arXiv:hep-ph/0103194 18 Mar 2001

Study of the B_c-meson lifetime

Chao-Hsi Chang^{1;2}, Shao-Long Chen^3, Tai-Fu Feng^{2;3} and Xue-Qian Li^{1;2;3}

1. CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, China^1 2. Institute of Theoretical Physics, Academy of Sciences, Beijing 100080, China 3. Department of Physics, Nankai University, Tianjin 300071, China

Abstract

We in terms of optical theorem estimate the lifetime of B_c−meson with the parameters which are deturmined by fitting the data for the lifetimes and inclusive semilepton-decays of various B and D mesons. In the estimate, we find that the bound-state effects are important, and take them into account carefully in the framework which attributes the effects to the effective masses of the decay heavy quarks in the inclusive processes. We also find that to B_c lifetime the penguin contribution is enhanced due to possible interference between the penguin and the ‘tree part’ c_1O_1 + c_2O_2.

PACS numbers: 14.40.Nd, 14.40.Lb, 12.39.Hg, 12.38.Lg Key words: B_c-meson, lifetime

Very recently the meson B_c has been observed in CDF detector at Fermilab Tevatron. The

observation is through the semi-leptonic decays B_c−→J/ψ + l + ν_l, and not only the value of its

mass m_{Bc} = 6.40 ± 0.39 ± 0.13 GeV, but also the lifetime τ_{Bc} = 0.46^{+0.18}_{−0.16} ± 0.03 ps are given

[1]. Therefore to estimate its lifetime so as to understand the meson and its decay mechanisms

becomes one re-freshed interesting problem.

1Not postmail address for the authors.

B_c−meson is composed of two heavy flavors and both of them contribute to the lifetime comparetively. It is known that the Heavy Quark Effective Theory (HQET) [2] successfully applies to phenomenology of heavy mesons and baryons, although there are still some open problems in B and D physics, such as the unexpected difference between lifetimes of Λ_b and Bmesons [3] and missing charm puzzle [4] etc. Since there is no light flavor quarks in B_c−meson, HQET so the Isgur-Wise form factor scenario does not apply here.

Since the optical theorem may apply to inclusive processes properly so some non-perturbative effects can be absorbed by the theorem, thus we focus our attention on the inclusive processes, especially, the lifetime with the help of the theorem in this paper.

As realized by many authors, in D and B decays besides the spectator mechanism i.e. the direct decay of c or b̄, the non-spectator mechanisms are quite important too. There are two distinct types of non-spectator mechanisms: the W-annihilation (WA) and the Pauli-interference (PI), whose details are depicted in [8]. As for B_c meson, owing to the non-spectator mechanisms the situation becomes more complicated and interesting. In B_{d(u)}, B_s decays, the penguin contributions and its interference with that of the ‘tree piece’ c_1O_1 + c_2O_2 can be ignored due to the CKM suppression. In contrary, for B_c meson, b̄ → c̄ + “W^+” and “W^+” → c + s̄ (here “W^+” denotes a virtual W^+−boson) are favored according to the CKM entries, so there are charm in initial state and charm, anti-charm in final state. Therefore, the interference between the penguin and ‘tree piece’ may contributes to the decay (see below for some details). Namely the penguin contribution becomes more important and B_c−meson decay may serve as an ideal place to study the penguin mecahnism. Our numerical results show that such interference can cause a contribution as large as about 3∼4% in the total width, while in B_{d(u)} and B_s cases, the contribution is less than 0.5%.

Moreover, in B_c, as in the heavy quarkonia, the bound-state effects should be considered carefully, even when evaluating its inclusive processes. We take a phenomenological approach to deal with the masses of the decay quarks b(b̄) and c(c̄) in various heavy mesons i.e. in various bound-state by fitting data[5]. Recently, a modification of HQET, the so-called Heavy Quark Effective Field Theory (HQEFT), is proposed[6], where the bound state effects are taken into account for B− hadrons: when evaluating the decays, the b-quark mass takes a different value in Λ_b from that in B-mesons, so the aforementioned problem, the lifetime difference between Λ_b and B−mesons, can be answered reasonably. Indeed, the bound state effects, which affect the inclusive decays, may be attributed to the effective mass of the decay quark mainly.

For B_{d(u)}, B_s decays, the contributions to the decay widths from b̄ and c quarks are described quite well in literature[7, 9, 10], and the general formulation for the non-spectator contributions WA and PI have been given in [8]. The formulation of B_c is given in [5] and the readers who are interested in the details are advised to refer to it. Here we only present the part of formulation relating to B_c for later convenience, focus on description of the physical picture, and discuss the physical essence and consequences.

The spectator contributions to B_c lifetime are the incoherent sum of b̄ and c decay, when the bound-state effects, as pointed out above, are attributed to the effective masses of b̄ and c quarks respectively only, that is one of essential differences from the other B−mesons. Γ^{spectator} = Γ^{spectator} b + Γ^{spectator} c . (1) Furthermore, the non-spectator parts may have a unignorable interference.

The effective Lagrangian, on that the present study is based, is

L^{ΔB=1} eff = − 4G_F √ 2 { V_{cb}[V^∗_{ud}(c_1(μ)O^u_1 + c_2(μ)O^u_2 ) + V^∗_{cs}(c_1(μ)O^c_1 + c_2(μ)O^c_2) + ∑ l=e,τ,μ l̄γ_μLνc̄γ^νLb + V^∗_{cs}^6 ∑ i=3 c_iO_i] } + h.c. (2) Here the notations for operators and their coefficients are given in [11].

Skipping the tedious details, we have the contribution of PI i.e. Γ^{P I} (tree) and Γ^{P I} (penguin) to the total width as Γ^{P I} (tree) = G^2_F 4π f^2_{Bc}M_{Bc} |V_{cb}|^2|V_{cs}|^2(1 − z_−)^2p^2_− · { [2c_1c_2 + 1 N (c^2_1 + c^2)]B_1

+2(c^2_1 + c^2)ϵ_1 } (3) Γ^{P I} (penguin) = G^2_F 4π f^2_{Bc}M_{Bc} |V_{cb}|^2|V_{cs}|^2(1 − z_−)^2p^2_− · { [2c_2c_4 + 2c_1c_3 + 2c_3c_4 + (4) 1 N (c^2_3 + c^2_4 + 2c_2c_3 + 2c_1c_4)]B_1 + 2(c^2_3 + c^2_4 + 2c_2c_3 + 2c_1c_4)ϵ_1 }

− G^2_F 4π f^2_{Bc}M_{Bc} |V_{cb}|^2|V_{cs}|^2(1 − z_−)^2 · { [2c_5c_6 + 1 N (c^2_5 + c^2_6)][

2 + z_− 3 p^2_−B̃_2 − 1 + 2z_− 6 (m^2_bB̃_1 + m^2_c B_1 − 4m_bm_cB_2 + 2m_bm_cB_1)] + 2(c^2_5 + c^2_6)[

2 + z_− 3 p^2_−ϵ̃_2 − 1 + 2z_− 6 (m^2_bϵ̃_1 + m^2_c ϵ_1 − 2m_bm_c(ϵ_3 + ϵ_4) + m_bm_c(ϵ_5 + ϵ_6))] }

− G^2_F 8π f^2_{Bc}M_{Bc} |V_{cb}|^2|V_{cs}|^2(1 − z_−)^2m̄_c · { [c_1c_5 + c_2c_6 + c_3c_6 + c_4c_5 + 1 N (c_1c_6 + c_2c_5 + c_4c_6 + c_3c_5)][2m_cB_1 + m_b(−4B_2 + 2B_1)]

+2(c_1c_6 + c_2c_5 + c_4c_6 + c_3c_5)[2m_cϵ_1 − 2m_b(ϵ_3 + ϵ_4) + m_b(ϵ_5 + ϵ_6)] } . (5)

For WA, we have three pieces as the follows: Γ^{W A}(tree) = − G^2_F 12π |V_{cb}|^2|V_{cs}|^2f^2_{Bc}M_{Bc}(1 − z_+)^2 · { [Nc^2_1 + 2c_1c_2 + c^2 N ] ×[(1 + z_+ 2 )M^2_{Bc}B_1 − (1 + 2z_+)(m^2_bB_2 + m^2_cB̃_2 + 2m_bm_cB_2)]

+2c^2[(1 + z_+ 2 )M^2_{Bc}ϵ_1 − (1 + 2z_+)(m^2_bϵ_2 + m^2_cϵ̃_2 + m_bm_c(ϵ_3 + ϵ_4))] } , (6)

Γ^{W A}(B_c → τν) = −

G^2_F 12π |V_{cb}|^2|V_{cs}|^2f^2_{Bc}M_{Bc}(1 − z_+)^2 · { (1 + z_τ 2 )M^2_{Bc} B_1

−(1 + 2z_τ )(m^2_bB_2 + m^2_cB̃_2 + 2m_bm_cB_2) } , (7)

Γ^{W A}(penguin) = − G^2_F 12π |V_{cb}|^2|V_{cs}|^2f^2_{Bc} M_{Bc} (1 − z_+)^2 · { [( 2c_2 + c_3 N + 2c_1 + c_4)(c_3 + Nc_4)]

×[(1 + z_+ 2 )M^2_{Bc}B_1 − (1 + 2z_+)(m^2_bB_2 + m^2_cB̃_2 + 2m_bm_cB_2)]

+2(2c_2 + c_3)c_3 · [(1 + z_+ 2 )p^2_+ϵ_1 − (1 + 2z_+)(m^2_bϵ_2 + m^2_cϵ̃_2 + m_bm_c(ϵ_3 + ϵ_4))] }

+ G^2_F 2π |V_{cb}|^2|V_{cs}|^2f^2_{Bc}M^3_{Bc} (1 − z_+)^2 · { [ c^2_5 N + 2c_5c_6 + Nc^2_6]B̃_2 + 2c^2_5ϵ̃_2 }

− G^2_F 4π |V_{cb}|^2|V_{cs}|^2f^2_{Bc}M_{Bc}m̄_c(1 − z_+)^2 · { [( c_2 + c_3 N + c_1 + c_4)(c_5 + Nc_6)]

×[2m_bB_2 + 2m_cB̃_2] + 2(c_2 + c_3)c_5 · [m_b(ϵ_3 + ϵ_4) + 2m_bϵ̃_2] } , (8) where

z_− = m̄^2_c p^2_−

, p_− = p_b − p_{c̄}, (9) and p_+ = p_b + p_c, z_+ = m̄^2_c p^2_+ = m̄^2_c M^2_{Bc} , z_τ = m^2_τ p^2_+ = m^2_τ M^2_{Bc}

. (10)

Note that due to the chiral suppression only B_c → τ^+ν and B_c → cs̄ are considered for WA. In the expressions the pieces with the superscripts ‘WA’ or ‘PI’ (corresponding to the Wannihilation or Pauli-interference parts) and tree in the brackets denote all the contributions from the ‘tree’ part, i.e. the c_1O_1 and c_2O_2 terms, whereas those with penguin in the brackets mean the contributions not only from the penguin part c_iO_i (i = 3, 4, 5, 6) alone, but also from its interference with the ‘tree’ part. Obviously, for B_c, there are interferences proportional to c_ic_1, c_ic_2 (i = 3...6), whereas for B_{d(u)}, B_s, proportional to c_ic_j (i, j = 3, ...6), the interferences among the penguin terms themselves only. Since c_1, c_2 are of order O(1) and c_i (i = 3, ...6) is of order O(10^{−2}), so roughly, c_ic_j is four orders smaller than c^2_1, c^2, c_1c_2, but c_ic_1, c_ic_2 are only two (even one) orders smaller, thus the penguin terms may play more significant roles in B_c decays. Moreover, note that since m_c cannot be neglected in the derivation of decay-width operators for B_c decays, while the light flavors are taken as zero-mass fermions for B_{d(u)}, B_s decays, so several new operators appear.

To calculate the the contributions of the non-spectator parts, one needs to evaluate the hadronic matrix elements with dimention 6 operators even for the lifetime, which are governed by the non-perturbative QCD, and so far can be dealt with phenomenologically only. As pointed out by many authors [8], the non-factorization effects modify the results of the ‘vacuum saturation’ and the modifications can be described by introducing in a few parameters B_k (deviating from

1) and ϵ_k (deviating from 0)^2. With some symmetry arguments as in literature, we fix the values for the parameters so the hadronic matrix elements within tolerable errors.

As aforementioned, Instead of determining the heavy quark masses in bound-states from any underlying theory as what [6] did, we phenomenologically take the bound state effects into account of the quark masses by fitting data of the lifetimes and branching ratios of inclusivesemileptonic decays for the mesons B_{d(u)} and B_s.

We simply write M^{eff}_Q = M^{pole}_Q − Δ, (11) where Δ manifests the bound-state effects and will be fixed phenomenologically.

Fitting the data for B_{d(u)} and B_s as well as D-mesons, we obtain:

Δ^{(D)}_c ≡ m^{pole}_c − m^{eff}_c = 0.23 GeV;

Δ^{(B)}_b ≡ m^{pole}_b − m^{eff}_b = 0.11 ∼ 0.13 GeV.

The superscripts (B) and (D) denote that the Δ for b and c-quarks are determined by fitting the data of D and B mesons respectively.

For the B_c meson, the spectator contribution is an incoherent sum of that from individual b̄ and c quark decays while leaving the other as a spectator. But we should note that when evaluating this contribution, m_b ad m_c take their effective values at the energy scales M_B ∼ m_b(m_b) for the pole mass m^{pole}_b (B_c) and at M_D ∼ m_c(m_c) for the pole mass m^{pole}_c (B_c). Namely, we determine the effective masses for b̄ and c of the B_c−meson through B and D decays. Whereas the c̄ in the final state is the decay product of b̄−quark and now we are considering inclusive processes, so we should take its running mass for the c̄−quark at the energy scale of M_B. For the non-spectator contributions, i.e. the WA and PI pieces, the corresponding scale for the anti-charm quark mass of the final state should be M_{Bc} . In the numerical calculations for the

2In fact in Eqs.(3-8) the modifications from the vacuum saturation have been made in this way already. The detailed expressions can be found in [5]

present paper, we take the relevant parameters as follows: M_{Bc} = 6.25 GeV, M^∗_{Bc} = 6.33 GeV, B_i = B̃_i(i = 1, 2) = 1, ϵ_1 = ϵ̃_1 = −0.14, ϵ_2 = ϵ̃_2 = −0.08, ϵ_{3,4} ∼ ϵ_2, ϵ_{5,6} ∼ ϵ_1, and for the decay constant we adopt two possible values f_{Bc} = 500 MeV[12] and f_{Bc} = 440 MeV[13] respectively. For the calculation of PI contribution, p^2_− = (p¯_b − p_c)^2 ∼ (2m^2_b + 2m^2_c − M^2_{Bc} ) is adopted. With the parameters, we finally obtain the numerical results and tabulate them in Table 1.

τ_{Bc} (ps) Γ^{pen.} Γ^{b→c} Γ^{c→s} Γ^{W A} Γ^{P I} Γ(τν)(ps^{−1}) B_{SL} f_{Bc} = 440MeV 0.362 3.4% 22.8% 70.9% 13.4% −7.1% 0.078 8.7% f_{Bc} = 500MeV 0.357 4.3% 22.4% 69.7% 16.9% −9.0% 0.100 8.4%

Table 1: This is the result for B_c meson, τ_{Bc} denotes the lifetime of B_c, Γ^{pen.} denotes the enhancement caused by the penguin contribution. The Γ(τν) denotes the width of the total leptonic decay, and the B_{SL} denotes the branching ratio of the semileptonic decay of B_c.

Here the puzzle about the effective masses of b̄ and c emerges again, because both of them reside in the same bound state B_c. Taking all the above parameters, we would obtain the values presented in table 1. Now let us consider the bound-state effects on the effective quarkmasses in B_c meson more precisely. Because B_c includes two heavy quarks, the bound-state effects might be different from those in B, D mesons which contains one light flavor. If we are tempted to believe that the values m^{eff}_c and m^{eff}_b might be smaller than m^{eff}_c = 1.65 GeV and m^{eff}_b = 4.9 GeV obtained by B and D decays and phenomenologically if m^{eff}_c (B_c) = 1.55 GeV, m^{eff}_b (B_c) = 4.85 GeV instead, we would have τ(B_c) ≈ 0.47 ps, which is closer to the recently measured B_c lifetime[1]. In this case, it will mean Δ^{Bc}_c = 0.33 GeV and Δ^{Bc}_b = 0.17 GeV.

The results indicate the importance of the bound-state effects on the phenomenology. It is easy to understand the fact, i.e. the rates of direct b̄ and c decays, which dominate the lifetime of B_c meson, are proportional to (m^{eff}_Q )^5, the results are somewhat sensitive to the m^{eff}_Q −values. It is a ‘good’ place to ‘determine’ the quark effective masses m_Q. From the physics picture, the quark effective masses introduced here should have more precise meaning in the framework of the potential model and be good to involve certain non-perturbative QCD effects[14].

As a summary, in this work, we study the effects when decaying quarks reside in bound states phonomenologically with care. We collect all the informations gained from heavy mesons B_{d(u)}, B_s and D, we further calculate the lifetime of B_c meson. In the process, we notice that the bound state effects are important even to the spectator modes. Moreover, because of the CKM entries, and the interference between the penguin and the tree piece, the penguin contribution is more important in B_c case than in B_{d(u)} and B_s. Therefore, further experimental progress in measuring B_c lifetime and branching ratios may provide more informations about the reaction mechanisms and especially it would make definite hints to the interesting penguin mechanism etc.

Acknowledgments:

This work is partially supported by the National Natural Science Foundation of China.

References

[1] F. Abe et al., CDF Collaboration, Phys. Rev. Lett. 81 (1998) 2432; Phys. Rev. D58, (1998) 112004.

[2] N. Isgur and M.B. Wise, Phys. Lett. B232 (1989) 113, B237 (1990) 527; H. Georgi, Phys.

Lett. B264 (1991) 447.

[3] J. Aleraz et al. (LEP B lifetime group), http://wwwcn.cern.ch∼claims/lepblife.html.

[4] A Lenz, U. Nierste and G. Ostermaier, DESY-97-119; T. Browder, ICHEP conference proceedings, 1996.

[5] Chao-Hsi Chang, Shao-Long Chen, Tai-Fu Feng and Xue-qian Li, hep-ph/0007162. [6] Y. Wu, Mod. Phys. Lett.A8 (1993) 819; W.Wang, Y. Wu and Y. Yan, Int. Mod. Phys.A15 (2000) 1817.

[7] I. Bigi, Phys. Lett. B371 (1998) 105; M. Voloshin and M. Shifman, Sov. J. Nucl. Phys. 41 (1985) 120.

[8] M. Neubert and C. Sachrajda, Nucl. Phys. B483 (1997) 339; I.Bigi, B. Blok, M. Shifman and A. Vainstein, Phys. Lett. B323 (1994) 408; W. Dai, X. He, X. Li and G. Zhao, Phys. Rev. D60 (1999) 034005.

[9] I. Bigi, hep-ph/9508408.

[10] G. Altarelli and S. Petraca, Phys. Lett. B261 (1991) 303. [11] N. Deshpande and X. He, Phys.Lett.B336 (1994) 471. [12] E. J. Eichten and C. Quigg, Phys. Rev. D 49 (1994) 5845.

[13] C. Davies, K. Hornbostel, G. Lepage, A. Lidsey, J. Shigemistu and J. Sloan, Phys. Lett. B 382 (1996) 131.

[14] N. Brambilla and A. Vairo, hep-ph/0002075; Chao-Hsi Chang, Tai-Fu Feng and Xue-Qian Li et al in preparetion.