hep-ph/9902311 11 Feb 1999

CALT-68-2212 hep-ph/9902311

Semileptonic B Decays as a Probe of New Physics

Walter D. Goldberger^∗ California Institute of Technology, Pasadena, CA 91125

Abstract

Physics beyond the Standard Model could be measured indirectly, through its effects on Standard Model observables. One place to look for such effects is in the semileptonic decays of B mesons. In order to constrain the possible role of new physics on semileptonic B decays, we present the most general low energy effective Lagrangian constructed from all dimension six four-fermion operators that contribute to the process b ! cℓν̄_ℓ. We then use it to compute the corrections due to new physics to the differential decay rates for the exclusive processes B̄ ! D^{(∗)}ℓν̄_ℓ, as well as the inclusive decays B̄ ! X_cℓν̄_ℓ. Both inclusive and exclusive rates are expressed in terms of a set of parameters that characterize the types of four-fermion interactions that can be induced by physics beyond the Standard Model. Although it is not particularly useful to carry out a full analysis until data from the next generation of B factories becomes available, here we illustrate how the existing experimental results can be used to constrain some of these parameters.

∗walter@theory.caltech.edu

I. INTRODUCTION

Despite the fact that the Standard Model successfully accounts for most of the observed experimental results (see [1] for a review), it is incomplete, and must be replaced by a more fundamental theory at some high energy scale. Whatever form physics at a higher scale might take, it will generate low energy effective couplings that contribute to Standard Model processes. These couplings provide the opportunity to search for signatures of new physics indirectly, by measurements of the deviation of experimental observables from their Standard Model predictions.

Rather than compute the effect of physics beyond the Standard Model within the framework of a specific model, our ignorance dictates that we include all effective interactions consistent with the symmetries of the Standard Model. The resulting observables are expressed in terms of the parameters of the generalized interaction, which can be constrained by the experimental data. Since these parameters characterize the most general interaction, their experimental bounds can be used to rule out or guide in the construction of specific models.

Anticipating the precision data from the upcoming generation of B factories, one place to look for the effects of new physics is in observables related to B meson physics. Therefore, in this paper we set up a parametrization for a set of observables associated with semileptonic B decays into charmed mesons. Specifically, in Section II we construct the low energy effective Lagrangian for the process b → cℓν̄_ℓ induced by new physics. We do so by including all the dimension six, four-fermion Lorentz scalars that contribute to the process, but excluding higher dimension operators. We also introduce a set of real parameters bilinear in the coupling constants of this effective Lagrangian. These parameters can be used to characterize the low energy effects of the new physics.

Using the generalized interaction of Section II, we then calculate at leading order in HQET [2–4] the contribution from new physics to the differential decay rates for B̄ → Dℓν̄_ℓ and B̄ → D^∗ℓν̄_ℓ. The results for these observables, expressed in the parametrization of Section II appear in Section III and Section IV respectively. The parametrization of Section II also appears when we consider the corrections induced by physics beyond the Standard Model on the inclusive semileptonic decay of B mesons into final states containing a c quark, B̄ → X_cℓν̄_ℓ. In Section V, these deviations are calculated at leading order in perturbation theory, which is justified for m_b ≫ Λ_{QCD} [5]. In Section VI we use the results of the previous sections to discuss briefly the constraints which the existing experimental data imposes on the parametrization of Section II.

Finally, we note that new physics effects on observables related to b → cℓν̄_ℓ have been studied extensively for restricted types of non-Standard model interactions. The decays B → Xℓν_ℓ (specially for decays into τ -leptons) have been used to constrain classes of models with scalar interactions [6–12], such as those which arise in models with extended Higgs sectors. Other constraints on such types of models have also come from observables related to the exclusive decays B̄ → Dℓν_ℓ [13–15] as well as B̄ → D^∗ℓν_ℓ [13,14,16]. The process b → cℓν̄_ℓ has also been used to analyze possible vector and axial vector couplings beyond the Standard Model V − A. In particular, model-independent analyses of right-handed b → c quark current contributions to B → Xℓν_ℓ and B̄ → D^∗ℓν_ℓ were performed in [17,18]. These were motivated by an extension of the Standard Model, the Left-Right Symmetric model [19], which contains gauge bosons that couple to right-handed fermions. Also inspired by this class of models were [13,20], who constructed observables based on the exclusive decays B̄ → D(∗)ℓν_ℓ in order to constrain right-handed vector couplings. The combined effects of non-Standard Model scalar, pseudoscalar, vector, and axial vector interactions were studied in [21] within the context of CP violating polarization observables related to B̄ → Dτ ν_τ and B̄ → D^∗ℓν_ℓ.

II. DEFINITIONS

Our starting point for the calculation of semileptonic B decays to charmed mesons is the following interaction Hamiltonian:

H_{int} = H_{SM} + [ 4G_F √ 2 V_{cb} ∑ γ,μ,ϵ g^γ_{μϵ}[c̄Γ^γ b_μ][ℓ̄_ϵΓ^γν_ℓ] + h.c. ] . (1)

H_{SM} is the effective V − A Hamiltonian which mediates the Standard Model Weak interaction process b → cℓν̄_ℓ for energy scales much less than m_W . The second term represents the low-energy effective interaction generated by new physics at some energy higher than m_W . Rather than adopt a particular model for this new physics, we include all the lowest dimension operators which contribute to b → cℓν̄_ℓ at tree level and which also respect the Lorentz and gauge invariance of the Standard Model. These are the dimension six four-fermi operators which appear in Eq. (1). One way to organize their contribution [22] is to sum the index γ over S, V, T, with

Γ^S = 1; (Γ^V )^μ = γ^μ; (Γ^T )^{μν} = σ^{μν} ≡ i 2 [γ^μ, γ^ν], (2)

while projecting the b-quark and lepton ℓ into fields of definite chirality (respectively denoted by b_μ and ℓ_ϵ, with μ, ϵ ∈ {L, R}) and summing over all values of μ, ϵ. Given γ, the chirality of the c quark is fixed by μ, and the chirality of the neutrino field ν_ℓ is fixed by the value of ϵ. Note in particular that we are including operators which contain a right-handed neutrino field. These occcur for γ = S, T and ϵ = L, or γ = V and ϵ = R.

The complex coefficients g^γ_{μϵ} are a set of twelve dimensionless coupling constants (scaled by the Fermi constant G_F ), one for each choice of γ, μ, and ϵ. (In the abscence of righthanded neutrinos, g^S_{μL} = g^V_{μR} = g^T_{μL} = 0, and the number of coefficients would be reduced to six.) If written in terms of the fields that transform as definite representations of the Standard Model SU(3) × SU(2) × U(1) gauge group, no insertions of the Standard Model Higgs doublet are needed to make the dimension six operators of Eq. (1) gauge invariant (we take the right-handed neutrino to be a Standard Model gauge singlet). Dimensional analysis then implies that g^γ_{μϵ} ∼ O(m^2_W /M^2), where M is the energy scale of the new physics.

Only certain real combinations of these coupling constants will appear in the expressions for the calculated observables. To first order in g^γ_{μϵ}, we have

β_0 = 2Re { g^V_{LL} } , β^{′′}_0 = 2Re { g^V_{RL} } , ϵ_0 = 2Re { g^S_{LR} } , ϵ^′_0 = 2Re { g^S_{RR} } , ρ_0 = 2Re { g^T_{LR} } , (3)

which in principle could be present even in the abscence of a right-handed neutrino. However, the last three of these can only appear for non-zero lepton mass. We expect these five parameters, which arise by interference with H_{SM}, to give the most significant contribution to signals of new physics. Eq. (3) includes only the interference with the leading order part of the Standard Model term. In reality, it should be modified by higher order Standard Model effects (such as radiative corrections), which we ignore here.

The remaining parameters are second order in the g^γ_{μϵ} and are suppressed in comparison to the previous set. We classify them by the following types:

• Scalar-scalar:

α = | | |g^S_{LL} | | |^2 + | | |g^S_{LR} | | |^2 + | | |g^S_{RL} | | |^2 + | | |g^S_{RR} | | |^2 ,

α^′ = 2Re { g^S_{RL}g^S_{LL}^∗ + g^S_{LR}g^S_{RR}^∗ } . (4)

• Vector-vector: β = | |g^V_{LL} | |^2 + | |g^V_{RR} | |^2 ,

β^′ = | | |g^V_{LR} | | |^2 + | | |g^V_{RL} | | |^2 ,

β^{′′} = 2Re { g^V_{RL}g^V_{LL}^∗ + g^V_{LR}g^V_{RR}^∗ } . (5)

• Tensor-tensor: γ = | | |g^T_{LR} | | |^2 + | | |g^T_{RL} | | |^2 . (6)

• Scalar-tensor

δ = 2Re { g^T_{RL}g^S_{RL}^∗ + g^T_{LR}g^S_{LR}^∗ } , δ^′ = 2Re { g^T_{RL}g^S_{LL}^∗ + g^T_{LR}g^S_{RR}^∗ } . (7)

• Scalar-vector (only appear for non-zero lepton mass):

ϵ = 2Re { g^V_{LL}g^S_{LR}^∗ + g^V_{RL}g^S_{RR}^∗ + g^V_{LR}g^S_{LL}^∗ + g^V_{RR}g^S_{RL}^∗ } , ϵ^′ = 2Re { g^V_{RL}g^S_{LR}^∗ + g^V_{LL}g^S_{RR}^∗ + g^V_{RR}g^S_{LL}^∗ + g^V_{LR}g^S_{RL}^∗ } . (8)

• Tensor-vector (only appear for non-zero lepton mass):

ρ = 2Re { g^V_{LL}g^T_{LR}^∗ + g^V_{RR}g^T_{RL}^∗ } , ρ^′ = 2Re { g^V_{RL}g^T_{LR}^∗ + g^V_{LR}g^T_{RL}^∗ } . (9)

III. B̄ ! Dℓν̄_ℓ

As in [4], we write, in the rest frame of the B̄-meson:

d^2Γ

dq^2d(cos θ) = G^2_F |V_{cb}|^2

768π^3 |p_D| q^2 − m^2_ℓ

m^2_B [ (1 + cos θ)^2 |H_+|^2 + (1 − cos θ)^2 |H_−|^2 + 2 sin^2 θ |H_0|^2 ] , (10) where p_D is the D three-momentum in the B̄ rest frame, θ is the angle between the lepton and the D meson in the rest frame of the ‘virtual W -boson,’ (i.e, the frame in which p_B = p_D) and q^2 = (p_B − p_D)^2. |H_±|^2 and |H_0|^2 are helicity amplitudes, which we decompose as:

|H_±|^2 = | | |H^{(SM)}_± | | |^2 + Δ^{(1)}_± + Δ^{(2)}_± ,

|H_0|^2 = | | |H^{(SM)}_0 | | |^2 + Δ^{(1)}_0 + Δ^{(2)}_0 . (11)

In these expressions, | | |H^{(SM)}_± | | |^2 and | | |H^{(SM)}_0 | | |^2 are the helicity amplitudes computed assuming

only the Standard Model V − A coupling. The terms Δ^{(1)}_± , Δ^{(1)}_0 are contributions from the interference of the Standard Model part of the amplitude (taken only to leading order) and other terms in Eq. (1). Finally, the terms Δ^{(2)}_± and Δ^{(2)}_0 are second order in the new interactions of Eq. (1). Here we calculate the interference and the second order terms by matching hadronic matrix elements of the quark-quark operators in Eq. (1) to HQET matrix elements, neglecting both perturbative O(α_s) and non-perturbative O(1/m_Q) corrections. Higher order corrections to the Standard Model contribution to the decays B̄ → D^{(∗)}ℓν̄_ℓ can be found in [23].

Writing w = (m^2_B +m^2_D −q^2)/2m_Bm_D, and denoting the Isgur-Wise function [2] by ξ(w), we find for the interference tems:

Δ^{(1)}_± = 3m_Bm_D q^2

(1 + w)ξ(w)^2 [ m^2_ℓ q^2

(β_0 + β^{′′}_0 ) {( w ± √ w^2 − 1 ) m^2_B

− 2m_Bm_D + ( w ∓ √ w^2 − 1 ) m^2_D } + m_ℓ 2 ϵ_0 { (m_B − m_D)(1 + w) ± (m_B + m_D) √ w^2 − 1 }

+ 2m_ℓρ_0 { (m_B + m_D)(w − 1) ± (m_B − m_D) √ w^2 − 1 }] , (12) and Δ^{(1)}_0 = 3m_Bm_D q^2

(1 + w)ξ(w)^2 [ (β_0 + β^{′′}_0 ) { m^2_ℓ + (m_B + m_D)^2(w − 1) }

+ m_ℓ 2 ϵ_0(1 + w)(m_B − m_D) + 2m_ℓρ_0(w − 1)(m_B + m_D) ] . (13)

Likewise, the second order terms are

Δ^{(2)}_± = 3 2 m_Bm_D(1 + w)ξ(w)^2 [ (α + α^′)(1 + w) + 16γ(w − 1)

± 4(δ + δ^′) √ w^2 − 1 ] + Δ^m_± , (14)

Δ^{(2)}_0 = 3m_Bm_D 2q^2

(1 + w)ξ(w)^2 [ (α + α^′)(1 + w)q^2

+ 2{(β + β^′ + β^{′′})(m_B + m_D)^2 − 8q^2γ}(w − 1) ] +Δ^m_0 , (15) where Δ^m_± and Δ^m_0 represent corrections due to non-zero lepton mass (which are only nonnegligible for decays into τ -leptons):

Δ^m_± = 3m_Bm_D q^2

(1 + w)ξ(w)^2 [ m^2_ℓ q^2

(β + β^′ + β^{′′}) {( w ± √ w^2 − 1 ) m^2_B

− 2m_Bm_D + ( w ∓ √ w^2 − 1 ) m^2_D } + m_ℓ 2 ϵ { (m_B − m_D)(1 + w) ± (m_B + m_D) √ w^2 − 1 }

+ 2m_ℓρ { (m_B + m_D)(w − 1) ± (m_B − m_D) √ w^2 − 1 }] , (16)

Δ^m_0 = 3m_Bm_D q^2

(1 + w)ξ(w)^2 [ m^2_ℓ {(β + β^′ + β^{′′}) + 16γ(w − 1)} + m_ℓ 2 ϵ(1 + w)(m_B − m_D) + 2m_ℓρ(w − 1)(m_B + m_D) ] . (17)

IV. B̄ ! D^∗ℓν̄_ℓ

As in the previous case, we write in the B̄ rest frame

d^2Γ dq^2d(cos θ) = G^2_F |V_{cb}|^2 768π^3

|p_D� | q^2 − m^2_ℓ m^2_B [ (1 + cos θ)^2 |H_+|^2 + (1 − cos θ)^2 |H_−|^2 + 2 sin^2 θ |H_0|^2 ] . (18)

The kinematic variables p_D� , θ and q^2 are defined as before (just replace D with D^∗ in the definitions of the previous section). Also as before, we separate the helicity amplitudes as

|H_±|^2 = | | |H^{(SM)}_± | | |^2 + Δ^{(1)}_± + Δ^{(2)}_± ,

|H_0|^2 = | |H^{(SM)}_0 | |^2 + Δ(1)_0 + Δ(2)_0 . (19)

Once again, the interference terms only take into account the leading order part of the Standard Model amplitude. Calculating these as well as the second order terms by matching hadronic matrix elements onto HQET ones (neglecting O(α_s) or O(1/m_Q) corrections), we find:

Δ^{(1)}_± =

3m_Bm_D� q^2

(1 + w)ξ(w)^2 [ 2(β_0w − β^{′′}_0 )q^2 + m^2_ℓ q^2

(β_0 − β^{′′}_0 ) {( w ± √ w^2 − 1 ) m^2_B

− 2m_Bm_D� + ( w ∓ √ w^2 − 1 ) m^2_D� } + m_ℓ 2 (ϵ^′_0 − ϵ_0) { (m_B + m_D� )(w − 1) ± (m_B − m_D� ) √ w^2 − 1 }

− 2m_ℓρ_0 { m_B(5 + w) − m_D� (1 + 5w) ± (m_B + 5m_D� ) √ w^2 − 1 }] , (20)

Δ^{(1)}_0 =

3m_Bm_D�

q^2

(1 + w)ξ(w)^2 [ (1 + w)(m_B − m_D�)^2(β_0 − β^{′′}_0 )

+ m^2_ℓ {β_0(2w − 1) − β^{′′}_0 } + m_ℓ 2 (ϵ^′_0 − ϵ_0)(m_B + m_D� )(w − 1) − 2m_ℓρ_0{m_B(5 + w) − m_D� (1 + 5w)} ] . (21)

The second order terms are

Δ^{(2)}_± = 3 2 m_Bm_D� (1 + w)ξ(w)^2 [ (α − α^′)(w − 1) + 4 {(β + β^′)w − β^{′′}} + 16γ(1 + w) ± 4 (β^′ − β + δ − δ^′) √ w^2 − 1 ] + Δ^m_± , (22) Δ^{(2)}_0 =

3m_Bm_D�

2q^2

(1 + w)ξ(w)^2 [ (α − α^′)(w − 1)q^2 + 2(β + β^′ − β^{′′})(m_B − m_D� )^2(1 + w) + 16γ { (m^2_B + m^2_D�)(3w − 1) + 2m_Bm_D�(w^2 + w − 4) }] + Δ^m_0 , (23)

with the following corrections due to the effects of a non-zero lepton mass:

Δ^m_± =

3m_Bm_D�

q^2

(1 + w)ξ(w)^2 [ m^2_ℓ q^2

(β + β^′ + 32γ − β^{′′}) {( w ± √ w^2 − 1 ) m^2_B − 2m_Bm_D� + ( w ∓ √ w^2 − 1 ) m^2_D� } + m_ℓ 2 (ϵ^′ − ϵ) { (m_B + m_D� )(w − 1) ± (m_B − m_D� ) √ w^2 − 1 } + 2m_ℓ { (ρ^′m_B + ρm_D�)(1 + 5w) ± 5(ρ^′m_B − ρm_D� ) √ w^2 − 1 − (ρm_B + ρ^′m_D� )(5 + w) ∓ (ρm_B − ρ^′m_D� ) √ w^2 − 1 }] , (24)

Δ^m_0 =

3m_Bm_D�

q^2

(1 + w)ξ(w)^2 [ m^2_ℓ {(β + β^′)(2w − 1) − β^{′′} + 16γ(1 + w)} + m_ℓ 2 (ϵ^′ − ϵ)(m_B + m_D� )(w − 1) + 2m_ℓm_B{ρ^′(1 + 5w) − ρ(5 + w)} + 2m_ℓm_D�{ρ(1 + 5w) − ρ^′(5 + w)} ] . (25)

V. B̄ ! Xℓν̄_ℓ Starting from the operator product expansion (OPE), it can be shown that in the limit m_b ≫ Λ_{QCD} the inclusive semileptonic B decay rate is equivalent to the perturbative quark level b decay rate [5]. This makes it possible to calculate the effects of new physics on the inclusive decay B̄ → X_cℓν̄_ℓ directly from Eq. (1), by calculating the rate for the quark level process b → cℓν̄_ℓ. We write the differential decay rate as d^3Γ dq^2dE_ℓdE_ν = ( d^3Γ dq^2dE_ℓdE_ν ) (SM) + ( d^3Γ dq^2dE_ℓdE_ν ) (1) + ( d^3Γ dq^2dE_ℓdE_ν ) (2) , (26)

where q^2 = (p_b−p_c)^2 and E_ℓ, E_ν are the b quark rest frame energies of the lepton and neutrino respectively. Eq. (26) is not meant to imply that the differential rate is a contribution from three distinct processes. Instead, we are merely decomposing the observable into a piece arising solely from Standard Model physics, an interference term, and a term that is second order in the new physics. At present, nonperturbative corrections to the Standard Model term are known to order (Λ_{QCD}/m_b)^3 [24], while only the part proportional to α^2_sβ_0 of the NLO perturbative corrections is known [25] (β_0 being the coefficient of the one-loop QCD beta function). Here, we calculate the last two terms in Eq. (26), neglecting O(α_s) or O(Λ_{QCD}/m_b) corrections. Introducing the kinematic variables

E_c = (m^2_b + m^2_c − q^2)/2m_b, q̂^2 = q^2/m^2_b, Ê_ν = 2E_ν /m_b, (27)

and y = E_ℓ/E_{ℓmax} with E_{ℓmax} = (m^2_b − m^2_c + m^2_ℓ )/2m_b, as well as x = m_ℓ/m_b and z = m_c/m_b, we find, in the rest frame of the b quark ( d^3Γ dq^2dE_ℓdE_ν ) (1) = G^2_F |V_{cb}|^2 m^2_b

32π^3 δ (m_b − E_c − E_e − E_ν) [ −4zβ^{′′}_0 ( q̂^2 − x^2 )

+ 4β_0Ê_ν {( x^2(1 + y) + y(1 − z^2) ) − q̂^2 } + 2x ( (1 − z^2)(1 − y) − (1 + y)x^2 ) ϵ^′_0 +2Ê_ν xz(ϵ_0 − 12ρ_0) ] , (28)

which, as in the exclusive decays, includes only the interference with the leading order Standard Model contribution. The remaining contributions are of second order in the new physics: ( d^3Γ dq^2dE_ℓdE_ν ) (2) = G^2_F |V_{cb}|^2 m^2_b 32π^3 δ (m_b − E_c − E_e − E_ν) [( q̂^2 − x^2 ) { α(1 + z^2 − q̂^2)

+ 2z(α^′ − 2β^{′′}) } + 4βÊ_ν {( x^2(1 + y) + y(1 − z^2) ) − q̂^2 } + 2 ( (1 − z^2)(1 − y) − (1 + y)x^2 ) { 2y(1 + x^2 − z^2)β^′ + x(ϵ^′ + 12ρ^′) }

− 4δ { Ê_ν ( x^2(1 + y) + y(1 − z^2) ) + y(1 + x^2 − z^2) ( x^2(1 + y) − (1 − z^2)(1 − y) ) − Ê_νq̂^2 } + 16γ { 2Ê_ν ( x^2(1 + y) + y(1 − z^2) ) + ( 2y(1 − y)(1 − z^2)^2 + ( 1 + z^2 − 4(1 − z^2)y^2 ) x^2 − 2y(1 + y)x^4 ) − q̂^2(1 + x^2 + z^2 + 2Ê_ν ) − q̂^4 } + 2Ê_ν xz(ϵ − 12ρ) ] . (29) Integration of these expressions over E_ν is trivial. Performing the q^2 integral over its physically allowed region gives the lepton spectrum dΓ dE_ℓ = ( dΓ dE_ℓ ) (SM) + ( dΓ dE_ℓ ) (1) + ( dΓ dE_ℓ ) (2) , (30)

where ( dΓ dE_ℓ ) (1) = G^2_F |V_{cb}|^2 m^4_b

48π^3 F (x, y, z) [ G_β(x, y, z)β_0 − 3z ( 1 − (1 − z^2)y + (1 − y)x^2 ) ( (1 − z^2)y − (2 − y)x^2 ) β^{′′}_0 + 3 2 xz ( 2 − y(1 − z^2) − yx^2 ) ( 1 − (1 − z^2)y + (1 − y)x^2 ) (ϵ_0 − 12ρ_0) + 3x ( 1 − (1 − z^2)y + (1 − y)x^2

)_2

ϵ^′_0 ] (31) is the q^2 integral of Eq. (28) and ( dΓ dE_ℓ ) (2) = G^2_F |V_{cb}|^2 m^4_b

48π^3 F (x, y, z) [ G_β(x, y, z)(β + 1 4 α) + 3 2 z ( 1 − (1 − z^2)y + (1 − y)x^2 ) ( (1 − z^2)y − (2 − y)x^2 ) (α^′ − 2β^{′′}) + 3 ( 1 − (1 − z^2)y + (1 − y)x^2

)_2

(2y(1 − z^2 + x^2)β^′ + xϵ^′ + 12xρ^′) + 3 2 xz ( 2 − y(1 − z^2) − yx^2 ) ( 1 − (1 − z^2)y + (1 − y)x^2 ) (ϵ − 12ρ) + G_δ(x, y, z)δ + 4G_γ (x, y, z)γ ] (32) is that of Eq. (29). In these last two expressions, the coefficient functions are defined by: F (x, y, z) = (1 − y)^2(1 + x^2 − z^2)^2 √ y^2(1 − z^2 + x^2)^2 − 4x^2 [1 − (1 − z^2)y + (1 − y)x^2]^3,

(33) G_β(x, y, z) = y(1 − z^2) { 3(1 + z^2) − (5 − 4z^2 − z^4)y + 2y^2(1 − z^2)^2 } − { 4(1 + 2z^2) − (13 − 4z^2 − 3z^4)y + 3(5 − 6z^2 + z^4)y^2

−6(1 − z^2)^2y^3 } x^2 − { 4 − 13y + 3(5 − 3z^2) − 6(1 − z^2)y^3 } x^4 +y { 3 − 5y + 2y^2 } x^6, (34) G_δ(x, y, z) = y(1 − z^2)^2 { 3 − (7 − z^2)y + 4(1 − z^2)y^2 } + { 4 + 8z^2 + (5 − 8z^2 + 3z^4)y − 3(7 − 10z^2 + 3z^4)y^2 +12(1 − z^2)^2y^3 } x^2 + { 4 + (5 − 6z^2)y − 3(7 − 5z^2)y^2 + 12(1 − z^2)y^3 } x^4 +y { 3 − 7y + 4y^2 } x^6, (35) G_γ(x, y, z) = y(1 − z^2) { 3(5 + z^2) − (29 − 28z^2 − z^4)y + 14(1 − z^2)^2y^2 } − { 4(1 + 2z^2) − (49 − 28z^2 − 3z^4)y + 3(29 − 38z^2 + 9z^4)y^2 −42(1 − z^2)^2y^3 } x^2 − { 4 − (49 − 12z^2)y + 3(29 − 19z^2)y^2 − 42(1 − z^2)y^3 } x^4 +y { 15 − 29y + 14y^2 } x^6. (36)

VI. DISCUSSION

Any effects of physics beyond the Standard Model should become more apparent with the improved data from the next generation B factories, some of which are scheduled to go on line in the near future. Therefore, a detailed extraction of our parametrization of new physics should await these results. For completeness, however, we will use the formulas derived in the previous sections together with the existing data to obtain bounds on some of the parameters of Section II. Our analysis is only meant to be illustrative and therefore should not be taken too seriously.

One place to look for constraints on the parametrization of Section II is in the extraction of |V_{cb}| from the exclusive decays B̄ → D^{(∗)}eν̄_e. Because in the zero recoil limit (w → 1), the O(1/m_Q) HQET corrections to B̄ → D^{(∗)}ℓν̄_ℓ vanish [26], and because ξ(1) = 1 [2], these observables provide a theoretically clean way of extracting the CKM matrix element |V_{cb}| from experiment [27,28]. In the abscence of new physics, we expect the value of |V_{cb}| obtained from B̄ → Deν̄_e to agree with that from the decay B̄ → D^∗eν̄_e. Therefore, a discrepancy between the two measurements of |V_{cb}| could be used to put constraints on the parametrization of Section II.

Integrating Eq. (10) and Eq. (18) over cos θ, and making a change of variables from q^2 to w, the exclusive decay rates can be written in the form [4] dΓ dw (B̄ → Dℓν̄_ℓ) = G^2_F |V_{cb}|^2m^5_B 48π^3

(w^2 − 1)^{3/2}r^3(1 + r)^2F_D(w)^2, dΓ dw (B̄ → D^∗ℓν̄_ℓ) =

G^2_F |V_{cb}|^2m^5_B 48π^3

(w^2 − 1)^{1/2}(w + 1)r^{∗3}(1 − r^∗)^2 × [ 1 + 4w 1 + w

1 − 2r^∗ + r^{∗2} (1 − r^∗)^2 ] F_D�(w)^2, (37)

where r = m_D/m_B and r^∗ = m_D� /m_B. From the results of Section III and Section IV, we find F_D(w)^2 = F^{(SM)}_D (w)^2 + (β_0 + β^{′′}_0 )ξ(w)^2 + [ β + β^′ + β^{′′} + 3(α + α^′) 2(1 + r)^2 w + 1 w − 1 (1 − 2rw + r^2) + 8γ (1 + r)^2

(1 − 2rw + r^2) ] ξ(w)^2, (38)

F_D� (w)^2 = F^{(SM)}_D� (w)^2 + ( β_0 −

(5 + w)r^{∗2} − 2(1 + 5w)r^∗ + 5 + w (1 + 5w)r^{∗2} − 2(1 + w + 4w^2)r^∗ + 1 + 5w β^{′′}_0 ) ξ(w)^2 + [ β + β^′ + { 3 2 (w − 1)(1 − 2wr^∗ + r^{∗2})(α − α^′) − ( (5 + w)r^{∗2} − 2(1 + 5w)r^∗ + 5 + w ) β^{′′} + 8 ( (1 + 5w)r^{∗2} − 2(4 + w + w^2)r^∗ + 1 + 5w ) γ }

× { (1 + 5w)r^{∗2} − 2(1 + w + 4w^2)r^∗ + 1 + 5w }_{−1}] ξ(w)^2. (39)

Note that although the decay rate for B̄ → Deν̄_e is well-behaved at w = 1, the quantity F_D(w) actually has a pole there. This is only because the scalar contribution to the decay rate (the terms involving α and α^′) vanishes more slowly than (w^2 − 1)^{3/2} as w → 1. In fact, the observation of this behavior as w → 1 in the experimental data for F_D(w) could be seen as evidence for the possibility of scalar contributions to the process b → cℓν̄_ℓ.

We expect the second order parameters in Eq. (38) and Eq. (39) to be suppressed by a factor of (m_W /M)^2 in comparison to the interference terms. Ignoring their contribution, we find in the zero recoil limit: F_D(1)^2 F_D� (1)^2 ≃ F^{(SM)}_D (1)^2 + β_0 + β^{′′}_0

F^{(SM)}_D� (1)^2 + β_0 − β^{′′}_0 . (40) The CLEO Collaboration has used data on the exclusive decay B̄ → Deν̄_e at zero recoil to extract |V_{cb}|F_D(1) = 0.0337 ± 0.044 ± 0.048^{+0.0053}_{−0.0012} [27]. From the data on B̄ → D^∗eν̄_e, it has also found |V_{cb}|F_D� (1) = 0.0351 ± 0.0019 ± 0.0018 ± 0.0008 [28]. If we neglect O(1/m^2_Q) corrections, F^{(SM)}_D (1) = F^{(SM)}_D� (1) = 1 (the 1/m_Q corrections vanish automatically by Luke’s theorem [26]). Eq. (40) then reads 0.96 ≃ 1 + β_0 + β^{′′}_0 1 + β_0 − β^{′′}_0

, (41)

which to lowest order in the parameters, gives β^{′′}_0 ≃ −0.02.

We can also use the data on the inclusive decays to put constraints on the parameters of Section II. The OPE for the lepton spectrum does not agree locally with the physical spectrum near the maximum lepton energy. Therefore, the result of Section V can only be compared with experiment by constructing an observable which integrates the OPE result over a sufficiently large region. A suitable observable (introduced in [29]) for comparison of the OPE with the inclusive data is given by

R_1 = ∫ 1.5GeV Eℓ dΓ dE_‘ dEℓ ∫ 1.5GeV dΓ dE_‘ dEℓ , (42)

which is independent of the value of |V_{cb}|. Using the inclusive B → Xeν̄_e data from CLEO, the authors of [29] extracted a central value of R_1 = 1.7831 GeV. (This includes contributions from b → ueν̄_e, which introduce an error of only a few percent.) If we split R_1 into a piece coming from Standard Model physics alone, and a correction δR_1 due to new physics, we find δR_1 ≃ ∫ 1.5GeV Eℓ dΓ dE_‘ dEℓ ∫ 1.5GeV ( dΓ dE_‘ ) SM dE_ℓ − R^{(SM)}_1 ∫ 1.5GeV dΓ dE_‘ dEℓ ∫ 1.5GeV ( dΓ dE_‘ ) SM dE_ℓ , (43)

where R^{(SM)}_1 is the Standard Model contribution to R_1. For the purposes of this crude analysis, we can replace it by the full R_1 with negligible error. Similar reasoning allows us to approximate the Standard Model part of the lepton spectrum by its leading order contribution. Using Eq. (31) and Eq. (32) to do the integrals of Eq. (43),

δR_1 ≃ −0.001α − 0.002α^′ − 0.005(β_0 + β) − 0.036β^′ + 0.004(β^{′′}_0 + β^{′′}) − 0.031δ − 0.309γ, (44)

where we have used the values m_b = 4.8 GeV and m_c = 1.4 GeV [29]. Note, however, that the magnitude of the coefficients in Eq. (44) is rather sensitive to the particular values of m_b and z = m_c/m_b. Therefore, the bounds on new physics that are obtained from this equation will be highly dependent on the numerical values of the b and c quark masses that are used to evaluate them.

In [29], the Standard Model O(1/m^3_b ) corrections to the theoretical value of R_1 are estimated to be δR_1 = −(0.4Λ̄^3 + 5.5Λ̄λ_1 + 6.8Λ̄λ_2 + 7.7ρ_1)/m̄^3_B, (45) where m̄_B = (m_B + 3m_B� )/4 is the spin-averaged B meson mass, which we take to be m̄_B = 5.31 GeV [30]. Assume that the first three terms of this equation are fixed by the values Λ̄ = 0.39 GeV, λ_1 = −0.19 GeV^2, λ_2 = 0.12 GeV^2 of [29]. The term involving ρ_1 has larger uncertainty. Varying it between ρ_1 = 0 and the estimated value ρ_1 ≃ (300 MeV)^3 of [29] gives − 8.5 × 10^{−4} GeV ≤ δR_1 ≤ 5.3 × 10^{−4} GeV. (46) Without a better knowledge of ρ_1, a contribution to R_1 from new physics in the range of Eq. (46) cannot be excluded, even if the other HQET parameters were known to arbitrary precision. Therefore, assuming that the corrections to the theoretical value of R_1 from new physics also lie in this range, we can derive constraints on our parameters by comparing Eq. (46) with Eq. (43). We will do so by choosing only one parameter from Eq. (43) to be non-zero at a time. Then the bounds are derived by taking the ratio of Eq. (46) to the coefficient of that parameter in Eq. (43). Of course, this is not entirely satisfactory, since some of these parameters are not independent of each other. For instance, setting α = 0 forces α^′ to vanish as well. However, this procedure should be sufficient if all we are interested in is a rough numerical estimate. Thus, given the uncertainty on ρ_1, we cannot rule out the following range for the scalar terms:

0 ≤ α ≤ 0.72; − 0.26 ≤ α^′ ≤ 0.41, (47) Likewise, for the vector parameters − 0.11 ≤ β_0 ≤ 0.18; |β| < |β_0|, 0 ≤ β^′ ≤ 0.023, −0.20 ≤ β^{′′}_0 ≤ 0.13; |β^{′′}| < |β^{′′}_0 |, (48) and finally −0.017 ≤ δ ≤ 0.027 and 0 ≤ γ ≤ 0.003. Note in particular that the bounds on β^{′′}_0 are consistent with the value derived from the exclusive data.

I would like to thank Mark Wise for guidance throughout the completion of this work. Also, I would like to thank Zoltan Ligeti for helpful comments on the manuscript. This work was supported in part by the Department of Energy under grant number DE-FG03-92-ER 40701.

REFERENCES

[1] J.L. Hewett, The Standard Model and Why We Believe It, Lectures given at the Theoretical Advanced Study Institute in Elementary Particle Physics (TASI 97): Supersymmetry, Supergravity and Supercolliders, Boulder, CO, 1-7 Jun 1997. hep-ph/9810316.

[2] N. Isgur and M.B. Wise, Phys. Lett. B 232 113 (1989); N. Isgur and M.B. Wise, Phys.

Lett. B 237 527 (1990).

[3] E. Eichten and B. Hill, Phys. Lett. B 234 511 (1990); H. Georgi, Phys. Lett. B 240 447 (1990); M. Neubert, Phys. Lett. B 264 455 (1991).

[4] M. Neubert, Phys. Rep. 245 259 (1994).

[5] J. Chay, H. Georgi, and B. Grinstein, Phys. Lett. B 247 399 (1990); M. Voloshin and M. Shifman, Sov. J. Nucl. Phys. 41 120 (1985).

[6] P. Krawczyk and S. Pokorski, Phys. Rev. Lett. 60 182 (1988). [7] J. Kalinowski, Phys. Lett. B 245 201 (1990). [8] B. Grzadkowski and W. Hou, Phys. Lett. B 272 383 (1991). [9] W. Hou, Phys. Rev. D 48 2342 (1993). [10] G. Isidori, Phys. Lett. B 298 409 (1993).

[11] Y. Grosmann, Nucl. Phys. B 426 355 (1994). Y. Grossman and Z. Ligeti, Phys. Lett B 332 373 (1994); Y. Grossman and Z. Ligeti, Phys. Lett. B 347 399 (1995); Y. Grossman, H.E. Haber, and Y. Nir, Phys. Lett. B 357 630 (1995).

[12] J.A. Coarasa, R.A. Jimenez, and J. Sola, Phys. Lett. B 283 427 (1992). [13] R. Garisto, Phys. Rev. D 51 1107 (1995). [14] M. Tanaka, Z. Phys C 67 321 (1995).

[15] K. Kiers and A. Soni, Phys. Rev. D 56 5786 (1997). [16] B. Grzadkowski, Phys. Lett. B 283, 427 (1992). [17] M.B. Voloshin, Mod. Phys. Lett. A 12 1823 (1997). [18] T.G. Rizzo, Phys. Rev. D 58 055009 (1998).

[19] M. Gronau and S. Wakaizumi, Phys. Rev. Lett. 68 1814 (1992). See also references therein.

[20] M. Gronau and S. Wakaizumi, Phys. Lett. B 280 79 (1992).

[21] G. Wu, K. Kiers, and J.N. Ng, Phys. Lett. B 402 159-166 (1997); G. Wu, K. Kiers, and J.N. Ng, Phys. Rev. D 56 5413 (1997).

[22] This method of organizing all dimension six four-fermion operators for b → cℓν̄_ℓ is adopted from a similar parametrization for leptonic decays of massive leptons which appears in CLEO Collaboration, J.P. Alexander et al., Phys. Rev. D. 56 5320 (1997).

[23] Z. Ligeti, Y. Nir, and M. Neubert, Phys. Rev. D 49 1302 (1994) [24] M. Gremm and A. Kapustin, Phys. Rev. D 55 6924 (1997). See also references therein. [25] M. Gremm and I. Stewart, Phys. Rev. D 55 1226 (1997). [26] M. Luke, Phys. Lett. B 252 447 (1990).

[27] CLEO Collaboration, M. Athanas et al., Phys. Rev. Lett. 79 2208 (1997). [28] CLEO Collaboration, B. Barish et al., Phys. Rev. D 51 1014 (1995) [29] M. Gremm et al., Phys. Rev. Lett. 77 20 (1996) [30] Particle Data Group, C. Caso et al., Eur. Phys. J C 3 1 (1998)