Published by Institute of Physics Publishing for SISSA Received: March 11, 2005 Accepted: April 13, 2005 Published: May 4, 2005

The exclusive Λ_b → Λ ℓ^+ℓ^− decay with the fourth generation

Gürsevil Turan

Department of Physics Middle East Technical University 06531 Ankara, Turkey E-mail: gsevgur@metu.edu.tr

Abstract: The exclusive Λ_b → Λ ℓ^+ℓ^− decay is analyzed in the fourth generation model. We studied the sensitivity of the physical observables such as the branching ratio and the forward-backward asymmetry of this process to the model parameters, namely, the mass of the fourth generation up-type quark t^′ and the fourth generation CKM matrix element V^∗_t′_sV_t′_b by using two possible solutions of the latter and the experimental results on branching ratios for B_s → X_sγ and B_s → X_cℓν̄. It has been found that these observables are almost the same as the SM predictions when V^∗_t′_sV_t′_b is positive. However, when it is negative, they are essentially very sensitive to the fourth generation model and can serve as efficient tools in search of the fourth generation.

Keywords: Beyond Standard Model,Rare Decays,Weak Decays.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep052005008.pdf /jhep052005008.pdf

Contents

1. Introduction 1

2. Effective hamiltonian and the form factors 2

3. Numerical results and discussion 6

1. Introduction

As is well known, the inclusive decays B → X_{s,d}ℓ^+ℓ^− and the corresponding exclusive processes, B → Mℓ^+ℓ^− with M = K, K^∗, ρ, etc., are very sensitive to the flavor structure of the SM and have been studied in great detail by many authors (for a review see [1] and references therein). Being FCNC processes, they are forbidden in the Born approximation and hence are very useful for testing the various new physics scenarios like the two Higgs doublet models (2HDM) [2] , Minimal Supersymmetric extension of the SM (MSSM) [3], fourth generation models [4, 5], etc. For these reasons studying the transitions induced by the FCNC constitute one of the main research directions of the two operating B factories BaBar and Belle [6].

The Λ_b → Λ ℓ^+ℓ^− decay is another exclusive process which is described at quark level by the b → sℓ^+ℓ^− transition. Being a baryonic decay, unlike mesonic case, it can maintain the helicity structure of the effective hamiltonian for the b → s transition and hence can provide information about the the handedness of these quarks. From experimental point of view, it is also promising since large number of Λ_b baryons are expected to be produced in Tevatron, LHC, etc., which will make it possible to check the model predictions of its various decay channels. In addition, as mentioned before, the ”heavy meson” → ”light meson” transitions like B → K(K^∗)ℓℓ̄ decays have been studied systematically in both the SM and beyond. It is now natural to ask which physical quantity is the most sensitive to the new physics in the ”heavy baryon” → ”light baryon” case. Indeed, there are quite a lot of studies that have been considered baryonic Λ_b → Λ ℓ^+ℓ^− decay in the framework of the SM, 2HDM, MSSM and also in a model independent way in the literature. The SM and the new physics effects on the differential decay rates and various polarization asymmetries of the Λ_b → Λ ℓ^+ℓ^− decay under the approximation of the HQET can be found in [7 – 10]. In addition, time-reversal violating effects with polarized Λ are investigated in [11] and shown that the transverse Λ polarization can be as large as 50% in SUSY theories. There are also a number of model independent analysis of the various physical observables associated with the exclusive Λ_b → Λ ℓ^+ℓ^− decay [12 – 16], which reports the mode as a very useful tool for establishing the new physics as well as discussing the magnitude and the sign of the various Wilson coefficients.

– 1 –

In this paper we investigate the exclusive process Λ_b → Λ ℓ^+ℓ^− in the so-called four generation SM. The main motivation of this model comes from the fact that the SM does not fix the number of generations. In addition, flavor democracy favors the four generation case for the SM [17]. Moreover, there is not any experimental evidence that excludes such extra generations provided that neutrino of this generation is heavy, i.e., m_ν′ ≥ m_Z /2 [18]. The possible results of fourth generation in low energy physics have been researched in many works (see for example [19 – 25]). In refs. [26 – 32], contribution of the fourth generation to the electroweak radiative corrections were considered. Even the possibility of only fourth generation quarks and neutrino were considered in [33] and [34], respectively.

Although there are several theoretical schemes to introduce the fourth generation in the SM, since experimental evidence show that SM works extremely well, it would be interesting to consider its most economical and simple version [5]. In this model, limited to the non-SUSY case, it is introduced an up-like quark t^′, a down-like quark b^′, a lepton τ^′ and a heavy neutrino ν^′ in the SM. The properties of these new fermions are all the same as their corresponding counterparts of other three generations except their masses and the CKM mixings. The effects of the fourth generation to rare decays have been also studied in many works [35 – 41].

It is well known that the main theoretical uncertainty related to the exclusive processes in general are related to decay form factors, i.e., the matrix elements of the effective hamiltonian between the initial and the final mesons or baryons. In case of baryonic Λ_b → Λ ℓ^+ℓ^− decay, although there are also a lot of form factors to describe the matrix elements for Λ_b → Λ, as being a heavy-to-light decay, one can use the heavy quark effective theory (HQET), in which the heavy symmetries restrict the number of form factors. Although these heavy quark symmetries are expected to work best at the point of maximal momentum transfer, whereas the phase space of the decay under consideration is at the opposite side of the spectrum, heavy quark symmetry is still used as a reasonable model assumption for the form factors. Indeed, it has been shown that this procedure greatly simplifies the analysis and reduces the number of form factors to two [42 – 46].

The paper is organized as follows: In section 2, we present the necessary theoretical expressions for the Λ_b → Λ ℓ^+ℓ^− decay, such as the QCD corrected effective hamiltonian and baryonic matrix elements in terms of the related form factors, as well as the expressions of the physical observables we investigate in this work, namely, differential branching ratio and forward-backward asymmetry for the decay Λ_b → Λ ℓ^+ℓ^− . Section 3 is devoted to the numerical analysis and its discussion.

2. Effective hamiltonian and the form factors

At the quark level Λ_b → Λ ℓ^+ℓ^− decay is induced by the transition b → sℓ^+ℓ^− , which is, in the SM, described by the effective hamiltonian

H_{eff} =

4G_F √ 2 V^∗_{ts}V_{tb}

�_{10} � i=1 C_i(μ) O_i(μ) � , (2.1)

– 2 – where the expressions of the operators O_i(μ) and corresponding renormalized Wilson coefficients C_i(μ) can be found in [47, 48]. Neglecting the mass of the s quark, from eq. (2.1), free quark decay amplitude is written as M = α G_F 2 √ 2π V^∗_{ts}V_{tb} � C^{eff}_9 (μ) s̄γ_μ (1 − γ_5)b ℓ̄γ^μ ℓ + C_{10}(μ) s̄γ_μ (1 − γ_5)b ℓ̄γ^μ γ_5ℓ −

− 2C^{eff}_7 (μ) m_b q^2 s̄iσ_{μν} q^ν (1 + γ_5)b ℓ̄γ^μ ℓ � , (2.2)

where q = p_{Λ b} −p_Λ is the momentum transfer. We note that besides the short-distance (SD) contributions, long-distance (LD) ones such as that from c̄c resonant states of ψ, ψ^′, . . . etc. are also important for the decay rate. Assuming that in Λ_b → Λ ℓ^+ℓ^− decays the parametrization of the contributions from LD effects is the same as that in the B-meson decays, it is possible to include them through the redefinition of the corresponding Wilson coefficient:

C^{eff}_9 (μ) → C^{pert}_9 (μ) + Y_{reson}(ŝ^′) , (2.3)

where

Y_{reson}(ŝ^′) = − 3π α^2 κ � V_i=ψ_i

Γ(V_i → ℓ^+ℓ^− )m_{Vi} ŝ^′m^2_b − m_{Vi} + im_{Vi} Γ_{Vi} × ×[3C_1(μ) + C_2(μ) + 3C_3(μ) + C_4(μ) + 3C_5(μ) + C_6(μ)] , (2.4) and C^{pert}_9 (μ) = C^{SM}_9 (μ) + h(z̃, ŝ^′)[3C_1(μ) + C_2(μ) + 3C_3(μ) + C_4(μ) + 3C_5(μ) + C_6(μ)] − − 1 2 h(1, ŝ^′) (4C_3(μ) + 4C_4(μ) + 3C_5(μ) + C_6(μ)) − − 1 2 h(0, ŝ^′) [C_3(μ) + 3C_4(μ)] + + 2 9 (3C_3(μ) + C_4(μ) + 3C_5(μ) + C_6(μ)) , (2.5)

ŝ^′ = q^2/m^2_b and z̃ = m_c/m_b. The functions h(z̃, ŝ^′) arise from the one loop contributions of the four quark operators O_1,. . . ,O_6 and their explicit forms can be found in [47, 48]. The phenomenological parameter κ in eq. (2.4) is determined so as to reproduce the correct value of the branching ratio BR(Λ_b → Λ J/ψ → Λℓ^+ℓ^− ) = BR(Λ_b → Λ J/ψ)BR(J/ψ → ℓ^+ℓ^− ). It is possible to show that κ factors in the Λ_b case are almost the same as that in the B meson one [8].

As noted in section 1, in the model we consider in this work, the fourth generation is introduced in the same way as the three generations in the SM. Hence the operator basis is exactly the same as in the SM while the values of Wilson coefficients in eq. (2.2) changes according to

C^{eff}_7 → C^{eff SM} 7 + V^∗_t′_sV_t′_b V^∗_{ts}V_{tb}

C^′_7 ,

C^{eff}_9 → C^{eff SM} 9 + V^∗_t′_sV_t′_b V^∗_{ts}V_{tb}

C^′_9 ,

C_{10} → C^{SM}_{10} +

V^∗_t′_sV_t′_b V^∗_{ts}V_{tb}

C^′_{10} , (2.6)

– 3 – where V_t′_b and V_t′_s are the elements of 4×4 Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the above expressions, primed terms C^′_i describe the contribution of the fourth generation up quark t^′ at the loop level, which can be easily obtained from the corresponding SM counterparts by the substitution, m_t → m_t′ .

Now, we calculate the branching ratio (BR) and the forward-backward asymmetry (A_{F B} ) of the Λ_b → Λ ℓ^+ℓ^− decay in the fourth generation model. In order to find these physically measurable quantities at hadronic level, we need the matrix elements ⟨Λ(p_Λ )|s̄γ_μ (1 − γ_5)b|Λ_b(p_{Λ b} )⟩ and ⟨Λ(p_Λ )|s̄iσ_{μν} q^ν (1 + γ_5)b|Λ_b(p_{Λ b} )⟩, which are generally parametrized in the following way [8, 10, 49]

⟨Λ |s̄γ_μ (1 − γ_5)b| Λ_b⟩ = ū_Λ � (f_1 − γ_5g_1)γ_μ + i(f_2 − γ_5g_2)σ_{μν} q^ν + (f_3 − γ_5g_3)q_μ � u_{Λ b} ,

⟨Λ |s̄iσ_{μν} q^ν (1 + γ_5)b| Λ_b⟩ = ū_Λ � (f^T_1 + g^T_1 γ_5)γ_μ + i(f^T_2 + g^T_2 γ_5)σ_{μν} q^ν +

+ (f^T_3 + g^T_3 γ_5)q_μ � u_{Λ b} . (2.7)

As seen from these equations, there are 12 form factors to describe the Λ_b → Λ ℓ^+ℓ^− decays. However, as being a ”heavy → light” transition, one can make use of the following relation, which results from using the HQET [42 – 44]

⟨Λ(p_Λ ) |s̄Γb| Λ(p_{Λ b} )⟩ =ū_Λ � F_1(q^2)+ v̸F_2(q^2) � Γu_{Λ b} , (2.8)

where Γ is an arbitrary Dirac structure and v^μ = p^μ_{Λ b} /m_{Λ b} is the four-velocity of Λ_b. By comparing the general form of the form factors with (2.8), one can obtain [8, 10, 49]

g_1 = f_1 = f^T_2 = g^T_2 = F_1 + √ rF_2 ,

g_2 = f_2 = g_3 = f_3 =

F_2 m_{Λ b} , g^T_1 = f^T_1 =

F_2 m_{Λ b} q^2 , g^T_3 =

F_2 m_{Λ b}

(m_{Λ b} + m_Λ ) ,

f^T_3 = −

F_2 m_{Λ b}

(m_{Λ b} − m_Λ ) , (2.9)

where r = m^2_Λ /m^2_{Λ b} , which greatly simplifies the analysis by reducing the number of form factors to two, F_1 and F_2.

Using (2.7)-(2.9), we can put the the matrix element of the Λ_b → Λ ℓ^+ℓ^− decays in eq. (2.2) into the following form: M = α G_F 4 √ 2π V^∗_{ts}V_{tb} � ℓ̄γ^μ ℓū_Λ � A_1γ_μ (1 + γ_5) + B_1γ_μ (1 − γ_5) +

+ iσ_{μν} q^ν [A_2(1 + γ_5) + B_2(1 − γ_5)] + + q_μ [A_3(1 + γ_5) + B_3(1 − γ_5)] � u_{Λ b} + (2.10)

+ ℓ̄γ^μ γ_5ℓū_Λ � E_1 γ_μ (1 − γ_5) + iE_2 σ_{μν} q^ν (1 − γ_5) + E_3 q_μ (1 − γ_5) � u_{Λ b} � ,

– 4 – where

A_1 = −

4m_b m_{Λ b}

F_2 C^{eff}_7 ,

B_1 = 2(F_1 + √ rF_2) C^{eff}_9 ,

A_2 = −

4m_b q^2

(F_1 + √ rF_2) C^{eff}_7 ,

B_2 =

2F_2 m_{Λ b}

C^{eff}_9 ,

A_3 = −

4m_bm_Λ q^2m_{Λ b}

F_2 C^{eff}_7 ,

B_3 =

4m_b q^2

F_2 C^{eff}_7

E_1 = 2(F_1 + √ rF_2) C_{10} ,

E_2 = E_3 =

2F_2 m_{Λ b}

C_{10} . (2.11)

After some standard algebra, the matrix element in eq. (2.10) leads to the following double differential decay rate

d^2Γ dŝdz = α^2G^2_F m^3_{Λ b}

2^{12}π^5

|V_{tb}V^∗_{ts}|^2 v √ λ � T_0(ŝ) + T_1(ŝ)z + T_2(ŝ)z^2 � . (2.12)

Here λ = −1 + r^2 + ŝ^2 − 2r − 2ŝ − 2rŝ, v = � 1 −^{4(mℓ/mΛ b )2}_ŝ , ŝ = q^2/m^2_{Λ b} , z = cos θ, where θ is the angle between the three-momentum of the ℓ^− lepton and that of the Λ_b-meson in the center of mass frame of the dileptons ℓ^+ℓ^− , and the functions T_0(ŝ), T_1(ŝ) and T_2(ŝ) are given by

T_0(ŝ) = 8m^2_ℓ m^2_{Λ b}ŝ(1 + r − ŝ) |E_3|^2 + 16m^2_ℓ m_{Λ b} √ r � (1 − r + ŝ)Re[E^∗_1 E_3] � + +8(2m^2_ℓ + m^2_{Λ b}ŝ) � (1 − r + ŝ)m_{Λ b} √ r Re[A^∗_1A_2 + B^∗_1 B_2] −

− m_{Λ b} (1 − r − ŝ)Re[A^∗_1B_2 + A^∗_2B_1] − − 2 √ r � Re[A^∗_1B_1] + m^2_{Λ b}ŝRe[A^∗_2B_2] � + +2 � 4m^2_ℓ (1 + r − ŝ) + m^2_{Λ b} � (1 − r)^2 − ŝ^2 � � |A_1|^2 + |B_1|^2 � + +2m^2_{Λ b} � 4m^2_ℓ � λ + (1 + r − ŝ)ŝ � + m^2_{Λ b}ŝ � (1 − r)^2 − ŝ^2 � � |A_2|^2 + |B_2|^2 � − −2 � 4m^2_ℓ (1 + r − ŝ) − m^2_{Λ b} � (1 − r)^2 − ŝ^2 � |E_1|^2 +

+2m^3_{Λ b}ŝv^2 � 4(1 − r + ŝ) √ r Re[E^∗_1 E_2] − m_{Λ b} � (1 − r)^2 − ŝ^2 � |E_2|^2 � , (2.13)

T_1(ŝ) = −8m^2_{Λ b} √ λ v ŝ � Re[B^∗_1 E_1] − m_{Λ b} Re[A^∗_2E_1 − A^∗_1E_2] +

+ m^2_{Λ b} (1 − r)Re[B^∗_2 E_2] − m_{Λ b} √ rRe[B^∗_2 E_1 + B^∗_1 E_2] � , (2.14)

T_2(ŝ) = −2m^2_{Λ b} v^2λ � |A_1|^2 + |B_1|^2 + |E_1|^2 − m^2_{Λ b}ŝ (|A_2|^2 + |B_2|^2 + |E_2|^2) � . (2.15)

– 5 –

The lepton forward-backward asymmetry A_{F B} is another observable that can give more precise information at hadronic level. Since the new physics effects can shift the position of the zero value of A_{F B}, it may be a powerful tool for investigating the physics beyond the SM. We write definition of normalized A_{F B} as

A_{F B}(ŝ) =

�_1 0 dz^{dΓ}_{dz} −

�_0 −1 dz^{dΓ}_{dz} �_1 0 dz^{dΓ}_{dz} +

�_0 −1 dz^{dΓ}_{dz}

. (2.16)

For the Λ_b → Λ ℓ^+ℓ^− decay, it is calculated to be

A_{F B}(ŝ) = 1 2 � v √ λ T_1(ŝ) � � v √ λ (T_0(ŝ) +^1_3 T_2(ŝ))

� . (2.17)

We finally note that we can also discuss the channel Λ_b → Λν̄ν by performing the following replacements in the expressions obtained for Λ_b → Λ ℓ^+ℓ^− decay:

m_ℓ → 0 , C^{eff}_7 → 0 , C^{eff}_9 →

X(x_t) sin^2 θ_W

, C_{10} → −C^{eff}_9 , (2.18)

where [50] X(x_t) = x_t 8 � x_t + 2 x_t − 1 + 3 x_t − 2 (x_t − 1)^2 log x_t � , (2.19)

with x_t = m^2_t /m^2_W . Then, we explicitly have

d^2Γ^{νν} dŝdz = 3 α^2G^2_F m^3_{Λ b} 2^{12}π^5

|V^∗_{ts}V_{tb}|^2 √ λ (T^{νν}_0 (ŝ) + T^{νν}_1 (ŝ)z + T^{νν}_2 (ŝ)z^2) , (2.20)

where

T^{νν}_0 (ŝ) = 2m^2_{Λ b} � 4m_{Λ b} √ r(1 − r + ŝ) � ŝRe[B^∗_1 B_2] + Re[E^∗_1 E_2] � + ((1 − r)^2 − ŝ^2) × × � |B_1|^2 + |E_1|^2 + m^2_{Λ b}ŝ(|B_2|^2 − |E_2|^2) � , (2.21)

T^{νν}_1 (ŝ) = −8m^2_{Λ b} √ λ ŝ � Re[B^∗_1 E_1] + m^2_{Λ b} (1 − r)Re[B^∗_2 E_2] −

− m_{Λ b} √ rRe[B^∗_2 E_1 + B^∗_1 E_2] � , (2.22)

T^{νν}_2 (ŝ) = −2m^2_{Λ b} λ � |B_1|^2 + |E_1|^2 − m^2_{Λ b}ŝ (|A_2|^2 + |B_2|^2 + |E_2|^2) � . (2.23)

3. Numerical results and discussion

In this section we present the numerical analysis of the exclusive Λ_b → Λ ℓ^+ℓ^− decay in the fourth generation model. The input parameters we used in this analysis are as follows:

m_{Λ b} = 5.624 GeV , m_Λ = 1.116 GeV , m_b = 4.8 GeV , m_c = 1.35 GeV , m_τ = 1.778 GeV m_μ = 0.105 GeV , |V_{tb}V^∗_{ts}| = 0.045 , α^{−1} = 129 , G_F = 1.166 × 10^{−5} GeV^{−2} , κ = 2.3 , BR(B → X_sγ) = 3.15 × 10^{−4} , BR(B → X_ceν̄) = 0.104 . (3.1)

– 6 –

As for the form factors of the Λ_b → Λ tran- F (0) a_F b_F

F_1 0.462 −0.0182 −0.000176 F_2 −0.077 −0.0685 0.00146

Table 1: The form factors of the transition Λ_b → Λ calculated in the QCD sum rule approach.

sition, we use the results from QCD sum rule approach in combination with HQET [42, 51], which can be written in the following form

F (ŝ) =

F (0) 1 − a_F ŝ + b_F ŝ^2

, (3.2)

where the values of the parameters F (0), a_F and b_F are given in table 1.

We note that there are five possible resonances in the cc̄ system that can contribute to the decay under consideration and to calculate them, we need to divide the integration region for ŝ into three parts for ℓ = e, μ so that we have 4m^2_ℓ /m^2_{Λ b} ≤ ŝ ≤ (m_{ψ 1} −0.02)^2/m^2_{Λ b} , (m_{ψ 1} + 0.02)^2/m^2_{Λ b} ≤ ŝ ≤ (m_{ψ 2} − 0.02)^2/m^2_{Λ b} and (m_{ψ 2} + 0.02)^2/m^2_{Λ b} ≤ ŝ ≤ (m_{Λ b} − m_Λ )^2/m^2_{Λ b} , while for ℓ = τ it takes the form given by 4m^2_τ /m^2_{Λ b} ≤ ŝ ≤ (m_{ψ 2} − 0.02)^2/m^2_{Λ b} and (m_{ψ 2} + 0.02)^2/m^2_{Λ b} ≤ ŝ ≤ (m_B − m_Λ )^2/m^2_{Λ b} . Here, m_{ψ 1} and m_{ψ 2} are the masses of the first and the second resonances, respectively.

The values of the mass of the fourth generation up-type quark m_t′ and the fourth generation CKM matrix element V^∗_t′_sV_t′_b remain as free parameters of the model. It is possible to obtain some restrictions on these quantities from the existing experimental data. We should also note that existence of extra generations can affect present constraints on CKM matrix elements to some extend and therefore they should be calculated with the possibility of a new family using present experiments. Along this line, in [54], using the measured values on BRs of B → X_sγ and B → K(K^∗)ℓℓ̄ decays, together with the unitarity condition, allowed regions for |V_{tb}V^∗_{ts}| and |V_t′_bV^∗_t′_s| are determined as a function of the t^′ quark mass. The main conclusion from this analysis is that 0.036 ≤ |V_{tb}V^∗_{ts}| ≤ 0.044, while |V_t′_bV^∗_t′_s| are mainly distributed around 0.01. Since the SM value V_{tb}V^∗_{ts} = 0.045 is very close being in this range, in our numerical calculations we have fixed it by this value.

Now, in order to constrain the CKM factor V^∗_t′_sV_t′_b as a function of the t^′ quark mass we follow the approach in ref. [37], which uses the experimental results on B → X_sγ and B → X_ceν̄_e decays. For this, we first write, in the leading logarithmic approximation R = B(B → X_sγ) B(B → X_ceν̄_e) = |V^∗_{ts}V_{tb}|^2 |V_{cb}|^2 6α � �Ceff_7 � �^2 πf(m̂_c)κ(m̂_c)

, (3.3)

where m̂_c = m_c/m_b and the phase factor f(m̂_c) and O(α_s) QCD correction factor κ(m̂_c) [52] of b → cℓν̄ are given by

f(m̂_c) = 1 − 8m̂^2_c + 8m̂^6_c − m̂^8_c − 24m̂^4_c ln(m̂_c) ,

κ(m̂_c) = 1 −

2α_s(m_b) 3π � π^2 − 31 4 � (1 − m̂_c)^2 + 3 2 � . (3.4)

Then, substituting eq. (2.6) into eq. (3.3) and solving it for V^∗_t′_sV_t′_b, we get

V^∗_t′_sV^{(±)}_{t′b} = � ± � πR |V_{cb}|^2 f(m̂_c)κ(m̂_c) 6α |V^∗_{ts}V_{tb}|^2

− C^{effSM} 7 � V^∗_{ts}V_{tb} C^′_7

, (3.5)

– 7 –

Figure 1: The differential BRs of Λ_b → Λμ^+μ^− as a function of ŝ at different values of m_t′ for V^∗_t′_sV^{(+)}_t′_b solution of eq. (3.5)

where the superscripts (+) and (−) correspond to the respective signs in front of the square root. The values of V^∗_t′_sV_t′_b for different choices of the m_t′ are listed in table 2.

m_t′ (GeV) 50 100 200 300 400 500 V^∗_t′_sV^{(+)}_{t′b} × 10^2 −13.22 −10.77 −8.88 −8.17 −7.82 −7.62 V^∗_t′_sV^{(−)}_{t′b} × 10^3 2.55 2.07 1.71 1.57 1.50 1.47

Table 2: The numerical values of V^∗_t′_sV_t′_b for different values of m_t′ .

We note that with the values of the CKM matrix elements in the SM [53], the values of V^∗_t′_sV^{(±)}_{t′b} satisfy the unitarity condition of the CKM matrix, given by

V^∗_{us}V_{ub} + V^∗_{cs}V_{cb} + V^∗_{ts}V_{tb} + V^∗_t′_sV_t′_b = 0 , (3.6)

since the first three terms is about 7.6 × 10^{−2} ± 0.6 × 10^{−2} provided that V^∗_t′_sV_t′_b is within this error range.

In the following, we give the results of our calculations about the dependencies of the differential branching ratio dBR/dŝ and differential forward-backward asymmetry A_{F B}(ŝ) of the Λ_b → Λℓ^+ℓ^− decays for ℓ = μ, τ, ν on the dimensionless momentum transfer ŝ, and also dependencies of the BR on the model parameters. The results are presented by a series of graphs for V^∗_t′_sV^{(+)}_{t′b} and V^∗_t′_sV^{(−)}_{t′b} solutions of eq. (3.5).

In figures 1–3, we plot the differential BRs of Λ_b → Λℓ^+ℓ^− decays for ℓ = μ, τ, ν as a function of ŝ at different values of m_t′ for V^∗_t′_sV^{(+)}_{t′b} solution of eq. (3.5). We also present the dependence of the integrated BRs of these decay channels on m_t′ in figures 4–6. From these figures we see that the SM prediction can be strongly enhanced by the fourth generation model for the choice V^∗_t′_sV^{(+)}_{t′b} and this enhancement increases with the increasing values of m_t′ . For example, at m_t′ = 300 GeV, the BRs are enhanced 5 (6.5) times in comparison to the SM predictions for μ, τ (ν) channels. We also observe from these figures that values for the BRs predicted by the fourth generation model is less than those by the SM when m_t′ ≤ m_t for all channels.

– 8 –

Figure 2: The same as figure (1), but for the decay Λ_b → Λτ^+τ^− .

Figure 3: The same as figure (1), but for the decay Λ_b → Λνν̄.

Figure 4: The integrated BRs of Λ_b → Λμ^+μ^− as a function of m_t′ .

– 9 –

Figure 5: The same as figure (4), but for the decay Λ_b → Λτ^+τ^− .

Figure 6: The same as figure (4), but for the decay Λ_b → Λνν̄.

The dependence of the A_{F B}(ŝ) of Λ_b → Λℓ^+ℓ^− decays for ℓ = μ, τ on ŝ at different values of m_t′ for V^∗_t′_sV^{(+)}_{t′b} solution of eq. (3.5) are presented in figures 7 and 8. We observe that A_{F B}(ŝ) is also very sensitive to the fourth generation effects for the choice V^∗_t′_sV^{(+)}_{t′b} . We note that, for m_t′ , in addition to the values considered for BRs calculations, we have also considered the value m_t′ = 50 GeV. While this choice does not produce anything interesting for the BRs, for A_{F B} (ŝ), its behavior is very different from all other choices of m_t′ . As it is seen from figures 7 and 8, when m_t′ = 50 GeV, A_{F B} is completely opposite to the SM prediction and can have positive values for both channels, μ and τ, while this is not possible for the other choices of m_t′ . Therefore, experimental determination of the sign of A_{F B} can be very useful for establishing new physics.

In figures 9–13, we plot the differential BRs and A_{F B}(ŝ) for Λ_b → Λℓ^+ℓ^− decays for ℓ = μ, τ, ν as a function of ŝ at different values of m_t′ for V^∗_t′_sV^{(−)}_{t′b} solution of eq. (3.5). We see from these figures that the curves corresponding to the different values of m_t′ in the fourth generation model and the SM curve almost coincide (see also figures 4–6). This is an expected result, since V^∗_t′_sV^{(−)}_{t′b} ∼ 10^{−3} , while V^∗_{ts}V_{tb} ∼ 10^{−2} so that the effect of fourth generation is small in this case.

– 10 –

Figure 7: The differential A_{F B} of Λ_b → Λμ^+μ^− as a function of ŝ at different values of m_t′ for V^∗_t′_sV^{(+)}_t′_b solution of eq. (3.5).

Figure 8: The same as figure (7), but for the decay Λ_b → Λτ^+τ^− .

Figure 9: The differential BRs of Λ_b → Λμ^+μ^− as a function of ŝ at different values of m_t′ for V^∗_t′_sV^{(−)}_t′_b solution of eq. (3.5).

– 11 –

Figure 10: The same as figure (9), but for the decay Λ_b → Λτ^+τ^− .

Figure 11: The same as figure (9), but for the decay Λ_b → Λνν̄.

Figure 12: The differential A_{F B} of Λ_b → Λμ^+μ^− as a function of ŝ at different values of m_t′ for V^∗_t′_sV^{(−)}_t′_b solution of eq. (3.5).

– 12 –

Figure 13: The same as figure (12), but for the decay Λ_b → Λτ^+τ^− .

In conclusion, we have investigated the physical observables, BR and A_{F B} related to the exclusive Λ_b → Λ ℓ^+ℓ^− decay in the fourth generation model. We have found that these observables are highly sensitive to the fourth generation model when the value of the fourth generation CKM factor V^∗_t′_sV_t′_b is negative, while they are almost the same as the SM predictions when it is positive. Therefore, Λ_b → Λ ℓ^+ℓ^− decay can provide a possible probe to test the fourth generation model if V^∗_t′_sV_t′_b is negative.

References

[1] T. Hurth, Present status of inclusive rare B decays, Rev. Mod. Phys. 75 (2003) 1159 [hep-ph/0212304].

[2] S.L. Glashow and S. Weinberg, Natural conservation laws for neutral currents, Phys. Rev. D 15 (1977) 1958;

J.F. Gunion, H.E. Haber, G.L. Kane and S. Dawson, The higgs hunter’s guide, Addison-Wesley Publishing, Redwood City 1990.

[3] J.L. Hewet, Topten models constrained by b → γ, in proceedings of The 21^{st} annual SLAC summer institute, L. De Porcel, C. Dunwoode eds., SLAC-PUB-6521, 1994.

[4] K.C. Chou, Y.L. Wu and Y.B. Xie, Chin. Phys. Lett. 1 (1984) 1.

[5] J.F. Gunion, D.W. McKay and H. Pois, Gauge coupling unification and the minimal SUSY model: a fourth generation below the top?, Phys. Lett. B 334 (1994) 339 [hep-ph/9406249].

[6] The BaBar Physics book, P.F. Harrison and H.R. Quinn eds., SLAC report 1998;

BELLE collaboration, E. Drebys et al., Physics prospects for BELLE, Nucl. Instrum. Meth. A446 (2000) 89.

[7] T.M. Aliev and M. Savcı, Exclusive Λ_b → Λℓ^+ℓ^− decay in two Higgs doublet model, J. Phys.

G 26 (2000) 997 [hep-ph/9906473].

[8] C.-H. Chen and C.Q. Geng, Rare λ/b → λℓ^+ℓ^− decays with polarized lambda, Phys. Rev. D 63 (2001) 114024 [hep-ph/0101171].

[9] C.-H. Chen and C.Q. Geng, Lepton asymmetries in heavy baryon decays of λ/b → λℓ^+ℓ^− , Phys. Lett. B 516 (2001) 327 [hep-ph/0101201].

– 13 –

[10] C.-H. Chen and C.Q. Geng, Baryonic rare decays of λ/b → λℓ^+ℓ^− , Phys. Rev. D 64 (2001) 074001 [hep-ph/0106193].

[11] C.-H. Chen, C.Q. Geng and J.N. Ng, T violation in λ/b → λℓ^+ℓ^− decays with polarized lambda, Phys. Rev. D 65 (2002) 091502 [hep-ph/0202103].

[12] T.M. Aliev, A. Ozpineci and M. Savci, Exclusive λ/b → λℓ^+ℓ^− decay beyond standard model, Nucl. Phys. B 649 (2003) 168 [hep-ph/0202120].

[13] T.M. Aliev, A. Ozpineci and M. Savci, New physics effects in λ/b → λℓ^+ℓ^− decay with lepton polarizations, Phys. Rev. D 65 (2002) 115002 [hep-ph/0203045].

[14] T.M. Aliev, A. Ozpineci and M. Savci, Model independent analysis of lambda baryon polarizations in λ/b → λℓ^+ℓ^− decay, Phys. Rev. D 67 (2003) 035007 [hep-ph/0211447].

[15] T.M. Aliev, V. Bashiry and M. Savci, Double-lepton polarization asymmetries in λ/b → λℓ^+ℓ^− decay, Eur. Phys. J. C 38 (2004) 283 [hep-ph/0409275].

[16] T.M. Aliev, V. Bashiry and M. Savci, Forward-backward asymmetries in λ/b → λℓ^+ℓ^− decay beyond the standard model, Nucl. Phys. B 709 (2005) 115 [hep-ph/0407217].

[17] A. Datta and S. Raychaudhuri, Quark masses and mixing angles in a four generation model with a naturally heavy neutrino, Phys. Rev. D 49 (1994) 4762; A. Çelikel, A.K. Çiftçi and S. Sultansoy, Phys. Lett. B 342 (1995) 257.

[18] C.T. Hill and E.A. Paschos, A naturally heavy fourth generation neutrino, Phys. Lett. B 241 (1990) 96;

Z. Berezhiani and E. Nardi, Natural R-parity conservation with horizontal symmetries: a four generation model, Phys. Rev. D 52 (1995) 3087 [hep-ph/9411249].

[19] X.-G. He and S. Pakvasa, CP nonconservation with four generations, Nucl. Phys. B 278 (1986) 905.

[20] A. Anselm et al., On the Kobayashi-Maskawa model with four generations, Phys. Lett. B 156 (1985) 102.

[21] U. Turke et al., The ϵ^′/ϵ ratio and other predictions in the 8 quark model, Nucl. Phys. B 258 (1985) 313.

[22] I.I.Y. Bigi, Possible implications of a very small value of ϵ^′/ϵ, Z. Physik C 27 (1985) 303.

[23] G. Eilam, J.L. Hewett and T.G. Rizzo, B → Kℓ^+ℓ^− with four generations: rates and CP-violation, Phys. Rev. D 34 (1986) 2773.

[24] W.-S. Hou and R.G. Stuart, Higgs boson production from decays of the fourth generation b^{prime} quark, Phys. Rev. D 43 (1991) 3669.

[25] G. Eilam, B. Haeri and A. Soni, Flavor changing Higgs transitions, Phys. Rev. D 41 (1990) 875;

B. Haeri, A. Soni and G. Eilam, Production of the standard Higgs via decays of the b^{prime} quark, Phys. Rev. Lett. 62 (1989) 719.

[26] N.J. Evans, Additional fermion families and precision electroweak data, Phys. Lett. B 340 (1994) 81 [hep-ph/9408308].

[27] P. Bamert and C.P. Burgess, Negative s and light new physics, Z. Physik C 66 (1995) 495 [hep-ph/9407203].

– 14 –

[28] T. Inami, T. Kawakami and C.S. Lim, Constraints on the number of heavy generations from the s and t parameters, Mod. Phys. Lett. A 10 (1995) 1471.

[29] A. Masiero, F. Feruglio, S. Rigolin and R. Strocchi, Bounds on heavy chiral fermions, Phys.

Lett. B 355 (1995) 329 [hep-ph/9506407].

[30] V. Novikov, L.B. Okun, A.N. Rozanov et al., Mod. Phys. Lett. A 10 (1995) 1915 erratum ibid. A11 (1996) 687; Theory of Z boson decays, Rep. Prog. Phys. 62 (1999) 1275.

[31] J. Erler and P. Langacker, The review of particle physics, Eur. Phys. J. C 3 (1998) 90.

[32] M. Maltoni, V.A. Novikov, L.B. Okun, A.N. Rozanov and M.I. Vysotsky, Extra quark-lepton generations and precision measurements, Phys. Lett. B 476 (2000) 107 [hep-ph/9911535].

[33] C.D. Froggatt, D.J. Smith and H.B. Nielsen, Could there be a fourth generation of quarks without more leptons?, Z. Physik C 73 (1997) 333 [hep-ph/9603436].

[34] J. Swain and L. Taylor, New constraints on the tau neutrino mass and fourth generation mixing, hep-ph/9712383;

R.N. Mohapatra and X. Zhang, Restrictions on b-l symmetry breaking implied by a fourth generation neutrino, Phys. Lett. B 305 (1993) 106 [hep-ph/9301286].

[35] W.-S. Hou, A. Soni and H. Steger, Effects of a fourth family on B → Sγ and a useful parametrization of quark mixing for rare b decays, Phys. Lett. B 192 (1987) 441; W.-S. Hou, R.S. Willey and A. Soni, Implications of a heavy top quark and a fourth generation on the decays B → Kℓ^+ℓ^− , K neutrino anti-neutrino, Phys. Rev. Lett. 58 (1987) 1608, erratum ibid. 60 (1987) 2337.

[36] T. Hattori, T. Hasuike and S. Wakaizumi, Effects of the K^+ → π^+νν̄ and of other processes on the mixing hierarchies in the four-generation model, Phys. Rev. D 60 (1999) 113008 [hep-ph/9908447].

[37] C.-S. Huang, W.-J. Huo and Y.-L. Wu, The B → X/Sℓ^+ℓ^− and B → X/Sγ decays with the fourth generation, Mod. Phys. Lett. A 14 (1999) 2453 [hep-ph/9911203]; Constraints on the mass and mixing of the 4th generation quark from direct CP-violation ϵ^′/ϵ and rare K decays, Phys. Rev. D 64 (2001) 016009 [hep-ph/0005227]; W.J. Huo, Effects of the fourth generation on ΔM_{BD,S} in B^0-B̄^0 mixing, Eur. Phys. J. C 24 (2002) 275 [hep-ph/0006110].

[38] Y. Dinçer, Fourth generation effects in the B/s → νν̄γ decay, Phys. Lett. B 505 (2001) 89.

[39] T.M. Aliev, D.A. Demir and N.K. Pak, Constraining four generation SM with b → sγ and B → SG decays, Phys. Lett. B 389 (1996) 83 [hep-ph/9809354];

T.M. Aliev, A. Ozpineci and M. Savci, Fourth generation effects in rare B/s → ℓ^+ℓ^− and B/s → ℓ^+ℓ^− γ decays, Eur. Phys. J. C 27 (2003) 405 [hep-ph/0106288].

[40] A. Arhrib and W.-S. Hou, Effect of fourth generation CP phase on B → s transitions, Eur.

Phys. J. C 27 (2003) 555 [hep-ph/0211267].

[41] L. Solmaz, A simple approach to fourth generation effects in B → x/sℓ^+ℓ^− decay, Phys. Rev.

D 69 (2004) 015003 [hep-ph/0310132].

[42] T. Mannel, W. Roberts and Z. Ryzak, Baryons in the heavy quark effective theory, Nucl.

Phys. B 355 (1991) 38.

[43] F. Hussain, J.G. Korner, M. Kramer and G. Thompson, On heavy baryon decay form-factors, Z. Physik C 51 (1991) 321.

– 15 –

[44] T. Mannel and S. Recksiegel, Flavour changing neutral current decays of heavy baryons: the case Λ_b → γ, J. Phys. G 24 (1998) 979.

[45] G. Hiller and A. Kagan, Probing for new physics in polarized Λ_b decays at the Z, Phys. Rev.

D 65 (2002) 074038 [hep-ph/0108074].

[46] C.-S. Huang and H.-G. Yan, Exclusive rare decays of heavy baryons to light baryons:

λ/B → λγ and λ/B → λℓ^+ℓ^− , Phys. Rev. D 59 (1999) 114022 [hep-ph/9811303]. [47] A.J. Buras and M. Munz, Effective hamiltonian for B → X_se^+e^− beyond leading logarithms in the ndr and hv schemes, Phys. Rev. D 52 (1995) 186 [hep-ph/9501281].

[48] M. Misiak, The B → Se^+e^− and B → Sγ decays with next-to-leading logarithmic QCD corrections, Nucl. Phys. B 393 (1993) 23, erratum ibid. B439 (1995) 461.

[49] C.-H. Chen and C.Q. Geng, Study of λ/B → λνν̄ with polarized baryons, Phys. Rev. D 63 (2001) 054005 [hep-ph/0012003].

[50] G. Buchalla, A.J. Buras and M.E. Lautenbacher, Weak decays beyond leading logarithms, Rev. Mod. Phys. 68 (1996) 1125 [hep-ph/9512380].

[51] C.-S. Huang and H.-G. Yan, Exclusive rare decays of heavy baryons to light baryons:

λ/b → λγ and λ/b → λℓ^+ℓ^− , Phys. Rev. D 59 (1999) 114022 [hep-ph/9811303]. [52] A.J. Buras, Weak hamiltonian, CP-violation and rare decays, hep-ph/9806471. [53] Particle Data Group collaboration, K. Hagiwara et al., Review of particle physics, Phys.

Rev. D 66 (2002) 010001.

[54] T.M. Aliev, A. Ozpineci and M. Savci, Fourth generation effects in processes induced by B → S transition, Eur. Phys. J. C 29 (2003) 265 [hep-ph/0301078].

– 16 –