arXiv:hep-ph/0308214 v1 21 Aug 2003

Decays of the B_c meson

V.V.Kiselev^∗ Russian State Research Center ”Institute for High Energy Physics”, Protvino, Moscow Region, 142281, Russia Fax: +7-0967-744937

We summarize theoretical predictions on the decays of Bc meson.

PACS numbers: 12.39.Pn, 12.39.Jh, 12.39.Hg

I. INTRODUCTION

The investigation of long-lived heavy quarkonium B_c composed of quarks with different flavors can produce a significant progress in the study of heavy quark dynamics, since the variation of bound state conditions for the heavy quarks in various systems such as the heavy-light hadrons or doubly heavy mesons and baryons^1 provides us with the different conditions in both the binding of quarks by the strong interactions and the electroweak decays. In addition to the rich fields of study such as the spectroscopy, production mechanism and lifetime there is a possibility to get the model-independent information on the CP-violating parameters in the heavy quark sector^2 [2, 3].

The first experimental observation of the B_c meson by the CDF collaboration [5] confirmed the theoretical predictions on its mass, production rate and lifetime [6, 7, 8, 9, 10, 11]. So, we could expect, that an essential increase of statistics in the nearest future will provide us with a new battle field in the study of long-lived doubly heavy hadrons at Tevatron [12] and LHC [13].

Indeed, 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.

Decays of the B_c meson, containing two heavy quarks of different flavors, were considered in the pioneering paper written by Bjorken in 1986 [14]. 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^3 on the basis of modern understanding of QCD dynamics in the weak decays of heavy flavors in the framework of today approaches^4: the Operator Product Expansion, sum rules of QCD [15] and NRQCD [16], 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.

The special role of heavy quarks in QCD is caused by the small ratio of two physical scales: the heavy quark mass m_Q is much greater than the energetic scale of the quark confinement Λqcd. This fact opens a way to develop two powerful tools in the description of strong interactions with the heavy quarks. The first tool is the perturbative calculations of Wilson coefficients determined by the hard corrections with the use of renormalization group improvements. The second instrument is the Operator Product Expansion (OPE) related with the small virtuality of heavy quark in the bound state, which reveals itself in many faces such as the general expansion of operators in inverse powers of heavy quark mass and the QCD sum rules. A specific form of OPE is the application for the heavy quark lagrangian itself, which results in the effective theories of heavy quarks. The effective theory is constructed under the choice of its leading term appropriate for the system under study. So, the kinetic energy can be neglected in the heavy-light

∗Electronic address: kiselev@th1.ihep.su 1 See the review on the physics of baryons containing two heavy quarks in [1].

2 The extraction of angle γ in the unitary triangle derived from the charged current mixing in the heavy quark sector can be obtained from the decays of doubly heavy baryons, too, in the same manner [4].

3 Reviews on the physics of B_c meson and doubly heavy baryons can be found in refs. [1, 6], respectively. 4 See the program on the heavy flavour physics at Tevatron in [12].

hadrons to the leading order. The corresponding effective theory is called HQET [17]. In the doubly heavy mesons the kinetic energy is of the same order as the potential one, while the velocity of the heavy quark motion is small, and we deal with the nonrelativistic QCD [16] and its developments by taking into account the static energy in the potential NRQCD in a general form (pNRQCD) [18] or under the correlation of quarkonium size and the time for the formation of bound system with the improved scheme of expansion in the heavy quark velocity (vNRQCD) [19].

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 perturbative QCD remains actual in the effective theories, since it is necessary for the calculation of Wilson coefficients determined by hard corrections. More definitely, the perturbative calculations determine both the matching of Wilson coefficients in the effective theory with the full QCD and the anomalous dimensions resulting in the evolution of the coefficients with the variation of normalization point. In this respect we have to mention that the pNRQCD results on the static potential and the mass-dependent terms in the heavy quark-antiquark energy were confirmed by vNRQCD after appropriate limits and some calculational corrections in vNRQCD. In addition, the pNRQCD is a powerful tool in the studies of both the spectroscopy and the heavy quarkonium decays [20].

In contrast to the Wilson coefficients, the hadronic matrix elements of operators composed by the effective fields of nonrelativistic heavy quarks cannot be evaluated in the perturbative manner. So, one should use the nonperturbative methods such as the QCD sum rules, OPE for inclusive estimates and potential models.

The measured B_c 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 decays were, at first, calculated in the PM [21, 22, 23, 24, 25, 26, 27, 28, 29, 30], 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 [7], 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 [31], 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 [8, 9, 10, 23]. 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 this paragraph we shortly review the B_c decays by summarizing the theoretical predictions in the different frameworks and discuss how direct experimental measurements can answer the questions above.

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 [7], one takes into account the α_s-corrections to the free quark decays and uses the quark-hadron 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 [22, 23] and according to the semi-inclusive estimates in the sum rules of QCD and NRQCD [9, 10].

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 [9, 10], 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 coulomblike 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 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. [7]. 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 [10].

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.

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 [10], 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 [11].

III. EXCLUSIVE DECAYS

Predictions for the exclusive decays of B_c are summarized in Table II at the fixed values of factors a_{1,2} (see below) and lifetime. We put the predicted values close to those of QCD sum rules, which have an uncertainty about 15% and basically agree with the most of potential models, while marginal deviations expected in some potential models are shown in square brackets.

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 (28), 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%,

TABLE II: 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. The numbers in square brackets present the marginal values obtained in some potential models in order to show possible range of variation.

Mode BR, % B^+_c → ηce^+ ν 0.75 [0.5] B^+_c → ηcτ^+ ν 0.23 [0.2] B^+_c → η^′_ce^+ ν 0.020 [0.05] B^+_c → η^′_cτ^+ ν 0.0016 [-] B^+_c → J/ψe^+ ν 1.9 [1] B^+_c → J/ψτ^+ ν 0.48 [0.35] B^+_c → ψ^′ e^+ν 0.094 [0.2] B^+_c → ψ^′ τ^+ν 0.008 [-] B^+_c → D^0e^+ν 0.004 [0.02] B^+_c → D^0τ^+ ν 0.002 [0.08] B^+_c → D^{∗0}e^+ν 0.018 [0.004] B^+_c → D^{∗0}τ^+ ν 0.008 [0.016] B^+_c → B^0_s e^+ ν 4.03 [1] B^+_c → B^{∗0}_s e^+ ν 5.06 [1.2] B^+_c → B^0e^+ ν 0.34 [0.08] B^+_c → B^{∗0}e^+ ν 0.58 [0.15] B^+_c → ηcπ^+ 0.20 [0.12] B^+_c → ηcρ^+ 0.42 [0.3] B^+_c → J/ψπ^+ 0.13 [0.08] B^+_c → J/ψρ^+ 0.40 [0.2] B^+_c → ηcK^+ 0.013 [0.008] B^+_c → ηcK^{∗+} 0.020 [0.018]

Mode BR, % B^+_c → J/ψK^+ 0.011 [0.007] Bc → J/ψK^{∗+} 0.022 [0.016] B^+_c → D^+D^0 0.0053 [0.0018] B^+_c → D^+D^{∗0} 0.0075 [0.002] B^+_c → D^{∗+} D^0 0.0049 [0.0009] B^+_c → D^{∗+} D^{∗0} 0.033 [0.003] B^+_c → D^+_s D^0 0.00048 [0.0001] B^+_c → D^+_s D^{∗0} 0.00071 [0.00012] B^+_c → D^{∗+}_s D^0 0.00045 [0.00005] B^+_c → D^{∗+}_s D^{∗0} 0.0026 [0.0002] B^+_c → ηc D^+_s 0.28 [0.07] B^+_c → ηc D^{∗+}_s 0.27 [0.07] B^+_c → J/ψD^+_s 0.17 [0.05] B^+_c → J/ψD^{∗+}_s 0.67 [0.5] B^+_c → ηc D^+ 0.015 [0.04] B^+_c → ηc D^{∗+} 0.010 [0.002] B^+_c → J/ψD^+ 0.009 [0.002] B^+_c → J/ψD^{∗+} 0.028 [0.014] B^+_c → B^0_s π^+ 16.4 [1.6] B^+_c → B^0_s ρ^+ 7.2 [2.4] B^+_c → B^{∗0}_s π^+ 6.5 [1.3] B^+_c → B^{∗0}_s ρ^+ 20.2 [11]

Mode BR, % B^+_c → B^0_s K^+ 1.06 [0.2] B^+_c → B^{∗0}_s K^+ 0.37 [0.13] B^+_c → B^0_s K^{∗+} – B^+_c → B^{∗0}_s K^{∗+} – B^+_c → B^0π^+ 1.06 [0.1] B^+_c → B^0ρ^+ 0.96 [0.2] B^+_c → B^{∗0}π^+ 0.95 [0.08] B^+_c → B^{∗0}ρ^+ 2.57 [0.6] B^+_c → B^0K^+ 0.07 [0.01] B^+_c → B^0K^{∗+} 0.015 [0.012]] B^+_c → B^{∗0}K^+ 0.055 [0.006] B^+_c → B^{∗0}K^{∗+} 0.058 [0.04] B^+_c → B^+K^0 1.98 [0.18] B^+_c → B^+K^{∗0} 0.43 [0.09] B^+_c → B^{∗+}K^0 1.60 [0.06] B^+_c → B^{∗+}K^{∗0} 1.67 [0.6] B^+_c → B^+π^0 0.037 [0.004] B^+_c → B^+ρ^0 0.034 [0.01] B^+_c → B^{∗+}π^0 0.033 [0.003] B^+_c → B^{∗+}ρ^0 0.09 [0.03] B^+_c → τ^+ ντ 1.6 B^+_c → cs̄ 4.9

so that in the absolute value of width it can be compared with the estimate of spectator decay [7], 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 [7], where a strong dependence of negative term caused by the Pauli interference on the normalization scale of non-leptonic 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 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.

A. Semileptonic decays

The semileptonic decay rates estimated in the QCD sum rules for 3-point correlators [32] are underestimated in [31], because large coulomb-like corrections were not taken into account. The recent analysis of SR in [8, 9, 10] decreased the uncertainty, so that the estimates agree with the calculations in the potential models.

1. 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. 2. 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 [15]. In our case it leads to the finite renormalization for ρ_i [9], so that

ρ^c_i = Cρ_i, (3)

with

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

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

, (5)

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. 2: 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. 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 (4). 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 [33] 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 two-loop 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. 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 physical meaning of such 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 [34]) in the context of renormalon in the perturbative pole mass [35]. We have found that the numerical values obtained coincide with the appropriate m^{PS} within the error bars.

2. Primary modes

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 [5]. In 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%.

3. 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 , (6) 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 [9]

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, (7)

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, (8)

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), (9)

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 [9].

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, (10)

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

, (11)

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

. (12)

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 [10].

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 have been compared 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. 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 [36], which was found for each mode in the strict limit of v_1 = v_2.

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. [37] 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.

1. Leptonic constant of Bc

In the NRQCD approximation for the heavy quarks, the calculation of leptonic constant for the heavy quarkonium with the two-loop accuracy requires the matching of NRQCD currents with the currents in full QCD,

J^{QCD}_ν = Q̄_1γ_5γ_ν Q_2, J^{NRQCD}_ν = −χ^†ϕ v_ν ,

where we have introduced the following notations: Q_{1,2} are the relativistic quark fields, χ and ϕ are the nonrelativistic spinors of anti-quark and quark, v is the four-velocity of heavy quarkonium, so that

J^{QCD}_ν = K(μ_{hard}; μ_{fact}) · J^{NRQCD}_ν (μ_{fact}), (13)

where the scale μ_{hard} gives the normalization point for the matching of NRQCD with full QCD, while μ_{fact} denotes the normalization point for the calculations in the perturbation theory of NRQCD.

For the pseudoscalar heavy quarkonium composed of heavy quarks with the different flavors, the Wilson coefficient K is calculated with the two-loop accuracy

K(μ_{hard}; μ_{fact}) = 1 + c_1 α^{MS}_s (μ_{hard}) π + c_2(μ_{hard}; μ_{fact}) ( α^{MS}_s (μ_{hard}) π )_2 , (14) and c_{1,2} are explicitly given in Refs. [38] and [39], respectively. The anomalous dimension of factor K(μ_{hard}; μ_{fact}) in NRQCD is defined by

d ln K(μ_{hard}; μ) d ln μ = ∞∑ k=1 γ_{[k]} ( α^{MS}_s (μ) 4π )k , (15)

whereas the two-loop calculations^5 give

γ_{[1]} = 0, (16)

γ_{[2]} = −8π^2C_F [( 2 − (1 − r)^2 (1 + r)^2 ) C_F + C_A ] , (17)

where r denotes the ratio of heavy quark masses. The initial condition for the evolution of factor K(μ_{hard}; μ_{fact}) is given by the matching of NRQCD current with full QCD at μ_{fact} = μ_{hard}.

The leptonic constant is defined in the following way:

⟨0|J^{QCD}_ν |Q̄Q⟩ = v_ν f¯_{QQ}M¯_{QQ}. (18)

In full QCD the axial vector current of quarks has zero anomalous dimension, while in NRQCD the current J^{NRQCD}_ν has the nonzero anomalous dimension, so that in accordance with (13)–(17), we find

⟨0|J^{NRQCD} ν (μ)|Q̄Q⟩ = A(μ) v_ν f^{NRQCD}_{Q̄Q} M¯_{QQ}, (19)

where, in terms of nonrelativistic quarks, the leptonic constant for the heavy quarkonium is given by the well-known relation with the wave function at the origin

f^{NRQCD} Q̄Q = √ 12 M¯_{QQ} |Ψ¯_{QQ}(0)|, (20)

and the value of wave function in the leading order is determined by the solution of Schrödinger equation with the static potential, so that we isolate the scale dependence of NRQCD current in the factor A(μ), while the leptonic constant f^{NRQCD}_{Q̄Q} is evaluated at a fixed normalization point μ = μ_0, which will be attributed below. It is evident that

f¯_{QQ} = f^{NRQCD}_{Q̄Q} A(μ_{fact}) · K(μ_{hard}; μ_{fact}), (21)

and the anomalous dimension of A(μ_{fact}) should compensate the anomalous dimension of factor K(μ_{hard}; μ_{fact}), so that in two loops we have got d ln A(μ) d ln μ = −γ_{[2]} ( α^{MS}_s (μ) 4π )2 . (22)

The physical meaning of A(μ) is clearly determined by the relations of (19) and (21): this factor gives the normalization of matrix element for the current of nonrelativistic quarks expressed in terms of wave function for the two-particle quark state (in the leading order of inverse heavy quark mass in NRQCD). Certainly, in this approach the current of nonrelativistic quarks is factorized from the quark-gluon sea, which is a necessary attribute of hadronic state, so that, in general, this physical state can be only approximately represented as the two-quark bound state. In the consideration of leptonic constants in the framework of NRQCD, this approximation requires to introduce the normalization factor A(μ) depending on the scale.

The renormalization group equation of (22) is simply integrated out, so that

A(μ) = A(μ_0) β_0 + β_1 α^{MS}_s (μ) 4π β_0 + β_1 α^{MS}_s (μ_0) 4π γ_{[2]} 2β_1

, (23)

5 We use ordinary notations for the invariants of SU (N_c) representations: C_F =^{N 2c −1}_{2Nc} , C_A = N_c, T_F =^1_2 , n_f is a number of “active” light quark flavors.

where β_0 =^{11}_3 C_A −^4_3 T_F n_f , and β_1 =^{34}_3 C^2_A − 4C_F T_F n_f −^{20}_3 C_AT_F n_f . A constant of integration could be defined so that at a scale μ_0 we would get A(μ_0) = 1. Thus, in the framework of NRQCD we have got the parametric dependence of leptonic constant estimates on the scale μ_0, which has the following simple interpretation: the normalization of matrix element for the current of nonrelativistic quarks at μ_0 is completely given by the wave function of two-quark bound state. At other μ ≠ μ_0 we have to introduce the factor A(μ) ≠ 1, so that the approximation of hadronic state by the two-quark wavefunction becomes inexact.

Following the method described in [40, 41], we estimate the wave function of b̄c quarkonium in the nonrelativistic model with the static potential given by [40]. Details of calculations are presented in [42].

μfact, GeV fB_c , GeV

FIG. 3: The leptonic constant of ground pseudoscalar state in the system of heavy quarkonium b̄c is presented versus the soft scale of normalization. The shaded region restricted by curves corresponds to the change of hard scale from μhard = 3 GeV (the dashed curve) to μhard = 2 GeV (the solid curve) with the initial condition for the evolution of normalization factor A(μfact) posed in the form of A(1.2 GeV) = 1 and A(1. GeV) = 1, respectively, in the matrix element of current given in the nonrelativistic representation. The horizontal band is the limits expected from the QCD sum rules [43] and scaling relations for the leptonic constants of heavy quarkonia [44]. In the cross-point, the leptonic constant of Bc weakly depends on the parameters given by the hard scale of matching as well as the scale of the initial normalization.

The result of calculation for the leptonic constant of B_c in the potential approach is shown in Fig. 3. We chose the values of μ_{hard} in a range, so that the stable value of leptonic constant would be posed at the scale μ_{fact} < m^{pole}_c , which is the condition of consistency for the NRQCD approach. Then one can observe the position of μ_{fact} ≈ 1.5 − 1.6 GeV, where the estimate of f_{Bc} is independent of the choice of μ_{hard} and μ_0, and the maximal values at the different choices of μ_{hard} are also close to each other.

The final result of two-loop calculations is

f_{Bc} = 395 ± 15 MeV. (24)

It should be compared with the estimate of potential model itself without the matching

f^{NRQCD}

B_c = 493 MeV, (25)

which indicates the magnitude of the correction about 20%. Furthermore, the calculations in the same potential model with the one-loop matching [40] gave f^{1−loop} B_c = 400 ± 45 MeV, (26)

where the uncertainty is significantly greater than in the two-loop procedure, since at the one-loop level we have no stable point in the scale dependence of the result. Therefore, in contrast to the discussion given in [39] we see that the correction is not crucially large, but it is under control in the system of B_c. The reason for such the claim on the reliability of result is caused by two circumstances. First, the one-loop anomalous dimension of NRQCD current is equal to zero. Therefore, we start the summation of large logs in the framework of renormalization group (RG) with the expressions in (22) and (23). Second, after such the summation of large logs the three-loop corrections could be considered as small beyond the leading RG logs.

The result on f_{Bc} is in agreement with the scaling relation derived from the quasi-local QCD sum rules [44], which use the regularity in the heavy quarkonium mass spectra, i.e. the fact that the splitting between the quarkonium levels after the averaging over the spins of heavy quarks weakly depends on the quark flavors. So, the scaling law for the S-wave quarkonia has the form

f^2_n M_n ( M_n M_1

)_2 ( m_1 + m_2 4μ_{12}

)_2 = c n , (27)

where n is the radial quantum number, m_{1,2} are the masses of heavy quarks composing the quarkonium, μ_{12} is the reduced mass of quarks, and c is a dimensional constant independent of both the quark flavors and the level number n. The value of c is determined by the splitting between the 2S and 1S levels, or the average kinetic energy of heavy quarks, which is independent of the quark flavors and n with the accuracy accepted. The accuracy depends on the heavy quark masses, and it is discussed in [44] in detail. The parameter c can be extracted from the known leptonic constants of ψ and Υ, so that the scaling relation gives

f_B∗_c ≈ 400 MeV

for the vector state. The difference between the leptonic constants for the pseudoscalar and vector 1S-states is caused by the spin-dependent corrections, which are small. Numerically, we get |f_B∗_c − f_{Bc} |/f_B∗_c < 3%, hence, the estimates obtained from the potential model and the scaling relation is in a good agreement with each other.

C. 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 [45], 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.

The agreement of QCD SR estimates for the non-leptonic decays of charmed quark in B_c with the values predicted by the potential models is rather good for the direct transitions with no permutation of color 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 color permutation, i.e. for the class II processes with the factor of a_2 (see Table II).

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. Taking into account the negative value of a_2 with respect to a_1, we see the characteristic values of effects caused by the interference is about 35-50%.

At large recoils as in B^+_c → ψπ^+(ρ^+), the spectator picture of transition can be broken by the hard gluon exchanges [46]. The spin effects in such decays were studied in [47]. 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 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.

For the widths of non-leptonic c-quark decays we have found that the sum rule estimates are greater than those of potential models^6. In this respect we check that the QCD SR 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.

6 See also recent discussions of the B_c decays in [48, 49, 50, 51, 52, 53, 54].

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

)_2 . (28)

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

The suppressed decays caused by the flavor changing neutral currents were studied in [55]. 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} [2]. Thus, the direct study of CP-violation 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 [2] by investigating the modes with the neutral charmed meson in the final state (see the corresponding subsection below).

Another possibility is the lepton tagging of B_s in the B^±_c → B^{(∗)}_s l^±ν decays for the study of mixing and CP-violation in the B_s sector [56].

1. CP-Violation in Decays of Bc Meson

The B_c meson first observed by the CDF collaboration at FNAL [5] is expected to be copiously produced in the future experiments at hadron colliders [6] with facilities oriented to the study of fine effects in the heavy quark interactions such as the parameters of CP-violation and charged weak current mixing^7. So, one could investigate the spectroscopy, production mechanism and decay features of B_c [6, 7, 8, 9, 10, 11, 14] with the incoming sample of several billion events. In such circumstances, in addition to the current success in the experimental study of decays with the CP-violation in the gold-plated mode of neutral B-meson by the BaBar and Belle collaborations [57] allowing one to extract the CKM-matrix angle β in the unitarity triangle, a possible challenge is whether one could get an opportunity to extract some information about the CKM unitarity triangle from the B_c physics in a model independent way or not. The theoretical principal answer is one can do it. Indeed, there is an intriguing opportunity to extract the angle γ in the model-independent way using the strategy of reference triangles [58] in the decays of doubly heavy hadrons. This ideology for the study of CP-violation in B_c decays was originally offered by M.Masetti [2], independently investigated by R.Fleischer and D.Wyler [2] and extended to the case of doubly heavy baryons^8 in [4].

Let us point out necessary conditions to extract the CP-violation effects in the model-independent way.

1. Interference. The measured quantities have to involve the amplitudes including both the CP-odd and CP-even phases.

2. Exclusive channels. The hadronic final state has to be fixed in order to isolate a definite flavor contents and, hence, the definite matrix elements of CKM matrix, which can exclude the interference of two CP-odd phases with indefinite CP-even phases due to strong interactions at both levels of the quark structure and the interactions in the final state.

3. Oscillations. The definite involvement of the CP-even phase is ensured by the oscillations taking place in the systems of neutral B or D mesons, wherein the CP-breaking effects can be systematically implemented.

4. Tagging. Once the oscillations are involved, the tagging of both the flavor and CP eigenstates is necessary for the complete procedure.

The gold-plated modes in the decays of neutral B mesons involve the oscillations of mesons themselves and, hence, they require the time-dependent measurements. In contrast, the decays of doubly heavy hadrons such as the B_c meson and Ξ_{bc} baryons with the neutral D^0 or D̄^0 meson in the final state do not require the time-dependent measurements. The triangle ideology is based on the direct determination of absolute values for the set of four decays, at least: the

7 See, for instance, the program on the B physics at Tevatron [12]. 8 A review on the physics of doubly heavy baryons is given in [1].

decays of hadron in the tagged D^0 meson, the tagged D̄^0 meson, the tagged CP-even state^9 of D^0, and the decay of the anti-hadron into the tagged CP-even state of D^0. To illustrate, let us consider the decays of

B^+_c → D^0D^+_s , and B^+_c → D̄^0D^+_s .

The corresponding diagrams with the decay of b̄-quark are shown in Figs. 4 and 5. We stress that two diagrams of the decay to D^0 have the additional negative sign caused by the Pauli interference of two charmed quarks, which, however, completely compensated after the Fierz transformation for the corresponding Dirac matrices.

B^+_c D^+_s

D^0

B^+_c D^0

D^+_s b

c u

c s b u

c s

c

FIG. 4: The diagrams of b̄-quark decay contributing to the weak transition B^+_c → D^0D^+_s .

B^+_c D^+_s

D̄^0

B^+_c

D^+_s

D̄^0

b

c c

u s b

s c u c c

FIG. 5: The diagrams of b̄-quark decay contributing to the weak transition B^+_c → D̄^0D^+_s .

The exclusive modes make the penguin terms to be excluded, since the penguins add an even number of charmed quarks, i.e. two or zero, while the final state contains two charmed quarks including one from the b̄ decay and one from the initial state. However, the diagram with the weak annihilation of two constituents, i.e. the charmed quark and beauty anti-quark in the B^+_c meson, can contribute in the next order in α_s as shown in Fig. 5 for the given final state. Nevertheless, we see that such the diagrams have the same weak-interaction structure as at the tree level. Therefore, they do not break the consideration under interest. The magnitude of α_s-correction to the absolute values of corresponding decay widths is discussed in [3].

Thus, the CP-odd phases of decays under consideration are determined by the tree-level diagrams shown in Figs. 4 and 5. Therefore, we can write down the amplitudes in the following form:

A(B^+_c → D^0D^+_s )^{def}= A_D = V^∗_{ub}V_{cs} · M_D, A(B^+_c → D̄^0D^+_s )^{def}= A¯_D = V^∗_{cb}V_{us} · M¯_D, (29)

where M¯_{D, D} denote the CP-even factors depending on the dynamics of strong interactions. Using the definition of angle γ

γ^{def}= −arg [ V_{ub}V^∗_{cs} V_{cb}V^∗_{us} ] , for the CP-conjugated channels^{10} we find

A(B^−_c → D̄^0D^−_s ) = e^{−2iγ} A_D, A(B^−_c → D^0D^−_s ) = A¯_D . (30)

9 The CP-odd states of D^0 can be used, too. However, their registration requires the detection of CP-even state of K^0, which can be complicated because of a detector construction, say, by a long base of K^0 decay beyond a tracking system.

10 For the sake of simplicity we put the overall phase of arg V_{cb}V^∗_{us} = 0, which corresponds to fixing the representation of the CKM matrix, e.g. by the Wolfenstein form [59].

We see that the corresponding widths for the decays to the flavor tagged modes coincide with the CP-conjugated ones. However, the story can be continued by using the definition of CP-eigenstates for the oscillating D^0 ↔ D̄^0 system^{11},

D_{1, 2} = 1 √ 2 (D^0 ± D̄^0),

so that we straightforwardly get √ 2A(B^+_c → D^+_s D_1)^{def}= √ 2A_{D1} = A_D + A¯_D, (31) √ 2A(B^−_c → D^−_s D_1)^{def}= √ 2Acp_{D1} = e^{−2iγ} A_D + A¯_D. (32)

The complex numbers entering (31) and (32) establish two triangles with the definite angle 2γ between the vertex positions as shown in Fig. 6. Thus, due to the unitarity, the measurement of four absolute values

A¯_D

AD −2γ

√ 2AD_1 √ 2Acp_{D1}

FIG. 6: The reference-triangles.

|A_D| = |A(B^+_c → D^+_s D^0)|, |A¯_D| = |A(B^+_c → D^+_s D̄^0)|,

|A_{D1} | = |A(B^+_c → D^+_s D_1)|, |Acp_{D1} | = |A(B^−_c → D^−_s D_1)|, (33)

can constructively reproduce the angle γ in the model-independent way.

The above triangle-ideology can be implemented for the analogous decays to the excited states of charmed mesons in the final state.

The residual theoretical challenge is to evaluate the characteristic widths or branching fractions. We address this problem and analyze the color structure of amplitudes. So, we find that the matrix elements under interest have the different magnitudes of color suppression, so that at the tree level we get A_D ∼ O( √ N_c) and A¯_D ∼ O(1/ √ N_c), while the ratio of relevant CKM-matrix elements, | | | | V_{ub}V^∗_{cs} V_{cb}V^∗_{us} | | | | ∼ O(1) with respect to the small parameter of Cabibbo angle, λ = sin θ_C , which one can easily find in the Wolfenstein parametrization

Vckm = V_{ud} V_{us} V_{ub} V_{cd} V_{cs} V_{cb} V_{td} V_{ts} V_{tb} = 1 −^1_2 λ^2 λ Aλ^3(ρ − iη)

−λ 1 −^1_2 λ^2 Aλ^2

Aλ^3(1 − ρ − iη) −Aλ^2 1 .

11 The suppressed effects of CP-violation in the oscillations of neutral D mesons are irrelevant here, and we can neglect them in the sound way.

Nevertheless, the interference of two diagrams in the decays of B^+_c to the D^0 meson is destructive, and the absolute values of the amplitudes A_D and A¯_D become close to each other. Thus, we expect that the sides of the referencetriangles are of the same order of magnitude, which makes the method to be an attractive way to extract the angle γ.

The predictions of QCD sum rules for the exclusive decays of B_c are summarized in Table III at the fixed values of factors a_{1,2} and lifetime. For the sake of completeness and comparison we show the estimates for the channels with the neutral D meson and charged one D^+ as well as for the vector states in addition to the pseudoscalar ones.

First, we see that the similar decay modes without the strange quark in the final state can be, in principle, used for the same extraction of CKM angle γ, however, this channels are more problematic from the methodic point of view, since the sides of reference-triangles significantly differ from each other^{12}, so that the measurements have to be extremely accurate in order to get valuable information on the angle. Indeed, we should accumulate a huge statistics for the dominant mode in order to draw any conclusion on the consistency of triangle with a small side.

Second, the decay modes with the vector neutral D meson in the final state are useless for the purpose of the CKM measurement under the approach discussed. However, the modes with the vector charged D^∗ and D^∗_s mesons can be important for the procedure of γ extraction. This note could be essential for the mode with D^{∗+} → D^0π^+ and D^0 → K^−π^+, but, in this case, the presence of neutral charmed meson should be carefully treated in order to avoid the misidentification with the primary neutral charmed meson. In other case, we should use the mode with the neutral pion D^{∗+} → D^+π^0, which detection in an experimental facility could be problematic. The same note is applicable for the vector D^{∗+}_s meson, which radiative electromagnetic decay is problematic for the detection, too, since the photon could be loosed. However, the lose of the photon for the fully reconstructed D^+_s and B^+_c does not disturb the analysis.

TABLE III: Branching ratios of exclusive B^+_c decays at the fixed choice of factors: 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, 10^{−6} B^+_c → D^+D^0 53 [18] B^+_c → D^+D^{∗0} 75 [20] B^+_c → D^{∗+}D^0 49 [9] B^+_c → D^{∗+}D^{∗0} 330 [120] B^+_c → D^+_s D^0 4.8 [1] B^+_c → D^+_s D^{∗0} 7.1 [1.2] B^+_c → D^{∗+}_s D^0 4.5 [0.5] B^+_c → D^{∗+}_s D^{∗0} 26 [2]

Mode BR, 10^{−6} B^+_c → D^+D^0 0.32 [0.1] B^+_c → D^+D^{∗0} 0.28 [0.07] B^+_c → D^{∗+} D^0 0.40 [0.4] B^+_c → D^{∗+} D^{∗0} 1.59 [0.4] B^+_c → D^+_s D^0 6.6 [1.7] B^+_c → D^+_s D^{∗0} 6.3 [1.3] B^+_c → D^{∗+}_s D^0 8.5 [8.1] B^+_c → D^{∗+}_s D^{∗0} 40.4 [6.2]

In the BTeV [12] and LHCb [13] experiments one expects the B_c production at the level of several billion events. Therefore, we predict 10^4−10^5 decays of B_c in the gold-plated modes under interest. The experimental challenge is the efficiency of detection. One usually get a 10%-efficiency for the observation of distinct secondary vertices outstanding from the primary vertex of beam interaction. Next, we have to take into account the branching ratios of D_s and D^0 mesons. This efficiency crucially depends on whether we can detect the neutral kaons and pions or not. So, for the D_s meson the corresponding branching ratios grow from 4% (no neutral K and π) to 25%. The same interval for the neutral D^0 is from 11 to 31%. The detection of neutral kaon is necessary for the measurement of decay modes into the CP-odd state D_2 of the neutral D^0 meson, however, we can omit this cross-check channel from the analysis dealing with the CP-even state of D_1. The corresponding intervals of branching ratios reachable by the experiment are from 0.5 to 1.3% for the CP-even state and from 1.5 to 3.8% for the CP-odd state of D^0. The pessimistic estimate for the product of branching ratios is about 2 · 10^{−4}, which results in 2 − 20 reconstructed events. Thus, an acceptance of experimental facility and an opportunity to detect neutral pions and kaons as well as reliable estimates of total cross section for the B_c production in hadronic collisions are of importance in order to make expectations more accurate.

IV. CONCLUSION

We have reviewed the current status of theoretical predictions for the decays of B_c meson.

12 The ratio of widths is basically determined by the factor of |V_{cb}V_{ud}a_2|^2/|V_{ub}V_{cd}a_1|^2 ∼ 110, if we ignore the interference effects.

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 predictions have been presented in the form of long tables with the numerical values of branching ratios. There are many physical points, which can be investigated in the B_c decays. We hope that this possibility could be, in various aspects, studied in the forthcoming experimental runs at hadron colliders, where the production rate about several billions B_c actually opens such the opportunity.

The author thanks many members of the community of physicists working in the field of heavy quarkonium for discussions and stimulating results concerning for the B_c meson.

This work is partially supported by the grants of RFBR 01-02-99315, 01-02-16585, the grants of RF president for young Doctors of Science MD-297.2003.02 and for scientific schools NSc-1303.2003.2.

[1] V. V. Kiselev and A. K. Likhoded, Phys. Usp. 45, 455 (2002) [Usp. Fiz. Nauk 172, 497 (2002)] [arXiv:hep-ph/0103169];

A. V. Berezhnoi, V. V. Kiselev and A. K. Likhoded, Phys. Atom. Nucl. 59, 870 (1996) [Yad. Fiz. 59, 909 (1996)] [arXiv:hep-ph/9507242];

S. P. Baranov, Phys. Rev. D 54, 3228 (1996);

M. A. Doncheski, J. Steegborn and M. L. Stong, Phys. Rev. D 53, 1247 (1996) [arXiv:hep-ph/9507220]; A. V. Berezhnoi, V. V. Kiselev, A. K. Likhoded and A. I. Onishchenko, Phys. Rev. D 57, 4385 (1998) [arXiv:hep-ph/9710339];

V. V. Kiselev and A. E. Kovalsky, Phys. Atom. Nucl. 63, 1640 (2000) [Yad. Fiz. 63, 1728 (2000)] [arXiv:hep-ph/9908321]; V. V. Braguta, V. V. Kiselev and A. E. Chalov, Phys. Atom. Nucl. 65, 1537 (2002) [Yad. Fiz. 65, 1575 (2002)].

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

R. Fleischer and D. Wyler, Phys. Rev. D 62, 057503 (2000) [arXiv:hep-ph/0004010]; M. A. Ivanov, J. G. Korner and O. N. Pakhomova, Phys. Lett. B 555, 189 (2003) [arXiv:hep-ph/0212291]; 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).

[3] V. V. Kiselev, arXiv:hep-ph/0302241.

[4] V. V. Kiselev and O. P. Yushchenko, Phys. Lett. B 568, 219 (2003) [arXiv:hep-ph/0211382]. [5] F. Abe et al., CDF Collaboration, Phys. Rev. Lett. 81, 2432 (1998), Phys. Rev. D58, 112004 (1998). [6] S.S.Gershtein et al., Sov. J. Nucl. Phys. 48, 327 (1988), [Yad. Fiz. 48, 515 (1988)];

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];

V. V. Kiselev, A. K. Likhoded and A. V. Tkabladze, Sov. J. Nucl. Phys. 46, 535 (1987) [Yad. Fiz. 46, 934 (1987)]; S. S. Gershtein, A. K. Likhoded and S. R. Slabospitsky, Int. J. Mod. Phys. A 6, 2309 (1991); S. Capstick and S. Godfrey, Phys. Rev. D 41, 2856 (1990); E.Eichten, C.Quigg, Phys. Rev. D49, 5845 (1994); S.S.Gershtein et al., Phys. Rev. D51, 3613 (1995);

A. V. Berezhnoi, V. V. Kiselev, A. K. Likhoded and A. I. Onishchenko, Phys. Atom. Nucl. 60, 1729 (1997) [Yad. Fiz. 60N10, (1997)] [arXiv:hep-ph/9703341];

D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rev. D 67, 014027 (2003) [arXiv:hep-ph/0210381]; N. Brambilla and A. Vairo, Phys. Rev. D 62, 094019 (2000) [arXiv:hep-ph/0002075]; L. P. Fulcher, Phys. Rev. D 60, 074006 (1999) [arXiv:hep-ph/9806444].

[7] 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). [8] V.V.Kiselev, A.V.Tkabladze, Phys. Rev. D48, 5208 (1993). [9] V.V.Kiselev, A.K.Likhoded, A.I.Onishchenko, Nucl. Phys. B569, 473 (2000). [10] V.V.Kiselev, A.K.Likhoded, A.E.Kovalsky, Nucl. Phys. B585, 353 (2000), hep-ph/0006104 (2000). [11] V. V. Kiselev, arXiv:hep-ph/0211021. [12] K. Anikeev et al., arXiv:hep-ph/0201071.

[13] I. P. Gouz, V. V. Kiselev, A. K. Likhoded, V. I. Romanovsky and O. P. Yushchenko, arXiv:hep-ph/0211432. [14] J.D.Bjorken, draft report 07/22/86 (1986) [unpublished].

[15] 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).

[16] 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). [17] M. Neubert, Phys. Rept. 245, 259 (1994).

[18] A. Pineda and J. Soto, Nucl. Phys. Proc. Suppl. 64, 428 (1998) [arXiv:hep-ph/9707481];

N. Brambilla, A. Pineda, J. Soto and A. Vairo, Phys. Rev. D 60, 091502 (1999) [arXiv:hep-ph/9903355]; N. Brambilla, A. Pineda, J. Soto and A. Vairo, Nucl. Phys. B 566, 275 (2000) [arXiv:hep-ph/9907240].

[19] M. E. Luke, A. V. Manohar and I. Z. Rothstein, Phys. Rev. D 61, 074025 (2000) [arXiv:hep-ph/9910209];

A. V. Manohar and I. W. Stewart, Phys. Rev. D 63, 054004 (2001) [arXiv:hep-ph/0003107]; A. H. Hoang, A. V. Manohar and I. W. Stewart, Phys. Rev. D 64, 014033 (2001) [arXiv:hep-ph/0102257].

[20] N. Brambilla, A. Pineda, J. Soto and A. Vairo, Phys. Rev. D 63, 014023 (2001) [arXiv:hep-ph/0002250].;

A. Pineda and A. Vairo, Phys. Rev. D 63, 054007 (2001) [Erratum-ibid. D 64, 039902 (2001)] [arXiv:hep-ph/0009145]. N. Brambilla, Y. Sumino and A. Vairo, Phys. Lett. B 513, 381 (2001) [arXiv:hep-ph/0101305]; N. Brambilla, D. Gromes and A. Vairo, Phys. Rev. D 64, 076010 (2001) [arXiv:hep-ph/0104068]; N. Brambilla, Y. Sumino and A. Vairo, Phys. Rev. D 65, 034001 (2002) [arXiv:hep-ph/0108084]; N. Brambilla, D. Eiras, A. Pineda, J. Soto and A. Vairo, Phys. Rev. Lett. 88, 012003 (2002) [arXiv:hep-ph/0109130]; N. Brambilla, D. Eiras, A. Pineda, J. Soto and A. Vairo, Phys. Rev. D 67, 034018 (2003) [arXiv:hep-ph/0208019]; A. Vairo, arXiv:hep-ph/0212271;

A. Pineda, Phys. Rev. D 66, 054022 (2002) [arXiv:hep-ph/0110216]. [21] M.Lusignoli, M.Masetti, Z. Phys. C51, 549 (1991).

[22] V. V. Kiselev, Mod. Phys. Lett. A 10, 1049 (1995) [arXiv:hep-ph/9409348];

V. V. Kiselev, Int. J. Mod. Phys. A9, 4987 (1994).

[23] V.V.Kiselev, A.K.Likhoded, A.V.Tkabladze, Phys. Atom. Nucl. 56, 643 (1993), Yad. Fiz. 56, 128 (1993). [24] V.V.Kiselev, A.V.Tkabladze, Yad. Fiz. 48, 536 (1988);

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

[25] A. Abd El-Hady, J. H. Munoz and J. P. Vary, Phys. Rev. D 62, 014019 (2000) [arXiv:hep-ph/9909406]. [26] C. H. Chang and Y. Q. Chen, Phys. Rev. D 49, 3399 (1994). [27] M.A.Ivanov, J.G.Korner, P.Santorelli, Phys. Rev. D63, 074010 (2001). [28] D.Scora, N.Isgur, Phys. Rev. D52, 2783 (1995).

[29] 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).

[30] P. Colangelo and F. De Fazio, Phys. Rev. D 61, 034012 (2000) [arXiv:hep-ph/9909423]. [31] P. Colangelo, G. Nardulli, N. Paver, Z. Phys. C57, 43 (1993);

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

[32] 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).

[33] A. H. Hoang, arXiv:hep-ph/0204299.

[34] 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.

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

[36] E. Jenkins, M. E. Luke, A. V. Manohar and M. J. Savage, Nucl. Phys. B 390, 463 (1993) [arXiv:hep-ph/9204238]. [37] 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]. [38] E. Braaten and S. Fleming, Phys. Rev. D 52, 181 (1995) [arXiv:hep-ph/9501296]. [39] A. I. Onishchenko and O. L. Veretin, arXiv:hep-ph/0302132.

[40] V. V. Kiselev, A. E. Kovalsky and A. I. Onishchenko, Phys. Rev. D 64, 054009 (2001) [arXiv:hep-ph/0005020]. [41] V. V. Kiselev, A. K. Likhoded, O. N. Pakhomova and V. A. Saleev, Phys. Rev. D 65, 034013 (2002) [arXiv:hep-ph/0105190]. [42] V. V. Kiselev, arXiv:hep-ph/0304017. [43] S. Narison, Phys. Lett. B 210, 238 (1988);

V. V. Kiselev and A. V. Tkabladze, Sov. J. Nucl. Phys. 50, 1063 (1989) [Yad. Fiz. 50, 1714 (1989)]; T. M. Aliev and O. Yilmaz, Nuovo Cim. A 105, 827 (1992);

S. Reinshagen and R. Rückl, CERN-TH-6879-93 Invited talk at 28th Rencontres de Moriond: QCD and High Energy Hadronic Interactions, Les Arcs, France, 20-27 Mar 1993, MPI-PH-93-88 Invited talk at Workshop on Quantum Field Theoretical Aspects of High Energy Physics, Kyffhauser, Germany, Sep 20-24, 1993; M. Chabab, Phys. Lett. B 325, 205 (1994);

P.Colangelo, G.Nardulli, N.Paver, Z.Phys. C57, 43 (1993); E.Bagan et al., Z. Phys. C64, 57 (1994);

V.V.Kiselev, A.V.Tkabladze, Phys. Rev. D48, 5208 (1993);

A. I. Onishchenko, arXiv:hep-ph/0005127.

[44] V. V. Kiselev, Phys. Part. Nucl. 31, 538 (2000) [Fiz. Elem. Chast. Atom. Yadra 31, 1080 (2000)];

S. S. Gershtein, V. V. Kiselev, A. K. Likhoded, A. V. Tkabladze, A. V. Berezhnoi and A. I. Onishchenko, arXiv:hep-ph/9803433;

V. V. Kiselev, Int. J. Mod. Phys. A 11, 3689 (1996) [arXiv:hep-ph/9504313]; V. V. Kiselev, Nucl. Phys. B 406, 340 (1993).

[45] 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).

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

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

[47] 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].

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

[49] C. H. Chang, A. K. Giri, R. Mohanta and G. L. Wang, J. Phys. G 28, 1403 (2002) [arXiv:hep-ph/0204279]. [50] M. A. Nobes and R. M. Woloshyn, J. Phys. G 26, 1079 (2000) [arXiv:hep-ph/0005056]. [51] T. Mannel and S. Wolf, Phys. Rev. D 65, 074012 (2002) [arXiv:hep-ph/0109250]. [52] 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.

[53] 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]. [54] D. Ebert, R. N. Faustov and V. O. Galkin, Mod. Phys. Lett. A 17, 803 (2002) [arXiv:hep-ph/0204167], arXiv:hep-ph/0308149, arXiv:hep-ph/0306306.

[55] 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].

[56] 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)].

[57] K. Abe et al. [Belle Collaboration], Phys. Rev. D 66, 071102 (2002) [arXiv:hep-ex/0208025];

B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 89, 201802 (2002) [arXiv:hep-ex/0207042]. [58] M. Gronau and D. Wyler, Phys. Lett. B 265, 172 (1991). [59] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983).