constraint. This is expected to result in a reduction of the theoretical uncertainties [20,21], although both the lepton endpoint region, E_ℓ > (m^2_B − m^2_D)/2m_B, and the low hadronic invariant mass region, m_X < m_D, receive contributions from the same set of hadronic final states (but with very different weights). However, the same nonperturbative effects which lead to the breakdown of predictive power in the lepton endpoint region also give large uncertainties in the hadron mass spectrum over the range m^2_X ∼ Λ̄m_b [20]. In other words, nonperturbative effects

FIG. 1. The lepton energy and hadronic invariant mass spectra. The dashed curves are the b quark decay results to O(α_s), while the solid curves are obtained by smearing with the model distribution function f(k_+) in Eq. (4). The unshaded side of the vertical lines indicate the region free from charm background. The area under each curve has been normalized to one.

yield formally O(1) uncertainties in both cases, because numerically m^2_D ∼ Λ_{QCD}m_B. The situation is illustrated in Fig. 1.

The situation is very different for the lepton invariant mass spectrum. Decays with q^2 ≡ (p_ℓ + p_{ν̄} )^2 > (m_B − m_D)^2 must arise from b → u transition. Such a cut forbids the hadronic final state from moving fast in the B rest frame, and so the light-cone expansion which gives rise to the shape function is not relevant in this region of phase space.^2 This is clear from the kinematics: the difference between the partonic and hadronic values of maximum q^2 is m^2_B −m^2_b ∼ 2Λ̄ m_b, and nonperturbative effects are only important in a region of comparable size. For example, the most singular term in the OPE at order (Λ_{QCD}/m_b)^3 is of order (Λ_{QCD}/m_b)^3 δ(1 − q^2/m^2_b ). This contribution to the decay rate is not suppressed compared to the lowest order term in the OPE only if the spectrum is integrated over a small region of width Δq^2 ∼ Λ_{QCD} m_b near the endpoint. This is the resonance region where only hadronic final states with masses m_X ∼ Λ_{QCD} can contribute, and the OPE is not expected to work anyway. In contrast, nonperturbative effects are important in the E_ℓ and m^2_X spectra in a parametrically much larger region where final states with masses m^2_X ∼ Λ_{QCD} m_b contribute.^3 The better behavior of the q^2 spectrum than the E_ℓ and m^2_X spectra is also reflected in the perturbation series. There are Sudakov double logarithms near the phase space boundaries in the E_ℓ and m^2_X spectra, whereas there are only single logarithms in the q^2 spectrum.

The effect of smearing the q^2 spectrum with the model distribution function in Eq. (4) is

2The fact that the b quark distribution function is not relevant for large q^2 was pointed out in [22] in the context of B̄ → X_sℓ^+ℓ^− decay and in [18] for semileptonic B̄ → X_u decay.

3Similar arguments also show that the light-cone distribution function is not relevant for small hadron energy, E_X , but it does enter for E_X near m_b/2. If m_b/2−m_c ≫ Λ_{QCD}, then the constraint E_X < m_D in the B rest frame would also give a model independent determination of |V_{ub}|.

FIG. 2. The lepton invariant mass spectrum to O(α_s). The meaning of the curves is the same as in Fig. 1.

Decay Width of region without Nonperturbative Fraction of b → u distribution charm background region near endpoint events included dΓ/dE_ℓ ΔE_ℓ = m^2_D/2m_B ΔE_ℓ ∼ Λ_{QCD} ∼ 10% dΓ/dm^2_X Δm^2_X = m^2_D Δm^2_X ∼ Λ_{QCD} m_b ∼ 80% dΓ/dq^2 Δq^2 = 2m_Bm_D − m^2_D Δq^2 ∼ Λ_{QCD} m_b ∼ 20%

TABLE I. Comparison between the lepton energy, hadronic invariant mass, and lepton invariant mass spectra for the determination of |V_{ub}|. The region dominated by nonperturbative effects is parametrically smaller than the region without charm background only for the q^2 spectrum in the last row (viewing m^2_D ∼ m^2_c ∼ Λ_{QCD} m_b). The last column gives rough numbers corresponding to the plots in Figs. 1 and 2.

illustrated in Fig. 2. In accord with our previous arguments, it is easily seen to be subleading over the region of interest. Table I compares qualitatively the utility of the lepton energy, the hadronic invariant mass, and the lepton invariant mass spectra for the determination of |V_{ub}|. We now proceed to calculate the B̄ → X_uℓν̄ decay rate with lepton invariant mass above a given cutoff, working to a fixed order in the OPE (i.e., ignoring the light-cone distribution function which is irrelevant for our analysis). The lepton invariant mass spectrum including the leading perturbative and nonperturbative corrections is given by 1 Γ_0 dΓ dq̂^2 = ( 1 + λ_1 2m^2_b ) 2 (1 − q̂^2)^2 (1 + 2q̂^2) + λ_2 m^2_b

(3 − 45q̂^4 + 30q̂^6) + α_s(m_b) π X(q̂^2) + (α_s(m_b) π )_2

β_0 Y (q̂^2) + . . . , (5)

where q̂^2 = q^2/m^2_b , β_0 = 11 − 2n_f /3, and

Γ_0 =

G^2_F |V_{ub}|^2 m^5_b 192 π^3 (6) is the tree level b → u decay rate. The ellipses in Eq. (5) denote terms of order (Λ_{QCD}/m_b)^3 and order α^2_s terms not enhanced by β_0. The function X(q̂^2) is given analytically in Ref. [23], whereas Y (q̂^2) was computed numerically in Ref. [24]. The order 1/m^3_b nonperturbative corrections were computed in Ref. [15]. The matrix element of the kinetic energy operator, λ_1, only enters the q̂^2 spectrum in a very simple form, because the unit operator and the kinetic energy operator are related by reparameterization invariance [25]. Any quantity which can be written independent of the heavy quark velocity v must depend only on the combination (1 + λ_1/2m^2_b ). The q̂^2 spectrum (and the total rate written in terms of m_b) are invariant under a redefinition of v, but, for example, the lepton energy spectrum is not since E_ℓ = v · p_e. (Equivalently, the λ_1 term is a time-dilation effect, and hence is universal in any quantity that is independent of the rest frame of the B meson [8].)

We shall compute the fraction of B̄ → X_uℓν̄ events with q^2 > q^2_0, F (q^2_0), as the relation between the total B̄ → X_uℓν̄ decay rate and |V_{ub}| has been extensively discussed in the literature [26,27], and is known including the full α^2_s corrections [28]. After integrating the spectrum in Eq. (5), we can eliminate the dependence on the b quark mass in favor of the spin averaged meson mass m̄_B = (m_B + 3m_B�)/4 ≃ 5.313 GeV, following [29]. We find

F (q^2_0) = 1 − 2Q^2_0 + 2Q^6_0 − Q^8_0 − 4Λ̄ m̄_B ( Q^2_0 − 3Q^6_0 + 2Q^8_0 ) − 6Λ̄^2 m̄^2_B ( Q^2_0 − 7Q^6_0 + 6Q^8_0 )

+ 2λ_1 m̄^2_B ( Q^2_0 − 3Q^6_0 + 2Q^8_0 ) − 12λ_2 m̄^2_B ( Q^2_0 − 2Q^6_0 + Q^8_0 )

+ α_s(m_b) π X̃(Q^2_0) + (α_s(m_b) π )_2

β_0 Ỹ (Q^2_0) + . . . , (7)

where Q_0 ≡ q_0/m̄_B. The functions X̃(Q^2_0) and Ỹ (Q^2_0) can be calculated from X(q̂^2) and Y (q̂^2). Converting to the physical B meson mass has introduced a strong dependence on the parameter Λ̄, the mass of the light degrees of freedom in the B meson. For q^2_0 = (m_B − m_D)^2 ≃ 11.6 GeV^2, we find F (11.6 GeV^2) = 0.287 + 0.027α_s(m_b) − 0.016α^2_s (m_b)β_0 − 0.20Λ̄/(1 GeV) − 0.02Λ̄^2/(1 GeV^2) + 0.02λ_1/(1 GeV^2) − 0.13λ_2/(1 GeV^2) + . . . . The order α_sΛ̄ term is negligible and has been omitted. Using Λ̄ = 0.4 GeV, λ_1 = −0.2 GeV^2 [30] and α_s(m_b) = 0.22, we obtain F (11.6 GeV^2) = 0.186. There are several sources of uncertainties in the value for F . The perturbative uncertainties are negligible, as can be seen from the size of the O(α^2_sβ_0) contributions. At the present time there is a sizable uncertainty since Λ̄ is not known accurately. In the future, a ±50 MeV error in Λ̄ will result in a ±5% uncertainty in F . Finally, uncertainties from 1/m^3_b operators can be estimated by varying the matrix elements of the dimension six operators within the range expected by dimensional analysis, as discussed in detail in [14–16]. This results in an additional ±4% uncertainty in F . We note that this is a somewhat ad hoc procedure, since there is no real way to quantify the theoretical error due to unknown higher order terms. Therefore, these estimates should be treated as nothing more than (hopefully) educated guesses. They do allow, however, for a consistent comparison of the uncertainties in different quantities.

If q^2_0 has to be chosen larger, then the uncertainties increase. For example, for q^2_0 = 15 GeV^2, we obtain F (15 GeV^2) = 0.158 + 0.024α_s(m_b) − 0.012α^2_s(m_b)β_0 − 0.18Λ̄/(1 GeV) + 0.01Λ̄^2/(1 GeV^2) + 0.02λ_1/(1 GeV^2) − 0.13λ_2/(1 GeV^2) + . . . ≃ 0.067, using the previous values of Λ̄ and λ_1. The perturbative uncertainties are still negligible, while the uncertainty due to a ±50 MeV error in Λ̄ and unknown dimension six matrix elements increase to ±14% and ±13%, respectively. (This uncertainty may be reduced using data on the rare decay

FIG. 3. (a) The fraction of B̄ → X_uℓν̄ events with q^2 > q^2_0, F (q^2_0 ), to order ϵ^2_{BLM} and Λ^2_{QCD}/m^2_b in the upsilon expansion. The shaded region is the uncertainty due to Λ^3_{QCD}/m^3_b terms, as discussed in the text. The dashed line indicates the lower cut q^2_0 = (m_B − m_D)^2 ≃ 11.6 GeV^2, which corresponds to F = 0.178 ± 0.012. (b) The estimated uncertainty in F (q^2_0 ) due to Λ^3_{QCD}/m^3_b terms as a percentage of F (q^2_0 ).

B̄ → X_sℓ+ℓ− in the large q2 region, as discussed below.)

Another possible method to compute F (q^2_0) uses the upsilon expansion [26]. By expressing q̂^2 in terms of the Υ mass instead of m̄_B, the dependence of F (q^2_0) on Λ̄ and λ_1 is eliminated. Instead, the result is sensitive to unknown nonperturbative contributions to m_Υ. The uncertainty related to these effects can be systematically taken into account and has been estimated to be small [26]. One finds,

|V_{ub}| = (3.04 ± 0.06 ± 0.08) × 10^{−3} ( B(B̄ → X_uℓν̄)|_q2_{>q}2_0 0.001 × F (q^2_0)

1.6 ps τ_B )_1/_2

. (8)

The errors explicitly shown in Eq. (8) are the estimates of the perturbative and nonperturbative uncertainties in the upsilon expansion, respectively.

For q^2_0 = (m_B − m_D)^2 we find F (11.6 GeV^2) = 0.168 + 0.016ϵ + 0.014ϵ^2_{BLM} − 0.17λ_2 + . . . ≃ 0.178, where ϵ ≡ 1 shows the order in the upsilon expansion. This result is in good agreement with 0.186 obtained from Eq. (7). The uncertainty due to Λ̄ is absent in the upsilon expansion, however the size of the perturbative corrections has increased. The uncertainties due to 1/m^3_b operators is estimated to be ±7%. For q^2_0 = 15 GeV^2, we obtain F (15 GeV^2) = 0.060 + 0.011ϵ + 0.011ϵ^2_{BLM} − 0.14λ_2 + . . . ≃ 0.064, which is again in good agreement with 0.067 obtained earlier. For this value of q^2_0, the 1/m^3_b uncertainties increase to ±21%. F (q^2_0) calculated in the upsilon expansion is plotted in Fig. 3, where the shaded region shows our estimate of the uncertainty due to the 1/m^3_b corrections.

Concerning experimental considerations, measuring the q^2 spectrum requires reconstruction of the neutrino four-momentum, just like measuring the hadronic invariant mass spectrum. Imposing a lepton energy cut, which may be required for this technique, is not a problem. The constraint q^2 > (m_B − m_D)^2 automatically implies E_ℓ > (m_B − m_D)^2/2m_B ∼ 1.1 GeV in the B rest frame. Even if the E_ℓ cut has to be slightly larger than this, the utility of our method will not be affected, but a dedicated calculation including the affects of arbitrary E_ℓ and q^2 cuts may be warranted.

If experimental resolution on the reconstruction of the neutrino momentum necessitates a significantly larger cut than q^2_0 = (m_B −m_D)^2, then the uncertainties in the OPE calculation of F (q^2_0) increase. In this case, it may instead be possible to obtain useful model independent information on the q^2 spectrum in the region q^2 > m^2_{ψ(2S)} ≃ 13.6 GeV^2 from the q^2 spectrum in the rare decay B̄ → X_sℓ^+ℓ^−, which may be measured in the upcoming Tevatron Run-II. There are four contributions to this decay rate, proportional to the combination of Wilson coefficients ~C^2_9 , C^2_{10}, C_7 ~C_9, and C^2_7 . ~C_9 is a q^2-dependent effective coefficient which takes into account the contribution of the four-quark operators. Its q̂^2-dependence yields negligible uncertainties if we use a mean ~C_9 obtained by averaging it in the region 0.5 < q̂^2 < 1 weighted with the b quark decay rate (1 − q̂^2)^2 (1 + 2q̂^2). The resulting numerical values of the Wilson coefficients are ~C_9 = 4.47 + 0.44 i, C_{10} = −4.62, and C_7 = −0.31, corresponding to the scale μ = m_b. In the q^2 > m^2_{ψ(2S)} region the C^2_7 contribution is negligible, and the C_7 ~C_9 term makes about a 20% contribution to the rate. For the ~C^2_9 +C^2_{10} contributions nonperturbative effects are identical to those which occur in B̄ → X_uℓν̄ decay, up to corrections suppressed by | ~C_9 + C_{10}|/| ~C_9 − C_{10}| ∼ 0.02. Therefore, the relation

dΓ(B̄ → X_uℓν̄)/dq̂^2 dΓ(B̄ → X_sℓ^+ℓ^−)/dq̂^2 = |V_{ub}|^2 |V_{ts}V_{tb}|^2 8π^2 α^2 1 | ~C_9|^2 + |C_{10}|^2 + 12 Re (C_7 ~C_9)/(1 + 2q̂^2)

, (9)

is expected to hold to a very good accuracy. There are several sources of corrections to this formula which need to be estimated: i) nonperturbative effects that enter the C_7 ~C_9 term differently, ii) mass effects from the strange quark and muon, iii) higher cc̄ resonance contributions in B̄ → X_sℓ^+ℓ^−, and iv) scale dependence. Of these, i) and ii) are expected to be small unless q^2 is very close to m^2_B. The effects of iii) have also been estimated to be at the few percent level [22], although these uncertainties are very hard to quantify and could be comparable to the ±8% scale dependence [31] of the B̄ → X_sℓ^+ℓ^− rate. Integrating over a large enough range of q^2, q^2_0 < q^2 < m^2_B with m^2_{ψ(2S)} < q^2_0 <∼ 17 GeV^2, the result implied by Eq. (9),

B(B̄ → X_uℓν̄)|_q2_{>q}2_0 B(B̄ → X_sℓ^+ℓ^−)|_q2_{>q}2_0 = |V_{ub}|^2 |V_{ts}V_{tb}|^2 8π^2 α^2 1 | ~C_9|^2 + |C_{10}|^2 + 12 Re (C_7 ~C_9) B(q^2_0)

, (10)

is expected to hold at the ∼ 15% level. Here Q_0 ≡ q_0/m̄_B, and B(q^2_0) = 2/[3(1 + Q^2_0)] − 4(Λ̄/m̄_B) Q^2_0/[3(1 + Q^2_0)^2] + . . . . For q^2_0 significantly above (m_B − m_D)^2, this formula may lead to a determination of |V_{ub}| with smaller theoretical uncertainty than the one using the OPE calculation of F (q^2_0).

In conclusion, we have shown that the q^2 spectrum in inclusive semileptonic B̄ → X_uℓν̄ decay gives a model independent determination of |V_{ub}| with small theoretical uncertainty. Nonperturbative effects are only important in the resonance region, and play a parametrically suppressed role when dΓ/dq^2 is integrated over q^2 > (m_B − m_D)^2, which is required to eliminate the charm background. This is a qualitatively better situation than the extraction of |V_{ub}| from the endpoint region of the lepton energy spectrum, or from the hadronic invariant mass spectrum.

ACKNOWLEDGMENTS

We thank Craig Burrell for discussions and Adam Falk for comments on the manuscript. This work was supported in part by the Natural Sciences and Engineering Research Council of Canada and the Sloan Foundation. Fermilab is operated by Universities Research Association, Inc., under DOE contract DE-AC02-76CH03000.

REFERENCES

[1] F. Bartelt et al., CLEO Collaboration, Phys. Rev. Lett. 71 (1993) 4111; H. Albrecht et al., Argus Collaboration, Phys. Lett. B255 (1991) 297.

[2] J. Alexander et al., CLEO Collaboration, Phys. Rev. Lett. 77 (1996) 5000; B.H. Behrens et al., CLEO Collaboration, hep-ex/9905056.

[3] R. Barate et al., ALEPH Collaboration, CERN EP/98-067; DELPHI Collaboration, contributed paper to the ICHEP98 Conference (Vancouver), paper 241; M. Acciarri et al., L3 Collaboration, Phys. Lett. B436 (1998) 174.

[4] Z. Ligeti and M.B. Wise, Phys. Rev. D53 (1996) 4937; Z. Ligeti, I.W. Stewart, and M.B. Wise, Phys. Lett. B420 (1998) 359.

[5] B. Grinstein and R.F. Lebed, Phys. Rev. D60 (1999) 031302; D.H. Evans, B. Grinstein and D.R. Nolte, Phys. Rev. D60 (1999) 057301; A.F. Falk and A.A. Petrov, Phys. Rev. D61 (2000) 033003; J. Chay et al., Phys. Rev. D61 (2000) 034020.

[6] G. P. Korchemsky, D. Pirjol and T.-M. Yan, hep-ph/9911427.

[7] J. Chay, H. Georgi, and B. Grinstein, Phys. Lett. B247 (1990) 399; M. Voloshin and M. Shifman, Sov. J. Nucl. Phys. 41 (1985) 120.

[8] I.I. Bigi et al., Phys. Lett. B293 (1992) 430; Phys. Lett B297 (1993) 477 (E); I.I. Bigi et al., Phys. Rev. Lett. 71 (1993) 496.

[9] A.V. Manohar and M.B. Wise, Phys. Rev. D49 (1994) 1310. [10] B. Blok et al., Phys. Rev. D49 (1994) 3356.

[11] M. Neubert, Phys. Rev. D49 (1994) 3392; D49 (1994) 4623; I.I. Bigi et al., Int. J. Mod.

Phys. A9 (1994) 2467.

[12] A.K. Leibovich, I. Low, and I.Z. Rothstein, hep-ph/9909404; and references therein. [13] B. Blok, R.D. Dikeman and M. Shifman, Phys. Rev. D51 (1995) 6167; I. Bigi et al., Phys. Rev. D52 (1995) 196.

[14] M. Gremm and A. Kapustin, Phys. Rev. D55 (1997) 6924. [15] C.W. Bauer and C.N. Burrell, hep-ph/9911404.

[16] A.F. Falk and M. Luke, Phys. Rev. D57 (1998) 424; C. Bauer, Phys. Rev. D57 (1998) 5611; C.W. Bauer and C.N. Burrell, Phys. Lett. B469 (1999) 248;

[17] F. De Fazio and M. Neubert, JHEP06 (1999) 017. [18] R. D. Dikeman and N. Uraltsev, Nucl. Phys. B509 (1998) 378. [19] T. Mannel and M. Neubert, Phys. Rev. D50 (1994) 2037. [20] A.F. Falk, Z. Ligeti, and M.B. Wise, Phys. Lett. B406 (1997) 225. [21] I. Bigi, R.D. Dikeman, and N. Uraltsev, Eur. Phys. J. C4 (1998) 453. [22] G. Buchalla and G. Isidori, Nucl. Phys. B525 (1998) 333. [23] M. Jezabek and J.H. Kuhn, Nucl. Phys. B314 (1989) 1. [24] M. Luke, M. Savage, and M.B. Wise, Phys. Lett. B343 (1995) 329. [25] M. Luke and A.V. Manohar, Phys. Lett. B286 (1992) 348.

[26] A.H. Hoang, Z. Ligeti, and A.V. Manohar, Phys. Rev. Lett. 82 (1999) 277; Phys. Rev.

D59 (1999) 074017 [hep-ph/9811239].

[27] N. Uraltsev, Int. J. Mod. Phys. A14 (1999) 4641. [28] T. Ritbergen, Phys. Lett. B454 (1999) 353.

[29] A.F. Falk, M. Luke, and M.J. Savage, Phys. Rev. D53 (1996) 2491; Phys. Rev. D53 (1996) 6316.

[30] M. Gremm et al., Phys. Rev. Lett. 77 (1996) 20; M. Gremm and I. Stewart, Phys. Rev.

D55 (1997) 1226.

[31] A.J. Buras and M. Munz, Phys. Rev. D52 (1995) 186.