{ 1{

. SEMILEPTONIC DECAYS OF D AND B MESONS, PART II (by R.J. Morrison and J.D. Richman, University of California, Santa Barbara)

This is a continuation of the discussion that began in the Listings for the D^±.

IV. B-meson semileptonic decays

In the following sections, we discuss some of the key questions related to semileptonic decays of B mesons: the inclusive semileptonic branching fraction, the determination of |V_{cb}| and |V_{ub}| from inclusive and exclusive measurements, recent progress in exclusive semileptonic decays, and form factor measurements and tests of heavy-quark effective theory. We emphasize the uncertainties that arise in extracting |V_{cb}| and |V_{ub}| from data. Further discussions of these and related issues are given in the references [1,2,3].

The inclusive semileptonic branching fraction The b-hadron inclusive semileptonic branching fraction, B_{SL}, has been measured both at the Υ (4S), where the b hadrons are a mixture of B^+ and B^0 mesons, and at the Z, where B_s mesons and b baryons are produced as well. Here B_{SL} is the branching fraction to either electrons or muons, not their sum. Semileptonic decays to τ leptons are suppressed by phase space and have been observed, within large errors, at the expected level [4,5]. Measurements of B_{SL} are given in Table 1 for single-lepton measurements at the Υ (4S), in Table 2 for the LEP experiments, and in Table 3 for dilepton measurements at the Υ (4S).

CITATION: L. Montanet et al., Physical Review D50, 1173 (1994) and 1995 off-year partial update for the

1996 edition available on the PDG WWW pages (URL: http://pdg.lbl.gov/) October 27, 1995 07:37

{ 2{

Table 1: Measurements of the inclusive semileptonic branching fraction (%), B_{SL} = B(B → Xℓ^+ν_ℓ), averaged over the B mesons produced at the Υ (4S) (B^+ and B^0). These results are based on analyses of the inclusive single-lepton spectrum. Results are given separately for each of the models used to extract B_{SL}. In the ARGUS measurement, the first error combines both statistical and systematic uncertainties; the second error in the ARGUS ACCMM value is due to the extra free parameters present in this model. The fit of the CLEO data using the unmodified ISGW model is poor, so the results from that fit are less reliable. The table also gives the CLEO inclusive branching fraction to charm final states (X_c) only, which is extracted from the same fit. (Sources of error in these measurements are discussed in the text.)

Expt. (1ℓ method) ACCMM ISGW ISGW^{∗∗}

ARGUS [6] 10.2 ± 0.5 ± 0.2 9.8 ± 0.5 CRYSTAL BALL [7] 12.0 ± 0.5 ± 0.7 11.9 ± 0.4 ± 0.7 CUSB-II [8] 10.0 ± 0.4 ± 0.3 10.0 ± 0.4 ± 0.3 CLEO-I [9] 10.5 ± 0.2 ± 0.4 9.9 ± 0.1 ± 0.4 11.2 ± 0.3 ± 0.4 CLEO-II (prelim.) [10] 10.65 ± 0.05 ± 0.33 10.42 ± 0.05 ± 0.33 10.98 ± 0.10 ± 0.33

Average 10.51 ± 0.21 10.22 ± 0.20 11.05 ± 0.28

CLEO-II (prelim.) [10] 10.48 ± 0.07 ± 0.33 10.41 ± 0.07 ± 0.33 10.87 ± 0.10 ± 0.33 B → X_cℓ^+ν_ℓ

Table 2: Measurements from LEP experiments of the inclusive b-hadron semileptonic branching fraction, B(X_b → Xℓ^+ν_ℓ), where X_b is a hadron containing a b-quark. At the Z, the population of b hadrons includes not only B^0 and B^+ mesons, but also a small fraction of B_s mesons and b baryons. The three errors are statistical, systematic, and the uncertainty due to model dependence.

Expt. Ref. B(X_b → Xℓ^+ν_ℓ)%

ALEPH [11] 11.39 ± 0.33 ± 0.33 ± 0.26 DELPHI [12] 11.06 ± 0.39 ± 0.12 ± 0.19 L3 (prelim.) [13] 11.73 ± 0.48 ± 0.28 ± 0.31 OPAL [14] 10.5 ± 0.6 ± 0.4 ± 0.3

LEP Avg. 11.2 ± 0.4

The challenge for inclusive measurements is to determine what part of the observed lepton momentum spectrum is due to leptons from b-hadron decay (primary leptons) and what part is due to leptons from charm decay (secondary leptons) or to other sources (misidentified hadrons, photon conversions,

{ 3{

Table 3: Measurements from CLEO and ARGUS experiments of the inclusive B-meson semileptonic branching fraction, using the dilepton method, which reduces the model dependence of the result.

Expt. Ref. B(B → Xℓ^+ν_ℓ)% ARGUS [15] 9.6 ± 0.5 ± 0.4 CLEO II (prelim.) [16] 10.49 ± 0.17 ± 0.43 Average 10.19 ± 0.37

J/ψ(1S) decays, etc.). The standard technique is to fit the observed lepton momentum spectrum to a sum of the shapes expected for primary and secondary decays, after subtracting out backgrounds from other sources. Thus, a large part of the effort (and uncertainty) in the analysis is in the determination of these shapes.

Experiments at the Υ (4S) (ARGUS and CLEO) use theoretical models to describe the primary lepton spectrum. Some of these models have free parameters that are determined from the fit. The ACCMM model [17], for example, is based on an inclusive calculation of b-quark decay, and it has parameters corresponding to the c-quark mass and the Fermi momentum of the spectator quark, among others. A commonly used exclusive model is ISGW [18], in which the dominant contributions to the primary spectrum are from B → Dℓ^+ν_ℓ and B → D^∗ℓ^+ν_ℓ, with some B → D^{∗∗}ℓ^+ν_ℓ. Here, D^{∗∗} refers to a mixture of p-wave and radially excited charm mesons. CLEO finds [9,10] that the amount of B → D^{∗∗}ℓ^+ν_ℓ in this model is too low to adequately describe the lepton momentum spectrum, so a modified version of the ISGW model, ISGW^{∗∗}, has been created. In ISGW^{∗∗}, the D^{∗∗} fraction is allowed to vary, but the D^∗-to-D ratio is fixed at the value (2.3) predicted by ISGW. The fit to the CLEO data using ISGW^{∗∗} is significantly better than that using ISGW.

The shape used to describe the secondary lepton spectrum in these fits, although somewhat more complicated to obtain, is based on data. The DELCO charm-decay lepton spectrum [19] is fit to a theoretical model (ACCMM) and then boosted according to the inclusive D-meson momentum spectrum measured at the Υ (4S). Future measurements should be able to use a

{ 4{

charm lepton spectrum obtained by summing the spectra for the known exclusive charm semileptonic modes, which account for most of the inclusive rate.

LEP experiments (ALEPH, DELPHI, L3, and OPAL) measure B_{SL} by fitting the spectra of p and p_T (the momentum transverse to the jet axis) in single lepton and dilepton events. The shape of the primary spectrum is taken from CLEO or AR- GUS, so that model-related uncertainties in these experiments are propagated into the LEP results.

The extraction of the B semileptonic branching fraction from the momentum spectrum of single leptons, therefore, relies on models. In CLEO, which currently has the largest data sample, the spread of values obtained using different models is comparable to the experimental errors. The dominant experimental errors are due to tracking and lepton identification uncertainties.

The ARGUS collaboration [15] has introduced a second method, using dilepton events, that substantially reduces the need for models. One lepton (the “tagging lepton”) is required to have high momentum and is thus nearly always primary. The analysis then examines the momentum spectrum of the second lepton in the event. By requiring that both leptons be in the same hemisphere, events in which the two leptons come from the decay chain of a single B meson (produced nearly at rest at the Υ (4S)) are effectively removed. Thus, (1) the tagging lepton is primary, and (2) the leptons are from different B mesons. Then, unless mixing occurs, a lepton whose charge is opposite to that of the tagging lepton must be primary, while one with the same charge as the tagging lepton must be secondary. One corrects for mixing by using the known mixing probability. The relative charges of the two leptons, therefore, can be used to separate the primary and secondary spectra of the second lepton. There is a lower momentum cutoff due to experimental acceptance, however, and a small extrapolation, based on models, is required to obtain the total semileptonic rate. The ARGUS and preliminary CLEO measurements based on this technique are listed in Table 3. This method also very much reduces the sensitivity to any possible non-BB decays of

{ 5{

the Υ (4S), which are assumed to be negligible in the singlelepton method.

The values of B_{SL} given in Table 1, Table 2, Table 3 are lower than most of the theoretical predictions, which give [20] B_{SL} ≥ 12.5%. Such calculations, however, are difficult partly because they must determine the total hadronic rate, which has uncertainties associated with both perturbative and nonperturbative QCD effects. In particular, enhancements to the b → ccs rate have been discussed as a possible explanation for the low value of B_{SL}. For example, a recent analysis by Bagan, et al. [21] predicts values of B_{SL} in the range 11% to 12% (with large uncertainties), as well as a somewhat larger average number, n_c, of charm quarks per decay than is found by experiment [1]. The problem of B_{SL} is perhaps best rephrased as the joint problem of understanding B_{SL} and n_c.

The semileptonic branching fraction can be used to calculate |V_{cb}| using B_{SL} = γ_{thy}|V_{cb}|^2τ_B, where γ_{thy} is a constant predicted by theory and τ_B is the appropriate B-hadron lifetime. Whereas the model dependence in the determination of B_{SL} is associated with the predicted shapes of momentum spectra, the extraction of |V_{cb}| is also sensitive to the uncertainty in γ_{thy}. It is difficult to assign errors to rate predictions based on quarkmodel calculations. Quite often, a nominal theoretical error of 20% in the rate is assumed, leading to a 10% theoretical error on |V_{cb}|. For example, the value of |V_{cb}| using the ACCMM model and the average of all experiments performing a single-lepton analysis at the Υ (4S) is |V_{cb}| = 0.041±0.001 (expt)±0.004 (thy) (assuming the value τ_B = 1.55 ± 0.06 ps used in Sec. 31, “The Cabibbo-Kobayashi-Maskawa Mixing Matrix”). However, some of the calculations based on heavy-quark expansions suggest that this theoretical uncertainty may be overestimated by a factor of two. HQET-based calculations have been presented by Shifman et al. [22], Luke and Savage [23], and Ball et al. [24]; this subject is controversial and is reviewed by Richman and Burchat [1], who assign a theoretical uncertainty of ±0.003.

The lepton endpoint region and determination of jV_{ub}j The determination of |V_{ub}| is one of the most important and challenging measurements in B physics. For |V_{ub}/V_{cb}| ≈ 0.1,

{ 6{

the rate for B → X_uℓ^+ν_ℓ, where X_u is a charmless hadronic system, is expected to be only about 1% of the inclusive semileptonic rate. By working in the region at and beyond the lepton-momentum-spectrum endpoint for B → X_cℓ^+ν_ℓ processes, however, one gains enormously in sensitivity to B → X_uℓ^+ν_ℓ decays.

Although the advantages of working in this endpoint region (2.3 < p_ℓ < 2.6 GeV/c) are decisive, there are also disadvantages. A major difficulty is the need to convert the measured rate for this tiny portion of phase space into a value of |V_{ub}|. This calculation can be performed using either inclusive or exclusive models, but both have substantial uncertainties in predicting the rate in the endpoint region. Inclusive models are expected to be fairly reliable, if one considers a large enough part of phase space, but they may not be reliable in the endpoint region, which some theorists argue [18] is dominated by a small set of exclusive channels (B → ρℓ^+ν_ℓ, B^+ → ωℓ^+ν_ℓ, and B → πℓ^+ν_ℓ). Alternatively, exclusive models can be used to predict the sum of contributions of individual modes in this region. However, large uncertainties exist in the calculations of the rates for exclusive modes, and some of the observed rate may be due to nonresonant final states [25]. The exclusive calculations here are more difficult than those for B → X_cℓ^+ν_ℓ: because the u-quark mass is small, the kinematic configuration in which the final-state hadron has zero recoil velocity does not provide a reliable place to normalize the form factors, as it does in b → c decays. Furthermore, the range of recoil velocities available to the light final-state mesons in a B → X_uℓ^+ν_ℓ transition is much larger than for the charm mesons in a B → X_cℓ^+ν_ℓ decay. One therefore expects a much larger variation in the form factors. As a result, measurements of |V_{ub}| are currently quite model dependent, and there is substantial variation among values obtained using different models.

The analysis of the endpoint region, although an “inclusive” measurement, is quite different from the measurement of B_{SL} described in the previous section: at the Υ (4S), nonresonant (continuum) processes produce high-momentum leptons that constitute an enormous background (relative to a B → X_uℓ^+ν_ℓ

{ 7{

signal) unless suppressed by kinematic cuts. The signal efficiency of these cuts is model dependent, unlike the very loose cuts used in the analysis of the inclusive lepton spectrum. In particular, the efficiency depends on the q^2 distribution of the signal events, so the value obtained for the rate in the endpoint region depends on the shape assumed for this distribution. The most important sensitivity to models, however, arises when one converts the rate to |V_{ub}|.

Table 4 lists the measurements of |V_{ub}/V_{cb}| from CLEO and ARGUS. The CLEO-II studies, which are based on about five times as much data as either the original ARGUS or the CLEO-I analyses, yield values of |V_{ub}/V_{cb}| significantly lower than the earlier measurements.

Table 4: Measurements of |V_{ub}/V_{cb}| using the inclusive rate in the endpoint region. The ARGUS and CLEO-I results are each based on about 200, 000 bb events, and the CLEO-II results are based on about 955, 000 bb events.

Model ARGUS CLEO-I CLEO-II [26] [27] [28] ACCMM 0.11 ± 0.012 0.09 ± 0.01 0.076 ± 0.008 ISGW 0.20 ± 0.023 0.15 ± 0.02 0.101 ± 0.010

Progress on exclusive semileptonic decays

In the past year, substantial progress has been made in understanding the exclusive semileptonic decays of B mesons. In particular, the observation of B → πℓ^+ν_ℓ and B → ρℓ^+ν_ℓ by CLEO represents a milestone for these studies. In this section, we give an overview of the exclusive modes, focusing primarily on recent progress.

Measurements of exclusive semileptonic decays of B mesons are less precise and less complete than those for D mesons. Unlike D decays, where D → Kℓ^+ν_ℓ and D → K^∗ℓ^+ν_ℓ come close to saturating the Cabibbo-favored rate, the analogous modes B → Dℓ^+ν_ℓ and B → D^∗ℓ^+ν_ℓ account for only 60% to 70% of the rate for b → cℓν_ℓ. The only well-measured semileptonic decay is B → D^∗ℓ^+ν_ℓ, which has the largest

{ 8{

branching fraction of all B decays, accounting for about 45% of the semileptonic rate. Recently, there has been some progress in improving the measurement for B → Dℓ^+ν_ℓ [29], which has a large background due to feed down from B → D^∗ℓ^+ν_ℓ. Another contrast with D semileptonic decays is that the ratio of B → D^∗ℓ^+ν_ℓ to B → Dℓ^+ν_ℓ is about 2.3, whereas in D decays the analogous vector-to-pseudoscalar ratio is about 0.6. LEP experiments [30,31] have made significant progress in observing the decays B → D_1ℓ^+ν_ℓ and B → D^∗_2ℓ^+ν_ℓ, where the use of high-precision vertex detectors has proved to be a powerful technique for reducing combinatorial background.

The most significant recent development has been the observation [32] of exclusive charmless semileptonic decays, which should eventually lead to better determinations of |V_{ub}|. For these decays, unlike B → X_cℓ^+ν_ℓ, model predictions [18] indicate that the rate should be distributed over many exclusive channels, with no dominant modes. The decays with the largest expected branching fractions are B^0 → ρ^−ℓ^+ν_ℓ, B^+ → ρ^0ℓ^+ν_ℓ, and B^+ → ωℓ^+ν_ℓ, which in the quark model are predicted to occur in the ratio 2:1:1. The branching fractions for B^0 → π^−ℓ^+ν_ℓ and B^+ → π^0ℓ^+ν_ℓ are expected to be roughly one-third to onehalf of those for the corresponding decays to ρ mesons. For reasons that are largely independent of models, the lepton spectra for the decays to vector mesons are expected to be harder than those for the decays to pseudoscalars. CLEO has now obtained preliminary branching fractions for B → πℓ^+ν_ℓ and B → ρℓ^+ν_ℓ, which are listed in Table 5. These branching fractions are consistent with predictions based on models, assuming the value of |V_{ub}| obtained from the analysis of the lepton spectrum endpoint.

Measurement of jV_{cb}j from B ! D^∗ℓ+ν_ℓ

Three types of measurements can be used to determine |V_{cb}|: (1) the inclusive semileptonic rate (discussed above), (2) the rates for B → Dℓ^+ν_ℓ or B → D^∗ℓ^+ν_ℓ, and (3) the partial rate for B → D^∗ℓ^+ν_ℓ for the region of phase space in which the D^∗ recoils slowly. The B → D^∗ℓ^+ν_ℓ mode is especially well suited to measuring |V_{cb}|. With HQET, the rate for this process can be accurately predicted (as a function of |V_{cb}|^2) for the

{ 9{

Table 5: Preliminary CLEO II branching fractions for exclusive B semileptonic decays to final states without charm. These results assume efficiencies obtained from the ISGW model [18]; if the WSB model [33] is used, the branching fractions are somewhat higher. The first error is statistical and the second systematic. The third error on the B^0 → ρ^−ℓ^+ν_ℓ branching fraction is due to a possible non-resonant ππ contribution.

Mode Ref. Branching fraction B^0 → ρ^−ℓ^+ν_ℓ [32] (2.28 ± 0.36 ± 0.59^{+0.00}_{−0.46}) × 10^{−4} B^0 → π^−ℓ^+ν_ℓ [32] (1.34 ± 0.35 ± 0.28) × 10^{−4}

kinematic configuration in which the D^∗ is produced at rest (with the lepton and neutrino back to back in the B rest frame). This configuration occurs when q^2 = q^2_{max} = (m_B − m_D�)^2. The light constituents of the initial B meson are then essentially undisturbed by the B → X_cℓ^+ν_ℓ transition, at least in the limit where the b and c quark masses are taken to be very large compared with Λ_{QCD}.

In this heavy-quark symmetry (HQS) limit, all of the B → D^∗ℓ^+ν_ℓ form factors are related to a single form factor, the Isgur-Wise function, which depends only on the relative four-velocities of the initial and final hadrons: ξ = ξ(v_B · v_D�). Note that v_B · v_D� = γ_D�, where the relativistic factor γ_D� is measured in the B-meson rest frame. The quantity v · v^′, where v is the initial and v^′ is the final meson four-velocity, is often called w or y in the literature. It is linearly related to q^2 by

w = v · v^′ =

M^2 + m^2 − q^2 2Mm , (1)

where M and m are the masses of the parent and daughter mesons.

At zero recoil (w = 1 or q^2 = q^2_{max}), the normalization of ξ is known in the HQS limit, ξ(1) = 1, which means that the decay rate in this configuration can be accurately predicted as a function of |V_{cb}|^2. Corrections to this picture arise from hard-gluon corrections and because the masses of the b and c quarks are not truly infinite. However, the HQS-limit prediction for B → D^∗ℓ^+ν_ℓ is partly protected by Luke’s theorem [34],

{ 10{

which states that at zero recoil there are no leading order (1/m_Q) nonperturbative corrections at w = 1, where m_Q is the mass of a heavy quark (c or b). As a consequence, the leading nonperturbative corrections to the zero-recoil decayrate prediction arise at order 1/m^2_Q. The calculation of these corrections, which introduces some model dependence, has been the subject of many investigations. The results are generally expressed in terms of a function F(w) that can be derived from the form factors and which determines the differential rate through [35] 1 τ_B · dB(B^0 → D^{∗−}ℓ^+ν_ℓ) dw = G^2_F 48π^3 m^3_D� (m_B − m_D�)^2 × √ w^2 − 1(w + 1)^2 [ 1 + 4w w + 1

1 − 2wr + r^2 (1 − r)^2 ]

× |V_{cb}|^2F(w)^2, (2)

where r = m_D�/m_B. The rate at zero recoil is determined by F(1), which is predicted to be in the range 0.89 to 0.96 [36,37,22]. These predictions can be used to determine |V_{cb}| from the measured rate at zero recoil. Strictly speaking, there is no phase space for this configuration, so in practice one has to measure the rate in a small region near w = 1.

Current experiments have difficulty in measuring the rate in this region due to limited statistics. The rate at zero recoil is therefore obtained by measuring the rate as a function of w and then extrapolating to w = 1. This procedure introduces some model dependence because HQET does not predict the w dependence of the form factors, which involves nonperturbative QCD physics. (Several groups are using lattice QCD and QCD sum rules to predict the w dependence and are beginning to obtain interesting results [38,3].) Because the w range is small, however, the form factors are expected to have only modest variation, which is approximately linear. CLEO, ARGUS, ALEPH, and DELPHI use a variety of functional forms to parametrize the w dependence. The different extrapolations to w = 1 lead to a range of values for |V_{cb}|. This method leads to |V_{cb}| = 0.041 ± 0.003 ± 0.002, as discussed in Sec. 31, “The

{ 11{

Cabibbo-Kobayashi-Maskawi Mixing Matrix.” Thus, the inclusive and zero-recoil methods agree well. It should be noted that |V_{cb}| can also be obtained from the total rates for B → Dℓ^+ν_ℓ and B → D^∗ℓ^+ν_ℓ. These values tend to be somewhat lower [1]. However, the theoretical predictions for the full decay rate are expected to be less reliable than those for the zero-recoil configuration of B → D^∗ℓ^+ν_ℓ, since the form factors must be known over the full q^2 range.

Form factor measurements

Both CLEO and ARGUS have used measurements of kinematic distributions to obtain information on the form factors for B → D^∗ℓ^+ν_ℓ. In contrast to D-meson semileptonic decays, however, one expects the predictions of heavy quark effective theory to be applicable to B → X_cℓ^+ν_ℓ. Here, both the initialand final-state quarks are heavy compared with the typical hadronic scale set by Λ_{QCD}.

The differential decay rate for B^0 → D^{∗+}ℓ^+ν_ℓ, D^{∗+} → D^0π^+ can be expressed in terms of three form factors A_1(q^2), A_2(q^2), and V (q^2), as discussed in Part I of this article. In the heavy-quark symmetry limit, the form factors are related to the Isgur-Wise function ξ:

V (q^2) = A_2(q^2) =

A_1(q^2) [ 1 −^{q2} (mB^{+m}D�^{)2} ]

= (m_B + m_D�) 2 √ m_Bm_D� ξ(w) . (3)

This limit motivates the choice of form factor ratios [3]

R_1 ≡ [ 1 − q^2 (m_B + m_D�)^2 ] V (q^2) A_1(q^2)

R_2 ≡ [ 1 − q^2 (m_B + m_D�)^2 ] A_2(q^2) A_1(q^2)

, (4)

which are predicted to be unity, independent of w, in the heavyquark symmetry limit. For finite heavy-quark masses, R_1 and R_2 are expected to have a mild dependence on w. Note that these quantities differ from the traditional form-factor ratios (A_2/A_1 and V /A_1) used to describe charm semileptonic decays,

{ 12{

where heavy-quark symmetry is not expected to be a good approximation. To consider departures from the heavy-quark symmetry limit but still express the form factors in a manner that makes this limit transparent, one can use

A_1(q^2) = m_B + m_D� 2 √ m_Bm_D� [ 1 − q^2 (m_B + m_D�)^2 ] h_{A1}(w) , A_2(q^2) = m_B + m_D� 2 √ m_Bm_D�

R_2(w) h_{A1}(w) ,

V (q^2) = m_B + m_D� 2 √ m_Bm_D�

R_1(w) h_{A1}(w) , (5)

where h_{A1}(w) → ξ(w) in the heavy-quark symmetry limit. Departures from this limit produce two effects: deviations of R_1(1) and R_2(1) from unity and a slight variation of R_1 and R_2 with w.

To measure the form factors, CLEO has performed [39] a four-dimensional fit, including correlations, to the kinematic variables q^2, cos θ_ℓ, cos θ_V , and χ. (The angles are defined in Part I of this article.) In this fit, R_1 and R_2 were assumed to be constant, while h_{A1} was assumed to have a linear dependence on w, with slope ρ^2_{A1}: h_{A1}(w) = h_{A1}(1)(1 − ρ^2_{A1}(w − 1)). The preliminary fit results are

R_1 = 1.18 ± 0.30 ± 0.12 ,

R_2 = 0.71 ± 0.22 ± 0.07 ,

ρ^2_{A1} = 0.91 ± 0.15 ± 0.06 . (6)

The values of R_1 and R_2 are in good agreement with predictions based on HQET with corrections [3,40]. The results for R_1 and R_2 are rather insensitive both to the form assumed for h_{A1}(w) and to the mild w dependence of R_1 and R_2 suggested by these theoretical calculations. However, the value of ρ^2_{A1} is sensitive to the form of h_{A1}. Functions with curvature, such as exponentials or pole forms, give somewhat larger values of ρ^2_{A1}.

Earlier results obtained by CLEO [41,42] and ARGUS [43] obtained A_{F B}, the lepton forward-backward asymmetry, and A_{pol}, the D^∗ polarization, each integrated over phase space.

{ 13{

These results are consistent with the new result discussed above [1] but have lower precision.

References 1. J.D. Richman and P.R. Burchat, Leptonic and Semileptonic Decays of Charm and Bottom Hadrons, UCSB Preprint UCSB-HEP-95-08, Stanford Preprint Stanford- HEP-95-01, to be published in Rev. Mod. Phys.

2. S. Stone, Semileptonic B Decays, in B Decays, 2^{nd} Edition, ed. by S. Stone, World Scientific, Singapore (1995).

3. M. Neubert, Physics Reports 245, 259 (1994). 4. ALEPH: D. Buskulic et al., Phys. Lett. B343, 444 (1995). 5. L3: B. Adeva et al., Phys. Lett. B332, 201 (1994). 6. ARGUS: H. Albrecht et al., Phys. Lett. B249, 359 (1990). 7. Crystal Ball: K. Wachs et al., Z. Phys. C42, 33 (1989). 8. CUSB: C. Yanagisawa et al., Phys. Rev. Lett. 66, 2436 (1991).

9. CLEO: S. Henderson et al., Phys. Rev. D45, 2212 (1992). 10. CLEO: J. Bartelt et al., Inclusive Measurement of B- Meson Semileptonic Branching Fractions, CLEO CONF 93-19, submitted to the XVI International Symposium on Lepton and Photon Interactions, Ithaca, New York (1993).

11. ALEPH: D. Buskulic et al., Z. Phys. C62, 179 (1994). 12. DELPHI: CERN Preprint PPE/95-08, sub. to Z. Phys. C (1995).

13. W. Venus, b Weak Interaction Physics in High Energy Experiments, in AIP Conference Proceedings 302, Lepton and Photon Interactons, XVI International Symposium, eds. P. Drell and D. Rubin, Ithaca, NY (1993), p. 274.

14. OPAL: R. Akers et al., Z. Phys. C60, 199 (1993). 15. ARGUS: H. Albrecht et al., Phys. Lett. B318, 397 (1993). 16. CLEO: B. Barish et al., Cornell Preprint No. CLNS-95- 1362 (1995).

17. G. Altarelli, N. Cabibbo, G. Corbò, L. Maiani, and G. Martinelli, Nucl. Phys. B208, 365 (1982).

18. N. Isgur, D. Scora, B. Grinstein, and M. Wise, Phys. Rev.

D39, 799 (1989).

19. DELCO: W. Bacino et al., Phys. Rev. Lett. 43, 1073 (1979).

20. I. Bigi, B. Blok, M. Shifman, A. Vainshtein, Phys. Lett.

B323, 408 (1994);

G. Altarelli and S. Petrarca, Phys. Lett. B261, 303 (1991).

{ 14{

21. E. Bagan, P. Ball, V.M. Braun, and P. Gosdzinsky, Phys.

Lett. B342, 362 (1995).

22. M. Shifman, N.G. Uraltsev, and A. Vainshtein, Phys. Rev.

D51, 2217 (1995).

23. M. Luke and M. Savage, Phys. Lett. B321, 88 (1994). 24. P. Ball, M. Beneke, and V.M. Braun, CERN Preprint CERN-TH/95-65, UM-TH-95-07, hep-ph/9503492 (1995).

25. C. Ramirez, J.F. Donoghue, and G. Burdman, Phys. Rev.

D41, 1496 (1990);

M. Artuso, Phys. Lett. B311, 307 (1993).

26. ARGUS: H. Albrecht et al., Phys. Lett. B234, 409 (1990);

H. Albrecht et al., Phys. Lett. B255, 297 (1991). 27. CLEO: R. Fulton et al., Phys. Rev. Lett. 64, 16 (1990). 28. CLEO: J. Bartelt et al., Phys. Rev. Lett. 71, 4111 (1993). 29. CLEO: Y. Kubota et al., CLEO Preprint CLEO CONF 95-10 (1995).

30. ALEPH: D. Buskulic et al., Phys. Lett. B345, 103 (1995). 31. OPAL: R. Akers et al., CERN Preprint CERN-PPE/95-02 (1995).

32. CLEO: R. Ammar et al., CLEO Preprint CLEO CONF 95-09 (1995).

33. M. Wirbel, B. Stech, and M. Bauer, Z. Phys. C29, 637 (1985);

M. Bauer and M. Wirbel, Z. Phys. C42, 671 (1989). 34. M.E. Luke, Phys. Lett. B252, 447 (1990). 35. M. Neubert, Phys. Lett. B264, 455 (1991). 36. M. Neubert, Phys. Lett. B338, 84 (1994). 37. T. Mannel, Phys. Rev. D50, 428 (1994).

38. UKQCD: S.P. Booth et al., Phys. Rev. Lett. 72, 462 (1994);

C. Bernard, Y. Shen, and A. Soni, Phys. Lett. B317, 164 (1993);

B. Blok and M. Shifman, Phys. Rev. D47, 2949 (1993). 39. CLEO: J. Gronberg et al., CLEO preprint CLEO-CONF- 95-27 (1995).

40. F.E. Close and A. Wambach, Phys. Lett. B348, 207 (1995).

41. CLEO: D. Bortoletto et al., Phys. Rev. Lett. 63, 1667 (1989).

42. CLEO: S. Sanghera et al., Phys. Rev. D47, 791 (1993). 43. ARGUS: H. Albrecht et al., Z. Phys. C57, 533 (1993).