arXiv:1107.5694v2 [hep-ph] 23 Aug 2011

Analysis of B_c → D^∗_s ℓ^+ℓ^− in the Standard Model Beyond Third Generation

Ishtiaq Ahmed^{1,2},^∗ M. Ali Paracha^{1,2},^† M. Junaid^{1,2},^‡ Aqeel Ahmed^1,^§ Abdur Rehman^1,^¶ and M. Jamil Aslam^{2∗∗} 1National Centre for Physics, Quaid-i-Azam University Campus, Islamabad 45320, Pakistan 2Physics Department, Quaid-i-Azam University, Islamabad 45320, Pakistan

We study the FCNC Bc → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ ) transition in the Standard Model with fourth generation (SM4). Taking fourth generation quark mass m_t′ of about 300 to 600 GeV with the CKM matrix elements |V^∗_t′_bV_t′_s| in the range (0.03 − 1.2) × 10^{−2} and using the new CP odd phase (ϕ_{sb}) to be 90^o, the analysis of decay rates, forward-backward asymmetries (FBA), lepton polarization asymmetries (PL,N,T ) and the helicity fractions of D^∗_s meson (fL,T ) in Bc → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ ) is made. It is found that in the fourth generation parameter space the above mentioned physical observables deviates sizably from their SM values in Bc → D^∗_s μ^+μ^−. Furthermore, an optimum shift in the zero position of the FBA in this decay has also been pointed out. Compared to the dimuon case, the SM4 effects are somewhat mild in the decay rate and in the FBA for Bc → D^∗_s τ^+τ^− decay. However, they came up in a distinguishing way in longitudinal and transverse lepton polarizations and also in the helicity fractions of the D^∗_s meson which differ distinctively from their SM values. Thus the study of these physical observables will provide us useful information to probe new physics and helps us to search the fourth generation of quarks (t^′, b^′) in an indirect way.

I. INTRODUCTION

It is well known that the Standard Model (SM) includes three generations of fermions, but it does not prohibit the fourth generation. The restrictions on the number of fermion generations come from the QCD asymptotic freedom which constraint them to nine. Therefore, shortly after the measurement of the third generation, a fourth generation was an obvious extension.

Interest in the fourth generation Standard Model (SM4) was fairly high in the 1980s until the electroweak precision data seemed to rule it out. The other reason which shook the interest in the fourth generation was the measurement of the number of light neutrinos at the Z pole that showed only three light neutrinos could exist. However, the discovery of neutrino oscillations suggested the possibility of a mass scale beyond the SM, and the models with the sufficiently massive neutrino became acceptable [1]. Though the early study of the EW precision measurements ruled out a fourth generation [2], however it was subsequently pointed out [3] that if the fourth generation masses are not degenerate, then the EW precision data do not prohibit the fourth generation [4]. Therefore, the SM can be simply extended with a sequential repetition as four quark and four lepton left handed doublets and corresponding right

∗Electronic address: ishtiaq@ncp.edu.pk †Electronic address: paracha@phys.qau.edu.pk ‡Electronic address: junaidmuhamad@gmail.com §Electronic address: aqeel@ncp.edu.pk ¶Electronic address: rehman@ncp.edu.pk ∗∗Electronic address: jamil@phys.qau.edu.pk; jamil@ncp.edu.pk

handed singlets.

The possible sequential fourth generation may play an important role in understanding the well known problem of CP violation and flavor structure of standard theory [5–11], electroweak symmetry breaking [12–15], hierarchies of fermion mass and mixing angle in quark/lepton sectors [16–20]. A thorough discussion on the theoretical and experimental aspects of the fourth generation can be found in ref. [21].

On the experimental side, recent searches by the CDF collaboration for direct production of fourth generation up-type quark (t^′) and down-type quark (b^′) found m_t′ > 335 GeV [22] and m_b′ > 385 GeV [23], assuming Br(t^′ → W q, (q = d, s, b)) = 100% and Br(b^′ → W t) = 100% respectively. This indeed suggest that the fourth generation fermion must be heavy which supports the scenario of compositeness. The underlying assumption to perform these searches is that m_t′ − m_b′ < M_W and negligible mixing of the (t^′, b^′) states with the two lightest quark generations. To account for EW precision data such conditions are generally required for the SM4 with the one Higgs doublet [24]. Moreover, when a fourth generation of fermions is embedded in theories beyond the SM, the large splitting case (m_t′ − m_b′ > M_W ) and the inverted scenario (m_t′ < m_b′ ) have not been excluded. Recently, it has also been shown [25] that the precision EW data can accommodate (m_t′ − m_b′ > M_W ) if there are two Higgs doublets. Thus there is no uniquely interesting set of assumptions under which experimental data must be interpreted [26] and the determination of allowed parameter space of fourth generation fermions will be an important goal of the LHC era. The large values of the masses of fourth generation would provide special advantage to new interactions originating at a higher scale and the precise determination of the fourth generation quark properties may present the existence of physics beyond the SM.

It is necessary to mention here that these new particles are heavy in nature, consequently they are hard to produce in the accelerators. Therefore, we have to go for some alternate scenarios where we can find their influence. In this regard, the Flavor Changing Neutral Current (FCNC) transitions provide an ideal plateform to establish new physics (NP). This is because of the fact that FCNC transitions are not allowed at tree level in the SM and are allowed at loop level through GIM mechanism which can get contributions of NP from newly proposed particles via loop diagrams. Among different FCNC transitions the one b → s transition plays a pivotal role to perform efficient tests of NP scenarios [27–35]. It is also the fact that CP violation in b → s transitions is predicted to be very small in the SM, thus, any experimental evidence for sizable CP violating effects in the B system would clearly point towards a NP scenario. However, among the other NP scenarios such as the Littlest Higgs model with T-parity (LHT) and Randall- Sundrum (RS) models, the study of FCNC transitions in SM4 contain much fewer parameters and has the possibility of having simultaneously sizable NP effects in the K and B systems compared to the above mentioned NP models. In this context the constraint on the mixing between the fourth and third generation by using FCNC processes have been studied [36] along with the effects of the sequential fourth generation on different physical observables in B_{(d,s)}, K and D decays, see ref. [37] for an incomplete list. The study of the B system will be even more complete if one consider the similar decays of the charmed B mesons (B_c). As B_c is a bound state of two heavy quarks b and c, therefore it is rich in phenomenology compared to other B mesons. In literature, some of the possible radiative and semileptonic exclusive decays of B_c mesons like B_c → (ρ, K^∗, D^∗_s , B^∗_u) γ, B_c → ℓνγ , B_c → B^∗_uℓ^+ℓ^−, B_c → D^0_1ℓν, B_c → D^∗_{s0}ℓ^+ℓ^− and B_c → D^∗_{s,d}ℓ^+ℓ^− have been studied using the frame work of relativistic constituent quark model [39], QCD Sum Rules and Light Cone Sum Rules [38]. In this work we will focus on the semileptonic B_c → D^∗_s ℓ^+ℓ^− decays in SM4.

The special feature of the semileptonic B_c → D^∗_s ℓ^+ℓ^− decays compared to the other B meson decays such as

B^0 → (K^∗, K_1, ρ, π)ℓ^+ℓ^− is that this decay can occur in two distinct ways i.e. through FCNC transitions and through Weak Annihilations (WA). In the ordinary charged B meson decays the WA contributions are very small and can be safely ignored. However, for B_c meson these WA contributions are proportional to the CKM matrix elements V_{cb}V^∗_{cs} and hence can not be ignored. The decay under discussion here has already been studied in the Universal Extra Dimension (UED) model [41] where it has been seen that the WA contribution suppress the NP effects coming through UED model in different physical observables. Therefore, it is interesting to see how SM4 effects in different physical observables will behave in the presence of these WA contributions.

While working on the exclusive B-meson decays the main job is to calculate the form factors which are the non perturbative quantities and are the scalar functions of the square of momentum transfer (q^2). In literature the form factors for B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) decays were calculated using different approaches, such as light front constituent quark models, a relativistic quark model, QCD sum rules and through Ward identities [39–44]. In this work we will use QCD Sum rules form factors [43, 44] to study the fourth generation effects on different physical observables such as branching ratio, forward-backward asymmetry, polarization asymmetries of leptons and the helicity fractions of final state meson (D^∗_s ) for these decays. As the expected number of events for the production of B_c meson at the Large Hadron Collider (LHC) are about 10^8 − 10^{10} per year [42] therefore, we hope that the phenomenological study of the B_c meson could provide us a valuable tool for distinguishing the SM4 effects from the SM and other NP scenarios.

The paper is organized as follows. In Sec. II, we discuss the two different contributions to the amplitude of B_c → D^∗_s ℓ^+ℓ^− decays which were named as WA and penguin contributions. These can be parameterized in terms of the form factors, where the values of the form factors appearing in the calculation of WA amplitude will be used from [43] and for the penguin contributions will be taken from [44]. Section III presents the basic formulas for physical observables like decay rate, lepton forward-backward asymmetry, helicity fractions of D^∗_s meson and the polarization asymmetries of the final state lepton. The numerical study of these observables will be given in Section V and the Section VI gives the summary of the main outcomes of this study.

II. THEORETICAL FRAMEWORK FOR Bc → D^∗_s ℓ^+ℓ^− DECAYS

A. Weak Annihilation Amplitude

The charmed B-meson (B_c) is made up of two different heavy flavors, b-quark and c-quark, which brings WA contributions into the play. Following the procedure given in refs. [45, 46] for B_c → D^∗_s γ decay the WA amplitude for the decay B_c → D^∗_s ℓ^+ℓ^− can be written as

M^{WA}= G_F α 2 √ 2π f_D∗_s f_{Bc} q^2 V_{cb}V^∗_{cs} [ −iϵ_{μναβ} ε^{∗ν} p^αq^βF^{D∗s}_V (q^2) + (ε · qp_μ + p · qε_μ) F^{D∗s}_A (q^2) ] l̄γ^μl (1)

where f_{Bc} and f_D∗_s are the decay constants of B_c and D^∗_s mesons, respectively. The functions F^{D∗s}_V (q^2) and F^{D∗s}_A (q^2) are the weak annihilation form factors which are calculated in QCD Sum Rules [43] and can be parameterized as: F^{D∗s}_{V,A}(q^2) = F^{D∗s}_{V,A}(0) 1 + αq̂ + βq̂^2 (2) where q̂ = q^2/M^2_{Bc} . The values of the form factors F^{D∗s}_V (0) and F^{D∗s}_A (0) along with the given values of parameters α and β were calculated by Azizi et al. [43] which are summarized in Table I.

TABLE I: Bc → D^∗_s form factors corresponding to WA in the QCD Sum Rules. F (0) denotes the value of form factors at q^2 = 0 while α and β are the parameters in the parameterizations shown in Eq. (16)[43]. F (q^2) F (0) α β F^{D∗s}_V ( q^2 ) 0.23 −1.25 −0.097 F^{D∗s}_A (q^2) 0.25 −0.10 −0.097

B. Penguin Amplitude

At quark level the decay B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) is governed by the transition b → sℓ^+ℓ^− for which the effective Hamiltonian can be written as H_{ef f} = − 4G_F √ 2 V^∗_{tb}V_{ts} 10∑ i=1 C_i(μ)O_i(μ), (3)

where O_i(μ) (i = 1, . . . , 10) are the four-quark operators and C_i(μ) are the corresponding Wilson coefficients at the energy scale μ and the explicit expressions of these in the SM at NLO and NNLL are given in [47–58]. The operators responsible for B_c → D^∗_s ℓ^+ℓ^− are O_7, O_9 and O_{10} and their form is given by

O_7 = e^2 16π^2 m_b (s̄σ_{μν} P_Rb) F^{μν} , O_9 = e^2 16π^2 (s̄γ_μP_Lb)(l̄γ^μl), (4) O_{10} = e^2 16π^2 (s̄γ_μP_Lb)(l̄γ^μγ_5l), with P_{L,R} = (1 ± γ_5) /2.

The sequential fourth generation model with an additional up-type quark t^′ and down-type quark b^′ , a heavy charged lepton τ^′ and an associated neutrino ν^′ is a simple and non-supersymmetric extension of the SM, and as such does not add any new dynamics to the SM, . Being a simple extension of the SM it retains all the properties of the SM where the new top quark t^′ like the other up-type quarks, contributes to b → s transition at the loop level. Therefore, the effect of fourth generation displays itself by changing the values of Wilson coefficients C_7 (μ), C_9 (μ) and C_{10} via the virtual exchange of fourth generation up-type quark t^′ which then take the form; λ_tC_i → λ_tC^{SM}_i + λ_t′ C^{new}_i , (5) where λ_f = V^∗_{f b}V_{f s} and the explicit forms of the C_i’s can be obtained from the corresponding expressions of the Wilson coefficients in the SM by substituting m_t → m_t′ . By adding an extra family of quarks, the CKM matrix of the SM is extended by another row and column which now becomes 4 × 4. The unitarity of which leads to

λ_u + λ_c + λ_t + λ_t′ = 0.

Since λ_u = V^∗_{ub}V_{us} has a very small value compared to the others, therefore, we will ignore it. Then λ_t ≈ −λ_c − λ_t′ and from Eq. (5) we have λ_tC^{SM}_i + λ_t′ C^{new}_i = −λ_cC^{SM}_i + λ_t′ ( C^{new}_i − C^{SM}_i ) . (6)

One can clearly see that under λ_t′ → 0 or m_t′ → m_t the term λ_t′ ( C^{new}_i − C^{SM}_i ) vanishes which is the requirement of GIM mechanism. Taking the contribution of the t^′ quark in the loop the Wilson coefficients C_i’s can be written in the following form

C^{tot}_7 (μ) = C^{SM}_7 (μ) + λ_t′ λ_t C^{new}_7 (μ) , C^{tot}_9 (μ) = C^{SM}_9 (μ) + λ_t′ λ_t C^{new}_9 (μ) , (7)

C^{tot}_{10} = C^{SM}_{10} + λ_t′ λ_t C^{new}_{10} , where we factored out λ_t = V^∗_{tb}V_{ts} term in the effective Hamiltonian given in Eq. (3) and the last term in these expressions corresponds to the contribution of the t^′ quark to the Wilson Coefficients. λ_t′ can be parameterized as: λ_t′ = |V^∗_t′_bV_t′_s| e^{iϕsb} (8) where ϕ_{sb} is the new CP odd phase.

In terms of the above Hamiltonian, the free quark decay amplitude for b → s ℓ^+ℓ^− in SM4 can be derived as: M(b → sℓ^+ℓ^−) = − G_F α √ 2π V_{tb}V^∗_{ts} { C^{tot}_9 (s̄γ_μP_Lb)(l̄γ^μl) + C^{tot}_{10} (s̄γ_μP_Lb)(l̄γ^μγ_5l) −2m_bC^{tot}_7 (s̄iσ_{μν} q^ν q^2 P_Rb)(l̄γ^μl) } , (9)

where q^2 is the square of momentum transfer. The operator O_{10} can not be induced by the insertion of four-quark operators because of the absence of the Z -boson in the effective theory. Therefore, the Wilson coefficient C_{10} does not renormalize under QCD corrections and hence it is independent on the energy scale. In addition to this, the above quark level decay amplitude can receive contributions from the matrix element of four-quark operators, ∑_6

i=1⟨ℓ^+ℓ^−s|O_i|b⟩, which are usually absorbed into the effective Wilson coefficient C^{SM}_9 (μ) and can usually be called C^{ef f}_9 , that one can decompose into the following three parts

C^{SM}_9 = C^{ef f}_9 (μ) = C_9(μ) + Y_{SD}(z, s^′) + Y_{LD}(z, s^′),

where the parameters z and s^′ are defined as z = m_c/m_b, s^′ = q^2/m^2_b . Y_{SD} (z, s^′) describes the short-distance contributions from four-quark operators far away from the cc̄ resonance regions, which can be calculated reliably in the perturbative theory. The long-distance contributions Y_{LD}(z, s^′) from four-quark operators near the cc̄ resonance cannot be calculated from first principles of QCD and are usually parameterized in the form of a phenomenological Breit-Wigner formula making use of the vacuum saturation approximation and quark-hadron duality. We will not incorporate the long-distance contributions in this work. The expressions for Y_{SD}(z, s^′) can be manifestly written as [48]

Y_{SD}(z, s^′) = h(z, s^′)(3C_1(μ) + C_2(μ) + 3C_3(μ) + C_4(μ) + 3C_5(μ) + C_6(μ)) − 1 2 h(1, s^′)(4C_3(μ) + 4C_4(μ) + 3C_5(μ) + C_6(μ)) − 1 2 h(0, s^′)(C_3(μ) + 3C_4(μ)) + 2 9 (3C_3(μ) + C_4(μ) + 3C_5(μ) + C_6(μ)), (10) with h(z, s^′) = − 8 9 lnz + 8 27 + 4 9 x − 2 9 (2 + x)|1 − x|^{1/2} ln | | | √ 1−x+1 √ 1−x−1 | | | − iπ for x ≡ 4z^2/s^′ < 1 2 arctan^{1√}_{x−1} for x ≡ 4z^2/s^′ > 1 ,

h(0, s^′) = 8 27 − 8 9 ln m_b μ − 4 9 lns^′ + 4 9 iπ . (11)

C. Parameterizations of matrix elements and form factors in QCD Sum Rules

The exclusive B_c → D^∗_s ℓ^+ℓ^− decay involves the hadronic matrix elements which can be obtained by sandwiching the quark level operators given in Eq. (9) between initial state B_c meson and final state D^∗_s meson. These can be parameterized in terms of the form factors which are the scalar functions of the square of the four momentum transfer(q^2 = (p − k)^2). The non vanishing matrix elements for the process B_c → D^∗_s can be parameterized in terms of the seven form factors as follows ⟨D^∗_s (k, ε) |s̄γ_μb| B_c(p)⟩ = 2A_V (q^2) M_{Bc} + M_D∗_s ϵ_{μναβ} ε^{∗ν} p^αk^β (12) ⟨D^∗_s (k, ε) |s̄γ_μγ_5b| B_c(p)⟩ = i ( M_B−_c + M_D∗_s ) ε^{∗μ}A_0(q^2) −i A_+ ( q^2 ) M_{Bc} + M_D∗_s (ε^∗ · q) (p + k)^μ −i A_− ( q^2 ) M_{Bc} + M_D∗_s (ε^∗ · q)q^μ (13)

where p is the momentum of B_c meson and , ε (k) are the polarization vector (momentum) of the final state D^∗_s meson.

In addition to the above form factors there are some penguin form factors, which we can write as ⟨D^∗_s (k, ε) |s̄σ_{μν} q^ν b| B_c(p)⟩ = 2iT_1(q^2)ϵ_{μναβ} ε^{∗ν} p^αk^β (14) ⟨ D^∗_s (k, ε) | |s̄σ_{μν} q^ν γ^5b | | B_c(p)⟩ = [( M^2_{Bc} − M^2_D∗_s ) ε^∗_μ − (ε^∗ · q)(p + k)_μ ] T_2(q^2)

(15)

+(ε^∗ · q) [ q_μ − q^2 M^2_{Bc} − M^2_D∗_s

(p + k)_μ ] T_3(q^2).

The form factors A_V ( q^2 ) , A_0 ( q^2 ) , A_+ ( q^2 ) , A_− ( q^2 ) , T_1 ( q^2 ) , T_2 ( q^2 ) , T_3 ( q^2 ) are the non-perturbative quantities and to calculate them one has to rely on some non-perturbative approaches and in our numerical analysis we use the form factors calculated by using QCD Sum Rules [44]. The dependence of these form factors on square of the momentum transfer (q^2) can be written as F ( q^2 ) = F (0) 1 + a^{q2}_{M 2Bc} + b^{q4}_{M 4Bc}

. (16)

where the values of the parameters F (0), α and β are given in Table II.

Now in terms of these form factors and from Eq. (9) it is straightforward to write the penguin amplitude as

M^{PENG} = − G_F α 2 √ 2π V_{tb}V^∗_{ts} [ T^1_μ (l̄γ^μl) + T^2_μ (¯ lγ^μγ^5l )]

TABLE II: Bc → D^∗_s form factors corresponding to penguin contributions in the QCD Sum Rules. F (0) denotes the value of form factors at q^2 = 0 while a and b are the parameters in the parameterizations shown in Eq. (16)[44]. F (q^2) F (0) a b AV ( q^2 ) 0.54 ± 0.018 −1.28 −0.23 A0(q^2) 0.30 ± 0.017 −0.13 −0.18 A+(q^2) 0.36 ± 0.013 −0.67 −0.066 A−(q^2) −0.57 ± 0.04 −1.11 −0.14 T1(q^2) 0.31 ± 0.017 −1.28 −0.23 T2(q^2) 0.33 ± 0.016 −0.10 −0.097 T3(q^2) 0.29 ± 0.034 −0.91 0.007

where

T^1_μ = f_1(q^2)ϵ_{μναβ} ε^{∗ν} p^αk^β − if_2(q^2)ε^∗_μ + if_3(q^2)(ε^∗ · q)P_μ (17) T^2_μ = f_4(q^2)ϵ_{μναβ} ε^{∗ν} p^αk^β − if_5(q^2)ε^∗_μ + if_6(q^2)(ε^∗ · q)P_μ + if_0(q^2)(ε^∗ · q)q_μ (18)

The functions f_0 to f_6 in Eq. (17) and Eq. (18) are known as auxiliary functions, which contain both long distance (form factors) and short distance (Wilson coefficients) effects and these can be written as

f_1(q^2) = 4(m_b + m_s) C^{tot}_7 q^2

T_1(q^2) + 2C^{tot}_9

A_V (q^2) M_{Bc} + M_D∗_s f_2(q^2) = 2C^{tot}_7 q^2

(m_b − m_s)T_2(q^2) ( M^2_{Bc} − M^2_D∗_s ) + C^{tot}_9 A_0(q^2) (M_{Bc} + M_D∗ )

f_3(q^2) = 4 C^{tot7} q^2

(m_b − m_s)

T_2(q^2) + q^2 T^3(q^2) ( M^2_{Bc} − M^2_D∗_s ) + C^{tot}_9 A^+(q^2) M_{Bc} + M_D∗_s f_4(q^2) = C^{tot}_{10}

2A_V (q^2) M_{Bc} + M_D∗_s f_5(q^2) = C^{tot}_{10} A_0(q^2) ( M_{Bc} + M_D∗_s ) f_6(q^2) = C^{tot}_{10}

A_+(q^2) M_{Bc} + M_D∗_s f_0(q^2) = C^{tot}_{10}

A_−(q^2) M_{Bc} + M_D∗_s (19)

III. PHYSICAL OBSERVABLES FOR Bc → D^∗_s ℓ^+ℓ^−

In this section we will present the calculations of the physical observables like the decay rates, leptons forwardbackward asymmetry, the helicity fractions of D^∗_s meson and the final state lepton polarizations. We use both the weak annihilation (WA) amplitude and the penguin amplitude to study these observables.

A. The Differential Decay Rate of Bc → D^∗_s ℓ^+ℓ^−

In the rest frame of B_c meson the differential decay width of B_c → D^∗_s ℓ^+ℓ^− can be written as

dΓ(B_c → D^∗_s ℓ^+ℓ^−) dq^2 = 1 (2π)^3 1 32M^3_{Bc}

∫_{+u(q}2_)

−u(q^2 )

du |M|^2 (20)

where

M = M^{WA} + M^{PENG}

q^2 = (p_l+ + p_l− )^2 (21)

u = (p − p_l− )^2 − (p − p_l+ )^2

Now the limits on q^2 and u are

4m^2_l ≤ q^2 ≤ (M_{Bc} − M_D∗_s )^2 (22)

−u(q^2) ≤ u ≤ u(q^2) (23)

with

u(q^2) = √ λ ( 1 − 4m^2_l q^2 ) (24) and λ ≡ λ(M^2_{Bc} , M^2_D∗_s , q^2) = M^4_{Bc} + M^4_D∗_s + q^4 − 2M^2_{Bc} M^2_D∗_s − 2M^2_D∗_s q^2 − 2q^2M^2_{Bc}

Here m_l corresponds to the mass of the lepton which for our case are the μ and τ. The total decay rate of B_c → D^∗_s ℓ^+ℓ^− can be expressed in terms of WA, penguin amplitude and their interference, which takes the form [41] dΓ dq^2 = dΓ^{WA} dq^2 + dΓ^{PENG} dq^2 + dΓ^{WA-PENG} dq^2 (25)

with dΓ^{WA} dq^2 = G^2_F |V_{cb}V^∗_{cs}|^2 α^2 2^{11}π^53M^3_{Bc} M^2_D∗_s q^2 u(q^2) × g ( q^2 ) (26)

dΓ^{PENG} dq^2 = G^2_F |V_{tb}V^∗_{ts}|^2 α^2 2^{11}π^53M^3_{Bc} M^2_D∗_s q^2 u(q^2) × h ( q^2 ) (27)

dΓ^{WA-PENG} dq^2 = G^2_F |V_{cb}V^∗_{cs}| |V_{tb}V^∗_{ts}| α^2 2^{11}π^53M^3_{Bc} M^2_D∗_s q^2 u(q^2) × I ( q^2 ) . (28)

The function u(q^2) is defined in Eq. (24) and g(q^2), h(q^2) and I(q^2) are g ( q^2 ) = 1 2 ( 2m^2_l + q^2 ) κ^2 [ 8λM^2_D∗_s q^2 ( F^{D∗s}_V (q^2)

)_2 + ( F^{D∗s}_A (q^2)

)_2

[12M^2_D∗_s q^2(λ + 4M^2_{Bc} q^2) + λ^2 + λ(λ + 4q^2M^2_D∗_s + 4q^4)] ]

h(q^2) = 24 | |f_0(q^2) | |^2 m^2_l M^2_{D∗s} λ + 8M^2_{D∗s} q^2λ(2m^2_l + q^2) | |f_1(q^2) | |^2 − (4m^2_l − q^2) | |f_4(q^2) | |^2]

+λ(2m^2_l + q^2) | | |f2(q^2) + (M^2_{Bc} − M^2_D∗_s − q^2)f3(q^2) | | |^2 − (4m^2_l − q^2) | | |f5(q^2) + (M^2_{Bc} − M^2_D∗_s − q^2)f6(q^2) | | |^2]

+4M^2_D∗_s q^2[(2m^2_l + q^2)(3 | |f_2(q^2) | |^2 − λ | |f_3(q^2) | |^2) − (4m^2_l − q^2)(3 | |f_5(q^2) | |^2 − λ | |f_6(q^2) | |^2)] (29)

I(q^2) = 2κ[f_2(q^2)F^{D∗s}_A (q^2)q^2(2m^2_l + q^2)(λ + 6M^2_D∗_s (M^2_{Bc} − M^2_D∗_s + q^2))

−(λ(2f_1(q^2)F^{D∗s}_V (q^2)M^2_D∗_s q^4 + f_3(q^2)F^{D∗s}_A (q^2)(2m^2_l + q^2)(λ + q^4 + 4M_{Bc} M_D∗_s ))].

where κ = 8π^2M_D∗_s f_{Bc} f_D∗_s (m^2_c − m^2_s)q^2 |V_{tb}V^∗_{ts}| |V_{cb}V^∗_{cs}| . (30)

B. Forward-Backward Asymmetry of B → D^∗_s ℓ^+ℓ^− decay

In this section we investigate the forward-backward asymmetry (FBA) of leptons. The measurement of the FBA at LHC is significant due to the minimal dependence on the form factors [49], and as such this observable is of greater importance to check the more clear signals of any NP than the other observables such as branching ratio etc. In the context of fourth generation, the FBA can also play a crucial role because it is driven by the loop top quark and so it is sensitive to the fourth generation up type quark t^′ [50]. Now to calculate the forward-backward asymmetry, we consider the following double differential decay rate formula for the process B_c → D^∗_s ℓ^+ℓ^−

d^2Γ(q^2, cos θ)

dq^2d cos θ = 1 (2π)^3 1 32m^3_B u ( q^2 ) |M_{Bc→D}∗_{s ℓ}+_ℓ− |^2, (31) where θ is the angle between the momentum of B_c meson and ℓ^− in the dilepton rest frame. Following Refs. [50], the differential and normalized FBAs for the semi-leptonic decay B_c → D^∗_s ℓ^+ℓ^− are defined as

dA_{F B} (q^2) dq^2 = ∫_1 0 d cos θ d^2Γ(q^2, cos θ) dq^2d cos θ − ∫_0 −1 d cos θ d^2Γ(q^2, cos θ) dq^2d cos θ

(32) and A_{F B} (q^2) =

∫_1 0 d cos θ^{d2Γ(q2 ,cos θ)}

dq^2d cos θ −

∫_0 −1 d cos θ^{d2Γ(q2 ,cos θ)}

dq^2d cos θ

∫_1 0 d cos θ^{d2Γ(q2 ,cos θ)}

dq^2d cos θ +

∫_0 −1 d cos θ^{d2Γ(q2 ,cos θ)}

dq^2d cos θ

. (33)

Following the procedure used for the differential decay rate, one can easily get the expression for the forward-backward asymmetry which can be written as

A_{F B} = 1 dΓ/dq^2 G^2_F α^2 2^{11}π^5m^3_B

|V_{tb}V^∗_{ts}|^2 q^2u(q^2)[2Re[f_4]κF^{D∗s}_A ( q^2 ) (M^2_{Bc} −M^2_D∗_s +q^2)+4Re[f^∗_2 f_4+f^∗_1 f_5]+2Re[f_5]κF^{D∗s}_V ( q^2 ) )] (34) where κ is defined in Eq. (30) and dΓ/dq^2 is given in Eq. (25).

C. Helicity Fractions of D^∗_s in Bc → D^∗_s ℓ^+ℓ^− decay

We now discuss helicity fractions of D^∗_s meson in B_c → D^∗_s ℓ^+ℓ^− decay which are almost independent of the uncertainties arising due to form factors and other input parameters. Therefore, the study of these observables will provide us a good testing ground for the SM4. The explicit expression of the decay rate for B^−_c → D^∗_s ℓ^+ℓ^− decay in terms of longitudinal (Γ_L) and transverse (Γ_T ) components of decay rate can be written as [41]

dΓ_L(q^2) dq^2 = dΓ^{WA}_L (q^2) dq^2 + dΓ^{PENG}

L (q^2) dq^2 + dΓ^{WA-PENG}

L (q^2) dq^2 (35)

dΓ_±(q^2) dq^2 = dΓ^{WA}_± (q^2) dq^2 + dΓ^{PENG}

± (q^2) dq^2 + dΓ^{WA-PENG}

± (q^2) dq^2 (36)

dΓ_T (q^2) dq^2 = dΓ_+(q^2) dq^2 + dΓ_−(q^2) dq^2 . (37) where

dΓ^{WA}_L (q^2) dq^2 = G^2_F |V_{cb}V^∗_{cs}|^2 α^2

2^{11}π^5 u(q^2) M^3_{Bc} × 1 3 A^{WA}_L (38)

dΓ^{PENG}

L (q^2) dq^2 = G^2_F |V_{tb}V^∗_{ts}|^2 α^2

2^{11}π^5 u(q^2) M^3_{Bc} × 1 3 A^{PENG}

L (39)

dΓ^{WA-PENG}

L (q^2) dq^2 = G^2_F |V_{cb}V^∗_{cs}| |V_{tb}V^∗_{ts}| α^2 2^{11}π^5 u(q^2) M^3_{Bc} × 1 3 A^{WA-PENG}

L (40)

dΓ^{WA}_± (q^2) dq^2 = G^2_F |V_{cb}V^∗_{cs}|^2 α^2

2^{11}π^5 u(q^2) M^3_{Bc} × 2 3 A^{WA}_± (41)

(42)

dΓ^{PENG}

± (q^2) dq^2 = G^2_F |V_{tb}V^∗_{ts}|^2 α^2

2^{11}π^5 u(q^2) M^3_{Bc} × 4 3 A^{PENG}

± (43)

dΓ^{WA-PENG}

± (q^2) dq^2 = G^2_F |V_{cb}V^∗_{cs}| |V_{tb}V^∗_{ts}| α^2 2^{11}π^5 u(q^2) M^3_{Bc} × 2 3 A^{WA-EP}

± . (44)

The different functions appearing in above equation can be expressed in terms of auxiliary functions (c.f. Eq. (19)) as A^{WA}_L = κ^2 4q^2M^2_D∗_s [ ( F^{D∗s}_V (q^2)

)_2 {

q^2λ(λ + 4q^2M^2_D∗_s ) − 4M^2λ(2λ + 8q^2M^2_D∗_s ) − q^2 ( M^2_{Bc} − M^2_D∗_s − q^2

)_2 ( λ − 2u^2(q^2) ) }

+ ( F^{D∗s}_A (q^2)

)_2 {

12λq^2((M^2_{Bc} − M^2_D∗_s )^2 − M^2_D∗_s ) − λ^2(q^2 − 4m^2) + q^2(8q^2M^2_D∗_s − λ)(M^2_{Bc} − M^2_D∗_s + q^2)^2

− 2u^2(q^2)q^2((M^2_{Bc} − M^2_D∗_s )^2 + q^4) + 4m^2((M^2_{Bc} − M^2_D∗_s )^2 − q^4)^2 }]

A^{PENG} L = 1 2M^2_D∗_s q^2 [24 | |f_0(q^2) | |^2 m^2_l M^2_{D∗s} λ + (2m^2_l + q^2) | | |(M^2_{Bc} − M^2_D∗_s − q^2)f2(q^2) + λf3(q^2) | | |^2

+ (q^2 − 4m^2_l ) | | |(M^2_{Bc} − M^2_D∗_s − q^2)f5(q^2) + λf6(q^2) | | |^2]

A^{WA-PENG} L = κ q^2M^2_D∗_s [ Re(f_1 ( q^2 ) F^{D∗s}_V (q^2)) { (λ + 4M^2_D∗_s q^2) ( 8m^2 √ λ + q^2(2u(q^2) − √ λ) ) − 4M^2_D∗_s q^2λ }

+ Re(f_2 ( q^2 ) F^{D∗s}_A (q^2)) { q^2u^2(q^2)(M^2_{Bc} − M^2_D∗_s − q^2) + 6q^2λ(M^2_D∗_s − M^2_{Bc} )

+ q^2(λ − 8q^2M^2_D∗_s )(M^2_{Bc} − M^2_D∗_s + q^2) − 4m^2q^2(4q^2M^2_D∗_s + λ) }

+ Re(f_3 ( q^2 ) F^{D∗s}_A (q^2)) { λ^2(4m^2 − q^2) + q^4(q^2u(q^2) √ λ − 6λ(M^2_{Bc} + M^2_D∗_s )) + q^2(M^2_{Bc} − M^2_D∗_s )(6λ − u^2(q^2)) }]

A^{WA}_± = κ^2 [ ( 2m^2 + q^2 ) [ λ ( F^{D∗s}_V (q^2)

)_2 + ( F^{D∗s}_A (q^2)

)_2 (

λ + 4M^2_D∗_s q^2 ) ]]

A^{PENG}

± = (q^2 − 4m^2_l ) | |f_5(q_2) ∓ √λf_4(q_2) | |^2 + (q_2 + 2m_{2l} ) | |f_2(q_2) ± √λf_1(q_2) | |^2 A^{WA -PENG} ± = −κ { 2 √ λ(q^2 − 4m^2)Re(f_2 ( q^2 ) F^{D∗s}_V (q^2)) + 4λ(q^2 + 2m^2)Re(f_1 ( q^2 ) F^{D∗s}_V (q^2))

± 2(q^2 + 2m^2)(M^2_{Bc} − M^2_D∗_s + q^2)[2Re[(f_1 ( q^2 ) F^{D∗s}_A (q^2))] √ λ ∓ 2Re(f_2 ( q^2 ) F^{D∗s}_V (q^2))] } (45)

Finally the longitudinal and transverse helicity amplitude becomes

f_L(q^2) = dΓ_L(q^2)/dq^2 dΓ(q^2)/dq^2

f_±(q^2) = dΓ_±(q^2)/dq^2 dΓ(q^2)/dq^2 f_T (q^2) = f_+(q^2) + f_−(q^2) (46)

so that the sum of the longitudinal and transverse helicity amplitudes is equal to one i.e. f_L(q^2) + f_T (q^2) = 1 for each value of q^2.

D. Lepton Polarization asymmetries of Bc → D^∗_s ℓ^+ℓ^−

In the rest frame of the lepton ℓ^−, the unit vectors along longitudinal, normal and transversal component of the ℓ^− can be defined as:

s^{−μ}_L = (0, ⃗e_L) = ( 0, ⃗p_− |⃗p_−| ) ,

s^{−μ}_N = (0, ⃗e_N ) = 0, ⃗k × ⃗p_− | | |⃗k × ⃗p− | | | , (47)

s^{−μ}_T = (0, ⃗e_T ) = (0, ⃗e_N × ⃗e_L) ,

where ⃗p_− and ⃗k are the respective three-momenta of the lepton ℓ^− and D^∗_s meson in the center mass (CM) frame of l^+l^− system. Lorentz transformation is used to boost the longitudinal component of the lepton polarization to the CM frame of the lepton pair as ( s^{−μ}_L ) CM = ( |⃗p_−| m_l , E_l⃗p_− m_l |⃗p_−| ) (48)

where E_l and m_l are the energy and mass of the lepton. The normal and transverse components remain unchanged under the Lorentz boost.

The longitudinal (P_L), normal (P_N ) and transverse (P_T ) polarizations of lepton can be defined as:

P^{(∓)}_i (q^2) = dΓ dq^2 ( ⃗ξ∓ = ⃗e∓) −^{dΓ}_{dq2} (⃗ξ∓ = −⃗e∓) dΓ dq^2 ( ⃗ξ∓ = ⃗e∓) +^{dΓ}_{dq2} (⃗ξ∓ = −⃗e∓) (49)

where i = L, N, T and ⃗ξ^∓ is the spin direction along the leptons l^∓. The differential decay rate for polarized lepton l^∓ in B_c → D^∗_s ℓ^+ℓ^− decay along any spin direction ⃗ξ^∓ is related to the unpolarized decay rate (25) with the following relation dΓ(⃗ξ^∓) dq^2 = 1 2 ( dΓ dq^2 ) [1 + (P^∓_L ⃗e^∓_L + P^∓_N ⃗e^∓_N + P^∓_T ⃗e^∓_T ) · ⃗ξ^∓]. (50)

Using these inputs we can achieve the expressions of longitudinal, normal and transverse lepton polarizations for B_c → D^∗_s ℓ^+ℓ^− decays. The expression of the numerator of longitudinal lepton polarization is

P_L(q^2) ∝ 4λ 3M^2_D∗_s √ q^2 − 4m^2_l q^2 × { 2Re(f_2f^∗_5 ) + λRe(f_3f^∗_6 ) + 4 √ q^2Re(f_1f^∗_4 ) ( 1 + 12q^2M^2_D∗_s λ )

+ ( −M^2_{Bc} + M^2_D∗_s + q^2 ) [Re(f_3f^∗_5 ) + Re(f_2f^∗_6 )] } . (51)

Similarly the numerator of normal lepton polarization can be written as

P_N (q^2) ∝ m_lπ M^2_D∗_s √ λ q^2 × { − λq^2Re(f_3f^∗_0 ) + λ(M^2_{Bc} − M^2_D∗_s )Re(f_3f^∗_6 ) − λRe(f_3f^∗_5 ) + ( −M^2_{Bc} + M^2_D∗_s + q^2 ) [ q^2Re(f_2f^∗_0 ) ]

−8q^2M^2_D∗_s Re(f_1f^∗_2 ) + κ^2F^{D∗s}_V F^{D∗s}_A (M^2_{Bc} − M^2_D∗_s + q^2) } (52)

and that of the transverse leptons polarization is given by

P_T ( q^2 ) ∝ i m_lπ √( q^2 −^{4m2l}_{q2} ) λ M^2_D∗_s { M^2_{Bc} Im(f_5f^∗_6 ) + M_D∗_s [4Im(f_2f^∗_4 ) + 4Im(f_1f^∗_5 ) + 3Im(f_5f^∗_6 )] + ( −M^2_{Bc} + M^2_D∗_s + q^2 ) [Im(f_0f^∗_5 )] + Im(f_5f^∗_6 ) + Im(f_4f^∗_6 ) + 2κIm[f_5]F^{D∗s}_V + 2κM_D∗_s Im[f_4]F^{D∗s}_A }

(53)

where κ is defined in Eq. (30) along with auxiliary functions f_0, ..., f_6 and the form factors F^{D∗s}_{V,A} are the ones defined in Eq. (19) and Eq. (2), respectively. Here we have dropped out the constant factors which are understood.

IV. NUMERICAL ANALYSIS:

In this section, we would like to present the numerical analysis of decay rates, FBAs of leptons, helicity fractions of final state D^∗_s meson and different lepton polarization asymmetries both in the SM and SM4. The numerical values of Wilson coefficients and other input parameters used in our analysis are collected in Tables II and III. It has already

TABLE III: Values of input parameters used in our numerical analysis GF = 1.166 × 10^{−2} GeV^{−2} |Vts| = 41.61^{+0.10}_{−0.80} × 10^{−3} |V_{tb}| = 0.9991 m_b = (4.68 ± 0.03) GeV mc (mc) = 1.275^{+0.015}_{−0.015} GeV ms (1 GeV) = (142 ± 28) MeV MB_c = 6.26 GeV MD∗_s = 2.12 GeV fB_c = 0.35 GeV fD∗_s = 0.30 GeV

TABLE IV: The Wilson coefficients Ci(μ) at the scale μ ∼ m_b in the SM. C1 C2 C3 C4 C5 C6 C7 C9 C10 1.107 -0.248 -0.011 -0.026 -0.007 -0.031 -0.313 4.344 -4.669

been mentioned that in B_c to D^∗_s transition the WA contributions are proportional to V_{cb}V^∗_{cs} and hence can not be ignored like in the ordionary B_{u,d,s} to light meson decays. Using the values of the form factors given in Table I and II along with the value of input parameters from Tables III and IV, the numerical result of the branching ratios for the decays B_c → D^∗_s ℓ^+ℓ^− containing contributions from penguin, WA and both amplitudes are given in Table V [41]. Here, one can see that the WA contribution to the branching ratio for B_c → D^∗_s μ^+μ^− decay is almost an order of magnitude larger than the penguin ones therefore, we have to include it in the analysis of B_c → D^∗_s ℓ^+ℓ^− in SM4.

TABLE V: Branching ratio for Bc → D^∗_s μ^+μ^−(τ^+τ^−) decay using form factors calculated in QCD sum rules [43, 44].

BR^{(PENG)}(Bc → D^∗_s μ^+μ^−(τ^+τ^−)) BR^{(WA)}(Bc → D^∗_s μ^+μ^−(τ^+τ^−)) BR^{(Total)}(Bc → D^∗_s μ^+μ^−(τ^+τ^−)) 2.57 × 10^{−7} ( 1.13 × 10^{−8} ) 2.20 × 10^{−6} ( 0.35 × 10^{−9} ) 2.46 × 10^{−6} ( 1.49 × 10^{−8} )

Regarding the parameters of the SM4, recently CDF collaboration has given the lower bound on the mass of the t^′ quark to be m_t′ ≥ 335 GeV at 95% CL [59]. These bounds are little higher than the ones quoted in Ref. [60] of m_t′ >∼ 256 GeV. On the other hand, the perturbativity of the Yukawa coupling implies that m_t′ <∼ √ 2π ⟨v⟩ ≈ 600 GeV, where ⟨v⟩ is the vacuum expectation value of the Higgs boson [61]. Thus, the mass m_t′ is constrained in a band, m_t′ = 335 − 600 GeV, which increases the predictability of SM4. Keeping in the view that these bounds will be considerably improved at LHC, we set m_t′ = 300 − 600 GeV in our numerical calculation. In addition to the masses of the sequential fourth generation of quarks the other important parameters are the CKM4 matrix elements, where |V_t′_s| and |V_t′_b| are of the main interest for present study. The experimental upper bounds on these CKM matrix elements are |V_t′_s| < 0.11 and |V_t′_b| < 0.12 [62, 63]. By taking the CKM unitarity condition, ∑ i V^∗_{is}V_{ib}, (i = u, c, t, t^′) together with the present measurements of the 3 × 3 CKM matrix [64], the bounds for CKM4 matrix elements are obtained to be [63, 65]

|V^∗_t′_sV_t′_b| ≤ 1.5 × 10^{−2}. (54)

Incorporating these constraints on the fourth generation parameter space, the NP effects origination from SM4 on different physical observables are shown in Figs. 1-14.

Figs. 1 and 2 depict the variation of the differential branching ratio of B_c → D^∗_s μ^+μ^−(τ^+τ^−) decays with q^2 both in the SM and in the sequential fourth generation model (SM4). These figures indicate that the values of the differential branching ratios are enhanced sizably with increase in the values of fourth generation parameters m_t′ and |V^∗_t′_bV_t′_s|. These new physics effects are prominent in whole q^2 region both for the μ and τ as the final state leptons which is due to the fact that at small value of q^2 the dominant contribution comes from C^{tot}_7 (μ) whereas for the large value of q^2 the major contribution is from the Z exchange i.e., C^{tot}_{10} , which is sensitive to the mass of the fourth generation quark (m_t′ ).

As an exclusive decay, the new physics effects in the branching ratios are usually masked by the uncertainties involved in different input parameters where form factors are the major contributors. However, for the present case the new physics effects are very prominent and lies well separated from the SM values even in the error bounds. However there exists some other obseverables which have very mild dependence on the choice of the form factors. Among them the zero position of the forward-backward asymmetry, helicity fractions of final state D^∗_s meson and the different lepton polarization asymmetries, are almost free from the hadronic uncertainties, in particular at low q^2 region, and hence serve as an important tool to study NP.

Fig. 3 describes the behavior of the forward-backward asymmetry of B_c → D^∗_s μ^+μ^− with q^2. Here one can see that the value of the forward-backward asymmetry passes from the zero at a particular value of q^2 both in the SM as well as in the SM4. This is because of the destructive interference between the photon penguin (C^{ef f}_7 ) and the Z penguin (C^{ef f}_9 ). It has already been mentioned that the SM4 effects display themselves in the Wilson coefficients, therefore, one expects that both the zero crossing of FBA and its magnitude will be different from SM. This fact is illustrated in 3. We can see that the value of the forward-backward asymmetry decreases from the SM value but the position of

(a) (b)

(c) (d) FIG. 1: The dependence of branching ratio of Bc → D^∗_s μ^+μ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. |V^∗_t′_bV_t′_s| = 0.003, 0.006, 0.009 and 0.012 in (a), (b), (c) and (d) respectively. In all the graphs, the solid line corresponds to the SM, dashed, medium dashed and long dashed lines are for m_t′ = 300 GeV , 500 GeV and 600 GeV respectively.

zero crossing remains the same for the low value of SM4 parameters (m_t′ , |V^∗_t′_bV_t′_s|) (c.f. Fig. 3(a,b)). However, at the large value of the CKM4 matrix elements and the mass m_t′ the zero position is shifted to the left which makes it an important candidate for the search of SM4 effects.

Now for the B_c → D^∗_s τ^+τ^− decay the FBA is presented in Fig. 4. In this case the crossing of the FBA is absent both in the SM and in the SM4, however, there is a significant deviation in its magnitude for large values of the SM4 parameters. As the magnitude of the forward-backward asymmetry is also an important tool to establish the NP, therefore, the experimental study of it will give us some distinguishing effects of SM4.

Another handy tool to explore the NP is the study of helicity fractions of the final state meson which are associated with its spin. In literature, there exist some studies on the helicity fractions for the case of vector (K^∗, D^∗_s ) and K_1(1270, 1400) mesons both in the SM and in some NP scenarios, whereas for the K^∗ there exists some experimental observations too [41, 66]. It is therefore legitimate to study SM4 contributions to the helicity fractions of D^∗_s meson in B_c → D^∗_s ℓ^+ℓ^− decays.

(a) (b)

(c) (d) FIG. 2: The dependence of branching ratio of Bc → D^∗_s τ^+τ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1

In Figs. 5 and 6 we have shown the dependence of longitudinal and transverse helicity fractions of D^∗_s meson in B_c → D^∗_s μ^+μ^− decay on q^2. We can establish from Fig. 5 (6) that the effects of the fourth generation on the longitudinal (transverse) helicity fractions of D^∗_s are marked up in the 2.5 < q^2 ≤ 13.5GeV^2 region. Here one can see that the shift in the value of longitudinal and transverse helicity fractions from that of the SM value is small for the lower values of the fourth generation parameters (m_t′ , |V_t′_bV_t′_s|) which however becomes prominent when the values of these input parameters becomes maximum. The value of the longitudinal (transverse) helicity fraction of D^∗_s meson decreases (increase) with the increment in the values of fourth generation input parameters m_t′ and |V_t′_bV_t′_s|. In contrast to analysis of same observable made in the UED model [41] where UED effects were mitigated by the WA contributions, we can see that in the present scenario the NP effects are very promising. Therefore, we expect that the experimental study of helicity fraction of D^∗_s meson will serve as a handy tool to distinguish different NP scenarios.

Performing the similar study when tau’s are the final state leptons we have shown the dependence of longitudinal and transverse helicity fractions of the D^∗_s meson in Figs. 7 and 8 against the square of the momentum transfer (q^2). Compared to the muon in the final state, the SM4 effects in this case are somewhat dim but still visible. Therefore,

(a) (b)

(c) (d) FIG. 3: The dependence of forward-backward asymmetry of Bc → D^∗_s μ^+μ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

we expect that the experimental study of the helicity fraction will shed some light on the NP searches especially in B_c → D^∗_s μ^+μ^− decays.

Fig. 9 shows the dependence of longitudinal lepton polarization asymmetry for the B_c → D^∗_s μ^+μ^− decay on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. From Eq. (51) we can see that the WA contributions are canceled out and hence the effects of SM4 will be distinctively clear in longitudinal lepton polarization asymmetry which is depicted in Fig. 9. The value of longitudinal lepton polarization for muons is around −0.9 in the SM3 and we have significant deviation in this value in SM4. Just in the case of m_t′ = 600 GeV and |V^∗_t′_bV_t′_s| = 1.2 × 10^{−2} the value of the longitudinal lepton polarization becomes −0.5 which will help us to see experimentally the SM4 effects in these decays. Similar effects can be seen for the final state tauons (c.f. Fig. 10). In this case the shift from the SM value is small compared to the muons in the final state because of the factor ( 1 −^{4m2l}_{q2} ) appear in the calculation of the longitudinal lepton polarization asymmetry.

The dependence of normal lepton polarization asymmetries for B_c → D^∗_s ℓ^+ℓ^− on the momentum transfer square are presented in Figs. 11 and 12. In terms of Eq. (52), it can be seen that it is proportional to the mass of the final

(a) (b)

(c) (d) FIG. 4: The dependence of forward-backward asymmetry of Bc → D^∗_s τ^+τ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

state lepton and for μ its values are expected to be small and Fig. 11 displays it in the SM as well as in the SM4 for the different values of fourth generation parameters. In SM4, there is a slight shift from the SM value which, however, due to its small value it is hard to measure experimentally. Now, for the τ^+τ^− channel, Eq. (52) we will have a large value of normal lepton polarization compared to the μ^+μ^− case in the SM. Fig. 12 shows that there is a significant decrease in the value of P_N in SM4 compared to the SM and its experimental measurement will give us some clear hints of the fourth generation of quarks.

Figs. 13 and 14 show the value of transverse lepton polarization both in the SM as well as in SM4 for B_c → D^∗_s ℓ^+ℓ^− decay. One can see that it is zero in the SM but non zero in sequential fourth generation SM (SM4). This non zero value comes from the interference of the Wilson coefficient for SM4 which are complex in SM4, see Eqs. (7, 53). The transverse lepton polarization is proportional to the lepton mass and as the imaginary part of the Wilson coefficients therefore, it is expected to be small which can also be seen from Figs. 13 and 14.

(a) (b)

(c) (d) FIG. 5: The dependence of longitudinal helicity fractions of Bc → D^∗_s μ^+μ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

V. SUMMARY AND CONCLUSION:

We have carried out the study of invariant mass spectrum, forward-backward asymmetries, polarization asymmetries of final state D^∗_s meson and lepton in B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) decays in the Standard Model with extra sequential generation of quarks (SM4). Particularly, we analyze the effects of fourth generation up-type quark mass m^′_t and corresponding CKM matrix element |V^∗_t′_bV_t′_s| to this process and our main outcomes can be summarized as follows:

• We have found that the branching ratios deviate sizably from that of the SM in almost all momentum transfer

(a) (b)

(c) (d) FIG. 6: The dependence of transverse helicity fractions of Bc → D^∗_s μ^+μ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

region. The study shows that the BR is an increasing function of the fourth generation parameters m_t′ and V_t′_bV_t′_s. At maximum values of these parameters, i.e. |V_t′_bV_t′_s| = 0.012 and m_t′ = 600 GeV, the values of BR increase approximately by 3 times of their SM values when the final leptons are muons or tauons. Hence the accurate measurement of the BR for these decays is very important tool to explore physics beyond the SM.

• The value of the forward-backward asymmetry decreases significantly from that of the SM value in SM4 when the mass of the fourth generation quark varies from 300 GeV to 600 GeV. The value of the zero position of forward-backward asymmetry shifted towards the left for all values of |V^∗_t′_bV_t′_s| in B_c → D^∗_s μ^+μ^− decay. This shifting is significant for large values of the fourth generation CKM matrix elements |V^∗_t′_bV_t′_s| and fourth generation top quark mass m_t′ . As it is almost free from the hadronic uncertainties therefore this shifting will help us to find clues of the SM4.

• The polarization effects of final state D^∗_s meson and lepton are calculated in the sequential fourth generation SM4. It is found that the SM4 effects are very promising, which could be measured at present and future

(a) (b)

(c) (d) FIG. 7: The dependence of longitudinal helicity fractions of Bc → D^∗_s τ^+τ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

experiments like LHCb where large numbers of bb̄ pairs are expected to be produced.

In short, the precision measurements of these observables at Tevatron and LHC will help us to find the indications of new physics encoded in the fourth generation parameters such as V_t′_bV_t′_s and m_t′ .

Acknowledgements

Helpful discussions with Prof. Riazuddin and Prof. Fayyazuddin are greatly acknowledged. M. J. A acknowledge the grant provided by Quaid-i-Azam University from University Research Funds.

[1] Erin De Pree, G. Marshall and Marc Sher, The Fourth Generation t-prime in Extensions of the Standard Model, arXiv:

0906.4500 [hep-ph].

(a) (b)

(c) (d) FIG. 8: The dependence of transverse helicity fractions of Bc → D^∗_s τ^+τ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

[2] C. Amsler et al. [Particle Data Group], Phys. Lett. B667 (2008) 1.

[3] M. Maltoni, V. A. Novikov, L. B. Okun, A. N. Rozanov and M. I. Vysotsky, Phys. Lett. B476 (2000) 107 [arXiv:hep-ph/9911535]; H. J. He, N. Polon- sky and S. f. Su, Phys. Rev. D64 (2001) 053004 [arXiv:hep-ph/0102144]; B. Holdom, Phys. Rev. D54 (1996) 721 [arXiv:hep-ph/9602248].

[4] G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P. Tait, Phys. Rev. D76 (2007) 075016 [arXiv:0706.3718 [hep-ph]]. [5] W. S. Hou and C. Y. Ma, Phys. Rev. D82 (2010) 036002. [6] S. Bar-Shalom, D. Oaknin and A. Soni, Phys. Rev. D80 (2009) 015011.

[7] A. J. Buras, B. Duling, T. Feldmann, T. Heidsieck, C. Promberger and S. Recksiegel, JHEP 1009 (2010) 106.

(a) (b)

(c) (d) FIG. 9: The dependence of longitudinal lepton polarization of Bc → D^∗_s μ^+μ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

[8] A. Soni, A. K. Alok, A. Giri, R. Mohanta and S. Nandi, Phys. Lett. B683 (20100 302. [9] O. Eberhardt, A. Lenz and J. Rohrwild, Phys. Rev. D82 (2010) 095006. [10] A. Soni, A. K. Alok, A. Giri, R. Mohanta and S. Nandi, Phys. Rev. D82 (2010) 033009. [11] A. K. Alok, A. Dighe and D. London, Phys. Rev. D83 (2011) 073008. [12] B. Holdom, Phys. Rev. Lett. 57 (1986) 2496 [Erratum-ibid. 58 (1987) 177]. [13] C. T. Hill, M. A. Luty and E. A. Paschos, Phys. Rev. D43 (1991) 3011. [14] T. Elliott and S. F. King, Phys. Lett. B283 (1992) 371. [15] P. Q. Hung and C. Xiong, Nucl. Phys. B848 (2011) 288.

(a) (b)

(c) (d) FIG. 10: The dependence of longitudinal lepton polarization of Bc → D^∗_s τ^+τ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

[16] B. Holdom, JHEP 0608 (2006) 076.

[17] P. Q. Hung and M. Sher, Phys. Rev. D77 (2008) 037302. [18] P. Q. Hung, C. Xiong, Phys. Lett. B694 (2011) 430. [19] P. Q. Hung and C. Xiong, Nucl. Phys. B847 (2011) 160. [20] O. Cakir, A. Senol and A. T. Tasci, Europhys. Lett. 88 (2009) 11002.

[21] B. Holdom, W. S. Hou, T. Hurth, M. L. Mangano, S. Sultansoy and G. Unel, PMC Phys. A3 (2009) 4. [22] A. Lister (for the CDF collaboration), pre-sented at ICHEP 2008, arXiv:0810.3349 [hep-ex]; J. Conway et al., CDF public conference note CDF/PUB/TOP/PUBLIC/10110.

(a) (b)

(c) (d) FIG. 11: The dependence of normal lepton polarization of Bc → D^∗_s μ^+μ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

[23] L. Scodellaro (for the CDF collaboration) presented at ICHEP 2010. D. Whiteson et al., CDF public conference note CDF/PUB/TOP/PUBLIC/10243.

[24] G.D. Kribs, T. Plehn, M. Spannowsky, T.M.P. Tait, Phys. Rev. D76 (2007) 075016; ibid. Nucl. Phys. Proc. Suppl. 177- 178 (2008) 241-245; M.S. Chanowitz, Phys. Rev. D79 (2009) 113008; V.A. Novikov, A.N. Rozanov and M.I. Vysotsky, arXiv:0904.4570 [hep-ph] and refer-ences therein; J. Erler and P. Langacker, arXiv:1003.3211 [hep-ph].

[25] M. Hashimoto, arXiv:1001.4335 [hep-ph].

[26] C. J. Flacco, D. Whiteson, M. Kelly, arXiv:1101.4976 [hep-ph]. [27] T. Moroi, Phys. Lett. B493 (2000) 366-374, arXiv:hep-ph/0007328.

[28] D. Chang, A. Masiero, and H. Murayama, Phys. Rev. D67 (2003) 075013, arXiv:hep-ph/0205111. [29] R. Harnik, D. T. Larson, H. Murayama, and A. Pierce, Phys. Rev. D69 (2004) 094024, arXiv:hep-ph/0212180. [30] M. Ciuchini, E. Franco, A. Masiero, and L. Silvestrini, Phys. Rev. D67 (2003) 075016, arXiv:hep-ph/0212397. [31] J. Foster, K.-i. Okumura, and L. Roszkowski, JHEP 08 (2005) 094, arXiv:hep-ph/0506146. [32] M. Blanke, A. J. Buras, B. Duling, S. Gori, and A. Weiler, JHEP 03 (2009) 001, arXiv:0809.1073 [hep-ph]. [33] M. Blanke, A. J. Buras, B. Duling, K. Gemmler, and S. Gori, JHEP 03 (2009) 108, arXiv:0812.3803 [hep-ph].

(a) (b)

(c) (d) FIG. 12: The dependence of normal lepton polarization of Bc → D^∗_s τ^+τ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

[34] M. Blanke et al., JHEP 12 (2006) 003, arXiv:hep-ph/0605214. [35] V. Barger et al., arXiv:0906.3745 [hep-ph].

[36] M. Bobrowski, A. Lenz, J. Riedl, and J. Rohrwild, Phys. Rev. D 79 (2009) 113006, arXiv:0902.4883 [hep-ph]. [37] M. Hashimoto, arXiv:1001.4335; J. Alwall et al., Eur. Phys. J. C49 (2007) 791-801, hep-ph/0607115; M. S. Chanowitz, Phys. Rev. D79 (2009) 113008, arXiv: 0904.3570; V. A. Novikov, A. N. Rozanov, and M. I. Vysotsky, arXiv: 0904.4570; J. Erler and P. Langacker, arXiv: 1003.3211; H.-J. He, N. Polonsky, S. Su, Phys. Rev. D64 (2001) 053004, [hep-ph/0102144]; P. Q. Hung and C. Xiong, arXiv: 0911.3890; P. Q. Hung and C. Xiong, arXiv: 0911.3892; K. S. Babu, X. G. He, X. Li, and S. Pakvasa, Phys. Lett. B205 (1988) 540; D. London, Phys. Lett. B234 (1990) 354; Y. Dincer, Phys. Lett. B505

(a) (b)

(c) (d) FIG. 13: The dependence of transverse lepton polarization of Bc → D^∗_s μ^+μ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

(2001) 89; A. Arhrib and W.-S. Hou, Eur. Phys. J. C27 (2003) 555-561, hep-ph/0211267; W.-S. Hou, M. Nagashima, and A. Soddu, Phys. Rev. D72 (2005) 115007, hep-ph/0508237; W.-S. Hou, M. Nagashima, and A. Soddu, Phys. Rev. D76 (2007) 016004, hep-ph/0610385; T. M. Aliev, A. Ozpineci and M. Savci, Nucl. Phys. B585 (2000) 275. T. M. Aliev, A. Ozpineci and M. Savci, Eur. Phys. J. C29 (2003) 265; V. Bashiry and K. Azizi, JHEP 0707 (2007) 64; V. Bashiry and F. Flahati, arXiv: 0707.3242; F. Zolfagharpour and V. Bashiry, arXiv: 0707.4337; V. Bashiry and M. Bayer, arXiv: 0903.2631; A. Soni, A. K. Alok, A. Giri, R. Mohanta, and S. Nandi, arXiv: 0807.1971; J. A. Herrera, R. H. Benavides, and W. A. Ponce, Phys. Rev. D78 (2008) 073008, 0810.3871; M. Bobrowski, A. Lenz, J. Riedl, and J. Rohrwild, Phys. Rev. D79 (2009) 113006, 0902.4883; G. Eilam, B. Melic, and J. Trampetic, Phys. Rev. D80 (2009) 116003, 0909.3227; Wei-Shu Hou, Chin.J.Phys.47:134 (2009), arXiv: 0803.1234 [hep-ph]; Fayyazuddin, arXiv: 0907.3285 [hep-ph]; A. Soni, A. K. Alok, A. Giri, R. Mohanta, and S. Nandi, arXiv: 1002.0595; A. J. Buras, B. Duling, T. Feldmann, T. Heidsieck, C. Promberger, and S. Recksiegel, arXiv: 1002.2126; W. S. Hou and C. Y. Ma, arXiv: 1004.2186; E. Lunghi and A. Soni, arXiv: 1007.4015; Z. Murdock, S. Nandi, and Z. Tavartkiladze, Phys. Lett. B668 (2008) 303-307, arXiv: 0806.2064; R. M. Godbole, S. K. Vempati, and A. Wingerter, arXiv: 0911.1882; M. Jamil Aslam, Phys. Rev.D83 (2011) 035017, arXiv: 1007.4865 [hep-ph]; G. W. S. Hou, arXiv: 1101.2158 [hep-ph]; H. Chen and W. Huo, arXiv: 1101.4660 [hep-ph];

(a) (b)

(c) (d) FIG. 14: The dependence of transverse lepton polarization of Bc → D^∗_s τ^+τ^− on q^2 for different values of m_t′ and |V^∗_t′_bV_t′_s|. The values of fourth generation parameters and the legends are same as in Fig.1.

Otto Eberhardt, Alexander Lenz, 1005.3505 [hep-ph]; A. K. Alok, A. Dighe and S. Ray, Phys. Rev. D79 (2009) 034017 [arXiv:0811.1186 [hep-ph]]; M. Juanid, M. Jamil Aslam, arXiv:1103.3934 [hep-ph]; Aqeel Ahmed, Ishtiaq Ahmed, M. Ali Paracha, Abdur Rehman, arXiv:1105.3887 [hep-ph]; A. J. Buras, B. Duling, T. Feldmann, T. Heidsieck, C. Promberger, JHEP 09 (2010) 104, arXiv:1006.5356 [hep-ph]; R. Mohanta, arXiv:1104.4739 [hep-ph]; A. Senol, A. T. Tasci and F. Ustabas, arXiv:1104.5316 [hep-ph]; Wei-Shu Houa,b, Masaya Kohdaa and Fanrong Xu, arXiv:1107.2343 [hep-ph].

[38] A. Faessler, Th. Gutsche, M. A. Ivanov, J. G. Korner and V. E. Lyubovitskij, Eur. Phys. J. C4 (2002) 18. [39] T. M. Aliev and M. Savci, Phys. Lett. B434 (1998) 358 ;T. M. Aliev and M. Savci, J. Phys.G24 (1998) 2223;T. M. Aliev and M. Savci, Eur. Phys. J. C47 (2006) 413 ; T. M. Aliev and M. Savci, Phys. Lett. B480 (2000) 97; N. Ghahramany, R. Khosravi and Z. Naseri, Phys. Rev. D81 (2010) 016012; N. Ghahramany, R. Khosravi and Z. Naseri, Phys. Rev. D81 (2010) 036005.

[40] C. Q. Geng, C.W. Hwang, and C. C. Liu, Phys. Rev. D65 (2002) 094037.

[41] M. Ali Paracha, Ishtiaq Ahmed, M. Jamil Aslam, arXiv:1101.2323 [hep-ph], accepted for publication in PRD. [42] D. S. Du, Z. Wang, Phys. Rev. D39 (1989) 1342 ; C. H. Chang, Y.Q. Chen, ibid. 48 (1993) 4086 ; K. Cheung, Phys. Rev.

Lett. 71 (1993) 3413 ; E. Braaten, K. Cheung, T.Yuan, Phys. Rev. D48 (1993) R5049, Sheldon Stone, hep-ph/9709500.

[43] K. Azizi and V. Bashiry, Phys. Rev. D76 (2007) 114007.

[44] K. Azizi, F. Falahati, V. Bashiry and S. M. Zebarjad, Phys. Rev. D77 (2008) 114024, arXiv:0806.0583 [hep-ph] [45] H. Y. Cheng et al, Phys. Rev. D51 (1995) 1199. [46] D. Du, X. Li, Y. Yang, Phys.Lett. B380 (1996) 193-198.

[47] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125.

[48] A. J. Buras and M. Munz, Phys. Rev. D52 (1995) 186; A. J. Buras, M. Misiak, M. Munz and S. Pokorski, Nucl. Phys.

B424 (1994) 374.

[49] A. Ali, P. Ball, L. T. Handoko and G. Hiller, Phys. Rev. D 61, 074024 (2000); [arXiv:hep-ph/9910221]. [50] A. Ali, T. Mannel and T. Morosumi, Phys. Lett. B 273 (1991) 505. [51] C.S. Kim, T. Morozumi, A.I. Sanda, Phys. Lett. B 218 (1989) 343. [52] F. Kruger and L. M. Sehgal, Phys. Lett. 380 (1996) 199. [53] B. Grinstein, M. J. Savag and M. B. Wise, Nucl. Phys. B319 (1989) 271. [54] G. Cella, G. Ricciardi adn A. Vicere, Phys. Lett. B258 (1991) 212. [55] C. Bobeth, M. Misiak and J. Urban, Nucl. Phys. B574 (2000) 291. [56] H. H. Asatrian, H. M. Asatrian, C. Grueb and M. Walker, Phys. Lett. B507 (2001) 162. [57] M. Misiak, Nucl. Phys. B393 (1993) 23, Erratum, ibid. B439 (1995) 461. [58] T. Huber, T. Hurth, E. Lunghi, arXiv: 0807.1940. [59] T. Aaltonen et al. [CDF Collaboration], arXiv: 1103.2482 [hep-ex].

[60] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 100, 161803 (2008); P. Q. Hung and M. Sher, Phys. Rev. D 77, 037302 (2008).

[61] A. K. Aloke, A. Dighe, D. London, arXiv: 1011.2634 [hep-ph]. [62] V. E. Ozcan, S. Sultansoy and G. Unel, [arXiv: hep-ph/0802.2621].

[63] S. Nandi and A. Soni, [arXiv: hep-ph/1011.6091]; Sumit K. Garg, Sudhir K. Vempati, [arXiv: hep-ph/1103.1011]. [64] K. Nakamura, [PDG], J. Phys. G: Nucl. Part. Phys. 37, 075021 (2010). [65] H. Chen and W. Huo, [arXiv: hep-ph/1101.4660].

[66] P. Colangelo et al., Phys. Rev. D 74, (2006) 115006 [hep-ph/0610044]; A. Siddique, M. Jamil Aslam and Cai-Dian Lu, EPJ C56 (2008) 267. arXiv:0803.0192.