arXiv:1108.1058v3 [hep-ph] 24 Nov 2011

Prepared for submission to JHEP

Comparative Study of B_c → D^∗_sℓ^+ℓ^− Decays in Standard Model and Supersymmetric Models

Aqeel Ahmed,^1 Ishtiaq Ahmed,^{1,2} M. Ali Paracha,^{1,2} Muhammad Junaid,^{1,2} Abdur Rehman,^1 and M. Jamil Aslam^2 1National Centre for Physics, Quaid-i-Azam University Campus, Islamabad 45320, Pakistan 2Department of Physics, Quaid-i-Azam University, Islamabad 45320, Pakistan E-mail: aqeel@ncp.edu.pk, ishtiaq@ncp.edu.pk, ali@ncp.edu.pk,

mjunaid@ncp.edu.pk, rehman@ncp.edu.pk, jamil@ncp.edu.pk

Abstract: A comparative study of the exclusive rare B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) decays has been made in the minimal supersymmetric models (MSSM) and the SUSY SO(10) GUT models. In this context, various physical observables such as branching ratios (BR), forward-backward asymmetries (A_{F B}), lepton polarization asymmetries (P_{L,N,T} ) and helicity fractions (f_{L,T} ) of D^∗_s meson by using the the QCD sum rules form factors have been investigated. It is found that the SUSY effects are characteristically prominent to that of the SM values for these observables. For instance, in SUSY I and SUSY II, the forward-backward asymmetry does not cross zero which is mainly due to the same sign of the C^{eff}_7 and C^{eff}_9 Wilson coefficients. Similarly in SUSY SO(10) GUT models due to the complex nature of the new Wilson coefficients – corresponding to the new operators arising due to the contribution of neutral Higgs bosons (NHBs) – the above mentioned observables are sizably affected. Therefore the analysis of said observables in charmed semileptonic B meson decays can put some stringent constraints on the parameter space of SUSY variants and can serve as a windowpane to look beyond the SM.

Keywords: B-Physics, Supersymmetric Standard Model, Beyond Standard Model

Contents

1 Introduction 1

2 Theoretical Framework 4 2.1 Penguin Amplitude 4 2.2 Weak Annihilation Amplitude 7 2.3 Parameterizations of the Matrix Elements and Form Factors 8

3 Physical Observables for B_c → D^∗_s ℓ^+ℓ^− 10 3.1 The Differential Decay Rate of B_c → D^∗_s ℓ^+ℓ^− 10 3.2 Forward-Backward Asymmetries 12 3.3 Lepton Polarization Asymmetries 12 3.4 Helicity Fractions of D^∗_s in B_c → D^∗_s ℓ^+ℓ^− 14

4 Numerical Results and Discussion 16

5 Conclusion 27

1 Introduction

The standard model (SM) of particle physics is considered to be one of the most successful theory of the twentieth century but we can not accept it as the ultimate theory of nature since there are many open questions beyond the scope of the SM to be addressed. These questions include: gauge and fermion mass hierarchy, matter-antimatter asymmetry, number of generations of quarks and leptons, the nature of the dark matter and the unification of fundamental forces. Therefore, we need to search new physics (NP) beyond the SM that may help us to answer these open problems of the SM. One of the plausible extension of the SM is supersymmetry (SUSY) [1] which is a promising candidate of NP and can shed light on some of the issues mentioned above [2]. For example, SUSY solves the hierarchy problem of the SM by the cancellation of the quadratic divergences in the radiative loop corrections since in SUSY fermions and bosons contribute with opposite sign [3, 4]. It is also considered that the lightest supersymmetric particles (LSP) are the dark matter candidates because they are stable and interact very weakly with the ordinary matter. It is also an important ingredient in the superstring theory which is a suitable candidate for the unification of all the known forces including gravity.

There are two ways to search for the SUSY, one is to discover the SUSY particles (sparticles) at high energy colliders directly [5] and the other is to search for its effects through indirect methods. Since no sparticle has been seen so far, they must have higher masses than their SM partners, implying that the SUSY is a broken symmetry. The other

– 1 – option is to investigate the SUSY through the indirect searches where SUSY can show its footprints. In this regard, the processes involving the flavor changing neutral currents (FCNC) are the elegant way to probe the indirect searches of the SUSY. So the rare decays, involving FCNC, induced by b → s(d) transitions provide a windowpane to look for the physics beyond the SM. This lies in the fact that FCNC processes are not allowed at the tree level in the SM but can occur at the loop level through Glashow-Iliopoulos-Maiani (GIM) mechanism [6] thereby making them quite sensitive to the indirect searches of the SUSY [7, 8]. The sparticles can contribute to FCNC transitions through the quantum loop due to R-parity conservation, hence, making these processes a handy tool for studying the possible effects of sparticles in the rare decays [9–11]. This gives us a good motivation to study the rare decays both theoretically and experimentally to look beyond the SM especially in the LHC era [12, 13].

Since FCNC processes are only possible at the loop level and have small branching ratios as compared to the tree level transitions but they have implications for the results obtained in the ongoing experiments after the observations of the rare radiative b → sγ decay at CLEO [14]. Since then there have been many studies on the rare semileptonic, radiative and leptonic decays of B_{u,d,s} mesons induced by the FCNC transitions of b → s(d) [15]. These studies will be even more complete if one considers similar decays of the charmed B mesons (B_c). The charmed B_c meson is a bound state of two heavy quarks, the bottom b and the charm c, and was first observed in 1998 at the Tevatron in Fermilab [16]. Because of the two heavy quarks, the B_c mesons are rich in phenomenology compared to the other B mesons. At Large Hadron Collider (LHC) the expected number of events for the production of B_c mesons are about 10^8 − 10^{10} per year [17–22] which is a reasonable number to work on the phenomenology of the B_c meson. In the literature, some of the possible radiative and semileptonic exclusive decays of B_c mesons such as 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, QCD Sum Rules, the Light Cone Sum Rules and the Ward identities [23–33].

Theoretically what makes the B_c → D^∗_s ℓ^+ℓ^− more important compared to the other B meson decays, such as B^0 → (K^∗, K_1, ρ, π)ℓ^+ℓ^−, is the fact that it can have two types of contributions, one is through the penguin (loop level) and the other is due to weak annihilation (WA). In the ordinary B meson decays the WA contributions are very small and can be ignored as compared to the corresponding penguin contributions. However, for the B_c meson these WA contributions are proportional to the CKM matrix elements V_{cb}V^∗_{cs} and hence can not be ignored as compared to penguin contributions [33]. In perspective to the new physics (NP) effects in the presence of weak annihilation (WA) contribution, it is shown [34] that for B^0 → K^∗μ^+μ^− the helicity fractions are mildly effected under the implication of SM4 while in the case of B_c → D^∗_s μ^+μ^− the SM4 effects are very optimistic [35]. Similarly for this observables when tauns are the final state the effects are comparable i.e. for B_c → D^∗_s μ^+μ^− the shift in the maximum(minimum) values in the longitudinal(transverse) helicity fractions is 0.23 and in the case of B^0 → K^∗τ^+τ^− this shift is 0.20. With this motivation it is also interesting to study the SUSY effects for the lepton polarization asymmetries in this decay channel which is calculated in the present manuscript.

– 2 –

The present study shows that the lepton polarization asymmetries for B_c → D^∗_s l^+l^− more influenced due to the supersymmetric models in comparison of B^0 → K^∗l^+l^− [36] and one can clearly see from the graphs that in the transverse lepton polarization for muons and tauns the NP effects are more prominent for B_c → D^∗_s l^+l^−. This feature arises due to the interference between the WA and the Supersymmetric contribution which is encapsulated in the f_7 and f_8 auxilary functions. In the study of the exclusive B-meson decays the form factors which are the non-perturbative quantities and are the scalar functions of the square of momentum transfer are important ingredients. In literature the form factors for B_c → D^∗_s ℓ^+ℓ^− decay were calculated using different approaches including the light front constituent quark models, the relativistic quark models, the Ward identities and the QCD sum rules [25–33, 37, 38]. In this study we borrow the form factors calculated by the QCD sum rules approach for our numerical calculations from Azizi et al. [38]. However, in the context of hadronic uncertinities which enter through the relevent form factors, it needs to be stressed that various asymmetries such as forward-backward asymmetries, polarization asymmetries of the final state meson and leptons (which are calculated in the manuscript submitted) have almost negligible influence. Therefore, any deviation from the SM in these observables is the clear indication of NP.

It is important to emphasize here that the NP effects manifest themselves in the rare B decays in two different ways, one is due to the new contribution to the Wilson coefficients and other is due to the appearance of new operators in the effective Hamiltonian, which are absent in the SM. The manifestations of the NP due to the SUSY is unique in a sense that it modifies the Wilson coefficients as well as it introduces the new operators in the effective Hamiltonian. In the present study, the NP effects are analyzed by studying the branching ratio BR, the forward-backward asymmetry A_{F B}, the lepton polarization asymmetries and the helicity fractions of D^∗_s meson for B_c → D^∗_s ℓ^+ℓ^− decays both in the SM and in different MSSM scenarios with special emphasis on the effects of neutral Higgs bosons (NHBs) [39– 44]. A sizeable deviations to the SM results due to the SUSY effects are observed in the above mentioned observables for many rare decays [45–50].

It is worth mention that previously an anomaly has been observed by Belle [51] in the lepton forward-backward asymmetry (A_{F B}) in the exclusive decay B̄ → K̄^∗μ^+μ^− [52–55]. It was noticed that in the large q^2 region q^2 ≥ 14 GeV^2, the A_{F B}(q^2) measurements tend to be larger than that of the SM predictions, although the behavior was same for the both cases. The discrepancy was more severe at the low q^2 region where the SM prediction is negative [56], whereas the data favor positive values and Belle claimed that this is the clear indication of NP [59]. Contrary to this the LHCb recently announced the first result on the lepton forward-backward asymmetry (A_{F B}) in the exclusive decay B̄ → K̄^∗μ^+μ^− which is close to the SM predictions. In particular, the position of the zero crossing of the A_{F B}(q^2) lie on the same position as predicted by the SM [9, 57, 58]. This situation is really exciting and tighten the screws on scenarios those have not zero-crossing point of the A_{F B}(q^2). In this context, SUSY which previously become a prime candidate to explain the Belle anomaly because in some of the scenarios of MSSM such as SUSY-I and SUSY-II, the A_{F B}(q^2) do not cross the zero position [45–50] now seems to be ruled out after the LHCb data. However, before to say any final remarks about SUSY-I nd SUSY-II, it needs to

– 3 – be required some confirmation through complementary information as LHCb collaboration said that they will continue to collect more data and try to see deviation in the observable data if there is any NP exist. With this motivation we have predicted the MSSM effects in the B_c → D^∗_s l^+l^−, where l = μ, τ, decay not only for the A_{F B}(q^2) but also for the other asymmetries which depends on the polarization of the final state particles such as lepton polarization asymmetries and the helicity fractions.

In this paper, we investigate the decay processes B_c → D^∗_s ℓ^+ℓ^− in the context of the SUSY SO(10) GUT models [60]. Since the effects of the counterparts of usual chromomagnetic and electro-magnetic dipole moment operators as well as semileptonic operators with opposite chirality are suppressed by m_s/m_b and as such become insensitive in the SM. However, in the SUSY SO(10) GUTs their effects can be significantly large, since complex flavor non-diagonal down-type squark mass matrix elements of 2nd and 3rd generations in the RR sector (δ^{dRR}_{23} ) can be as large as 0.5 [60, 61]. Furthermore, δ^{dRR}_{23} can induce new operators, the counterparts of usual scalar operators (Q_{1,2}) in the SUSY models, due to the NHBs penguins with gluino-down type squark propagated in the loop. The values of the relevant new Wilson coefficients for the MSSM and the SUSY SO(10) GUT models are collected from Refs. [45, 46]. The NHBs could contribute largely to the inclusive processes B → X_sℓ^+ℓ^−, because part of the SUSY contributions is proportional to the tan^3 β [62, 63]. Subsequently, the physical observables, such as the branching ratio BR, forward-backward asymmetries A_{F B}, lepton polarization asymmetries and helicity fractions of the final state meson, in the large tan β region of parameter space in the SUSY models can be quite different from that in the SM. Hence, the measurement of these observables will give us some hints of the SUSY effects in these decays.

The paper is structured as follows. In Sec. 2 we present the theoretical framework for the decay B_c → D^∗_s ℓ^+ℓ^− necessary for the study of the different SUSY variants. In Sec. 3 we present the basic formulas for physical observables such as decay rate, forwardbackward asymmetries A_{F B}, lepton polarization asymmetries and helicity fractions of D^∗_s meson. The numerical analysis and discussion on these observables is given in Sec. 4. Section 5 gives the summary of the results of our study.

2 Theoretical Framework

In this section we give the effective Hamiltonian for B_c → D^∗_s ℓ^+ℓ^− decays. We can split the contributions of the total decay amplitude into two, one is the penguin (FCNC trasitions) and the second is weak annihilation contribution.

2.1 Penguin Amplitude

At quark level, the semileptonic decay B_c → D^∗_s ℓ^+ℓ^− is governed by the transition b → sℓ^+ℓ^− for which the general effective Hamiltonian in the SUSY SO(10) GUT model, can

– 4 – be written, after integrating out the heavy degrees of freedom in the full theory, as [46] H_{eff} = − 4G_F √ 2 V_{tb}V^∗_{ts} [_2∑ i=1 C_i(μ)O_i(μ) + 10∑ i=3 { C_i(μ)O_i(μ) + C^′_i(μ)O^′_i(μ) }

+ 8∑ i=1 { C_{Qi}(μ)Q_i(μ) + C^′_{Qi}(μ)Q^′_i(μ) } ] , (2.1)

where O_i(μ) (i = 1, 2, · · · , 10) are the four quark operators and C_i(μ) are the corresponding Wilson coefficients at the energy scale μ [39–44] which is usually taken to be the b-quark mass (m_b). The theoretical uncertainties related to the renormalization scale can be reduced when the next to leading logarithm corrections are included. The new operators Q_i(i = 1, 2, · · · , 8) come from the NHBs exchange diagrams, whose manifest forms and corresponding Wilson coefficients can be found in [64–68]. The primed operators are the counterparts of the unprimed operators, which can be obtained by flipping the chiralities in the corresponding unprimed operators. It is worth mentioning that these primed operators will appear only in the SUSY SO(10) GUT model and are absent in the SM and the MSSM [45].

The explicit forms of the operators responsible for the decay B^−_c → D^{∗−}_s ℓ^+ℓ^−, in the SM and the SUSY models, are

O_7 = e^2 16π^2 m_b(s̄σ_{μν} Rb)F^{μν} (2.2a)

O^′_7 = e^2 16π^2 m_b(s̄σ_{μν} Lb)F^{μν} (2.2b)

O_9 = e^2 16π^2

(s̄γ_μLb) ℓ̄γ^μℓ (2.2c)

O^′_9 = e^2 16π^2

(s̄γ_μRb) ℓ̄γ^μℓ (2.2d)

O_{10} = e^2 16π^2

(s̄γ_μLb) ℓ̄γ^μγ^5ℓ (2.2e)

O^′_{10} = e^2 16π^2

(s̄γ_μRb) ℓ̄γ^μγ^5ℓ (2.2f)

Q_1 = e^2 16π^2

(s̄Rb) ℓ̄ℓ (2.2g)

Q^′_1 = e^2 16π^2

(s̄Lb) ℓ̄ℓ (2.2h)

Q_2 = e^2 16π^2

(s̄Rb) ℓ̄γ^5ℓ (2.2i)

Q^′_2 = e^2 16π^2

(s̄Lb) ℓ̄γ^5ℓ (2.2j)

with L, R =^1_2 ( 1 ∓ γ^5 ) .

– 5 –

Using the effective Hamiltonian given in Eq.(2.1) the free quark amplitude for b → sℓ^+ℓ^− can be written as

M^{PENG}(b → sℓ^+ℓ^−) = − G_F α √ 2π V_{tb}V^∗_{ts} [ C^{eff}_9 (μ) (s̄γ_μLb)(ℓ̄γ^μℓ) + C^{′eff}_9 (μ) (s̄γ_μRb)(ℓ̄γ^μℓ) + C_{10}(s̄γ_μLb)(ℓ̄γ^μγ^5ℓ) + C^′_{10}(s̄γ_μRb)(ℓ̄γ^μγ^5ℓ) − 2C^{eff}_7 (μ) m_b q^2 (s̄iσ_{μν} q^ν Rb)ℓ̄γ^μℓ − 2C^{′eff}_7 (μ) m_b q^2 (s̄iσ_{μν} q^ν Lb)ℓ̄γ^μℓ + C_{Q1} (s̄Rb) (¯ ℓℓ ) + C^′_{Q1} (s̄Lb) (¯ ℓℓ ) + C_{Q2} (s̄Rb) (¯ ℓγ^5ℓ ) + C^′_{Q2} (s̄Lb) (¯ ℓγ^5ℓ ) ] , (2.3)

where q is the momentum transfer. Note that the operator O_{10} given in Eq.(2.2e) can not be induced by the insertion of four quark operators because of the absence of Z-boson in the effective theory. Therefore, the Wilson coefficient C_{10} does not renormalize under QCD corrections and is independent of the energy scale μ. Additionally the above quark level decay amplitude can get 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^{eff}_9 (μ) and can be written as [69–75]

C^{eff}_9 (μ) = C_9(μ) + Y_{SD}(z, s^′) + Y_{LD}(z, s^′).

where z = m_c/m_b and 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, and this can be calculated reliably in the perturbative theory. However the long distance contribution Y_{LD}(z, s^′) cannot be calculated by using the first principles of QCD, so they are usually parametrized in the form of a phenomenological Breit-Wigner formula making use of the vacuum saturation approximation and quark hadron duality. The expressions for the short-distance and the long-distance contributions Y_{SD}(z, s^′) is given as

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)] ,(2.4)

Y_{LD}(z, s^′) = 3 α^2_{em} (3C_1(μ) + C_2(μ) + 3C_3(μ) + C_4(μ) + 3C_5(μ) + C_6(μ)) × ∑ j=ψ,ψ^′ ω_j (q^2)k_j πΓ(j → l^+l^−)M_j q^2 − M^2_j + iM_j Γ^{tot}_j

, (2.5)

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 . (2.6)

– 6 –

Here M_j (Γ^{tot}_j ) are the masses (widths) of the intermediate resonant states and Γ(j → l^+l^−) denote the partial decay width for the transition of vector charmonium state to massless lepton pair, which can be expressed in terms of the decay constant of charmonium through the relation [76]

Γ(j → ℓ^+ℓ^−) = πα^2_{em} 16 27 f^2_j M_j . The phenomenological parameter k_j in Eq.(2.5) is to account for inadequacies of the factorization approximation, and it can be determined from BR(B_c → D^∗_s J/ψ → D^∗_s ℓ^+ℓ^−) = BR(B_c → D^∗_s J/ψ) · BR(J/ψ → ℓ^+ℓ^−). The function ω_j(q^2) introduced in Eq.(2.5) is to compensate the naive treatment of long distance contributions due to the charm quark loop in the spirit of quark-hadron duality, which can overestimate the genuine effect of the charm quark at small q^2 remarkably^1. The quantity ω_j(q^2) can be normalized to ω_j(M^2_{ψj} ) = 1, but its exact form is unknown at present. Since the dominant contribution of the resonances is in the vicinity of the intermediate ψ_i masses, we will simply use ω_j (q^2) = 1 in our numerical calculations.

Moreover, the non factorizable effects from the charm quark loop brings further corrections to the radiative transition b → sγ, and these can be absorbed into the effective Wilson coefficients C^{eff}_7 which then takes the form [76, 82–86]

C^{eff}_7 (μ) = C_7(μ) + C_{b→sγ} (μ)

with C_{b→sγ} (μ) = iα_s [ 2 9 η^{14/23}(G_1(x_t) − 0.1687) − 0.03C_2(μ) ] (2.7)

G_1(x_t) = x_t ( x^2_t − 5x_t − 2 ) 8 (x_t − 1)^3 + 3x^2_t ln^2 x_t 4 (x_t − 1)^4

(2.8)

where η = α_s(m_W )/α_s(μ), x_t = m^2_t /m^2_W and C_{b→sγ} is the absorptive part for the b → scc̄ → sγ rescattering.

2.2 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. Using the procedure developed in refs. [87, 88] for B_c → D^∗_s γ, the WA amplitude for the decay B_c → D^∗_s ℓ^+ℓ^− can be written as M^{WA}_{Bc→D}∗_{s ℓ}+_ℓ− = G_F α 2 √ 2π V_{cb}V^∗_{cs} [ −iϵ_{μναβ} ε^{∗ν} p^αq^βK^{ann}_1 (q^2) + (ε · qp_μ + p · qε_μ) K^{ann}_2 (q^2) ] ℓ̄γ^μℓ (2.9) where K^{ann}_1 (q^2) and K^{ann}_2 (q^2) are the weak annihilation form factors.

1For a more detailed discussion on long-distance and short-distance contributions from the charm loop, one can refer to references [9, 76–82].

– 7 –

Before proceeding further we would like to mention that we use parametrizations for weak annihilation form factors K^{ann}_1 (q^2) and K^{ann}_2 (q^2), i.e.

K^{ann}_{1,2} (q^2) =

K^{ann}_{1,2} (0) 1 + α^{q2}_{M 2Bc} + β^{q4}_{M 4Bc}

. (2.10)

The values of K^{ann}_1 (0) and K^{ann}_2 (0) are calculated by using QCD sum rules [37, 38] and the values of the parameter α and β are given in Ref. [26–31, 37, 38], which are summarized in Table 1. K^{ann}(q^2) K^{ann}_0 α β K^{ann}_1 ( q^2 ) 0.23 −1.25 −0.097 K^{ann}_2 (q^2) 0.25 −0.10 −0.097

Table 1. B_c → D^∗_s form factors corresponding to WA in the QCD Sum Rules. K^{ann}_{1,2} (0) denote the value of form factors at q^2 = 0 while α and β are the parameters in the parametrizations shown in Eq. (2.10) [38].

2.3 Parameterizations of the Matrix Elements and Form Factors

The exclusive B_c → D^∗_s ℓ^+ℓ^− decay involves the hadronic matrix elements which can be obtained by sandwiching the quark level operators give in Eq. (2.3) between initial state B_c meson and final state D^∗_s meson. These can be parametrized in terms of 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 parametrized 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 (2.11) ⟨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^∗ · p) (p + k)^μ −i A_− ( q^2 ) M_{Bc} + M_D∗_s (ε^∗ · p)q^μ (2.12) ⟨D^∗_s (k, ε) |s̄(1 ± γ_5)b| B_c(p)⟩ = ∓i 2M_D∗_s m_b + m_s

(ε^∗ · p) Ã_0(q^2) (2.13)

where p is the momentum of the B_c, ε and k are the polarization vector and momentum of the final state D^∗_s vector meson. Whereas Ã_0(q^2) can be parametrized as

Ã_0(q^2) = −M^{Bc} + M^{D∗s} 2M_D∗_s A_0(q^2) + M_{Bc} − M_D∗_s 2M_D∗_s A_+(q^2) + q^2 ( M_{Bc} − M_D∗_s ) M_D∗_s A_−(q^2) (2.14)

In addition to the above form factors there are some penguin form factors, which we

– 8 – 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 (2.15) ⟨ D^∗_s (k, ε) | |s̄σ_{μν} q^ν γ^5b | | B_c(p)⟩ = [( M^2_{Bc} − M^2_D∗_s ) ε^∗_μ − (ε^∗ · p)(p + k)_μ ] T_2(q^2) (2.16)

+(ε^∗ · p) [ 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 [38]. 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}

. (2.17)

where the values of the parameters F (0), a and b is given in Table 2.

F (q^2) F (0) a b A_V ( q^2 ) 0.54 ± 0.018 −1.28 −0.23 A_0(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 T_1(q^2) 0.31 ± 0.017 −1.28 −0.23 T_2(q^2) 0.33 ± 0.016 −0.10 −0.097 T_3(q^2) 0.29 ± 0.034 −0.91 0.007

Table 2. B_c → 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 parametrizations shown in Eq. (2.17) [38].

From Eq. (2.3) it is straightforward to write the penguin amplitude

M^{PENG} = − G_F α 2 √ 2π V_{tb}V^∗_{ts} [ T^1_μ (ℓ̄γ^μℓ) + T^2_μ (¯ ℓγ^μγ^5ℓ ) + T (¯ ℓℓ )] (2.18)

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^∗ · p)P_μ (2.19) 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^∗ · p)P_μ + if_7(q^2)(ε^∗ · p)P_μ (2.20) T = 2if_8(q^2)(ε^∗ · p) (2.21)

with P_μ = p_μ + k_μ.

The next task is to calculate the decay rate and the helicity fractions of D^∗_s meson in terms of these auxiliary functions which contains both long distance (form factors) and

– 9 – short distance (Wilson coefficients) effects and these can be written as

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

q^2

T_1(q^2) + (C^{eff}_9 + C^{′eff}_9 )

2A_V (q^2) M_{Bc} + M_D∗_s (2.22)

f_2(q^2) =2(C^{eff}_7 − C^{′eff}_7 ) m_b − m_s q^2

T_2(q^2) ( M^2_{Bc} − M^2_D∗_s )

+ (C^{eff}_9 − C^{′eff}_9 )A_0(q^2) (M_{Bc} + M_D∗ ) (2.23)

f_3(q^2) =4(C^{eff}_7 − C^{′eff}_7 ) m_b − m_s q^2

T_2(q^2) + q^2 T^3(q^2) ( M^2_{Bc} − M^2_D∗_s )

+ (C^{eff}_9 − C^{′eff}_9 )

A_+(q^2) M_{Bc} + M_D∗_s (2.24)

f_4(q^2) =(C_{10} + C^′_{10})

2A_V (q^2) M_{Bc} + M_D∗_s (2.25)

f_5(q^2) =2(C_{10} − C^′_{10})A_0(q^2) ( M_{Bc} + M_D∗_s ) (2.26)

f_6(q^2) =2(C_{10} − C^′_{10})

A_+(q^2) M_{Bc} + M_D∗_s (2.27)

f_7(q^2) =4(C_{10} − C^′_{10})

A_−(q^2) M_{Bc} + M_D∗_s + (C_{Q2} − C^′_{Q2}) M_D∗_s m(m_b + m_s)

Ã_0(q^2) (2.28)

f_8(q^2) = − (C_{Q1} − C^′_{Q1}) M_D∗_s (m_b + m_s)

Ã_0(q^2) (2.29)

Here the NHBs contribution are encoded in the auxiliary functions f_7 and f_8.

3 Physical Observables for B_c → D^∗_s ℓ^+ℓ^−

In this section we will present the calculations of the physical observables such as the branching ratios BR, the forward-backward asymmetries A_{F B}, the lepton polarization asymmetries P_{L,N,T} and the helicity fractions f_{L,T} of D^∗_s meson in B_c → D^∗_s ℓ^+ℓ^− decay by incorporating both the weak annihilation (WA) and the penguin amplitudes.

3.1 The Differential Decay Rate of B_c → 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 (3.1)

where

M = M^{WA} + M^{PENG} (3.2) q^2 = (p_l+ + p_l− )^2 (3.3) u = (p − p_l− )^2 − (p − p_l+ )^2 (3.4)

– 10 –

Now the limits on q^2 and u are

4m^2 ≤ q^2 ≤ (M_{Bc} − M_D∗_s )^2 (3.5) −u(q^2) ≤ u ≤ u(q^2) (3.6)

with

u(q^2) = √ λ ( 1 − 4m^2 q^2 ) (3.7) 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 corresponds to the mass of the lepton which for our case are the μ and τ. The total decay rate for the decay B_c → D^∗_s ℓ^+ℓ^− can be expressed in terms of WA, penguin amplitude and the interference of these two, which takes the form dΓ dq^2 = dΓ^{WA} dq^2 + dΓ^{PENG} dq^2 + dΓ^{WA-PENG} dq^2 (3.8)

with dΓ^{WA} 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) × A ( q^2 ) (3.9)

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) × B ( q^2 ) (3.10)

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) × C ( q^2 ) (3.11)

The function u(q^2) is defined Eq. (3.7) and A(q^2), B(q^2) and C(q^2) are A ( q^2 ) = 1 2 ( 2m^2 + q^2 ) κ^2 [ 8λM^2_D∗_s q^2 (K^{ann}_1 )^2 + (K^{ann}_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 ) }] (3.12)

B(q^2) = 8M^2_D∗_s q^2λ { (2m^2 + q^2) | |f_1(q^2) | |^2 − (4m^2 − q^2) | |f_4(q^2) | |^2 } + 4M^2_D∗_s q^2 { (2m^2 + q^2) × ( 3 | f_2(q^2) |_2 − λ | f_3(q^2) |_2) − (4m^2 − q^2) ( 3 | f_5(q^2) |_2 − λ | f_6(q^2) |_2) }

+ λ(2m^2 + q^2) | |f_2(q_2) + (M_{2Bc} − M_{2D∗s} − q_2) f_3(q_2) | |^2 + 24m_2M_{2D∗s} λ |f_7(q_2)|2

− (4m^2 − q^2) | |f5(q^2) + ( M^2_{Bc} − M^2_D∗_s − q^2 ) f_6(q^2) | |^2 + ( q^2 − 4m^2 ) λ | f_8(q^2) |_2 − 12m^2q^2 [ℜ(f_5f^∗_7 ) − ℜ(f_6f^∗_7 )] (3.13)

C(q^2) = 2κf_2(q^2)K^{ann}_2 q^2(2m^2 + q^2) { λ + 6M^2_D∗_s ( M^2_{Bc} − M^2_D∗_s + q^2 ) }

− κλ [ 2f_1(q^2)K^{ann}_1 M^2_D∗_s q^4 + f_3(q^2)K^{ann}_2 (2m^2 + q^2) ( λ + q^4 + 4M_{Bc} M_D∗_s ) ] . (3.14)

– 11 – where κ = 8π^2M_D∗_s f_{Bc} f_D∗_s (m^2_c − m^2_s)q^2

. (3.15)

3.2 Forward-Backward Asymmetries

The differential forward-backward asymmetry A_{F B} of final state lepton for the said decay can be written as dA_{F B}(s) dq^2 = ∫_1 0 d^2Γ dq^2d cos θ d cos θ − ∫_0 −1 d^2Γ dq^2d cos θ d cos θ (3.16)

From experimental point of view the normalized forward-backward asymmetry is more useful, defined as

A_{F B} =

∫_1 0 d^2Γ dq^2d cos θ d cos θ −

∫_0 −1 d^2Γ dq^2d cos θ d cos θ

∫_1 −1 d^2Γ dq^2d cos θ d cos θ

The normalized A_{F B} for B_c → D^∗_s ℓ^+ℓ^− can be obtained from Eq. (3.1), 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) { 2κℜ(f_4K^{ann}_2 )(M^2_{Bc} − M^2_D∗_s + q^2) + 2κℜ(f_5K^{ann}_1 )

+4Re[f^∗_2 f_4 + f^∗_1 f_5] + 2λℜ[f^∗_3 f_8] + 4ℜ[f_2f^∗_8 ] ( −M^2_{Bc} + M^2_D∗_s + q^2 )

+2κℜ[f_8]K^{ann}_2 ( λ + ( M^2_D∗_s + q^2 ) M^2_{Bc} − q^4 ) } (3.17)

where κ is defined in Eq. (3.15) and dΓ/dq^2 is given in Eq. (3.8).

3.3 Lepton Polarization Asymmetries

In the rest frame of the lepton ℓ^−, the unit vectors along longitudinal, normal and transversal component of the ℓ^− can be defined as [47, 48, 89]:

s^{−μ}_L = (0, ⃗e^−_L ) = ( 0, ⃗p_− |⃗p_−| ) , (3.18a)

s^{−μ}_T = (0, ⃗e^−_T ) = 0, ⃗k × ⃗p_− | |⃗k × ⃗p_− | | , (3.18b)

s^{−μ}_N = (0, ⃗e^−_N ) = (0, ⃗e_T × ⃗e_L) , (3.18c)

where ⃗p_− and ⃗k are the three-momenta of the lepton ℓ^− and D^∗_s meson respectively in the center mass (c.m.) frame of ℓ^+ℓ^− system. Lorentz transformation is used to boost the longitudinal component of the lepton polarization to the c.m. frame of the lepton pair as ( s^{−μ}_L ) CM = ( |⃗p_−| m , E⃗p_− m |⃗p_−| ) (3.19)

where E and m 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 )

– 12 – 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∓) (3.20)

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 (3.8) 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^∓ ] . (3.21)

The expressions of the numerator of longitudinal, normal and transverse lepton polarizations can be written as

P_L(q^2) ∝ 4λ 3M^2_D∗_s √ q^2 − 4m^2

q^2 × { ℜ(f_2f^∗_5 ) ( 1 + 12q^2M^2_D∗_s λ ) + λℜ(f_3f^∗_6 ) + 8q^2M^2_D∗_s ℜ(f_1f^∗_4 ) + ( −M^2_{Bc} + M^2_D∗_s + q^2 ) [ℜ(f_3f^∗_5 ) + ℜ(f_2f^∗_6 )] + 3 2 m [ ℜ(f_5f^∗_8 ) + ℜ(f_6f^∗_8 ) ( −M^2_{Bc} + M^2_D∗_s ) − q^2ℜ(f_7f^∗_8 ) ]

+ 4M^2_D∗_s κℜ(K^{ann}_1 f^∗_4 ) + [ λ + q^2(M^2_B + M^2_D∗_s − q^2) ] κℜ(K^{ann}_2 f^∗_6 ) + [ M^2_D∗_s − M^2_{Bc} −

6q^2M^2_D∗_s λ (q^2 − M^2_D∗_s + M^2_{Bc} ) ] κℜ(K^{ann}_2 f^∗_2 ) } (3.22)

P_T (q^2) ∝ mπ M^2_D∗_s √ λ q^2 × { λq^2ℜ(f_3f^∗_7 ) + λ(M^2_{Bc} − M^2_D∗_s )ℜ(f_3f^∗_6 ) − λℜ(f_3f^∗_5 ) + ( −M^2_{Bc} + M^2_D∗_s + q^2 ) [ q^2ℜ(f_2f^∗_7 ) + (M^2_{Bc} − M^2_D∗_s − q^2)ℜ(f_2f^∗_5 ) +

(q^2 − 4m^2) 2m ℜ(f_5f^∗_8 ) ]

+ 8q^2M^2_D∗_s ℜ(f_1f^∗_2 ) + λ 2m (q^2 − 4m^2)ℜ(f_6f^∗_8 ) + [ λ − q^2 ( 3M^2_D∗_s + M^2_{Bc} + q^2 )] ℜ(f_2f^∗_6 )

− 4q^2M^2_D∗_s κℜ(K^{ann}_1 f^∗_2 ) − 4q^2M^2_D∗_s (M^2_{Bc} − M^2_D∗_s + q^2)κℜ(K^{ann}_2 f^∗_1 ) − [ λ + q^2 ( M^2_{Bc} + M^2_D∗_s − q^2 )] κ ( ℜ(K^{ann}_2 f^∗_5 ) − (M^2_{Bc} − M^2_D∗_s )ℜ(K^{ann}_2 f^∗_6 ) + q^2ℜ(K^{ann}_2 f^∗_7 ) )

+ 4κ^2q^2M^2_D∗_s ( M^2_{Bc} − M^2_D∗_s + q^2 ) K^{ann}_1 K^{ann}_2 } (3.23)

P_N ( q^2 ) ∝i mπ √( q^2 − 4m^2_l ) λ M^2_D∗_s { M^2_D∗_s [4ℑ(f_2f^∗_4 ) + 4ℑ(f_1f^∗_5 ) + 2κℑ(f_5K^{ann}_1 )]

+ 2M^2_D∗_s κℑ(f_4K^{ann}_2 ) ( M^2_{Bc} − M^2_D∗_s + q^2 ) − λℑ(f_6f^∗_7 ) − ( λ + q^2(M^2_{Bc} + M^2_D∗_s − q^2) ) 2m κℑ(K^{ann}_2 f^∗_8 ) + ( −M^2_{Bc} + M^2_D∗_s + q^2 ) [ ℑ(f_7f^∗_5 ) + 1 2m ℑ(f_2f^∗_8 ) ] + ( M^2_{Bc} + 3M^2_D∗_s − q^2 ) ℑ(f_5f^∗_6 ) + λ 2m ℑ(f_3f^∗_8 ) }

(3.24)

– 13 – where κ is defined in Eq. (3.15) along with auxiliary functions f_1, f_2, · · · , f_8 in Eqs. (2.22- 2.29). Here we have dropped out the constant factors which are however understood.

3.4 Helicity Fractions of D^∗_s in B_c → D^∗_s ℓ^+ℓ^−

We now discuss helicity fractions of D^∗_s in B_c → D^∗_s ℓ^+ℓ^− which are interesting variable and are as such independent of the uncertainties arising due to form factors and other input parameters. The final state meson helicity fractions were already discussed in literature for B → K^∗ (K_1) ℓ^+ℓ^− decays [90–93]. Even for the K^∗ vector meson, the longitudinal helicity fraction f_L has been measured by Babar collaboration for the decay B → K^∗ℓ^+ℓ^−(l = e, μ) in two bins of momentum transfer and the results are [94]

f_L = 0.77^{+0.63}_{−0.30} ± 0.07, 0.1 ≤ q^2 ≤ 8.41GeV^2 (3.25) f_L = 0.51^{+0.22}_{−0.25} ± 0.08, q^2 ≥ 10.24GeV^2

while the average value of f_L in full q^2 range is

f_L = 0.63^{+0.18}_{−0.19} ± 0.05, q^2 ≥ 0.1GeV^2 (3.26)

The explicit expression of the decay rate for B^−_c → D^{∗−}_s ℓ^+ℓ^− decay can be written in terms of longitudinal Γ_L and transverse components Γ_T as

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 (3.27)

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

± (q^2) dq^2 + dΓ^{WA-PENG}

± (q^2) dq^2 (3.28)

dΓ_T (q^2) dq^2 = dΓ_+(q^2) dq^2 + dΓ_−(q^2) dq^2 . (3.29)

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 (3.30)

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 (3.31)

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 (3.32)

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}_± (3.33)

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}

± (3.34)

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}

± . (3.35)

– 14 –

The different functions appearing in Eqs. (3.30-3.35) can be expressed in terms of

auxiliary functions (cf. Eqs. (2.22-2.29)) as

A^{WA}_L = κ^2

4q^2M^2_D∗_s [ ( K^{ann}_1 (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) ) } + ( K^{ann}_2 (q^2)

)_2 { − λ^2(q^2 − 4m^2)

+ 12λq^2((M^2_{Bc} − M^2_D∗_s )^2 − M^2_D∗_s ) + 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 }] (3.36)

A^{PENG} L = 1 q^2M^2_D∗_s [ 24 | f_7(q^2) |_2 m^2M^2_D∗_s λ + (2m^2 + q^2) | |(M^2_{Bc} − M^2_D∗_s − q^2)f2(q^2) + λf3(q^2) | |^2

+ (q^2 − 4m^2) | |(M_{2Bc} − M_{2D∗s} − q_2)f_5(q_2) + λf_6(q_2) | |^2 ] + 1 2 (q^2 − 4m^2)λ |f_8|^2

(3.37)

A^{WA-PENG} L = κ q^2M^2_D∗_s [ Re(f_1 ( q^2 ) K^{ann}_1 (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 ) K^{ann}_2 (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 ) K^{ann}_2 (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)) }] (3.38)

A^{WA}_± = κ^2 [ ( 2m^2 + q^2 ) [ λ ( K^{ann}_1 (q^2)

)_2 + ( K^{ann}_2 (q^2)

)_2 (

λ + 4M^2_D∗_s q^2 ) ]] (3.39)

A^{PENG}

± = (q^2 − 4m^2_l ) | | |f5(q^2) ∓ √ λf_4(q^2) | | |^2 + ( q^2 + 2m^2_l ) | |f2(q^2) ± √ λf_1(q^2) | | |^2 (3.40)

A^{WA -PENG} ± = −κ { 2 √ λ(q^2 − 4m^2)Re(f_2 ( q^2 ) K^{ann}_1 (q^2)) + 4λ(q^2 + 2m^2)Re(f_1 ( q^2 ) K^{ann}_1 (q^2))

± 2(q^2 + 2m^2)(M^2_{Bc} − M^2_D∗_s + q^2)[2Re[(f_1 ( q^2 ) K^{ann}_2 (q^2))] √ λ ∓ 2Re(f_2 ( q^2 ) K^{ann}_1 (q^2))] }

(3.41)

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) (3.42)

– 15 – 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[90].

As we have disscussed in the Introduction that the WA contribution plays a cruicial role in the B_c → D^∗_s ℓ^+ℓ^−. This feature can also be seen via the expressions of different observables for example branching ratio which is given in eq. (29), there are three terms A(q^2), B(q^2) and C(q^2) correspond to WA, Penguin and the cross term of Penguin and WA, although the WA contribution A(q^2) trying to suppress the effects of NP but the term C(q^2) some how compensate and enhanced the NP effects. Same is the case for the other calculated observables. Therefore, the interference term between the NP and WA play a cruicial role and make the NP effects distinct form the SM.

4 Numerical Results and Discussion

We present here our numerical results of the branching ratio (BR), the forward-backward asymmetry (A_{F B}), lepton polarizations asymmetries P_{L,N,T} and the helicity fractions (f_{L,T} ) of D^∗_s for the B_c → D^∗_s ℓ^+ℓ^− decays with ℓ = μ, τ. The numerical values of the input parameters which are used in the subsequent analysis are summarized in Table 3:

m_{Bc} = 6.277 GeV, m_D∗_s = 2.1123 GeV, m_b = 4.28 GeV, m_μ = 0.105 GeV m_τ = 1.77 GeV, |V_{cb}V^∗_{cs}| = 4.15 × 10^{−2}, |V_{tb}V^∗_{ts}| = 4.1 × 10^{−2}, τ_B = 0.453 × 10^{−12} sec G_F = 1.17 × 10^{−5} GeV^{−2}, α^{−1} = 137, f_B = 0.35 GeV, f_D = 0.30 GeV

Table 3. Values of input parameters used in our numerical analysis [95].

Wilson coefficients C^{eff}_7 C^{eff}_9 C_{10} SM −0.313 4.334 −4.669 SUSY I +0.376 4.767 −3.735 SUSY II +0.376 4.767 −3.735 SUSY III −0.376 4.767 −3.735 SUSY SO(10) (A_0 = −1000) −0.219 4.275 −4.732

Table 4. Wilson Coefficients in SM and different SUSY models but without NHBs contributions [45–48].

Wilson coefficients C^{′eff}_7 C^{′eff}_9 C^′_{10} SM or SUSY I,II,III 0 0 0 SUSY SO(10) (A_0 = −1000) 0.039 + 0.038i 0.011 + 0.072i −0.075 − 0.67i

Table 5. Primed Wilson Coefficients in SM and different SUSY models but without NHBs contributions. Where the primed Wilson coefficients corresponds to the operators which are opposite in helicities from those of the SM operators.

The values of Wilson coefficients used in our numerical analysis are taken from Refs. [45–48] and summarized in Tables 4, 5 and 6. In the following analysis, we will focus on

– 16 –

Wilson coeff. C_{Q1} C^′_{Q1} C_{Q2} C^′_{Q2} SM 0 0 0 0 SUSY I 0 0 0 0 SUSY II 6.5(16.5) 0 −6.5(−16.5) 0 SUSY III 1.2(4.5) 0 −1.2(−4.5) 0 SUSY SO(10) 0.106 + 0i −0.247 + 0.242i −0.107 + 0i −0.25 + 0.246i (A_0 = −1000) (1.775 + 0.002i) (−4.148 + 4.074i) (−1.797 − 0.002i) (−4.202 + 4.128i)

Table 6. Wilson coefficient corresponding to NHBs contributions in different SUSY scenarios. Where the primed Wilson coefficients are for the primed operators from NHBs contribution in SUSY SO(10) GUT model. The values in the parentheses are for the τ lepton case.

the parameter space of large tan β, where the NHBs effects are important owing to the fact that the Wilson coefficients corresponding to NHBs are proportional to (m_bm/m^2_h) tan^3 β, with h = h^0, A^0. Here, the tan β contributes from the chargino-up-type squark loop and the tan^2 β appears from the exchange of the NHBs. In the Ref. [62, 63] it is pointed out that at large value of tan β the C^{(′)}_{Qi} compete with C^{(′)}_i and can outpace C^{(′)}_i in some region. Depending on the magnitude and sign of the SUSY parameters one can think of many options in the parameter space, but experimental results i.e., the decay rate of b → sγ and b → sℓ^+ℓ^− restrict us to consider the following scenarios for MSSM:

• SUSY I: refers to the regions where SUSY destructively contributes and changes the sign of C^{eff}_7 , which will have drastic effects on the observables, but without contribution of NHBs.

• SUSY II: corresponds to the region where tan β is large and the masses of the sparticles are relative small.

• SUSY III: points to the regions where tan β is large and the masses of superpartners are also relatively large, i.e. ≥ 450 GeV^2.

In SUSY I and SUSY II scenarios one can accommodate the non-zero crossing of the forward-backward asymmetry in B → K^∗μ^+μ^− decay [52–55]. Since the primed Wilson coefficients are for the primed operators in Eq. (2.2) which appear in the SUSY SO(10) GUT model. In Table 6 it is mentioned that the values of C^{(′)}_{Qi} is different for the different choice of final state lepton, which is due to the fact that contributions from the NHBs are proportional to the lepton mass.

The other two conditions, apart from the large tan β limit, which are responsible for the dominant contributions from NHBs are: (i) the mass values of the lightest chargino and lightest stop should not be too large and (ii) the mass splitting of charginos and stops should be relatively large, which also indicate large mixing between stop sector and chargino sector as pointed out in Ref. [45]. Since the SUSY effects are very sensitive to the sign of the Higgs mass term and SUSY contributes destructively appears when the sign of this term becomes minus. In Ref. [45] it is shown that there exist some regions of SUSY parameter space where NHBs can dominantly contribute to the FCNC process

– 17 – b → sℓ^+ℓ^− due to flip of the sign of C_7 from positive to negative, within the constraint on b → sγ. Also it is noticed that when the masses of sparticles are relatively large, say about 450 GeV, there exits considerable regions in the SUSY parameter space where NHBs could contribute dominantly as in the case of SUSY III and the SUSY SO(10) models. However, in these scenarios the sign of C_7 remains unaltered with respect to the SM sign because of the cancellation of the contributions of charged Higgs and charginos with each other.

It is worth mentioning here that the decay B_q → ℓ^+ℓ^− is a clean channel to probe for the NHBs effects in SUSY models at large tan β. Since its branching ratio in the SUSY models can be written as [96]

BR(B_s → μ^+μ^−) =

G^3_F α^2 64π^3 m^3_{Bs} τ_{Bs} f^2_{Bs} |V^∗_{tb}V_{ts}|^2 √ 1 − 4m^2 m^2_{Bs} × [( 1 − 4m^2 m^2_{Bs} ) C^2_{Q1} + ( C_{Q2} + 2m m_{Bs} C_{10}

)_2] , (4.1)

where C_{Q1} and C_{Q2} are referring to the NHBs contributions which are absent in the SM but in MSSM they are proportional to (m_bm/m^2_h) tan^3 β, with h = h^0, A^0. The value of C_{10} is large in the SM but it is suppressed by the factor 2m/m_{Bs} , therefore, the corresponding SM value of branching ratio is [97]

BR_{SM} (B_s → μ^+μ^−) = (3.19 ± 0.19) × 10^{−9}. (4.2)

The branching ratio corresponding to different values of the NHBs parameters can be enhanced by a factor ranging from 10^1 − 10^3, but the recent upper bound by CDF collaborations, 3.9 × 10^{−8} at 95% confidence level [97], is about 12 times larger than that of SM prediction. It can be noticed from Eq. (4.1) that the branching ratio for B_s → μ^+μ^− is directly proportional to the NHBs contributions. Therefore, this stringently constraints the parameter space of the SUSY models and especially the large value of the Wilson Coefficients C_{Q1} and C_{Q2} are severely constrained. Therefore, the precise measurement of this decay at the future experiments will help us to get useful constraints on the SUSY parameters and if considerably large deviation from SM predication is measured, then along with the signal of supersymmetry, this would have important implications on the Higgs searches at LHC.

The purpose of the present study of the SUSY effects in B_c → D^∗_s ℓ^+ℓ^−, with ℓ = μ, τ, is to incorporate the constraints provided by B_s → μ^+μ^− as well as to see the effects of NHBs at the larger extent in these FCNC processes. Since this decay mode is unique in a sense that it contains WA contributions along with the penguin and so it is interesting to see how SUSY affects different physical observables in this process. For our numerical analysis we have set the values of C_{Q1} and C_{Q2} between 0 to 6.5(16.5) for muons and (tauons) to check the dependency of different observables on these NHBs contributions. We hope that in the future experiments such as the Tevaran and the LHC, with the more data on these decays, will help us to test more precisely the constraints obtained from the decay channel B_s → μ^+μ^−.

– 18 –

First, we discuss the branching ratios (BR) for the decays B_c → D^∗_s ℓ^+ℓ^−, with ℓ = μ, τ, which we have plotted as a function of q^2 (GeV^2) in Fig. 1, without and with long-distance contributions in the Wilson coefficients, both in the SM and in the SUSY scenarios. This figure depict that the values of BRs, both for the case of muons and tauons as final state leptons, get sizeably influenced due to the SUSY effects which come through the new parameters, i.e the modified and new Wilson coefficients corresponding to the operators described in Eq. (2.2). One can see clearly from these graphs that the increment in the values of BRs in the SUSY I model is due to the relative change of the sign of C^{eff}_7 with respect to that of the SM; while the large deviation in SUSY II model from the SM values is mainly due to the contributions of NHBs and due to the relative change of the sign of C^{eff}_7 . Since the values of Wilson Coefficients corresponding to NHBs is small for the cases of SUSY III and SUSY SO(10) GUT models, so one should expect small deviation in the BRs from the SM values and this signature is clear in Fig. 1. Moreover, the NP effects due to the SUSY, manifest in the BRs throughout the q^2 region irrespective of the mass of the final state leptons. In addition, one can also extract the constructive behavior of SUSY I and SUSY II to the BR from Table 7. Furthermore, we have also plotted the BRs with the long-distance contribution corresponding to the SM and SUSY models in Fig. 1(b,d).

(a) (b)

(c) (d)

Figure 1. The dependence of branching ratio of B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) on q^2 without longdistance contributions (a,c) and with long-distance contributions (b,d) for different scenarios of MSSM and SUSY SO(10) GUT model. In all the graphs, the solid, dashed, dashed-dot, dasheddouble dot and dashed-triple dot curves correspond to the SM, SUSY I, SUSY II, SUSY III and SUSY SO(10) GUT model, respectively.

– 19 –

Branching B_c → D^∗_s μ^+μ^− B_c → D^∗_s μ^+μ^− B_c → D^∗_s τ^+τ^− B_c → D^∗_s μ^+μ^− ratios Without LD With LD Without LD With LD SM 1.60 × 10^{−6} 2.81 × 10^{−5} 1.33 × 10^{−8} 1.19 × 10^{−6} SUSY I 1.91 × 10^{−6} 2.85 × 10^{−5} 3.06 × 10^{−8} 1.21 × 10^{−6} SUSY II 2.29 × 10^{−6} 2.89 × 10^{−5} 2.89 × 10^{−8} 1.22 × 10^{−6} SUSY III 1.58 × 10^{−6} 2.81 × 10^{−5} 1.35 × 10^{−8} 1.19 × 10^{−6} SUSY SO(10) 1.60 × 10^{−6} 2.81 × 10^{−5} 1.52 × 10^{−8} 1.19 × 10^{−6}

Table 7. Branching ratio for B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) in the SM and different SUSY models.

It is important to mention that as an exclusive decay, there are different sources of uncertainties involved in the analysis of the above mentioned decay. The major source of uncertainties in the numerical analysis of B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) decays originate from the B_c → D^∗_s transition form factors calculated in the QCD sum rule approach [38] as summarized in Table 2. But it is also important to stress that these hadronic uncertainties have almost no influence on the various asymmetries including the forwardbackward asymmetries, lepton polarization asymmetries and helicity fractions of D^∗_s in the decays B_c → D^∗_s ℓ^+ℓ^− because of the cancellation among different polarization states and this make them a good tool to probe beyond the SM.

To illustrate the generic effects due to the SUSY models on the forward-backward asymmetry A_{F B}, we plot^{d(AF B )}_{dq2} as a function of q^2 in Fig. 2. For the zero position of A_{F B} it is also argued that the uncertainty in the zero position of the A_{F B} due to the hadronic uncertainties is negligible [9] to leading order in α_s. Therefore, the zero position of the A_{F B} can serve as a stringent test for the NP effects including the SUSY. Figures 2(a) and 2(b) describe the A_{F B} for B_c → D^∗_s μ^+μ^− with and without long-distance contributions in the Wilson coefficients respectively, where the different SUSY models show clear deviation from the SM curve. Figure 2(a) clearly shows that SUSY I and SUSY II do not cross the zero of the A_{F B} because of the fact that the zero crossing of A_{F B} of SM is solely due to the opposite signs of C^{eff}_7 and C^{eff}_9 but in SUSY I and SUSY II the signs of these coefficients are same and hence the zero point of A_{F B} disappears in both cases. Furthermore, in the SUSY III model, due to the opposite sign of C^{eff}_7 and C^{eff}_9 , the A_{F B} passes from the zero but the zero position shifts mildly to the right (about 0.2 GeV^2) from that of the SM value, i.e 3.3 GeV^2, due to the contribution from the NHBs. Moreover, the SUSY SO(10) GUT model also shows the similar behavior except that the zero position of the A_{F B} shifts considerably to the left (about 1 GeV^2) from that of the SM value. Hence, the precise measurement of the zero position of A_{F B} for the decay B_c → D^∗_s μ^+μ^− will be a very good observable to yield any indirect imprints of NP due to SUSY models and can serve as a good tool to distinguish among the different variants of SUSY models.

Besides the zero position of A_{F B}, the magnitude of A_{F B} is also an important tool to establish NP. Particularly, this con be more exciting when the tauons are the final state leptons, where the zero of the A_{F B} is absent. In the Figs. 2(c) and 2(d) the A_{F B} of B_c → D^∗_s τ^+τ^− is plotted with and without long-distance contributions, respectively, where the different SUSY models present a distinct variations from that of the SM magnitude.

– 20 –

(a) (b)

(c) (d)

Figure 2. The dependence of forward-backward asymmetry for the decays B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) on q^2 without long-distance contributions (a,c) and with long-distance contributions (b,d) for different scenarios of MSSM and SUSY SO(10) GUT model.

A closer look on the pattern of Fig. 2(c) indicates that the SUSY I and SUSY II models decrease the magnitude of A_{F B} from its SM value. Whereas, SUSY III has very mild deviation from that of the SM behavior but SUSY SO(10) GUT model has an increment in the magnitude of A_{F B} compared to that of the SM value for the case where tauons are in the final state. It is valuable to comment here that just like the zero position of the A_{F B}, the magnitude of A_{F B} depends on the values of the Wilson coefficients C^{eff}_7 , C^{eff}_9 , C_{10} and C^{(′)}_{Qi} and the effects due to the hadronic uncertainties on the magnitude of A_{F B} are almost insensitive. Hence, the deviation in the magnitude of A_{F B} due to the SUSY parameters is prominent and can be measured at the experiments which indeed help us to understand the constraints on the parameter space of the SUSY.

We now consider another interesting observable to get the complementary information about NP in B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) decays, i.e. the lepton polarization asymmetries which are shown in Figs 3, 4 and 5. Since different polarization asymmetries depend on the Wilson Coefficients so one can expect large dependency of these asymmetries on different SUSY variants and hence making these observables fertile to extract the NP. Therefore, we expect that even in the SUSY I model where the value of the Wilson coefficient corresponding to NHBs is zero, the values of these polarization asymmetries would be mainly modified from those of the SM value, because of the change in the sign of the terms pro-

– 21 –

(a) (b)

(c) (d)

Figure 3. The dependence the probabilities of the longitudinal lepton polarization asymmetries, P_L, for the decays B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) on q^2 without long-distance contributions (a,c) and with long-distance contributions (b,d), respectively, for different scenarios of MSSM and SUSY SO(10) GUT model.

portional to C^{eff}_7 C_{10}. Now we focus on the longitudinal polarization asymmetry for the decays B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) without and with long-distance contributions plotted in Figs. 3(a,c) and 3(b,d), respectively. Due to this sign alteration of Wilson coefficients in different SUSY models, Fig. 3 evince the variations in the magnitude of the longitudinal polarization asymmetries from those of the SM. This value is expected to increase in SUSY I and SUSY II model compared to that of the SM value due to the opposite sign C^{eff}_7 C_{10} and because of the NHBs contribution in the later case. By looking at the Eq. (3.22) we can see that the contribution of NHBs, coming in the auxiliary functions f_7 and f_8, is compensated by the mass of the final state lepton. Therefore the large deviation is expected for heavy mass of the final state lepton and large value of NHBs contribution i.e. SUSY I and SUSY II. Whereas, the SUSY III and SUSY SO(10) GUT models show mild effect in the case of muons as the final state lepton while their effects are quite distinguishable in the case of tauons as the final state leptons.

Figures 4(a,c) (without long-distance contribution) and 4(b,d) (with long-distance contribution) show the dependence of normal lepton polarization asymmetries on the square of momentum transfer for the said decays. One can notice that the values of said asymmetries are quite sensitive to the large contribution of NHBs in SUSY II and SUSY III

– 22 – models which is also clear from Eq. (3.23) whereas, it is mildly effected for the case of SUSY SO(10) GUT model due to small contributions of NHBs and due to the complex part of the Wilson coefficients. It is important to note that when there is a large contribution

(a) (b)

(c) (d)

Figure 4. The dependence the probabilities of the normal lepton polarization asymmetries, P_L, for the decays B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) on q^2 without long-distance contributions (a,c) and with long-distance contributions (b,d), respectively, for different scenarios of MSSM and SUSY SO(10) GUT model.

from the NHBs in P_N it will changes its sign as indicated in Fig. 4 for the case of SUSY II. As the hadronic uncertainties are insignificant in these asymmetries so the contribution from different SUSY variants are quite distinguishable for the case when the final state leptons are muons and even more prominent when these leptons are tauons. This can be established from Eq. (3.23) when P_N is proportional to the final state leptonic mass. Furthermore, as the normal polarization is proportional to the λ which approaches to zero at high q^2 region and hence the normal polarization asymmetries are suppressed by λ in this region which is depicted in Fig. 4.

We now discuss the dependence of transverse polarization asymmetries on square of momentum transfer for the decays B_c → D^∗_s ℓ^+ℓ^−, without and with long-distance effects, plotted in Figs. 5(a,b) and 5(c,d) for ℓ = μ and τ, respectively. One can see from Eq. (3.24), that it is proportional to the imaginary parts of the Wilson coefficients which are absent in the SM and in SUSY I, SUSY II and SUSY III model. But in the SUSY SO(10) GUT model one would expect the non-zero transverse polarization in for the B_c → D^∗_s μ^+μ^−

– 23 –

(a) (b)

(c) (d)

Figure 5. The dependence the probabilities of the transverse lepton polarization asymmetries, P_L, for the decays B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) on q^2 without long-distance contributions (a,c) and with long-distance contributions (b,d), respectively, for different scenarios of MSSM and SUSY SO(10) GUT model.

(τ^+τ^−) decays due to complex flavor non-diagonal down-type squark mass matrix of 2nd and 3rd generations of order one at GUT scale, which can induce the complex couplings and consequently lead to complex Wilson coefficients. But these effects are very small in the said decay channels. These signatures of the transverse polarization asymmetries are depicted in Figs. 5(a,c) and Figs. 5(b,d) without and with long-distributions, respectively. Here we can see that its value is for small to measure experimentally both for the case of muons and tauons as the final state leptons.

Apart from the above mentioned observables there is another physical observable sensitive the NP in B_c → D^∗_s ℓ^+ℓ^− transitions, i.e. the helicity fractions of D^∗_s vector meson produced in the final state. The measurement of longitudinally K^∗ helicity fractions (f_L) in the decay modes B → K^∗ℓ^+ℓ^− by the BABAR Collaborations [94] put enormous interest in this observable. Additionally, it is also shown that the helicity fractions of final state meson, just like BR, A_{F B} and P_{L,N,T} , are also very good observables to dig out the NP [33, 90–93]. In this respect, it is natural to study the helicity fractions for the complementary FCNC processes such as B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) in and beyond the SM. For this purpose, we have plotted the longitudinal (f_L) and transverse (f_T ) helicity fractions of D^∗_s for the SM and different SUSY models in Figs. 6 and 7 for the final state leptons as muons

– 24 – and tauons, respectively. In these graphs the values of the longitudinal (f_L) and transverse (f_T ) helicity fractions of D^∗_s are plotted against q^2 and one can clearly see that at each value of q^2 the sum of f_L and f_T is equal to one.

Figure 6 depicts the case of muons as final state leptons, the effects of the different SUSY scenarios on the longitudinal (transverse) helicity fractions of D^∗_s are well distinguishable throughout the q^2 region. Here one can notice that for the case of SUSY I, when the contributions of NHBs is neglected, the deviation from that of the SM values is prominent. Similarly for the SUSY II scenario, when the NHBs contributions are large and

(a) (b)

(c) (d)

Figure 6. The dependence the probabilities of the longitudinal and transverse helicity fractions, f_{L,T} , of D^∗_s in B_c → D^∗_s μ^+μ^− decays on q^2 without long-distance contributions (a,c) and with long-distance contributions (b,d), respectively, for different scenarios of MSSM and SUSY SO(10) GUT model.

tan β is also large, the NP effects are spotlighted. It is also clear from Fig. 6 that although the influence of the SUSY III and SUSY SO(10) models are mild for the case of muons as final state leptons but one can observe that for the case of tauons in the final state these effects are quite enhanced from that of the SM values (see Fig. 7). Moreover, Fig. 6 also manifests the variations in the values of f_L (f_T ) for the different SUSY variants with respect to that of the the SM values, which can be a good tool to put stringent constraints on the parameter space of different SUSY models.

Now we turn our attention to the case, where tauns are the final state leptons, the helicity fractions of D^∗_s are shown in Figs. 7(a,c) and 7(b,d) without and with the long-

– 25 – distance contributions, respectively. One can easily extract that similarly to the case of

(a) (b)

(c) (d)

Figure 7. The dependence the probabilities of the longitudinal and transverse helicity fractions, f_{L,T} , of D^∗_s in B_c → D^∗_s τ^+τ^− decays on q^2 without long-distance contributions (a,c) and with long-distance contributions (b,d), respectively, for different scenarios of MSSM and SUSY SO(10) GUT model.

muons, there is also prominent deviations in the values of the helicity fractions for all the SUSY models from that of the SM values. However, the effects for SUSY III and SUSY SO(10) models are more prominent as compare to the previous case where the muons are the final state leptons. These figures have also enlightened the variation in the extremum values of helicity fractions from the SM due to the change in the SUSY parameters. The deviation in extremum values are very well marked up at 12.5 GeV^2 for all the SUSY models, for example, the extremum value of longitudinal (transverse) helicity fraction is changed from its SM value 0.47(0.53) to 0.32(0.68), 0.385(0.615), 0.40(0.60) and 0.53(0.47) for SUSY I, SUSY II, SUSY III and SUSY SO(10), respectively, which is suitable amount of deviation to measure. Hence, the measurement of the extremum values of f_L and f_T in the case of B_c → D^∗_s τ^+τ^− can be used as a good tool in studying the NP beyond the SM and to distinguish among the different SUSY models.

– 26 –

5 Conclusion

In our study on the rare B_c → D^∗_s ℓ^+ℓ^− decays, with ℓ = μ, τ, we have calculated branching ratio (BR), the forward-backward asymmetry A_{F B} of the leptons, the polarization asymmetries P_{L,N,T} of final state leptons and the helicity fractions f_{L,T} of the final state vector meson D^∗_s and analyzed the implications of different SUSY models on these observable for the said decays. The main outcomes of our analysis can be summarized as follows:

• We have observed that the BRs deviate sizeably from the SM value in different SUSY models. The study has shown that the BR is increased considerably for SUSY I and SUSY II mainly because of the change of the sign of Wilson coefficient C^{eff}_7 . But for SUSY III and SUSY SO(10) the values of BR are mildly effected from that of the SM values because the small contributions of NHBs and due to the fact that the sign of Wilson coefficient C^{eff}_7 remains the same as the SM. Hence the accurate measurement of the BRs for these decays would help us to say something about the physics beyond the SM including SUSY models.

• Along with the BR, our analysis show that A_{F B}, especially the zero position of the A_{F B}, is a fertile observable to extract the NP including SUSY. We have found that for SUSY I and SUSY II, A_{F B} does not cross the zero position unlike the SM for B_c → D^∗_s μ^+μ^−, because of the same signs of Wilson coefficient C^{eff}_7 and C^{eff}_9 for these two scenarios of SUSY. This signature is similar to that of the observed signals for B → K^∗μ^+μ^−. Moreover, the shift in the zero positions of A_{F B} for SUSY III and SUSY SO(10) models provide a promising signature of the NP which can be tested experimentally. Hence, the measurement of the magnitude as well as the zero crossing position of A_{F B} of the considered decays can provide a stringent test for MSSM models and SUSY SO(10) GUT models.

• The longitudinal, normal and transverse polarization asymmetries of leptons are calculated in different SUSY scenarios for the rare semileptonic charmed B_c meson which can be tested in experiments with great precision. It is found that the SUSY effects could be measured at future experiments and will shed light on the NP signal beyond the SM. The transverse polarization asymmetry is the most interesting observable to look for the SUSY SO(10) effects where its value is non-zero in almost all q^2 region unlike for the cases of the SM and MSSM models. It is measurable at future experiments such as the LHC and the BTeV machines where a large number of bb̄ pairs are expected to be produced.

• We have calculated the helicity fractions f_{L,T} of the final state vector meson D^∗_s to extract the comparative study of different SUSY models and the SM. The study has shown that the deviation from the SM values of the helicity fractions are quite large with tauons in final state for the MSSM models as well as SUSY SO(10) model. It is also shown that there is a noticeable change due to SUSY parameter in the position of the extremum values of the longitudinal and transverse helicity fractions of D^∗_s meson for the case of tauons as a final state leptons. Hence, the helicity fraction of

– 27 –

D^∗_s meson in the decays B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) can be a stringent test in finding the status of the SUSY models at the LHC.

To sum up, the more data to be available from Tevatron and LHCb will provide a powerful testing ground for the SM and to put some constraints on the SUSY parameter space in particular the value of tan β and the masses of lightest chargino and lightest stop squark. Our comparative analysis of the SM and the different SUSY models on the observables for B_c → D^∗_s ℓ^+ℓ^− (ℓ = μ, τ) decays can be useful for probing and its extension to various SUSY models the existence of the supersymmetry.

Acknowledgments

The authors would like to thank Professor Riazuddin and Professor Fayyazuddin for their valuable guidance and helpful discussions.

References

[1] D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King, J. D. Lykken and L. T. Wang, The Soft supersymmetry breaking Lagrangian: Theory and applications, Phys. Rept. 407 (2005) 1 [hep-ph/0312378].

[2] J. Ellis, Physics Beyond the Standard Model, Nucl. Phys. A 827, 187 C (2009) [arXiv:0902.0357].

[3] E.Witten, Dynamical breaking of supersymmetry, Nucl. Phys. B 188 (1981) 513, Mass Hierarchies in Supersymmetric Theories. Phys. Lett. B 105 (1981) 267.

[4] S.Dimopoulos and H.Georgi, Softly broken supersymmetry and SU(5). Nucl. Phys. B 193 (1981) 150.

[5] P. Konar, K. T. Matchev, M. Park and G. K. Sarangi, How to Look for Supersymmetry under the LHC Lamppost, Phys. Rev. Lett. 105 (2010) 221801 [arXiv:1008.2483].

[6] S. L. Glashow, J. Iliopoulos, and L. Maiani, Weak Interactions with Lepton-Hadron Symmetry, Phys. Rev. D 2 (1970) 1285.

[7] N. Cabbibo, Unitary Symmetry and Leptonic Decays, Phys. Rev. Lett. 10 (1963) 531; M.

Kobayashi and K. Maskawa, CP-Violation in the Renormalizable Theory of Weak Interaction, Prog. Theor. Phys. 49 (1973) 652.

[8] S. R. Choudhury, A. S. Cornell and Naveen Gaur, Analysis of the B̄ → K̄_2(1430)ℓ^+ℓ^− decay, Phys. Rev. D 81 (2010) 094018 [arXiv:0911.4783].

[9] A. Ali, P. Ball, L. T. Handoko, and G. Hiller, Comparative study of the decays B → (K, K^∗)ℓ^+ℓ^− in the standard model and supersymmetric theories, Phys. Rev. D 61 (2000) 074024 [hep-ph/9910221].

[10] R. N. Hodgkinson, Supersymmetric Higgs singlet effects on FCNC observables, AIP Conf.

Proc. 1078 (2009) 375 [arXiv:0810.0034].

[11] Q. S. Yan, C. S. Huang, L. Wei, and S. H. Zhu, Exclusive semileptonic rare decays B → (K, K∗)ℓ^+ℓ^− in supersymmetric theories, Phys. Rev. D 62 (2000) 094023.

[12] C. Bernet, on behalf of the CMS collaboration, Searches for Supersymmetry at CMS using the 2010 Data, arXiv:1105.5911.

– 28 –

[13] S. Caron for the ATLAS collaboration, SUSY searches at ATLAS, arXiv:1106.1009.

[14] CLEO Collaboration, M. S. Alam et al., First Measurement of the Rate for the Inclusive Radiative Penguin Decay b → sγ, Phys. Rev. Lett. 74 (1995) 2885

[15] A. Ali, Review of Heavy Quark Physics - theory, Int. J. Mod. Phys. A 20 (2005) 5080 [hep-ph/0412128].

[16] CDF Collaboration, F. Abe et al., Observation of Bc mesons in pp̄ collisions at √ s=1.8 TeV, Phys. Rev. D 58 (1998) 112004 .

[17] D. S. Du, Z. Wang, Predictions of the standard model for B^±_c weak decays, Phys. Rev. D 39 (1989) 1342.

[18] C. H. Chang, Y.Q. Chen, Hadronic production of the B_c meson at TeV energies, Phys. Rev.

D 48 (1993) 4086.

[19] K. Cheung, B_c meson production at hadron colliders by heavy quark fragmentation, Phys.

Rev. Lett. 71 (1993) 3413.

[20] E. Braaten, K. Cheung, T.Yuan, QCD fragmentation functions for B_c and B^∗_c production, Phys. Rev. D 48 (1993) R5049.

[21] C.H. Chang, C.F. Qiao, J.X. Wang and X.G. Wu, Hadronic production of B_c(B^∗_c ) meson induced by the heavy quarks inside the collision hadrons, Phys. Rev. D 72 (2005) 114009.

[22] Sheldon Stone, THE Goals and Techniques of BTeV and LHC-B, hep-ph/9709500.

[23] C. A. Dominguez, N. Paver, Riazuddin, Exclusive b → s rare decays of beauty, Z. Phys. C 48 (1990) 55.

[24] C. A. Dominguez, N. Paver, Riazuddin, Rare Decay B → K^∗γ in the Standard Model, Phys.

Lett. B 214 (1988) 459.

[25] A. Faessler, Th. Gutsche, M. A. Ivanov, J. G. Korner and V. E. Lyubovitskij, The exclusive rare decays B → Kℓ̄ℓ and B_c → D(D^∗)ℓ̄ℓ in a relativistic quark model, Eur. Phys. J. C 4 (2002) 18 [hep-ph/0205287].

[26] T. M. Aliev and M. Savci, B_c → ℓνγ decay in light cone QCD, Phys. Lett. B 434 (1998) 358 [hep-ph/9804407].

[27] T. M. Aliev and M. Savci, Exclusive radiative weak decays of B_c meson in light cone QCD, J. Phys. G 24 (1998) 2223 [hep-ph/9805239].

[28] T. M. Aliev and M. Savci, Analysis of the semileptonic B_c → B_uℓ^+ℓ^− decay from QCD sum rules, Eur. Phys. J. C 47 (2006) 413 [hep-ph/0601267].

[29] T. M. Aliev and M. Savci, More about on the short distance contribution to the B_c → B^∗_uγ decay, Phys. Lett. B 480 (2000) 97 [hep-ph/9908203].

[30] N. Ghahramany, R. Khosravi and Z. Naseri, Analysis of the B_c → D^0_1ℓν decay, Phys. Rev. D 81 (2010) 016012.

[31] N. Ghahramany, R. Khosravi and Z. Naseri, Analysis of rare semileptonic B_c → D^{0∗}_s (2317)ℓ^+ℓ^− decays Phys. Rev. D 81 (2010) 036005.

[32] C. Q. Geng, C.W. Hwang, and C. C. Liu, Study of rare B^+_c → D^{∗+}_{d,s}ℓ̄ℓ decays, Phys. Rev. D 65 (2002) 094037.

[33] M. A. Paracha, Ishtiaq Ahmed, M. Jamil Aslam, Semileptonic charmed B meson decays in Universal Extra Dimension Model., arXiv:1101.2323 accepted for publication in Phys. Rev.

– 29 –

D. [34] Fourth-generation SM imprints in B → K^∗l^+l^− decays with polarized K^∗, A. Ahmed et al;

arXiv: 1110.4259v1 [hep-ph]

[35] Analysis of B_C → D^∗_s l^+l^− in the Standard Model Beyond Third Generation, A. Ahmed et al;

arXiv:1107.5694 [hep-ph] [hep-ph]

[36] Exclusive semileptonic rare decays B → (K, K^∗)l^+l^− in supersymmetric theories, Q. S. Yan et al; Phys. Rev. D62 094023

[37] K. Azizi and V. Bashiry, QCD sum rule analysis of the rare radiative B_c → D^∗_{s,d}γ decay, Phys. Rev. D 76 (2007) 114007.

[38] K. Azizi, F. Falahati, V. Bashiry and S. M. Zebarjad, Analysis of the rare B_c → D^∗_{s,d}ℓ^+ℓ^− decays in QCD, Phys. Rev. D 77(2008) 114024, arXiv:0806.0583 [hep-ph]

[39] S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, Effects of supergravity-induced electroweak breaking on rare b-decays and mixings, Nucl. Phys. B 353 (1991) 591.

[40] A. Ali, G. F. Giudice and T. Mannel, Towards a Model-Independent Analysis of Rare B Decays, Z. Phys. C 67 (1995) 417.

[41] J. Hewett and J. D. Wells, Searching for supersymmetry in rare B decays, Phys. Rev. D 55 (1997) 5549.

[42] P. Cho, M. Misiak and D. Wyler, K_L → π^0e^+e^− and B → X_sl^+l^− decay in the MSSM, Phys. Rev. D 54 (1996) 3329.

[43] T. Goto, Y. Okada, Y. Shimizu and M. Tanaka, b → sℓ^+ℓ in the minimal supergravity model, Phys. Rev. D 55 (1997) 4273.

[44] T. Goto, Y. Okada and Y. Shimizu, Flavor changing neutral current processes in B and K decays in the supergravity model, Phys. Rev. D 58 (1998) 094006.

[45] Q. S. Yan, C. S. Huang,W. Liao, and S. H. Zhu, Exclusive semileptonic rare decays B → (K, K^∗)ℓ^+ℓ^− in supersymmetric theories, Phys. Rev. D 62 (2000) 094023 [hep-ph/0004262].

[46] W. J. Li, Y. B. Dai, and C. S. Huang, Exclusive Semileptonic Rare Decays B → K^{(∗)}ℓ^+ℓ^− in a SUSY SO(10) GUT, Eur. Phys. J. C 40 (2005) 565 [hep-ph/0410317].

[47] M.Jamil Aslam , Cai-Dian Lu and Yu-Ming Wang, B → K^∗_0 ℓ^+ℓ^− decays in supersymmetric theories, Phys. Rev. D 79 (2009) 074007 [arXiv:0902.0432].

[48] M.Jamil Aslam, Yu-Ming Wang and Cai-Dian Lu, Exclusive semileptonic decays of Λ_b → Λℓ^+ℓ^− in supersymmetric theories, Phys. Rev. D 78 (2008) 114032 [arXiv:0808.2113].

[49] V. Bashiry and K. Azizi, Forward-backward Asymmetry and Branching Ratio of B → K_1(K^∗)l^+l^− Transition in Supersymmetric Models, JHEP 1001 (2010) 033 [arXiv:0903.1505].

[50] V. Bashiry, M. Bayar and K. Azizi, A comparative study on B → K^∗ℓ^+ℓ^− and B → K^∗_0 (1430)ℓ^+ℓ^− decays in the Supersymmetric Models, Mod. Phys. Lett. A 26 (2011) 901 [arXiv:0902.0773].

[51] Belle finds a hint of new physics in extremely rare B decays, Press Release, August (2009) http://www.kek.jp/intra-e/press/2009/BellePress14e.html.

[52] A. Ishikawa et al. [Belle Collaboration], Measurement of Forward-Backward Asymmetry and

– 30 –

Wilson Coefficients in B → K^∗ℓ^+ℓ^−, Phys. Rev. Lett. 96 (2006) 251801 [hep-ex/0603018].

[53] J. T. Wei et al. [BELLE Collaboration], Measurement of the Differential Branching Fraction and Forward-Backword Asymmetry for B → K^∗ℓ^+ℓ^−, Phys. Rev. Lett. 103 (2009) 171801 [arXiv:0904.0770].

[54] B. Aubert et al. [BABAR Collaboration], Measurements of branching fractions, rate asymmetries, and angular distributions in the rare decays B → Kℓ^+ℓ^− and B → K^∗ℓ^+ℓ^−, Phys. Rev. D 73 (2006) 092001 [hep-ex/0604007].

[55] B. Aubert et al. [BABAR Collaboration], Angular Distributions in the Decays B → K^∗ℓ^+ℓ^−, Phys. Rev. D 79 (2009) 031102 [arXiv:0804.4412].

[56] W. Altmannshofer, P. Ball, A. Bharucha, A. J. Buras, D. M. Straub and M. Wick, Symmetries and Asymmetries of B → K^∗μ^+μ^− Decays in the Standard Model and Beyond, JHEP 0901 (2009) 019 [arXiv:0811.1214].

[57] G. Burdman, Short distance coefficients and the vanishing of the lepton asymmetry in B → V ℓ^+ℓ^−, Phys. Rev. D 57 (1998) 4254 [hep-ph/9710550].

[58] M. Beneke, T. Feldmann and D. Seidel, Systematic approach to exclusiveB → V ℓ^+ℓ^−, V γ decays, Nucl. Phys. B 612 (2001) 25 [hep-ph/0106067].

[59] A. K. Alok, A. Dighe, D. Ghosh, D. London, J. Matias, M. Nagashima and A. Szynkman, New-physics contributions to the forward-backward asymmetry in B → K^∗μ^+μ^−, JHEP 1002 (2010) 053 [arXiv:0912.1382].

[60] D. Chang, A. Masiero and H. Murayama, Neutrino mixing and large CP violation in B physics, Phys. Rev. D 67 (2003) 075013 [hep-ph/0205111].

[61] Y-B. Dai, C-S. Huang, W-J. Li, X-H. Wu, CP asymmetry in B → ϕK_s in a SUSY SO(10) GUT, Phys. Rev. D 70 (2004) 116002 [hep-ph/0407263].

[62] C. S. Huang and Q. S. Yan, B → X_sτ^+τ^− in the flipped SU(5) model, Phys. Lett. B 442 (1998) 209.

[63] C. S. Huang, W. Liao, and Q. S. Yan, Promising process to distinguish supersymmetric models with large tan β from the standard model: B → X_sμ^+μ^−, Phys. Rev. D 59 (1998) 011701(R).

[64] C. S. Huang, Rare decays B → X_sℓ^+ℓ^− and B → K^{(∗)}ℓ^+ℓ^− in SM and beyond, Nucl. Phys.

B, Proc. Suppl. 93 (2001) 73 [hep-ph/0009149].

[65] C. Bobeth, T. Ewerth, F. Kruger, and J. Urban, Analysis of neutral Higgs-boson contributions to the decays B_s → ℓ^+ℓ^− and B̄ → Kℓ^+ℓ^−, Phys. Rev. D 64 (2001) 074014.

[66] Y. B. Dai, C. S. Huang, and H. W. Huang, B → X_sτ^+τ^− in a two Higgs doublet model, Phys. Lett. B 390 (1997) 257; ibid 513 (2001) 429(E) [hep-ph/9607389].

[67] C. S. Huang and X. H. Wu, B_s → μ^+μ^− and B → X_sμ^+μ^− in MSSM, Nucl. Phys. B 657 (2003) 304.

[68] J. F. Cheng, C. S. Huang, and X. H. Wu, CP asymmetries in B → ϕK_S and B → η^′K_S in MSSM, Nucl. Phys. B 701 (2004) 54 [hep-ph/0404055].

[69] C.S. Lim, T. Morozumi, A.I. Sanda, A prediction for dΓ(b → sℓℓ̄)/dq^2 including the long-distance effects, Phys. Lett. B 218 (1989) 343.

[70] X. G. He, T. D. Nguyen and R. R. Volkas, B-meson rare decays in two-Higgs-doublet models,

– 31 –

Phys. Rev. D 38 (1988) 814.

[71] B. Grinstein, M.J. Savage, M.B. Wise, B → X_se^+e^− in the six-quark model, Nucl. Phys. B 319 (1989) 271.

[72] N. G. Deshpande, J. Trampetic and K. Panose, Resonance background to the decays b → sℓ^+ℓ^−, B → K^∗ℓ^+ℓ^− and B → Kℓ^+ℓ^−, Phys. Rev. D 39 (1989) 1461.

[73] P. J. O’Donnell and H. K. K. Tung, Resonance contributions to the decay b → sℓ^+ℓ^, Phys.

Rev. D 43 (1991) 2067.

[74] N. Paver and Riazuddin, Interference between short- and long-distance contributions to b → sℓ^+ℓ^−, Phys. Rev. D 45 (1992) 978.

[75] A. Ali, T. Mannel and T. Morozumi, Forward backward asymmetry of dilepton angular distribution in the decay b → sℓ^+ℓ^−. Phys. Lett. B 273 (1991) 505.

[76] D. Melikhov, N. Nikitin and S. Simula, Lepton asymmetries in exclusive b → sℓ^+ℓ^− decays as a test of the Standard Model, Phys. Lett. B 430 (1998) 332 [hep-ph/9803343].

[77] J. M. Soares, CP violation in radiative b decays, Nucl. Phys. B 367 (1991) 575. [78] G. M. Asatrian and A. Ioannisian, CP-Violation in the Decay b → sγ in the Left-Right Symmetric Model, Phys. Rev. D 54 (1996) 5642 [hep-ph/9603318].

[79] M. R. Ahmady, Examination of the resonance contributions to dileptonic rare B decays, Phys. Rev. D 53 (1996) 2843 [hep-ph/9508213].

[80] F. Kruger and L. M. Sehgal, Lepton Polarization in the Decays B → X_sμ^+μ^− and B → X_sτ^+τ^−, Phys. Lett. B 380 (1996) 199 [hep-ph/9603237].

[81] Z. Ligeti, I. W. Stewart and M. B. Wise, Comment on V(ub) from exclusive semileptonic B and D decays, Phys. Lett. B 420 (1998) 359 [hep-ph/9711248].

[82] A. Khodjamirian, T. Mannel, A. A. Pivovarov and Y. M. Wang, Charm-loop effect in B → K^{(∗)}ℓ^+ℓ^− and B → K^∗γ, JHEP 1009, 089 (2010) [arXiv:1006.4945].

[83] J. M. Soares, CP violation in radiative b decays, Nucl. Phys. B 367 (1991) 575. [84] G. M. Asatrian and A. Ioannisian, CP-Violation in the Decay b → sγ in the Left-Right Symmetric Model, Phys. Rev. D 54 (1996) 5642 [hep-ph/9603318].

[85] J. M. Soares, The contribution of the J/ψ resonance to the radiative B decays Phys. Rev. D 53 (1996) 241 [hep-ph/9503285].

[86] C. H. Chen and C. Q. Geng, Baryonic Rare Decays of Λ_b → Λℓ^+ℓ^−, Phys. Rev. D 64 (2001) 074001 [hep-ph/0106193].

[87] H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin, T. M. Yan, and H. L. Yu , Effective Lagrangian approach to weak radiative decays of heavy hadrons, Phys. Rev. D 51 (1995) 1199.

[88] D. Du, X. Li, Y. Yang, A study on the rare radiative decay B_c → D^∗_s γ, Phys. Lett. B 380 (1996) 193 [hep-ph/9603291].

[89] T. M. Aliev and M. Savci, Λ_b → Λℓ^+ℓ^− decay in universal extra dimensions, Eur. Phys. J. C 50 (2007) 91 [arXiv: hep-ph/0606225].

[90] P. Colangelo, F. De Fazio, R. Feerandes and T. N. Pham, Spin effects in rare B → X_sτ^+τ^− and B → K^{(∗)}τ^+τ^− decays in a single Universal Extra Dimension scenario, Phys. Rev. D 74 (2006) 115006 [arXiv : hep-ph/0610044].

– 32 –

[91] Asif Saddique, M. Jamil Aslam and Cai-Dian Lu, Lepton polarization asymmetry and forward-backward asymmetry in exclusive B → K_1τ^+τ^− decay in universal extra dimension scenario, Eur. Phys. J. C 56 (2008) 267 [arXiv:0803.0192].

[92] Aqeel Ahmed, Ishtiaq Ahmed, M. Ali Paracha and Abdur Rehman, K_1(1270) − K_1(1400) mixing and the fourth generation SM effects in B → K_1ℓ^+ℓ^− decays, arXiv:1105.3887 accepted for publication in Phys. Rev. D.

[93] I. Ahmed, M. A. Paracha, M. Junaid, A. Ahmed, A. Rehman and M. J. Aslam, Analysis of B_c → D^∗_s ℓ^+ℓ^− in the Standard Model Beyond Third Generation, arXiv:1107.5694.

[94] B. Aubert et al. [BABAR Collaboration], Measurements of branching fractions, rate asymmetries, and angular distributions in the rare decays B → Kℓ^+ℓ^− and B → K^∗ℓ^+ℓ^−, Phys. Rev. D 73 (2006) 092001 [hep-ex/0604007].

[95] K. Nakamura et al. (Particle Data Group), Review of particle Physics, J. Phys. G 37 (2010) 075021.

[96] G. Buchalla et al., B, D and K decays, Eur. Phys. J. C 57 (2008) 309 [arXiv:0801.1833]; C.

S. Huang and X. H. Wu, B_s → μ^+μ^− and B → X_sμ^+μ^− in MSSM, Nucl. Phys. B 657 (2003) 304 [hep-ph/0212220].

[97] T. Aaltonen et al., CDF Collaboration, Search for B_s → μ^+μ^− and B_d → μ^+μ^− Decays with CDF II, arXiv:1107.2304 (2011); S. Akula, D. Feldman, P. Nath and G. Peim, Excess Observed in CDF B^0_s → μ^+μ^− and SUSY at the LHC, arXiv:1107.3535 (2011).

– 33 –