arXiv:hep-ph/0211021 v2 7 Feb 2003

Exclusive Decays and Lifetime of B_c Meson in QCD sum rules

V.V.Kiselev^∗ Russian State Research Center ”Institute for High Energy Physics”, Protvino, Moscow Region, 142280, Russia Fax: +7-0967-744739

We summarize theoretical calculations of Bc decays and lifetime in the framework of QCD sum rules and compare the results with the estimates by the methods of Operator Product Expansion in the inverse heavy quark masses as well as of potential quark models. The agreement of estimates in the various approaches is discussed. The features of Bc decay modes are considered.

PACS numbers: 13.20.Gd,13.25.Gv,11.55.Hx

I. INTRODUCTION

Decays of long-lived heavy meson B_c, containing two heavy quarks of different flavors, were considered in the pioneering paper written by Bjorken in 1986 [1]. The report was devoted to the common view onto the decays of hadrons with heavy quarks: the mesons and baryons with a single heavy quark, the B_c meson, the baryons with two and three heavy quarks. A lot of efforts was recently directed to study the long-lived doubly heavy hadrons^1 on the basis of modern understanding of QCD dynamics in the weak decays of heavy flavors in the framework of today approaches^2: the Operator Product Expansion, sum rules of QCD and NRQCD [5], and potential models adjusted due to the data on the description of hadrons with a single heavy quark. Surprisingly, the Bjorken’s estimates of total widths and various branching fractions are close to what is evaluated in a more strict manner. At present we are tending to study some subtle effects caused by the influence of strong forces onto the weak decays of heavy quarks, which determines our understanding a probable fine extraction of CP-violation in the heavy quark sector.

Various hadronic matrix elements enter in the description of weak decays. So, measuring the lifetimes and branching ratios implies the investigation of quark confinement by the strong interactions, which is important in the evaluation of pure quark characteristics: masses and mixing angles in the CKM matrix, all of which enter as constraints on the physics beyond the Standard Model. More collection of hadrons with heavy quarks provides more accuracy and confidence in the understanding of QCD dynamics and isolation of bare quark values.

So, a new lab for such investigations is a doubly heavy long-lived quarkonium B_c recently observed for the first time by the CDF Collaboration [6]. The measured B_c

∗Electronic address: kiselev@th1.ihep.su 1 Reviews on the physics of B_c meson and doubly heavy baryons can be found in refs. [3, 4], respectively.

2 See the program on the heavy flavour physics at Tevatron in [2].

lifetime is equal to

τ [B_c] = 0.46^{+0.18}_{−0.16} ± 0.03 ps,

which is close to the value expected by Bjorken.

The B_c meson allows us to use such advantages like the nonrelativistic motion of b̄ and c quarks similar to what is know in the heavy quarkonia b̄b and c̄c, and suppression of light degrees of freedom: the quark-gluon sea is small in the heavy quarkonia. These two physical conditions imply two small expansion parameters for B_c:

• the relative velocity of quarks v,

• the ratio of confinement scale to the heavy quark mass Λ_{QCD}/m_Q.

The double expansion in v and 1/m_Q generalizes the HQET approach [7] to what is called as NRQCD [5]. Moreover, the energy release in the heavy quark decays determines the 1/m_Q parameter to be the appropriate quantity for the Operator Product Expansion (OPE) and justifies the use of potential models (PM) in the calculations of hadronic matrix elements, too. The same arguments ensure the applicability of sum rules (SR) of QCD and NRQCD.

The B_c decays were, at first, calculated in the PM [8, 9, 10, 11, 12, 13, 14, 15, 16, 17], wherein the variation of techniques results in close estimates after the adjustment on the semileptonic decays of B mesons. The OPE evaluation of inclusive decays gave the lifetime and widths [18], which agree with PM, if one sums up the dominating exclusive modes. That was quite unexpected, when the SR of QCD resulted in the semileptonic B_c widths [19], which are one order of magnitude less than those of PM and OPE. The reason was the valuable role of Coulomb corrections, that implies the summation of α_s/v corrections significant in the heavy quarkonia, i.e. in the B_c [10, 20, 21, 22]. At present, all of mentioned approaches give the close results for the lifetime and decay modes of B_c at similar sets of parameters. Nevertheless, various dynamical questions remain open:

• What is the appropriate normalization point of non-leptonic weak lagrangian in the B_c decays, which basically determines its lifetime?

• What are the values of masses for the charmed and beauty quarks?

• What are the implications of NRQCD symmetries for the form factors of B_c decays and mode widths?

• How consistent is our understanding of hadronic matrix elements, characterizing the B_c decays, with the data on the other heavy hadrons?

In the present work we shortly review the B_c decays by summarizing the theoretical predictions including new calculations on the exclusive decays in the framework of QCD sum rules and discuss how direct experimental measurements can answer the questions above.

In Section II we recollect the inclusive estimates of B_c lifetime in various techniques: the Operator Product Expansion combined with the effective theory of heavy quarks, the Potential Model approach and the QCD sum rules. Section III is devoted to the application of QCD sum rules to the exclusive decays of B_c meson, where the estimates of form factors are given. The spin symmetry in the B_c decays is discussed and tested in Section IV. Our numerical estimates of decay rates are presented in Sections V and VI for the semileptonic and non-leptonic modes, respectively. We summarize our results in section VII.

II. Bc LIFETIME AND INCLUSIVE DECAY RATES

The B_c-meson decay processes can be subdivided into three classes:

1) the b̄-quark decay with the spectator c-quark, 2) the c-quark decay with the spectator b̄-quark and 3) the annihilation channel B^+_c → l^+ν_l(cs̄, us̄), where l = e, μ, τ . In the b̄ → c̄cs̄ decays one separates also the Pauli interference with the c-quark from the initial state. In accordance with the given classification, the total width is the sum over the partial widths

Γ(B_c → X) = Γ(b → X) + Γ(c → X) + Γ(ann.) + Γ(PI).

For the annihilation channel the Γ(ann.) width can be reliably estimated in the framework of inclusive approach, where one takes the sum of the leptonic and quark decay modes with account for the hard gluon corrections to the effective four-quark interaction of weak currents. These corrections result in the factor of a_1 = 1.22 ± 0.04. The width is expressed through the leptonic constant of f_{Bc} ≈ 400 MeV. This estimate of the quark-contribution does not depend on a hadronization model, since a large energy release of the order of the meson mass takes place. From the following expression, one can see that the contribution by light leptons and quarks can be neglected,

Γ(ann.) = ∑ i=τ,c G^2_F 8π |V_{bc}|^2f^2_{Bc} M m^2_i (1 − m^2_i /m^2_{Bc})^2 · C_i , where C_τ = 1 for the τ^+ν_τ -channel and C_c = 3|V_{cs}|^2a^2_1 for the cs̄-channel.

As for the non-annihilation decays, in the approach of the Operator Product Expansion for the quark currents of weak decays [18], one takes into account the α_scorrections to the free quark decays and uses the quarkhadron duality for the final states. Then one considers the matrix element for the transition operator over the bound meson state. The latter allows one also to take into account the effects caused by the motion and virtuality of decaying quark inside the meson because of the interaction with the spectator. In this way the b̄ → c̄cs̄ decay mode turns out to be suppressed almost completely due to the Pauli interference with the charm quark from the initial state. Besides, the c-quark decays with the spectator b̄-quark are essentially suppressed in comparison with the free quark decays because of a large bound energy in the initial state.

TABLE I: The branching ratios of the Bc decay modes calculated in the framework of inclusive OPE approach, by summing up the exclusive modes in the potential model [9, 10] and according to the semi-inclusive estimates in the sum rules of QCD and NRQCD [21, 22].

Bc decay mode OPE, % PM, % SR, % b̄ → c̄l^+ ν_l 3.9 ± 1.0 3.7 ± 0.9 2.9 ± 0.3 b̄ → c̄ud̄ 16.2 ± 4.1 16.7 ± 4.2 13.1 ± 1.3 ∑¯ b → c̄ 25.0 ± 6.2 25.0 ± 6.2 19.6 ± 1.9 c → sl^+νl 8.5 ± 2.1 10.1 ± 2.5 9.0 ± 0.9 c → sud̄ 47.3 ± 11.8 45.4 ± 11.4 54.0 ± 5.4 ∑ c → s 64.3 ± 16.1 65.6 ± 16.4 72.0 ± 7.2 B^+_c → τ^+ ντ 2.9 ± 0.7 2.0 ± 0.5 1.8 ± 0.2 B^+_c → cs̄ 7.2 ± 1.8 7.2 ± 1.8 6.6 ± 0.7

In the framework of exclusive approach, it is necessary to sum up widths of different decay modes calculated in the potential models. While considering the semileptonic decays due to the b̄ → c̄l^+ν_l and c → sl^+ ν_l transitions, one finds that the hadronic final states are practically saturated by the lightest bound 1S-state in the (c̄c)-system, i.e. by the η_c and J/ψ particles, and the 1S-states in the (b̄s)-system, i.e. B_s and B^∗_s , which can only enter the accessible energetic gap.

Further, the b̄ → c̄ud̄ channel, for example, can be calculated through the given decay width of b̄ → c̄l^+ν_l with account for the color factor and hard gluon corrections to the four-quark interaction. It can be also obtained as a sum over the widths of decays with the (ud̄)-system bound states.

The results of calculation for the total B_c width in the inclusive OPE and exclusive PM approaches give the values consistent with each other, if one takes into account the most significant uncertainty related to the choice of quark masses (especially for the charm quark), so that finally, we have

τ [B^+_c ] ope, pm = 0.55 ± 0.15 ps, (1)

which agrees with the measured value of B_c lifetime.

The OPE estimates of inclusive decay rates agree with recent semi-inclusive calculations in the sum rules of QCD and NRQCD [21, 22], where one assumed the saturation of hadronic final states by the ground levels in the cc̄ and b̄s systems as well as the factorization allowing one to relate the semileptonic and hadronic decay modes. The coulomb-like corrections in the heavy quarkonia states play an essential role in the B_c decays and allow one to remove the disagreement between the estimates in sum rules and OPE. In contrast to OPE, where the basic uncertainty is given by the variation of heavy quark masses, these parameters are fixed by the two-point sum rules for bottomonia and charmonia, so that the accuracy of SR calculations for the total width of B_c is determined by the choice of scale μ for the hadronic weak lagrangian in decays of charmed quark. We show this dependence in Fig. 1, where^{mc}_2 < μ < m_c and the dark shaded region corresponds to the scales preferred by data on the charmed meson lifetimes. τ[Bc], ps

μ, GeV

FIG. 1: The Bc lifetime calculated in QCD sum rules versus the scale of hadronic weak lagrangian in the decays of charmed quark. The wide shaded region shows the uncertainty of semi-inclusive estimates, the dark shaded region is the preferable choice as given by the lifetimes of charmed mesons. The dots represent the values in OPE approach taken from ref. [18]. The narrow shaded region represents the result obtained by summing up the exclusive channels with the variation of hadronic scale in the decays of beauty anti-quark in the range of 1 < μb < 5 GeV. The arrow points to the preferable prescription of μ = 0.85 GeV as discussed in [22].

Supposing the preferable choice of scale in the c → s decays of B_c to be equal to μ^2_{Bc} ≈ (0.85 GeV)^2, putting a_1(μ_{Bc} ) = 1.20 and neglecting the contributions caused by nonzero a_2 in the charmed quark decays [22], in the framework of semi-inclusive sum-rule calculations we predict

τ [B_c] sr = 0.48 ± 0.05 ps, (2) which agrees with the direct summation of exclusive channels calculated in the next sections. In Fig. 1 we show the exclusive estimate of lifetime, too.

III. MACHINERY OF QCD SUM RULES

In this section we present basic points for the procedure of calculating the form factors for the various exclusive semileptonic decays of B_c. We omit some technical details, which can be found in a number of references appropriately cited.

A. Form factors

We accept the following convention on the normalization of wave functions for the hadron states under study, i.e. for the pseudoscalar (P ) and vector (V ) states: ⟨0|J_μ|P ⟩ = −i f_P p_μ, (3) ⟨0|J_μ|V ⟩ = ϵ_μ f_V M_V , (4) where f_{P, V} denote the leptonic constants, so that they are positive, f_{P, V} > 0, p_μ is a four-momentum of the hadron, ϵ_μ is a polarization vector of V , M_V is its mass, and the current is composed of the valence quark fields constituting the hadron

J_μ = q̄_1 γ_μ(1 − γ_5) q_2.

In this respect we can easily apply the ordinary Feynman rules for the calculations of diagrams, so that the quarkmeson vertices in the decay channel are chosen with the following spin structures:

Γ_P = i √ 2 γ_5, Γ_V = − 1 √ 2 ϵ_μ. Then, we get general expressions for the hadronic matrix elements of weak currents in the exclusive decays of P → P^′ and P → V with the definitions of form factors given by the formulae

⟨P^′(p_2)|J_μ|P (p_1)⟩ = f_+p_μ + f_−q_μ, (5) 1 i ⟨V (p_2)|J_μ|P (p_1)⟩ = iF_V ϵ_{μναβ}ϵ^{∗ν} p^αq^β + F^A_0 ϵ^∗_μ +

F^A_+ (ϵ^∗p_1)p_μ + F^A_− (ϵ^∗p_1)q_μ, (6)

where q_μ = (p_1 − p_2)_μ and p_μ = (p_1 + p_2)_μ. The form factors f_± are dimensionless, while F_V and F^A_± has a dimension of inverse energy, F^A_0 is of the energy dimension. In the case of nonrelativistic description for both initial and final meson states we expect that

f_+ > 0, f_− < 0, F_V > 0,

F^A_0 > 0, F^A_+ < 0, F^A_− > 0.

It is important to note that for the pseudoscalar state the hermitian conjugation in (3) does not lead to the change of sign in the right hand side of equation because of the prescription accepted, since the conjugation of imaginary unit takes place with the change of sign for the momentum of meson (the transition from the outstate to in-one). The same speculations show that the spin structure of matrix element in the quark loop order does not involve a functional dependence of form factors on the transfer momentum squared except of F^A_0 , so that we expect that the simplest modelling in the form of the pole dependence can be essentially broken for F^A_0 , while the other form factors are fitted by the pole model in a reasonable way.

Following the standard procedure for the evaluation of form factors in the framework of QCD sum rules [23], in the B_c decays we consider the three-point functions

Π_μ(p_1, p_2, q^2) = i^2 ∫ dx dy e^{i(p2 ·x−p1·y)} · ⟨0|T {q̄_2(x)γ_5q_1(x) J_μ(0) b̄(y)γ_5 c(y)}|0⟩, (7) Π^J_{μν} (p_1, p_2, q^2) = i^2 ∫ dx dy e^{i(p2 ·x−p1·y)} · ⟨0|T {q̄_2(x)γ_μq_1(x) J_μ(0) b̄(y)γ_5c(y)}|0⟩, (8)

where q̄_2(x)γ_5q_1(x) and q̄_2(x)γ_ν q_1(x) denote the interpolating currents for the final states mesons.

The Lorentz structures in the correlators can be written down as

Π_μ = Π_+(p_1 + p_2)_μ + Π_−q_μ, (9)

Π^J_{μν} = i Π_V ϵ_{μναβ}p^α_2 p^β_1 + Π^A_0 g_{μν} + Π^A_1 p_{2,μ}p_{1,ν} +

Π^A_2 p_{1,μ}p_{1,ν} + Π^A_3 p_{2,μ}p_{2,ν} + Π^A_4 p_{1,μ}p_{2,ν}. (10)

The form factors f_±, F_V , F^A_0 and F^A_± are determined from the amplitudes Π_±, Π_V , Π^A_0 and Π^A_± =^1_2 (Π^A_1 ±Π^A_2 ), respectively. In (9)–(10) the scalar amplitudes Π are the functions of kinematical invariants, i.e. Π = Π(p^2_1, p^2, q^2).

The leading QCD term is a triangle quark-loop diagram in Fig. 2, for which we can write down the double dispersion representation at q^2 ≤ 0

Π^{pert}_i (p^2_1, p^2, q^2) = − 1 (2π)^2 ∫ ρ^{pert}_i (s_1, s_2, Q^2) (s_1 − p^2_1)(s_2 − p^2) ds_1ds_2

+ subtractions,

where Q^2 = −q^2 ≥ 0, and the integration region is determined by the condition − 1 < 2s_1s_2 + (s_1 + s_2 − q^2)(m^2_b − m^2_c − s_1) λ^{1/2}(s_1, s_2, q^2)λ^{1/2}(m^2_c , s_1, m^2_b )

< 1, (11)

where λ(x_1, x_2, x_3) = (x_1 + x_2 − x_3)^2 − 4x_1x_2. The expressions for spectral densities ρ^{pert}_i (s_1, s_2, Q^2) were calculated in [21] and presented explicitly in Appendix A of ref. [22].

The connection to hadrons in the framework of QCD sum rules is obtained by matching the resulting QCD expressions of current correlators with the spectral representation, derived from a double dispersion relation at q^2 ≤ 0, so that

Π_i(p^2_1, p^2, q^2) = − 1 (2π)^2 ∫ ρ^{phys}_i (s_1, s_2, Q^2) (s_1 − p^2_1)(s_2 − p^2) ds_1ds_2

+ subtractions, p2 q

p1 k m3 m1 m2

FIG. 2: The triangle diagram, giving the leading perturbative term in the OPE expansion of three-point function.

Assuming that the dispersion relation is well convergent, the physical spectral functions are generally saturated by the ground hadronic states and a continuum starting at some effective thresholds s^{th}_1 and s^{th}_2

ρ^{phys}_i (s_1, s_2, Q^2) = ρ^{res}_i (s_1, s_2, Q^2) + ρ^{cont}_i (s_1, s_2, Q^2),

where the resonance term is expressed through the product of leptonic constant and form factor for the transition under consideration, so that

ρ^{res}_i (s_1, s_2, Q^2) = ⟨0|q̄_3 [ γ_5 γ_μ ] q_2|P^′(V )⟩ ⟨B_c|b̄γ_5c|0)⟩ · F_i(Q^2) (2π)^2δ(s_1 − M^2_1 )δ(s_2 − M^2_2 )

+higher state contributions,

where M_{1,2} denote the masses of hadrons in the initial and final states. The continuum of hadron states is usually approximated by the perturbative absorptive part of Π_i above the continuum threshold, that involves the parametric dependence of sum rule results on the values of threshold energies.

Then, the expressions for the form factors F_i can be derived by equating the representations for the three-point functions Π_i in terms of physical densities and those of calculated in QCD, which means the formulation of sum rules. In this work we use the scheme of moments, implying the calculation of n-th derivatives of scalar correlators Π(p^2_1, p^2, Q^2) over the squared momenta of initial and final channels p^2_1 and p^2 at p^2_1 = p^2 = Q^2 = 0.

B. Coulomb corrections in the heavy quarkonia

For the heavy quarkonium b̄c, where the relative velocity of quark movement is small, an essential role is taken by the Coulomb-like α_s/v-corrections. They are caused by the ladder diagram, shown in Fig. 3. It is well known that an account for this corrections in two-point sum rules numerically leads to a double-triple multiplication of Born value of spectral density [24]. In our case it leads to the finite renormalization for ρ_i [21], so that

ρ^c_i = Cρ_i, (12)

with

C^2 = | | | | Ψ^C_{b̄c}(0) Ψ^{free}_{b̄c} (0) | | | | 2 = 4πα^C_s 3v 1 1 − exp ( − 4πα^C_s 3v ) , (13)

where v is the relative velocity of quarks in the b̄c-system, v = √ 1 − 4m_bm_c p^2_1 − (m_b − m_c)^2

, (14)

and the coupling constant of effective coulomb interactions α^C_s should be prescribed by the calculations of leptonic constants for the appropriate heavy quarkonia as described in the next section.

E1 E2 p q

p1 · · · pn · · · k1 kn

FIG. 3: The ladder diagram of the Coulomb-like interaction.

A similar coulomb factor appears in the vertex of heavy quarks composing the final heavy quarkonium, in the case of c̄c.

C. Leptonic constants of heavy quarkonia

In order to fix such the parameters as the heavy quark masses and effective couplings of coulomb exchange in the nonrelativistic systems of heavy quarkonia with the same accuracy used in the three-point sum rules, we explore the two-point sum rules of QCD for the systems of c̄c, b̄c and b̄b. Thus, we take into account the quark loop contribution with the coulomb factors like that of (13). We keep this procedure despite of current status of NRQCD sum rules for the heavy quarkonium, wherein the three-loop corrections to the correlators are available to the moment (see [25] for review), since for the sake of consistency, the calculations should be performed in the same order for both the three-point and two-point correlators. This fact follows from the expression for the resonance term in the three-point correlator, so that the form factor of transition involves the normalization by the leptonic constants extracted from the two-point sum rules. This procedure is taken since calculations of twoloop corrections to the three-point correlators are not available to the moment, unfortunately.

Then, the use of experimental values for the leptonic constants of charmonium and bottomonium in addition to the consistent description of spectral function moments in the two-point sum rules allows us to extract the effective couplings of coulomb exchange as well as the heavy quark masses in the heavy quarkonium channels. A characteristic picture for the description of leptonic constant for the 1S vector state of bottomonium Υ is shown in Fig. 4 as obtained in the scheme of moments for the spectral function. In this calculations we take

fΥ, MeV

n

FIG. 4: The two-point sum rules in the moment scheme for Υ. The dashed curve represents the result versus the moment number n at mb = 4.63 GeV, the solid line does at mb = 4.59 GeV.

into account the contributions caused by the higher excitations due to the known masses and ratios of leptonic constants to that of ground state. These higher level terms are important at small n in order to get the stable description of leptonic constant for the ground state. We have found that the normalization of leptonic constant is fixed by the appropriate choice of effective constant for the coulomb exchange α^C_s , while the stability is very sensitive to the prescribed value of heavy quark mass.

The above procedure allows us to extract the following values of effective constants:

α^C_s [b̄c] = 0.45, α^C_s [c̄c] = 0.60, α^C_s [b̄b] = 0.37,

where we have used the experimental normalization of leptonic constant [26]

f_ψ = (409 ± 8) MeV, f_Υ = (690 ± 15) MeV.

and the scaling relation obtained in the quasilocal sum rules [27],

f^2_{nS} M_{nS} ( M_{nS}(m_1 + m_2) 4m_1m_2

)_2 = c n , (15)

where c is a constant value independent of the heavy flavours in the quarkonium as well as its excitation number. Eq. (15) is valid for the leptonic constants of nSlevels in the heavy quarkonia composed of heavy quarks with the masses m_1 and m_2. This relation yields also the leptonic constant for the B_c meson not yet measured to the moment, so that the prediction^3 reads off

f_{Bc} = (400 ± 15) MeV.

The heavy quark masses are given by

m_b = 4.60 ± 0.02 GeV, m_c = 1.40 ± 0.03 GeV.

The physical meaning of above values for the heavy quark masses is determined by the threshold posing the energy at which the coulomb spectrum starts, so that it is very close to the so-called ‘potential subtracted masses’ of heavy quarks, m^{PS} known in the literature (see [29]) in the context of renormalon in the perturbative pole mass [30]. We have found that the numerical values obtained coincide with the appropriate m^{PS} within the error bars.

D. Leptonic constants of heavy-light mesons

As was already explained the calculations in the threepoint and two-point sum rules should be performed in the same order of α_s. So, although the three-loop calculation are available for the leptonic constants of heavylight mesons to the moment [31], we will use the quarkloop approximation (see details in [22]). In that case the renormalization constants of quark-meson vertex in both the three-point and two-point sum rules cancel each other in the expression for the transition form factors, while the absolute normalization of leptonic constants of heavy-light mesons is irrelevant in this respect, and it is

3 The consideration of leptonic constants for the heavy quarkonia in the framework of potential approach was presented in [28].

defined by the loop corrections, which are rather significant [31].

Operationally, we put the following expression for the leptonic constant of pseudoscalar meson containing the heavy quark Q f_{Qq̄} = K · E_c √ E_c m_Q α^{1/9}_s (m_Q) π √ 2 ( m_Q M_{Qq̄} )_{3/2} · ( 1 − 2α_s(m_Q) 3π + 3 88 E^2_c m^2_Q − π^2 2 ⟨q̄q⟩ E^3_c ) , (16)

where we numerically accept

α_s(m_c) = 0.35, α_s(m_b) = 0.22,

with the dimensional parameters

E_c = 1.2 GeV, ⟨ūu⟩ = ⟨d̄d⟩ = −(0.27)^3 GeV^3,

which was reasonably investigated in [22]. We stress, first, that at the fixed value of energy threshold E_c in the heavy-light channel the total dependence of transition form factors of B_c into the heavy-light meson has a local minimum, which ensures the stability of result with respect to a small variation of E_c. Second, the K-factor caused by the higher loop-corrections is irrelevant for the extraction of form factors, although it is large [31].

Next, the fixed value of threshold energy E_c determines the binding energy of heavy quark in the meson, Λ̄ ≈ 0.63 GeV, which yields the same value of mass for the beauty quark, m_b ≈ 4.6 GeV, as it was determined from the analysis of two-point sum rules in the b̄b channel. However, taking into account the second order corrections in 1/m_c, we find that the mass of charmed quark is shifted to the value of m_c ≈ 1.2 GeV in the heavy-light channel in comparison with the c̄c states. Thus, in the transition of B_c to the charmed meson we put the mass of spectator charmed quark equal to m_c ≈ 1.2 GeV, while for the transition into the charmonium we accept m_c ≈ 1.4 GeV, as discussed above.

Finally, we take the following ordinary ratios of leptonic constants for the vector and pseudoscalar states and for the heavy-strange mesons: f_B∗ f_B ≈ f_D∗ f_D ≈ 1.11, f_{Bs} f_B ≈ f_{Ds} f_D ≈ 1.16, which agree with the lattice computations [32].

E. Finite energy sum rules

Putting the density of continuum hadronic states equal to that of calculated in the perturbative QCD, we involve the dependence of calculations on the threshold energy s_{th} in the channels of two-quark currents, since this procedure supposes the cancellation of integrals over the spectral functions in both theoretical and physical parts of sum rules. At rather high numbers of moments for the spectral density the contributions of excitations like 2S, are suppressed by the high powers of mass ratio M_{1S}/M_{2S} , so that the local stability of form factor value on the variation of moment number allow us extract the form factor for the transition of 1S → 1S, which is sufficient for the B_c decays in the heavy-light mesons. However, the estimates for the decays into the quite narrow 2S-resonances of charmonium cannot be obtained in this way.

We accept the concept of finite energy sum rules [33] in order to calculate the form factors for the decays of B_c → c̄c[2S]. In this approach we suggest that with a rather good accuracy the contribution to the correlator evaluated by the theoretical spectral density integrated out over the finite energy interval containing the resonance under consideration gives the approximation for the appropriate physical part excluding the contributions of other resonances. In contrast to the global integration in the standard QCD sum rules, where the result for the 1S channel reveals a weak dependence on the continuum threshold, the choice of duality interval for the 2S level involves a significant variation of the result on the level of 20%. In order to minimize the variation we explore the principle of stability, implying the presence of local minimum in the ratios of form factors for the decays into the 1S and 2S states of charmonium: F_{Bc→c̄c[1S]}/F_{Bc→c̄c[2S]}.

n[c̄c] n[b̄c]

R ·^{fψ Mψ} fψ′ Mψ′

FIG. 5: The ratio of form factors R for the transitions of Bc meson into the vector charmonium states versus the numbers of moments in the channels of b̄c and c̄c.

In detail, we parameterize the energy E in the bound state channels by the relative momentum k, so that E = k^2 2m_{red} , where m_{red} is the reduced mass of quarks composing the meson. In the QCD sum rules yielding the form factors for the F_{Bc →c̄c[1S]} transition we put the initial and final values of momentum determining the resonance range by

k_i[1S] = 0, k_{th}[1S] = 1.2 GeV, while in the finite energy sum rules yielding the form factors for the F_{Bc →c̄c[2S]} transition we put

k_i[2S] = 1.09 GeV, k_{th}[2S] = 1.2 GeV,

which fits the region of 2S charmonium. At the above values of thresholds the ratio of form factors R = F^A_0 (B_c → c̄c[1S]) F^A_0 (B_c → c̄c[2S])

as well as both form factors themselves reveal the stability versus the variation of moment numbers as shown in Fig. 5. The ratios for the other form factors multiplied by the kinematic factors depending on the total spin j = 0, 1 of recoil meson

κ_j = f_{1S} M^{2−j}_{1S} f_{2S} M^{2−j}_{2S}

as evaluated in the framework of finite energy sum rules are presented in Table II.

TABLE II: The ratio of form factors R2S in the decays of Bc into the 1S and 2S charmonium states. Form factor f+ f− FV F^A_0 F^A_+ F^A_− R2S · κj 3.9 2.2 3.1 3.5 4.9 2.3

Thus, we have found that the amplitudes squared for the decays of B_c into the 2S charmonium are suppressed by an order of magnitude in comparison with the appropriate values for the decay into the ground pseudoscalar and vector states.

F. Numerical values

The characteristic dependence of sum rule results in the scheme of moments for the spectral density is shown in Fig. 6, wherein we see the region of stability versus the variation of moment numbers in both channels of initial and final hadron states. Similar results are obtained for the other form factors of decays under consideration.

Our estimates are summarized in Table III, where for the sake of comparison we expose the results obtained in the potential model [9], which parameters are listed in Appendix B of ref.[22]. In the potential model the most reliable results are expected at zero recoil of meson in the final state of transition, since the wave functions are rather accurately calculable at small virtualities of quarks composing the meson. We take the predictions of the potential model at zero recoil and evolve the values of form factors to zero transfer squared in the model with the pole dependence

F_i(q^2) =

F_i(0) 1 − q^2/M^2_{i, pole} ,

TABLE III: The form factors of various transitions calculated in the framework of QCD sum rules at q^2 = 0 in comparison with the estimates in the potential model (PM) of [9].

Transition f+, [PM] f−, [PM] FV , [PM] (GeV^{−1} ) F^A_0 , [PM] (GeV) F^A_+ , [PM] (GeV^{−1} ) F^A_− , [PM] (GeV^{−1}) Bc → B^{(∗)}s 1.3, [1.1] -5.8, [-5.9] 1.1, [1.1] 8.1, [8.2] 0.2, [0.3] 1.8, [1.4] Bc → B^{(∗)} 1.27, [1.38] -7.3, [-7.3] 1.35, [1.37] 9.8, [9.4] 0.35, [0.36] 2.5, [1.75] Bc → D^{(∗)} 0.32, [0.29] -0.34, [-0.37] 0.20, [0.21] 3.6, [3.6] -0.062, [-0.060] 0.10, [0.16] Bc → D^{(∗)}s 0.45, [0.43] -0.43, [-0.56] 0.24, [0.27] 4.7, [4.7] -0.077, [-0.071] 0.13, [0.20] Bc → c̄c[1S] 0.66, [0.7] -0.36, [-0.38] 0.11, [0.10] 5.9, [6.2] -0.074, [-0.070] 0.12, [0.14]

TABLE IV: The pole masses used in the model for the form factors in various transitions.

Transition Mpole[f+], GeV Mpole[f−], GeV Mpole [FV ], GeV Mpole [F^A_0 ], GeV Mpole [F^A_+ ], GeV Mpole[F^A_− ], GeV Bc → c̄c 4.5 4.5 4.5 4.5 4.5 4.5 Bc → B^{(∗)}s 1.8 1.8 1.8 1.8 1.8 1.8 Bc → B^{(∗)} 1.7 1.7 2.2 3.2 2.2 3.2 Bc → D^{(∗)} 5.0 5.0 6.2 ∞ 6.2 6.2 Bc → D^{(∗)}s 5.0 5.0 6.2 ∞ 6.2 6.2

making use of numerical values of M_{i, pole} shown in Table IV. We stress the fact that the potential model points to the approximately constant value of the form factor F^A_0 because of additional kinematical dependence in the transition of B_c → D^∗ and B_c → D^∗_s . n[b̄c]

n[b̄u]

F^A_0 (GeV)

FIG. 6: The form factor F^A_0 (GeV) at q^2 = 0 for the transition of Bc meson into the vector B^∗ state versus the numbers of moments in the channels of b̄c and b̄u.

The sum rule estimates of form factors are taken at zero transfer squared, while the dependence on q^2 is beyond the reliable accuracy of the method, particularly, because at positive transfer squared some non-Landau singularities could be important. So, the slopes of form factors are not under control in the sum rules. Nevertheless, due to a suggestion on the pole dependence we can restore the behaviour of form factors in the whole physical region with the parameters shown in Table IV. Of course, the numerical values of pole masses can vary in reasonable ranges, which involves the uncertainty in the estimates of width about 5–10%, depending on the energy release: at a small energy release the errors of modelling become less.

IV. RELATIONS BETWEEN THE FORM FACTORS

In the limit of infinitely heavy quark mass, the NRQCD and HQET lagrangians possess the spin symmetry, since the heavy quark spin is decoupled in the leading approximation. The most familiar implication of such the symmetry is the common Isgur-Wise function determining the form factors in the semileptonic decays of singly heavy hadrons.

In contrast to the weak decays with the light spectator quark, the B_c decays to both the charmonia ψ and η_c and B^{(∗)}_s involve the heavy spectator, so that the spin symmetry works only at the recoil momenta close to zero, where the spectator enters the heavy hadron in the final state with no hard gluon rescattering. Hence, in a strict consideration we expect the relations between the form factors in the vicinity of zero recoil. The normalization of common form factor is not fixed, as was in decays of hadrons with a single heavy quark, since the heavy quarkonia wave-functions are flavour-dependent. Nevertheless, in practice, the ratios of form factors as fixed at a given zero recoil point are broken only by the different dependence on the transfer squared, that is not significant in real numerical estimates in the restricted region of physical phase space.

As for the implications of spin symmetry for the form factors of decay, in the soft limit for the transitions B^+_c → ψ(η_c)e^+ν

v^μ_1 ≠ v^μ_2 , (17) w = v_1 · v_2 → 1,

where v^μ_{1,2} = p^μ_{1,2}/ √ p^2_{1,2} are the four-velocities of heavy quarkonia in the initial and final states, we derive the relations [21] f_+(c^P_1 · M_2 − c^P_2 M_1) − f_−(c^P_1 · M_2 + c^P_2 · M_1) = 0, F^A_0 · c_V − 2c_ϵ · F_V M_1M_2 = 0, (18)

F^A_0 (c_1 + c_2) − c_ϵM_1(F^A_+ (M_1 + M_2) + F^A_− (M_1 − M_2)) = 0, F^A_0 c^P_1 + c_ϵ · M_1(f_+ + f_−) = 0, (19)

where

c_ϵ = −2, c_1 = − m_3(3m_1 + m_3) 4m_1m_2

, c_2 = 1 4m_1m_2

(4m_1m_2 + m_1m_3 + 2m_2m_3 + m^2_3),

c^P_1 = 1 + m_3 2m_1 − m_3 2m_2

, c^P_2 = 1 − m_3 2m_1 + m_3 2m_2 , c_V = − 1 2m_1m_2

(2m_1m_2 + m_1m_3 + m_2m_3),

(20)

so that m_1 is the mass of decaying quark, m_2 is the quark mass of decay product, and m_3 is the mass of spectator quark, while M_1 = m_1 + m_2, M_2 = m_2 + m_3.

The SR estimates of form factors show a good agreement with the relations, whereas the deviations can be basically caused by the difference in the q^2-evolution of form factors from the zero recoil point, that can be neglected within the accuracy of SR method for the transitions of B_c → c̄c as shown in [21].

In the same limit for the semileptonic modes with a single heavy quark in the final state we find that the ambiguity in the ‘light quark propagator’ (strictly, we deal with the uncertainty in the spin structure of amplitude because of light degrees of freedom) restricts the number of relations, and we derive

f_+(c̄^P_1 ·M_2 −c̄^P_2 M_1)−f_−(c̄^P_1 ·M_2 +c̄^P_2 ·M_1) = 0, F^A_0 ·c̄_V −2c̄_ϵ ·F_V M_1M_2 = 0, F^A_0 c̄^P_1 +c̄_ϵ ·M_1(f_+ +f_−) = 0, (21)

where

c̄_ϵ = −2, c̄_V = −1 − B̃ − m_3 2m_1

, c̄^P_1 = 1 − B̃ + m_3 2m_1

, c̄^P_2 = 1 + B̃ − m_3 2m_1

, (22)

so that m_2 is the mass of the light quark. The parameter B̃ has the form

B̃ = − 2m^1 + m^3

2m_1 + 4m_3(m_1 + m_3)F_V F^A_0

. (23)

The 1/m_Q-deviations from the symmetry relations in the decays of B^+_c → B^{(∗)}_s e^+ν are about 10-15 %, as found in the QCD sum rules considered in [22].

Next, we investigate the validity of spin-symmetry relations in the B_c decays to B^{(∗)}, D^{(∗)} and D^{(∗)}_s . The results of estimates for the f_± evaluated by the symmetry relations with the inputs given by the form factors F_V and F^A_0 extracted from the sum rules are presented in Table V in comparison with the values calculated in the framework of sum rules.

We have found that the uncertainty in the estimates is basically determined by the variation of pole masses in the q^2-dependencies of form factors, which govern the evolution from the zero recoil point to the zero transfer squared. So, the variation of M_{pole}[f_±] in the range of 4.8 − 5 GeV for the transitions of B_c → D^{(∗)} and B_c → D^{(∗)}_s results in the 30%-uncertainty in the form factors presented in Table V. Analogously, the variation of M_{pole}[f_±] in the range of 1.5 − 1.9 GeV for the transition of B_c → B^{(∗)} results in the uncertainty about 35%.

Note, that the combinations of relations given above reproduce the only equality [34], which was found for each mode in the strict limit of v_1 = v_2.

V. SEMILEPTONIC AND LEPTONIC MODES

A. Semileptonic decays

The semileptonic decay rates are underestimated in the QCD SR approach of ref. [19], because large coulomblike corrections were not taken into account. The recent analysis of SR in [20, 21, 22] decreased the uncertainty, so that the estimates agree with the calculations in the potential models.

The absolute values of semileptonic widths are presented in Table VI in comparison with the estimates obtained in potential models.

In practice, the most constructive information is given by the ψ mode, since this charmonium is clearly detected in experiments due to the pure leptonic decays [6]. In

TABLE V: The comparison of sum rule results for the form factors f± with the values obtained by the spin symmetry with the inputs of F^A_0 and FV extracted from the QCD sum rules. The values of pole masses are also explicitly shown. Transition Form factor Sum Rules Spin symmetry Mpole[f±], GeV Mpole[FV ], GeV Bc → D^{(∗)} f+ 0.32 0.31 4.8 6.2 Bc → D^{(∗)} f− -0.34 -0.36 4.8 6.2 Bc → D^{(∗)}s f+ 0.45 0.45 4.8 6.2 Bc → D^{(∗)}_s f− -0.43 -0.51 4.8 6.2 Bc → B^{(∗)} f+ 1.27 1.53 1.5 2.6 Bc → B^{(∗)} f− -7.3 -7.1 1.5 2.6

addition to the investigation of various form factors and their dependence on the transfer squared, we would like to stress that the measurement of decay to the excited state of charmonium, i.e. ψ^′, could answer the question on the reliability of QCD predictions for the decays to the excited states. We see that to the moment the finite energy sum rules predict the width of B^+_c → ψ^′l^+ν decays in a reasonable agreement with the potential models if one takes into account an uncertainty about 50%.

TABLE VI: Exclusive widths of semileptonic B^+_c decays, Γ in 10^{−15} GeV, the symbol ⋆ marks the result of this work.

Mode Γ [⋆] Γ [12] Γ [13] Γ [14] Γ [15] Γ [16] B^+_c → ηce^+ ν 11 11.1 14.2 14 10.4 8.6 B^+_c → ηcτ^+ ν 3.3 3.8 2.9 B^+_c → η^′_ce^+ ν 0.28 0.73 0.74 B^+_c → η^′_cτ^+ ν 0.024 B^+_c → J/ψe^+ ν 28 30.2 34.4 33 16.5 18 B^+_c → J/ψτ^+ ν 7.0 8.4 5.0 B^+_c → ψ^′ e^+ν 1.36 1.45 3.1 B^+_c → ψ^′ τ^+ν 0.12 B^+_c → D^0e^+ ν 0.059 0.049 0.094 0.26 0.026 B^+_c → D^0τ^+ ν 0.032 0.14 B^+_c → D^{∗0}e^+ν 0.27 0.192 0.269 0.49 0.053 B^+_c → D^{∗0}τ^+ ν 0.12 0.27 B^+_c → B^0_s e^+ν 59 14.3 26.6 29 13.8 15 B^+_c → B^{∗0}_s e^+ ν 65 50.4 44.0 37 16.9 34 B^+_c → B^0 e^+ν 4.9 1.14 2.30 2.1 B^+_c → B^{∗0}e^+ ν 8.5 3.53 3.32 2.3

B. Leptonic decays

The dominant leptonic decay of B_c is given by the τ ν_τ mode (see Table I). However, it has a low experimental efficiency of detection because of hadronic background in the τ decays or a missing energy. Recently, in refs. [35] the enhancement of muon and electron channels in the radiative modes was studied. The additional photon allows one to remove the helicity suppression for the leptonic decay of pseudoscalar particle, which leads, say, to the double increase of muonic mode.

VI. NON-LEPTONIC MODES

In comparison with the inclusive non-leptonic widths, which can be estimated in the framework of quark-hadron duality (see Table I), the calculations of exclusive modes usually involves the approximation of factorization [36], which, as expected, can be quite accurate for the B_c, since the quark-gluon sea is suppressed in the heavy quarkonium. Thus, the important parameters are the factors a_1 and a_2 in the non-leptonic weak lagrangian, which depend on the normalization point suitable for the B_c decays.

TABLE VII: Exclusive non-leptonic decay widths of the Bc meson, Γ in 10^{−15} GeV, the symbol ⋆ marks the result of this work. The b̄-quark decays with c-quark spectator.

Class Mode Γ [⋆] Γ [12] Γ [13] Γ [16] B^+_c → ηcπ^+ 1.8 a^2_1 1.59 a^2_1 2.07 a^2_1 1.47 a^2_1 B^+_c → ηcρ^+ 4.5 a^2_1 3.74 a^2_1 5.48 a^2_1 3.35 a^2_1 B^+_c → J/ψπ^+ 1.43 a^2_1 1.22 a^2_1 1.97 a^2_1 0.82 a^2_1 B^+_c → J/ψρ^+ 4.37 a^2_1 3.48 a^2_1 5.95 a^2_1 2.32 a^2_1 I B^+_c → ηcK^+ 0.15 a^2_1 0.119 a^2_1 0.161 a^2_1 0.15 a^2_1 B^+_c → ηcK^{∗+} 0.22 a^2_1 0.200 a^2_1 0.286 a^2_1 0.24 a^2_1 B^+_c → J/ψK^+ 0.12 a^2_1 0.090 a^2_1 0.152 a^2_1 0.079 a^2_1 Bc → J/ψK^{∗+} 0.25 a^2_1 0.197 a^2_1 0.324 a^2_1 0.18 a^2_1 B^+_c → D^+D^0 1.9 a^2 0.633 a^2 0.664 a^2 2.72 a^2 B^+_c → D^+D^{∗0} 2.75 a^2 0.762 a^2 0.695 a^2 2.10 a^2 B^+_c → D^{∗+}D^0 1.8 a^2 0.289 a^2 0.653 a^2 0.86 a^2 B^+_c → D^{∗+}D^{∗0} 12.0 a^2 0.854 a^2 1.080 a^2 1.32 a^2 II B^+_c → D^+_s D^0 0.18 a^2 0.0415 a^2 0.0340 a^2 B^+_c → D^+_s D^{∗0} 0.25 a^2 0.0495 a^2 0.0354 a^2 B^+_c → D^{∗+}_s D^0 0.17 a^2 0.0201 a^2 0.0334 a^2 B^+_c → D^{∗+}_s D^{∗0} 0.93 a^2 0.0597 a^2 0.0564 a^2

The QCD SR estimates for the non-leptonic decays of charmed quark in B_c give the widths represented in Tables VII and VIII. The agreement of results with the

TABLE VIII: Exclusive non-leptonic decay widths of the Bc meson, Γ in 10^{−15} GeV, the symbol ⋆ marks the result of this work. The b̄-quark decays involving the Pauli interference with the c-quark spectator.

Class Mode Γ [⋆] Γ [12] Γ [13] Γ [16] B^+_c → ηc D^+_s (2.39 a1 + 3.50 a2 )^2 (2.16 a1 + 2.57 a2 )^2 (1.13 a1 + 1.98 a2 )^2 (2.58 a1 + 3.40 a2 )^2 B^+_c → ηc D^{∗+}_s (2.16 a1 + 2.51 a2 )^2 (2.03 a1 + 2.16 a2 )^2 (1.04 a1 + 1.90 a2 )^2 (2.36 a1 + 1.99 a2 )^2 B^+_c → J/ψD^+_s (1.92 a1 + 3.11 a2 )^2 (1.62 a1 + 1.72 a2 )^2 (1.02 a1 + 1.95 a2 )^2 (1.65 a1 + 2.92 a2 )^2 B^+_c → J/ψD^{∗+}_s 13.3 a^2_1 + 42.2 a1 a2 + 48.3 a^2 (3.13 a1 + 3.67 a2 )^2 (3.31 a1 + 3.89 a2 )^2 III B^+_c → ηc D^+ (0.50 a1 + 0.56 a2 )^2 (0.485 a1 + 0.528 a2 )^2 (0.193 a1 + 0.440 a2 )^2 (0.47 a1 + 0.73 a2 )^2 B^+_c → ηc D^{∗+} (0.44 a1 + 0.59 a2 )^2 (0.466 a1 + 0.452 a2 )^2 (0.181 a1 + 0.430 a2 )^2 (0.37 a1 + 0.66 a2 )^2 B^+_c → J/ψD^+ (0.41 a1 + 0.53 a2 )^2 (0.372 a1 + 0.338 a2 )^2 (0.177 a1 + 0.442 a2 )^2 (0.30 a1 + 0.44 a2 )^2 B^+_c → J/ψD^{∗+} 0.52 a^2_1 + 1.50 a1 a2 + 1.68 a^2 (0.686 a1 + 0.732 a2 )^2 (0.48 a1 + 0.80 a2 )^2

values predicted by the potential models is rather good for the direct transitions with no permutation of colour lines, i.e. the class I processes with the factor of a_1 in the non-leptonic amplitude determined by the effective lagrangian. In contrast, the sum rule predictions are significantly enhanced in comparison with the values calculated in the potential models for the transitions with the colour permutation, i.e. for the class II processes with the factor of a_2.

Further, for the transitions, wherein the interference is significantly involved, the class III processes, we find that the absolute values of different terms given by the squares of a_1 and a_2 calculated in the sum rules are in agreement with the estimates of potential models. We stress that under fixing the definitions of hadron state phases as described in section III.A, we have found that the Pauli interference has determined the negative sign of two amplitudes with a_1 and a_2, however, the relevant Fierz transformation has led to the complete cancellation of the Pauli interference effect, and the relative sign of two amplitude in the modes under consideration is positive in agreement with the results of potential models listed in Table VIII. Taking into account the negative value of a_2 with respect to a_1, we see that all of decays shown in Table VIII should be suppressed in comparison with the case of the interference switched off. The characteristic values of effects caused by the interference is presented in Table IX, where we put the widths in the form

Γ = Γ_0 + ΔΓ, Γ_0 = x_1 a^2_1 + x_2 a^2, ΔΓ = za_1 a_2.

Then, we conclude that the interference can be straightforwardly tested in the listed decays, wherein its significance reaches about 50%.

At large recoils as in B^+_c → ψπ^+(ρ^+), the spectator picture of transition can be broken by the hard gluon exchanges [37]. The spin effects in such decays were studied in [38]. However, we emphasize that the significant rates of B_c decays to the P- and D-wave charmonium states point out that the corrections in the second order of the heavy-quark velocity in the heavy quarkonia under study

TABLE IX: The effect of interference in the exclusive nonleptonic decay widths of the Bc meson with the c-quark as spectator at a^b_1 = 1.14 and a^b_2 = −0.20.

Mode ΔΓ/Γ0, % B^+_c → ηcD^+_s -48 B^+_c → ηcD^{∗+}_s -39 B^+_c → J/ψD^+_s -53 B^+_c → J/ψD^{∗+}_s -50 B^+_c → ηcD^+ -38 B^+_c → ηcD^{∗+} -45 B^+_c → J/ψD^+ -43 B^+_c → J/ψD^{∗+} -46

could be quite essential and they can suppress the corresponding decay rates, since the relative momentum of heavy quarks inside the quarkonium if different from zero should enhance the virtuality of gluon exchange, which suppresses the decay amplitudes.

The widths of non-leptonic c-quark decays are listed in Table X in comparison with the predictions of potential models. We see that the sum rule estimates are greater than those of potential models. In this respect we check that our calculations are consistent with the inclusive ones. So, we sum up the calculated exclusive widths and estimate the total width of B_c meson as shown in Fig. 1, which points to a good agreement of our calculations with those of OPE and semi-inclusive estimates.

Another interesting point is the possibility to extract the factorization parameters a_1 and a_2 in the c-quark decays by measuring the branching ratios

Γ[B^+_c → B^+K̄^0] Γ[B^+_c → B^0K^+] = Γ[B^+_c → B^+K̄^{∗0}] Γ[B^+_c → B^0K^{∗+}] = Γ[B^+_c → B^{∗+}K̄^0] Γ[B^+_c → B^{∗0}K^+] = Γ[B^+_c → B^{∗+}K̄^{∗0}] Γ[B^+_c → B^{∗0}K^{∗+}]

= (24)

TABLE X: Exclusive non-leptonic decay widths of the Bc meson, Γ in 10^{−15} GeV, the symbol ⋆ marks the result of this work. The c-quark decays with b̄-quark spectator.

Class Mode Γ [⋆] Γ [12] Γ [13] Γ [16] B^+_c → B^0_s π^+ 167 a^2_1 15.8 a^2_1 58.4 a^2_1 34.8 a^2_1 B^+_c → B^0_s ρ^+ 72.5 a^2_1 39.2 a^2_1 44.8 a^2_1 23.6 a^2_1 B^+_c → B^{∗0}_s π^+ 66.3 a^2_1 12.5 a^2_1 51.6 a^2_1 19.8 a^2_1 B^+_c → B^{∗0}_s ρ^+ 204 a^2_1 171. a^2_1 150. a^2_1 123 a^2_1 I B^+_c → B^0_s K^+ 10.7 a^2_1 1.70 a^2_1 4.20 a^2_1 B^+_c → B^{∗0}_s K^+ 3.8 a^2_1 1.34 a^2_1 2.96 a^2_1 B^+_c → B^0_s K^{∗+} 1.06 a^2_1 B^+_c → B^{∗0}_s K^{∗+} 11.6 a^2_1 B^+_c → B^0π^+ 10.6 a^2_1 1.03 a^2_1 3.30 a^2_1 1.50 a^2_1 B^+_c → B^0ρ^+ 9.7 a^2_1 2.81 a^2_1 5.97 a^2_1 1.93 a^2_1 B^+_c → B^{∗0}π^+ 9.5 a^2_1 0.77 a^2_1 2.90 a^2_1 0.78 a^2_1 B^+_c → B^{∗0}ρ^+ 26.1 a^2_1 9.01 a^2_1 11.9 a^2_1 6.78 a^2_1 B^+_c → B^0K^+ 0.70 a^2_1 0.105 a^2_1 0.255 a^2_1 B^+_c → B^0K^{∗+} 0.15 a^2_1 0.125 a^2_1 0.180 a^2_1 B^+_c → B^{∗0}K^+ 0.56 a^2_1 0.064 a^2_1 0.195 a^2_1 B^+_c → B^{∗0}K^{∗+} 0.59 a^2_1 0.665 a^2_1 0.374 a^2_1

B^+_c → B^+K^0 286 a^2 39.1 a^2 96.5 a^2 24.0 a^2 B^+_c → B^+K^{∗0} 64 a^2 46.8 a^2 68.2 a^2 13.8 a^2 B^+_c → B^{∗+}K^0 231 a^2 24.0 a^2 73.3 a^2 8.9 a^2 B^+_c → B^{∗+}K^{∗0} 242 a^2 247 a^2 141 a^2 82.3 a^2 II B^+_c → B^+π^0 5.3 a^2 0.51 a^2 1.65 a^2 1.03 a^2 B^+_c → B^+ρ^0 4.4 a^2 1.40 a^2 2.98 a^2 1.28 a^2 B^+_c → B^{∗+}π^0 4.8 a^2 0.38 a^2 1.45 a^2 0.53 a^2 B^+_c → B^{∗+}ρ^0 13.1 a^2 4.50 a^2 5.96 a^2 4.56 a^2

Γ_0 Γ_+ = | | | V^{cs} V^2_{cd} | | |^2 ( a_2 a_1

)_2 . This procedure can give the test for the factorization approach itself.

The suppressed decays caused by the flavor changing neutral currents were studied in [39].

The CP-violation in the B_c decays can be investigated in the same manner as made in the B decays. The expected CP-asymmetry of A(B^±_c → J/ψD^±) is about 4 · 10^{−3}, when the corresponding branching ratio is suppressed as 10^{−4} [40]. Thus, the direct study of CPviolation in the B_c decays is practically difficult because of low relative yield of B_c with respect to ordinary B mesons: σ(B_c)/σ(B) ∼ 10^{−3}. A model-independent way to extract the CKM angle γ based on the measurement of two reference triangles was independently offered by Masetti, Fleischer and Wyler in [40] by investigating the modes with the neutral charmed meson in the final state.

Another possibility is the lepton tagging of B_s in the B^±_c → B^{(∗)}_s l^±ν decays for the study of mixing and CPviolation in the B_s sector [41].

VII. DISCUSSION AND CONCLUSIONS

We have calculated the exclusive decay widths of the B_c meson in the framework of QCD sum rules and reviewed the current status of theoretical predictions for the decays of B_c meson. We have found that the various approaches: OPE, Potential models and QCD sum rules, result in the close estimates, while the SR as explored for the various heavy quark systems, lead to a smaller uncertainty due to quite an accurate knowledge of the heavy quark masses. So, summarizing we expect that the dominant contribution to the B_c lifetime is given by the charmed quark decays (∼ 70%), while the b-quark decays and the weak annihilation add about 20% and 10%, respectively. The coulomb-like α_s/v-corrections play an essential role in the determination of exclusive form factors in the QCD SR. The form factors obey the relations dictated by the spin symmetry of NRQCD and HQET with quite a good accuracy expected.

The predictions of QCD sum rules for the exclusive decays of B_c are summarized in Table XI at the fixed values of factors a_{1,2} and lifetime. In addition to the decay channels with the heavy charmonium J/ψ well detectable through its leptonic mode, one could expect a significant information on the dynamics of B_c decays from the channels with a single heavy mesons, if an experimental efficiency allows one to extract a signal from the cascade decays. An interesting opportunity is presented by the relations for the ratios in (24), which can shed light to characteristics of the non-leptonic decays in the explicit form.

We have found that the b̄ decay to the doubly charmed states gives

Br[B^+_c → c̄c cs̄] ≈ 1.39%,

so that in the absolute value of width it can be compared with the estimate of spectator decay [18], Γ[B^+_c → c̄c cs̄] | | sr ≈ 20 · 10^{−15} GeV, Γ[B^+_c → c̄c cs̄] | |_{spect.} ≈ 90 · 10^{−15} GeV,

and we find the suppression factor of about 1/4.5. This result is in agreement with the estimate in OPE [18], where a strong dependence of negative term caused by the Pauli interference on the normalization scale of nonleptonic weak lagrangian was emphasized, so that at moderate scales one gets approximately the same suppression factor, too.

To the moment we certainly state that the accurate direct measurement of B_c lifetime can provide us with the information on both the masses of charmed and beauty quarks and the normalization point of non-leptonic weak lagrangian in the B_c decays (the a_1 and a_2 factors). The experimental study of semileptonic decays and the extraction of ratios for the form factors can test the spin symmetry derived in the NRQCD and HQET approaches

TABLE XI: Branching ratios of exclusive B^+_c decays at the fixed choice of factors: a^c_1 = 1.20 and a^c_2 = −0.317 in the non-leptonic decays of c quark, and a^b_1 = 1.14 and a^b_2 = −0.20 in the non-leptonic decays of b̄ quark. The lifetime of Bc is appropriately normalized by τ[Bc] ≈ 0.45 ps.

Mode BR, % B^+_c → ηce^+ν 0.75 B^+_c → ηcτ^+ ν 0.23 B^+_c → η^′_ce^+ν 0.020 B^+_c → η^′_cτ^+ ν 0.0016 B^+_c → J/ψe^+ ν 1.9 B^+_c → J/ψτ^+ ν 0.48 B^+_c → ψ^′ e^+ν 0.094 B^+_c → ψ^′ τ^+ν 0.008 B^+_c → D^0e^+ν 0.004 B^+_c → D^0τ^+ ν 0.002 B^+_c → D^{∗0}e^+ν 0.018 B^+_c → D^{∗0}τ^+ν 0.008 B^+_c → B^0_s e^+ν 4.03 B^+_c → B^{∗0}_s e^+ν 5.06 B^+_c → B^0e^+ν 0.34 B^+_c → B^{∗0}e^+ν 0.58 B^+_c → ηcπ^+ 0.20 B^+_c → ηcρ^+ 0.42 B^+_c → J/ψπ^+ 0.13 B^+_c → J/ψρ^+ 0.40 B^+_c → ηcK^+ 0.013 B^+_c → ηcK^{∗+} 0.020

Mode BR, % B^+_c → J/ψK^+ 0.011 Bc → J/ψK^{∗+} 0.022 B^+_c → D^+D^0 0.0053 B^+_c → D^+D^{∗0} 0.0075 B^+_c → D^{∗+}D^0 0.0049 B^+_c → D^{∗+}D^{∗0} 0.033 B^+_c → D^+_s D^0 0.00048 B^+_c → D^+_s D^{∗0} 0.00071 B^+_c → D^{∗+}_s D^0 0.00045 B^+_c → D^{∗+}_s D^{∗0} 0.0026 B^+_c → ηcD^+_s 0.28 B^+_c → ηcD^{∗+}_s 0.27 B^+_c → J/ψD^+_s 0.17 B^+_c → J/ψD^{∗+}_s 0.67 B^+_c → ηcD^+ 0.015 B^+_c → ηcD^{∗+} 0.010 B^+_c → J/ψD^+ 0.009 B^+_c → J/ψD^{∗+} 0.028 B^+_c → B^0_s π^+ 16.4 B^+_c → B^0_s ρ^+ 7.2 B^+_c → B^{∗0}_s π^+ 6.5 B^+_c → B^{∗0}_s ρ^+ 20.2

Mode BR, % B^+_c → B^0_s K^+ 1.06 B^+_c → B^{∗0}_s K^+ 0.37 B^+_c → B^0_s K^{∗+} – B^+_c → B^{∗0}_s K^{∗+} – B^+_c → B^0π^+ 1.06 B^+_c → B^0ρ^+ 0.96 B^+_c → B^{∗0}π^+ 0.95 B^+_c → B^{∗0}ρ^+ 2.57 B^+_c → B^0K^+ 0.07 B^+_c → B^0K^{∗+} 0.015 B^+_c → B^{∗0}K^+ 0.055 B^+_c → B^{∗0}K^{∗+} 0.058 B^+_c → B^+K^0 1.98 B^+_c → B^+K^{∗0} 0.43 B^+_c → B^{∗+}K^0 1.60 B^+_c → B^{∗+}K^{∗0} 1.67 B^+_c → B^+π^0 0.037 B^+_c → B^+ρ^0 0.034 B^+_c → B^{∗+}π^0 0.033 B^+_c → B^{∗+}ρ^0 0.09 B^+_c → τ^+ ντ 1.6 B^+_c → cs̄ 4.9

and decrease the theoretical uncertainties in the corresponding theoretical evaluation of quark parameters as well as the hadronic matrix elements, determined by the nonperturbative effects caused by the quark confinement. The measurement of branching fractions for the semileptonic and non-leptonic modes and their ratios can inform on the values of factorization parameters, which depend again on the normalization of non-leptonic weak lagrangian. The charmed quark counting in the B_c decays is related to the overall contribution of b quark decays as well as with the suppression of b̄ → cc̄s̄ transition because of the destructive interference, which value depends on the nonperturbative parameters (roughly estimated, the leptonic constant) and non-leptonic weak lagrangian.

Thus, the progress in measuring the B_c lifetime and decays could enforce the theoretical understanding of what really happens in the heavy quark decays at all.

We point also to the papers, wherein some aspects of B_c decays and spectroscopy were studied: non-leptonic decays in [42], polarization effects in the radiative leptonic decays [43], relativistic effects [44], spectroscopy in the systematic approach of potential nonrelativistic QCD in [45], nonperturbative effects in the semileptonic decays [46], exclusive and inclusive decays of B_c states into the lepton pair and hadrons [47], rare decays in [48], the spectroscopy and radiative decays in [49].

This work is supported in part by the Russian Foundation for Basic Research, grants 01-02-99315, 01-02-16585, and 00-15-96645.

[1] J.D.Bjorken, draft report 07/22/86 (1986) [unpublished]. [2] K. Anikeev et al., arXiv:hep-ph/0201071. [3] S. S. Gershtein, V. V. Kiselev, A. K. Likhoded and

A. V. Tkabladze, Phys. Usp. 38, 1 (1995) [Usp. Fiz. Nauk 165, 3 (1995)] [arXiv:hep-ph/9504319]; E.Eichten, C.Quigg, Phys. Rev. D49, 5845 (1994); S.S.Gershtein et al., Phys. Rev. D51, 3613 (1995).

[4] V. V. Kiselev and A. K. Likhoded, Usp. Fiz. Nauk 172, 497 (2002) [arXiv:hep-ph/0103169];

V. V. Kiselev, A. K. Likhoded, O. N. Pakhomova and V. A. Saleev, Phys. Rev. D 66, 034030 (2002) [arXiv:hep-ph/0206140].

[5] G.T.Bodwin, E.Braaten, G.P.Lepage, Phys. Rev. D51, 1125 (1995) [Erratum-ibid. D55, 5853 (1995)];

T.Mannel, G.A.Schuler, Z. Phys. C67, 159 (1995). [6] F. Abe et al., CDF Collaboration, Phys. Rev. Lett. 81, 2432 (1998), Phys. Rev. D58, 112004 (1998).

[7] M. Neubert, Phys. Rept. 245, 259 (1994). [8] M.Lusignoli, M.Masetti, Z. Phys. C51, 549 (1991). [9] V.V.Kiselev, Mod. Phys. Lett. A10, 1049 (1995);

V.V.Kiselev, Int. J. Mod. Phys. A9, 4987 (1994). [10] V.V.Kiselev, A.K.Likhoded, A.V.Tkabladze, Phys.

Atom. Nucl. 56, 643 (1993), Yad. Fiz. 56, 128 (1993). [11] V.V.Kiselev, A.V.Tkabladze, Yad. Fiz. 48, 536 (1988);

S.S.Gershtein et al., Sov. J. Nucl. Phys. bf 48, 327 (1988), Yad. Fiz. 48, 515 (1988);

G.R.Jibuti, Sh.M.Esakia, Yad. Fiz. 50, 1065 (1989), Yad. Fiz. 51, 1681 (1990).

[12] A. Abd El-Hady, J. H. Munoz and J. P. Vary, Phys. Rev.

D 62, 014019 (2000) [arXiv:hep-ph/9909406].

[13] C. H. Chang and Y. Q. Chen, Phys. Rev. D 49, 3399 (1994).

[14] M.A.Ivanov, J.G.Korner, P.Santorelli, Phys. Rev. D63, 074010 (2001).

[15] D.Scora, N.Isgur, Phys. Rev. D52, 2783 (1995). [16] A.Yu.Anisimov, I.M.Narodetskii, C.Semay, B.Silvestre– Brac, Phys. Lett. B452, 129 (1999);

A.Yu.Anisimov, P.Yu.Kulikov, I.M.Narodetsky, K.A.Ter- Martirosian, Phys. Atom. Nucl. 62, 1739 (1999), Yad. Fiz. 62, 1868 (1999).

[17] P.Colangelo, F.De Fazio, Phys. Rev. D61, 034012 (2000). [18] I.Bigi, Phys. Lett. B371, 105 (1996);

M.Beneke, G.Buchalla, Phys. Rev. D53, 4991 (1996); A.I.Onishchenko, [hep-ph/9912424];

Ch.-H.Chang, Sh.-L.Chen, T.-F.Feng, X.-Q.Li, Commun. Theor. Phys. 35, 51 (2001), Phys. Rev. D64, 014003 (2001).

[19] P.Colangelo, G.Nardulli, N.Paver, Z.Phys. C57, 43 (1993);

E.Bagan et al., Z. Phys. C64, 57 (1994).

[20] V.V.Kiselev, A.V.Tkabladze, Phys. Rev. D48, 5208 (1993).

[21] V.V.Kiselev, A.K.Likhoded, A.I.Onishchenko, Nucl.

Phys. B569, 473 (2000).

[22] V.V.Kiselev, A.K.Likhoded, A.E.Kovalsky, Nucl.

Phys. B585, 353 (2000), hep-ph/0006104 (2000); arXiv:hep-ph/0006104.

[23] P. Ball, M. Beneke and V. M. Braun, Nucl. Phys. B 452, 563 (1995) [arXiv:hep-ph/9502300], Phys. Rev. D 52, 3929 (1995) [arXiv:hep-ph/9503492];

P. Ball, V. M. Braun and H. G. Dosch, Phys. Rev. D 48, 2110 (1993) [arXiv:hep-ph/9211244];

A. A. Ovchinnikov and V. A. Slobodenyuk, Sov. J. Nucl. Phys. 50, 891 (1989) [Yad. Fiz. 50, 1433 (1989)], Z. Phys. C 44, 433 (1989).

[24] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl.

Phys. B 147, 448 (1979), Nucl. Phys. B 147, 385 (1979), Nucl. Phys. B 147, 519 (1979);

V. A. Novikov, L. B. Okun, M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, Phys. Rept. 41, 1 (1978);

L. J. Reinders, H. Rubinstein and S. Yazaki, Phys. Rept. 127, 1 (1985).

[25] A. H. Hoang, arXiv:hep-ph/0204299. [26] D.E.Groom et al., Eur. Phys. J. C15, 1 (2000). [27] V.V.Kiselev, Phys. Part. Nucl. 31, 538 (2000) [Fiz. Elem.

Chast. Atom. Yadra 31, 1080 (2000)];

V.V.Kiselev, Int. J. Mod. Phys. A11, 3689 (1996);

V.V.Kiselev, Nucl. Phys. B406, 340 (1993).

[28] V. V. Kiselev, A. E. Kovalsky and A. I. Onishchenko, Phys. Rev. D 64, 054009 (2001) [arXiv:hep-ph/0005020]; V. V. Kiselev, A. K. Likhoded, O. N. Pakhomova and V. A. Saleev, Phys. Rev. D 65, 034013 (2002) [arXiv:hep-ph/0105190].

[29] M. Beneke, Phys. Lett. B 434, 115 (1998) [arXiv:hep-ph/9804241], arXiv:hep-ph/9911490; K. Melnikov and A. Yelkhovsky, Phys. Rev. D 59, 114009 (1999) [arXiv:hep-ph/9805270]; M. Beneke et al., arXiv:hep-ph/0003033.

[30] M. Beneke, Phys. Rept. 317, 1 (1999) [arXiv:hep-ph/9807443].

[31] K. G. Chetyrkin and M. Steinhauser, Eur. Phys. J. C 21, 319 (2001) [arXiv:hep-ph/0108017], Phys. Lett. B 502, 104 (2001) [arXiv:hep-ph/0012002];

M. Jamin and B. O. Lange, Phys. Rev. D 65, 056005 (2002) [arXiv:hep-ph/0108135];

A. A. Penin and M. Steinhauser, approximation,” Phys. Rev. D 65, 054006 (2002) [arXiv:hep-ph/0108110]; S. Narison, rules in full QCD to order alpha(s)**2,” Phys. Lett. B 520, 115 (2001) [arXiv:hep-ph/0108242]. M. Neubert, Phys. Rev. D 45, 2451 (1992);

D. J. Broadhurst and A. G. Grozin, Phys. Lett. B 267, 105 (1991) [arXiv:hep-ph/9908362].

[32] C. Bernard et al. [MILC Collaboration], dynamical quarks,” arXiv:hep-lat/0206016.

[33] R. Shankar, Phys. Rev. D 15 (1977) 755;

R. G. Moorhouse, M. R. Pennington and G. G. Ross, Nucl. Phys. B 124, 285 (1977);

K. G. Chetyrkin and N. V. Krasnikov, Nucl. Phys. B 119, 174 (1977); K. G. Chetyrkin, N. V. Krasnikov and A. N. Tavkhelidze, Phys. Lett. B 76, 83 (1978); N. V. Krasnikov, A. A. Pivovarov and A. N. Tavkhelidze, Z. Phys. C 19, 301 (1983);

N. V. Krasnikov and A. A. Pivovarov, Phys. Lett. B 112, 397 (1982);

A. L. Kataev, N. V. Krasnikov and A. A. Pivovarov, Phys. Lett. B 123, 93 (1983);

S. G. Gorishnii, A. L. Kataev and S. A. Larin, Phys. Lett. B 135, 457 (1984);

E. G. Floratos, S. Narison and E. de Rafael, Nucl. Phys. B 155, 115 (1979);

R. A. Bertlmann, G. Launer and E. de Rafael, Nucl. Phys. B 250, 61 (1985).

[34] E. Jenkins, M. E. Luke, A. V. Manohar and M. J. Savage, Nucl. Phys. B 390, 463 (1993) [arXiv:hep-ph/9204238].

[35] G. Chiladze, A. F. Falk and A. A. Petrov, Phys. Rev. D 60, 034011 (1999) [arXiv:hep-ph/9811405]; C. H. Chang, J. P. Cheng and C. D. Lu, Phys. Lett. B 425, 166 (1998) [arXiv:hep-ph/9712325];

T. M. Aliev and M. Savci, Phys. Lett. B 434, 358 (1998) [arXiv:hep-ph/9804407], J. Phys. G 24, 2223 (1998) [arXiv:hep-ph/9805239]. P. Colangelo and F. De Fazio, Mod. Phys. Lett. A 14, 2303 (1999) [arXiv:hep-ph/9904363].

[36] M.Dugan and B.Grinstein, Phys. Lett. B255, 583 (1991);

M.A.Shifman, Nucl. Phys. B388, 346 (1992); B.Blok, M.Shifman, Nucl. Phys. B389, 534 (1993).

[37] S.S.Gershtein et al., preprint IHEP 98-22 (1998) [hep-ph/9803433];

V.V.Kiselev, Phys.Lett. B372, 326 (1996), hep-ph/9605451.

[38] O.N.Pakhomova, V.A.Saleev, Phys. Atom. Nucl. 63,

1999 (2000); Yad.Fiz. 63, 2091 (2000) [hep-ph/9911313]; V.A.Saleev, Yad. Fiz. 64 (2001) (in press) [hep-ph/0007352];

V. V. Kiselev, O. N. Pakhomova and V. A. Saleev, J. Phys. G 28, 595 (2002) [arXiv:hep-ph/0110180]; G. Lopez Castro, H. B. Mayorga and J. H. Munoz, J. Phys. G 28, 2241 (2002) [arXiv:hep-ph/0205273].

[39] D. s. Du, X. l. Li and Y. d. Yang, Phys. Lett. B 380, 193 (1996) [arXiv:hep-ph/9603291];

S. Fajfer, S. Prelovsek and P. Singer, Phys. Rev. D 59, 114003 (1999) [Erratum-ibid. D 64, 099903 (2001)] [arXiv:hep-ph/9901252];

T. M. Aliev and M. Savci, Phys. Lett. B 480, 97 (2000) [arXiv:hep-ph/9908203].

[40] M. Masetti, Phys. Lett. B 286, 160 (1992);

Y. S. Dai and D. S. Du, Eur. Phys. J. C 9, 557 (1999) [arXiv:hep-ph/9809386];

J. F. Liu and K. T. Chao, Phys. Rev. D 56, 4133 (1997), R. Fleischer and D. Wyler, Phys. Rev. D 62, 057503 (2000) [arXiv:hep-ph/0004010].

[41] C. Quigg, FERMILAB-CONF-93-265-T, in Proc. of the Workshop on B Physics at Hadron Accelerators, Snowmass, Colorado, 1993, edts. P.McBride and C.S.Mishra

[Fermilab, Batavia (1994)].

[42] R. C. Verma and A. Sharma, Phys. Rev. D 65, 114007 (2002).

[43] C. H. Chang, A. K. Giri, R. Mohanta and G. L. Wang, J. Phys. G 28, 1403 (2002) [arXiv:hep-ph/0204279].

[44] M. A. Nobes and R. M. Woloshyn, J. Phys. G 26, 1079 (2000) [arXiv:hep-ph/0005056].

[45] N. Brambilla and A. Vairo, Phys. Rev. D 62, 094019 (2000) [arXiv:hep-ph/0002075].

[46] T. Mannel and S. Wolf, Phys. Rev. D 65, 074012 (2002) [arXiv:hep-ph/0109250].

[47] J. P. Ma and J. S. Xu, Eur. Phys. J. C 24, 261 (2002);

X. G. Wu, C. H. Chang, Y. Q. Chen and Z. Y. Fang, arXiv:hep-ph/0209125;

C. H. Chang, arXiv:hep-ph/0205112.

[48] A. Faessler, T. Gutsche, M. A. Ivanov, J. G. Korner and V. E. Lyubovitskij, arXiv:hep-ph/0205287; C. Q. Geng, C. W. Hwang and C. C. Liu, Phys. Rev. D 65, 094037 (2002) [arXiv:hep-ph/0110376].

[49] D. Ebert, R. N. Faustov and V. O. Galkin, arXiv:hep-ph/0210381.