arXiv:hep-ph/0504193 v1 21 Apr 2005

hep-ph/0504193
   YITP-05-18

Signatures of new Physics in dileptonic B-decays

S. Rai Choudhury^{a ∗}, A. S. Cornell^{b †}, Naveen Gaur^{a ‡} and G. C. Joshi^{c §}

aDepartment of Physics & Astrophysics, University of Delhi, Delhi 110007, India,

bYukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan,

cSchool of Physics, University of Melbourne, Parkville, Victoria 3010, Australia

Abstract

Leptonic decays of B-mesons are theoretically very clean probes for testing the Standard Model (SM) and possible physics beyond it. Amongst the various leptonic decays of the B-meson, the pure dileptonic decay B → ℓ^+ℓ^− is very important as this mode is helicity suppressed in the SM but can be substantially enhanced in some of the models beyond the SM, such as supersymmetric (SUSY) theories and the two Higgs doublet model (2HDM). Although the purely dileptonic decay mode is helicity suppressed in the SM its associated mode B → ℓ^+ℓ^−γ does not have the same suppression, due to the presence of the γ in the final state. In this paper we will also analyse the effects of enhanced Z-penguins on these two decay modes.

∗src@physics.du.ac.in †alanc@yukawa.kyoto-u.ac.jp ‡naveen@physics.du.ac.in §joshi@physics.unimelb.edu.au

1 Introduction

Experimental data on the decay of the B-meson into two pseudo-scalar mesons seems to indicate a “puzzle”, in the sense that it points to a sizeable deviation from standard theories, as pointed out in Buras et al.[1]. To understand the origins of this “puzzle” consider the decay B → ππ, where this decay is reasonably well described within the theoretical framework of an effective Hamiltonian [2]. However, extensions of these results using SU(3) symmetries for decays B → πK show considerable disagreement with data [1–3]. A possible resolution of the “B → πK” puzzle by Buras et al.[1] has aroused considerable interest [1–3]. The explanation is to attribute this deviation to an enhanced Z-penguin diagram in addition to this diagram having an additional large phase. This explanation has aroused much interest as it could be the first indication of physics beyond the standard model (SM), where it has been usually accepted that the values of the CKM matrix cannot reproduce such a large phase in the Z-penguin diagram.

The idea of a strongly enhanced Z-penguin contribution is not a new one. It was first carried out by Colangelo and Isidori [4] in relation to the K → πνν̄ and K → πℓℓ̄ decays. Note that Buras and Silvestrini [5] placed constraints on these contributions in a general class of supersymmetric (SUSY) models. The possibility of nonstandard Z-couplings in the context of b → sℓℓ̄ transitions was studied in [6]. The possible implications of this were studied in some of our earlier works [7]. However, [1] were the first to relate the possible enhancement of the Z-penguins to the nonleptonic decay modes involved in the “B → πK” puzzle and were able to obtain definitive phenomenological values of the magnitude and phase of the Z-penguin that is consistent with the B → ππ, πK data. The estimates of the magnitude and phase of the Z-penguin required to fit the ππ and πK data, which have been made in reference [2], are purely on a phenomenological basis. On the theoretical side, such an enhancement of the penguin diagrams can be accommodated within SUSY extensions of the SM, the minimal supersymmetric standard model (MSSM) in particular. The flavour rotation of the squarks is different in such theories from the corresponding flavour rotation of the quarks, and this mismatch becomes the source of an additional phase in flavour changing amplitudes. Any attempts to fit the evaluated value of the Z-penguin diagrams with theory, however, is hopeless, since the parameters involved in estimating the resultant phase, which are essentially the off-diagonal elements of the squark mass matrix, are not known [8]. Irrespective of this, the occurrence of a phase (other than the CKM phase) in the Z-penguin is a signal for a new source of CP violation, and has wider implications.

The basic vertex involved in the analysis of Buras et al.[1] is the bsZ vertex. Processes which feature this vertex have been widely studied in the context of many other semi-leptonic and hadronic processes [1–3, 7]. In this work we will address the implications of the large bsZ phenomenological phase to the processes B → ℓ^−ℓ^+ and B → ℓ^−ℓ^+γ.

Dileptonic decays of B_s are very special rare leptonic decays; the non-radiative mode B_s → ℓ^+ℓ^−is helicity suppressed in the SM whereas the radiative mode B_s → ℓ^+ℓ^−γdoes not suffer from such a suppression in the SM. Thus, the later can be comparable to the former despite an extra factor of α (the electromagnetic coupling constant). Recently the CDF and D0 collaborations [9] have reported a very useful bound on the pure dileptonic mode and in the near future we may expect data on both the radiative and non-radiative dileptonic modes. This motivates us to look afresh for the signatures of new physics in these two decays.

Within the SM, the pure dileptonic decay is dominated by the Z-penguin and box diagrams, both of which are helicity suppressed. It was first recognized by two of us [10] that the situation changes in SUSY theories if the parameter tanβ is large, and this has been the subject of investigations in a large number of later works [11, 12]. Similar sorts of enhancements are also possible in two Higgs doublet models, as has been emphasized in many earlier works [13, 14]. It was also pointed out by Handoko et al.[15] that possible measurements of the longitudinal polarizations in the pure dileptonic case will be a useful signature of new physics when SUSY effects with large tanβ are involved. This polarization is sensitive to the phase of the effective bsZ vertex and hence its measurement can also provide us with insights into new physics.

When a photon is emitted in addition to the lepton pair in a purely dileptonic decay, no helicity suppression exists. This process, B → ℓ^+ℓ^−γ, is thus of special interest among the rare B-decays. There have been several investigations of the sensitivity of possible measurables, like forward-backward (FB) asymmetries and polarization asymmetries on new physics [16–21]. Although this process is, theoretically, somewhat less clean as compared to the pure dileptonic mode, in so far as it requires a knowledge of the B_s → γ form factors, this process has a greater number of observables than the pure dileptonic decay. An enhanced bsZ coupling with a phase will affect all these parameters, and motivates us in to calculating the various observables in the radiative dileptonic mode. There is also a second reason for reinvestigating this decay. In our earlier work we used form factors which did not meet certain formal constraints, as established by Krüger and Melikhov [16], who suggested in their paper a recalculation of our results with a new set of form factors. We have also done this here with the inclusion of a non-standard bsZ coupling, as stated above.

In the present work we will examine the pure dileptonic decay mode (B_s → ℓ^+ℓ^−) and the radiative mode (B_s → ℓ^+ℓ^−γ) in two different models, namely the two Higgs doublet model (2HDM) and the minimal Supergravity (mSUGRA) model. As such, this paper shall be organized along the following lines. In section 2 we shall present the effective Hamiltonian for the quark level transition b → sℓ^+ℓ^−, before specialising to the purely dileptonic decay (B → ℓ^−ℓ^+) and deriving its matrix element and other observables associated with it. The final subsection of this section of the paper shall analyze the radiative process (B → ℓ^−ℓ^+γ), deriving expressions for its matrix element, branching ratio and FB asymmetry. The paper shall be concluded in section 3 with our numerical results, discussions and conclusions.

2 The Effective Hamiltonian

The processes B_s → ℓ^+ℓ^−and B_s → ℓ^+ℓ^−γare based on the quark process b → sℓ^+ℓ^− which can be described by the effective Hamiltonian; H_{ef f} = αG_F √ 2π V_{tb}V^∗_{ts} [ − 2C_7 m_b q^2 (s̄iσ_{μν} q^μP_Rb) ℓ̄γ^μℓ + C^{ef f}_9 (s̄γ_μP_Lb) ℓ̄γ^μℓ (1) +C_{10} (s̄γ_μP_Lb) ℓ̄γ^μγ_5ℓ + C_{Q1} (s̄P_Rb) ℓ̄ℓ + C_{Q2} (s̄P_Rb) ℓ̄γ_5ℓ ] , where q_μ = (p_+ + p_−)_μ and P_{L/R} =^1_2 (1 ∓ γ_5). The values of the various Wilson coefficients are given in [13, 22] for the 2HDM model and [12] in the SUSY extensions of the SM. C^{ef f}_9 has the value;

C^{ef f}_9 = C_9 + Y (q^2), where Y (q^2) has contributions from one loop matrix elements of four quark operators. This, along with short distance contributions, also has long-distance contributions due the cc̄ resonant states. These contributions we have incorporated using the prescription given in Krüger and Sehgal [23]. Using the above definition of the effective Hamiltonian we will derive expressions for the observables we want to study.

2.1 The Dileptonic Decay (B_s → ℓ^+ℓ^−)

To evaluate B_s → ℓ^+ℓ^−we need hadronic matrix elements of various currents between B_s and the vacuum. These hadronic matrix elements, using the PCAC ansatz, can be formulated as; ⟨0|q̄γ_μγ_5b|B(p_B)⟩ = −if_Bp_{Bμ}, ⟨0|q̄γ_5b|B(p_B)⟩ = if_Bm^2_{Bq} m_b , ⟨0|q̄σ^{μν} P_Rγ_5b|B(p_B)⟩ = 0. (2) From the effective Hamiltonian given in eqn.(2), and using the above definition for the form factors, we can write the matrix element as; M = if_{Bq} G_F α √ 2π V_{tb}V^∗_{ts} [ ( 2m_ℓC_{10} + m^2_B m_b C_{Q2} ) ℓ̄γ_5ℓ + ( m^2_B m_b C_{Q1} ) ℓ̄ℓ ] . (3)

From the above matrix element we can evaluate the branching ratio as;

B(B_s → ℓ^+ℓ^−) =

G^2_F α^2 64π^3

|V_{tb}V^∗_{ts}|^2 f^2_B m_B √ 1 − 4m^2_ℓ m^2_B [ | |2m_ℓC_{10} + m^{2B} m_b C_{Q2} | | |^2

+ ( 1 − 4m^2_ℓ m^2_B ) | | | m^2_B m_b C_{Q1} | | | | 2 ] . (4)

In the pure dileptonic (B_s → ℓ^+ℓ^−) decay we have only one momenta available in the final state. Hence, we can have only one polarization asymmetry, namely the longitudinal one. This polarization asymmetry provides a direct means for measuring the scalar and pseudoscalar type interactions, which are induced in almost all variants of the 2HDM and SUSY models.

Defining the longitudinal polarization asymmetry of the final state leptons as [15]; A^±_{LP} = [Γ(s^−_ℓ , s^+_ℓ ) + Γ(∓s^−_ℓ , ±s^+_ℓ )] − [Γ(±s^−_ℓ , ∓s^+_ℓ ) + Γ(−s^−_ℓ , −s^+_ℓ )] [Γ(s^−_ℓ , s^+_ℓ ) + Γ(∓s^−_ℓ , ±s^+_ℓ )] + [Γ(±s^−_ℓ , ∓s^+_ℓ ) + Γ(−s^−_ℓ , −s^+_ℓ )]

. (5)

Using the matrix elment given in eqn.(3) we can derive the longitudinal polarization asymmetry of ℓ^− as;

A^−_{LP} = 2 √ 1 −^{4m2ℓ}_{m2B} Re [_{m2B} m_b C ∗ Q_1 ( 2m_ℓC_{10} −^{m2B}_{mb} C_{Q2} )] | |2m_ℓC_{10} + m^2_{Bm} b C_{Q2} | |^2 + (1 − 4m^2_{ℓm2} B ) | |^{m2B}_{mb} CQ_1 | |^2 , (6)

where A^−_{LP} = A^+_{LP} . Note that within the SM A_{LP} (B_s → ℓ^+ℓ^−) is zero. Therefore this asymmetry will be a very useful probe of the new operators in the effective Hamiltonian, in particular to the non CKM-phases in the various Wilson coefficients.

2.2 The Radiative Decay (B_s → ℓ^+ℓ^−γ)

The radiative decay B_s → ℓ^+ℓ^−γcan be obtained from the quark level transition b → sℓ^+ℓ^−, as given by the effective Hamiltonian in eqn.(2). To obtain B_s → ℓ^+ℓ^−γwe have to attach a photon line to any of the charged internal and external lines of b → sℓ^+ℓ^−. As pointed out in [17, 24] contributions coming from the photon attached to charged internal lines can be neglected. There are two ways to attach the photon line to the external lines; firstly to the external hadronic lines, and secondly to the lepton lines. These shall now be analyzed separately.

The task of attaching the photon to the hadronic line can be accomplished by using the following form factors, as defined in Krüger and Melikov [16]; ⟨γ(k)|s̄γ_μγ_5b|B(p_B)⟩ = ie [ ϵ^∗_μ (p_B · k) − (p_B · ϵ^∗) k_μ ] F_A m_B , (7) ⟨γ(k)|s̄γ_μb|B(p_B)⟩ = eϵ^{∗α}ϵ_{μαρσ}p^ρ_B k^σ F_V m_B , (8) ⟨γ(k)|s̄σ_{μν} q^ν γ_5b|B(p_B)⟩ = e [ ϵ^∗_μ (p_B · k) − (p_B · ϵ^∗) k_μ ] F_{T A}, (9) ⟨γ(k)|s̄σ_{μν} q^ν b|B(p_B)⟩ = ieϵ^{∗α}ϵ_{μαρσ}p^ρ_B k^σF_{T V} , (10) where ϵ^μ and k^μ are the polarization and four momenta of the photon. The definition of the form factors is given in Appendix A. We can express the matrix element for this first decay process as;

M_1 = α^{3/2}G_F √ 2π V_{tb}V^∗_{ts} [ (¯ ℓγ^μℓ ) ( Aϵ^{∗α}ϵ_{μαρσ}p^ρ_B k^σ + iB { ϵ^∗_μ (p_B · k) − (p_B · ϵ^∗) })

+ (¯ ℓγ^μγ_5ℓ ) ( Cϵ^{∗α}ϵ_{μαρσ}p^ρ_B k^σ + iD { ϵ^∗_μ (p_B · k) − (p_B · ϵ^∗) }) ] , (11)

in writing the above we have used e = 2 √ πα. And where we have used the following appropriately defined constants;

A = 2C_7 m_b q^2

F_{T V} + C_9 F_V m_B , B = −2C_7 m_b q^2 F_{T A} − C_9 F_A m_B , C = C_{10} F_V m_B , D = −C_{10} F_A m_B . (12)

The second process we need to consider is where the photon is attached to the lepton lines. This will mean making the following substitution to the lepton operators in our initial Hamiltonian; ℓ̄Oℓ → ieℓ̄ ( ̸ϵ^∗ 1 ̸p_++ ̸k − m_ℓ O ) ℓ + ieℓ̄ ( O 1 − ̸p_−− ̸k − m_ℓ ̸ϵ^∗ ) ℓ, and using the form factors given in eqn.(2).

We can therefore express the matrix element for this second process as;

M_2 = α^{3/2}G_F √ 2π V_{tb}V^∗_{ts} [ ( 2m_ℓC_{10} + m^2_B m_b C_{Q2} ) { ℓ̄ ( ̸ϵ^∗ ̸p_B 2p_+ · k − ̸p_B ̸ϵ^∗ 2p_− · k ) γ_5ℓ }

+ m^2_B m_b C_{Q1} { 2m_ℓ ( 1 2p_+ · k + 1 2p_− · k ) ℓ̄ ̸ϵℓ + ℓ̄ ( ̸ϵ^∗ ̸p_B 2p_+ · k − ̸p_B ̸ϵ^∗ 2p_− · k ) ℓ } ] . (13)

The total matrix element would be;

M = M_1 + M_2, (14)

hence squared matrix element can be written as;

|M|^2 = |M_1|^2 + |M_2|^2 + 2Re (M_1M^∗_2) , (15)

where;

|M_1|^2 = | | | | α^{3/2}G_F √ 2π V_{tb}V^∗_{ts} | | | | 2 8 [ ( |A|^2 + |B|^2 ) { 2m^2_ℓ ( (k · p_+)^2 + (k · p_−)^2 + (k · p_+)(k · p_−) )

+(k · p_−)^2p_− · p_+ + (k · p_+)^2p_− · p_+ } + ( |C|^2 + |D|^2 ) { −2m^2_ℓ (k · p_−)(k · p_+) + p_− · p_+ ( (k · p_+)^2 + (k · p_−)^2 )}

+Re(A^∗D + B^∗C)q^2 { (k · p_+)^2 + (k · p_−)^2 } ] , (16)

|M_2|^2 = | | | | α^{3/2}G_F √ 2π V_{tb}V^∗_{ts} | | | | 2 16m^2_ℓ f^2_B [ | | |C^{10} + m^2_B 2m_ℓm_b C_{Q2} | | | | 2 { 2 + k · p_+ + 2p_− · p_+ − m^2_ℓ k · p_− + k · p_− + 2p_− · p_+ − m^2_ℓ k · p_+ + q^2(p_− · p_+) (k · p_−)(k · p_+) − m^2_ℓ (m^2_ℓ + k · p_+ + p_+ · p_−)

(k · p_−)^2 − m^2_ℓ (m^2_ℓ + k · p_− + p_+ · p_−) (k · p_+)^2 } + | | | | m^2_B 2m_ℓm_b C_{Q1} | | | | 2 { 2 + k · p_+ + 2p_− · p_+ − m^2_ℓ k · p_− + k · p_− + 2p_− · p_+ − m^2_ℓ k · p_+ + (p_− · p_+ − m^2_ℓ )(p_− · p_+)

(k · p_−)(k · p_+) + m^2_ℓ (m^2_ℓ − k · p_+ − p_+ · p_−) (k · p_−)^2 + m^2_ℓ (m^2_ℓ − k · p_− − p_+ · p_−) (k · p_+)^2 } ] , (17) and 2 Re(M_1M^∗_2) = | | | | α^{3/2}G_F √ 2π V_{tb}V^∗_{ts} | | | | 2 16m^2_ℓ f_B [ − Re {( C_{10} + m^2_B 2m_ℓm_b C_{Q2} ) A^∗ } × (q · k)^3 (p_+ · k)(p_− · k)

+ Re {( C_{10} + m^2_B 2m_ℓm_b C_{Q2} ) D^∗ } (q · k)^2(p_− · k − p_+ · k) (p_+ · k)(p_− · k) +Re {( m^2_B 2m_ℓm_b C_{Q1} ) B^∗ } 1 (p_+ · k)(p_− · k) [ − (p_− · k)^3

+(p_− · k)^2(2m^2_ℓ − 3p_+ · k) − (p_+ · k)(3p_− · k + 4p_− · p_+)(p_− · k)

+(p_+ · k)^2(2m^2_ℓ − p_+ · k) ]

+Re {( m^2_B 2m_ℓm_b C_{Q1} ) C^∗ } (q · k)^2(p_− · k − p_+ · k) (p_+ · k)(p_− · k) ] . (18)

The differential decay rate is then; dΓ dŝ = m^5_B 2^9π^3 | | | | α^{3/2}G_F √ 2π V_{tb}V^∗_{ts} | | | | 2 △, (19)

with; △ = 4 3 m^2_B(1 − ŝ)^3 √ 1 − 4m̂_ℓ ŝ [ (ŝ + 2m̂^2_ℓ ) { |A|^2 + |B|^2 } + (ŝ − 4m̂^2_ℓ ) { |C|^2 + |D|^2 } ]

−64 f^2_B m^2_B | | |C^{10} + m^2_BC_{Q2} 2m_ℓm_b | | | 2 m̂^2_ℓ (1 − ŝ) { (4m̂^2_ℓ − ŝ^2 − 1) log(Z) + 2ŝ √ 1 − 4m̂_ℓ ŝ }

+16 | | | | C_{Q1} m_b | | | | 2 f^2_B (1 − ŝ) { 2ŝ(4m̂^2_ℓ − 1) √ 1 − 4m̂_ℓ ŝ + ( 16m̂^4_ℓ − 4m̂^2_ℓ (1 + 2ŝ) + ŝ^2 + 1 )

log(Z)} − 32m̂^2_ℓ (1 − ŝ)^2f_BRe { A^∗ ( C_{10} + m^2_BC_{Q2} 2m_ℓm_b )}

+16 m_Bm̂_ℓ m_b f_B Re {B^∗C_{Q1} } { 4(m̂^2_ℓ + ŝ − 1) log(Z) − 2 √ 1 − 4m̂_ℓ ŝ ŝ } ,(20)

where λ(a, b, c) = a^2 + b^2 + c^2 − 2ab − 2ac − 2bc and Z = 1 + √ 1 −^{4m̂2ℓ}_ŝ 1 − √ 1 −^{4m̂2ℓ}_ŝ . Next we compute the FB asymmetry associated with the final state lepton. The definition of the FB asymmetry is;

A_{F B}(ŝ) =

∫_1 0 dcosθ^{d2Γ}_{dŝcosθ} − ∫_0 1 dcosθ^{d2 Γ}_{dŝcosθ} ∫_1 0 dcosθ^{d2 Γ}_{dŝcosθ} + ∫_0 1 dcosθ^{d2Γ}_{dŝcosθ} , (21)

where θ is the angle between ℓ^− and γ in the dileptonic cm frame. Using this definition of FB asymmetry we arrive at the expression for B → ℓ^+ℓ^−γ as;

A_{F B} = 1 △ [ 2m^2_Bŝ(1 − ŝ)^3 ( 1 − 4m̂_ℓ ŝ ) Re (A^∗D + B^∗C) +32 f_B m̂^2_ℓ (1 − ŝ)^2Log ( 4m^2_ℓ ŝ ) Re [ D^∗ ( C_{10} + m^2_B 2m_ℓm_b C_{Q2} )]

+16 m_B m_b m̂_ℓ(1 − ŝ)^2Log ( 4m^2_ℓ ŝ ) f_B Re [C^∗C_{Q1} ] ] . (22)

3 Numerical results and discussion

In this section we will discuss the results of the numerical analysis we have carried out in both the pure dileptonic and radiative decays. For this purpose we have divided this section into two subsections devoted to the numerical analysis of the two different decay modes. The input parameters used for our numerical estimates are given in Appendix B.

As we have earlier stated, we are interested in estimating the effects of a large bsZ coupling in dileptonic decays. This sort of enhancement having been proposed by Buras et al.[2] in order to solve the B → ππ and B → πK puzzle, where it was proposed that the effective bsZ vertex not only be enhanced in magnitude (by more than twice as much as compared to the SM value) but also receive a large phase, making its effective coupling to be predominantly imaginary. Their fitting effectively makes C_{10} complex, and can be defined as; C_{10} = −(2.2/sin^2θ_w)e^{iθY} , θ_Y = −(100 ± 12)^∘. (23)

We will be using this value for C_{10} in our analysis with the central value of θ_Y .

We have carried out our analysis with the SM using the enhanced value of C_{10} above. We have also used this enhanced value in our numerical work for the 2HDM and SUSY models. Note that both the 2HDM and SUSY models have the universal feature, in connection to the rare decays, that if we are in a large tanβ^1 region of their parameter space then we have to introduce “nonstandard” operators, namely the scalar and pseudo-scalar operators. In our case this means the introduction of operators corresponding to the Wilsons operators C_{Q1} and C_{Q2} in eqn.(2).

For the case of the 2HDM we have worked in the type-II of this model. The Higgs sector of the type-II 2HDM has almost similar structure and Yukawa couplings to the MSSM. The details of this model have been given in many earlier works [13, 22]. In the 2HDM type-II we have used the values of the Wilsons as given in [13, 22]. The experimental observation of b → sγ provides us with a constraint on the charged Higgs mass of this model, that is m_H ± ≥ 350 GeV [25].

Supersymmetry (SUSY) is one of the most favoured extensions of the SM. But as is well known, even the minimal SUSY extension of the SM, known as MSSM, has a very large number of parameters, making it difficult to do any phenomenology. However, the vast parameter space of the MSSM can be reduced to a manageable level by assuming some unification of the parameters of the MSSM. There are many such models generically named as constrained MSSM (CMSSM) available. Among those one of the very widely used models is the minimal Supergravity (mSUGRA) model. This model has only five parameters, namely; m (the unified mass of all the scalars), M (the unified mass of all gauginos), A (the unified trilinear couplings), tanβ (the ratio of vev’s of the Higgs doublets) and the sign of μ. We have performed our analysis of the dileptonic decays with the mSUGRA model also.

3.1 Pure dileptonic decay (B_s → ℓ^+ℓ^−)

The expressions for the branching ratio and the longitudinal polarization asymmetry for the final state lepton are given in eqns.(4) and (6) respectively. Note that Buras et al.[2] have already noted the enhancement in the branching ratio of B_s → μ^+μ^−by using the new bsZ vertex.

The enhancement of the branching ratio of the pure dileptonic decay mode (B_s → μ^+μ^−) in the presence of the new set of scalar and pseudo-scalar operators has been emphasized earlier [10–14]. Handoko et al.[15] argued that these operators in the dileptonic decay (B_s → ℓ^+ℓ^−) also provides a non-zero value of the longitudinal polarization asymmetry for the final

1tanβ is the ratio of the vev’s of the two Higgs doublets which are present

state lepton. This can also be used as a direct measurement of the physics of scalar and pseudo-scalar interactions. They also presented the correlation between the polarization asymmetry (A_{LP} ) and the branching ratio of this mode. At this point we would like to note that this correlation will be modified substantially if we have a large complex phase in the electroweak penguins as suggested by Buras et al.[2]. Therefore the polarization asymmetry in the dileptonic mode can not only serve as a test of the new set of operators, but it can also provide us with a useful insight in to the nature of the electroweak penguins. To substantiate this point we have presented two plots of A_{LP} in figure 1. The first plot being A_{LP} as a function of the charged Higgs boson mass (m^±_H ) for various values of tanβ. In the second plot we have given the same plot in the mSUGRA model for various values of the unified scalar mass (m). For both the plots we have taken the value of C_{10} as given in eqn.(23). As we can see from these plots there is a marked change in the behaviour of A_{LP} as compared to the case where the bsZ vertex is of the SM type. For the set of input parameters we have chosen we calculate the SM branching ratio as Br(B_s → μ^+μ^−) = 3.41 × 10^{−9}. Using the value of C_{10} as given by eqn.(23) we get Br(B_s → μ^+μ^−) = 17.21 × 10^{−9}. Such that the ratio of the branching ratios is;

Br(B_s → μ^+μ^−) Br(B_s → μ^+μ^−)_{SM} ≈ 5.

Figure 1: B_s → μ^+μ^−: 2HDM (left) and SUSY (right). The shaded region in the 2HDM figure (left) indicates the region ruled out by the b → sγ observations.

3.2 Radiative decay (B_s → ℓ^+ℓ^−γ)

The radiative decay in the SM does not have the helicity suppression of the pure dileptonic decay. This feature makes this decay very useful. Aside from this, in the radiative mode one can measure a large number of observables, such as the FB asymmetry [16–19], and the single and double polarization asymmetries [21] associated with the final state lepton pair. For calculations of the observables in the radiative mode we require the definition of the form factors. In the literature there have been many definitions of the form factors required for the B → γ transition. The FB asymmetry for B_s → ℓ^+ℓ^−γshows a very strong dependence on the specific form of the form factors being used. Where the literature provides us with form factors based on QCD sum rules [17], the quark model [18] etc. However, as argued by Krüger and Melikov these form factors contradict some of the basic properties. They further gave another parameterization of the form factors, as stated in Appendix A.1. In the plots of the branching ratio and FB asymmetries we have used the form factors given by Krüger and Melikov [16]. We have also presented some of the results which one can obtain from the form factors given by Dincer and Sehgal [19]. Dincer and Sehgal have used a universal form of the form factors as given in Appendix A.2. The form factors given by Krüger and Melikov [16] and Dincer and Sehgal [19] have one common feature, which differs from the earlier formulations of the form factors. The common feature being that away from the charmonium resonances the FB asymmetry vanishes. The zero of the FB asymmetries in B_s → ℓ^+ℓ^−γis a typical feature of the SM, and can be predicted with small theoretical uncertainities. This phenomena is similar to the case of the B → K^∗ℓ^+ℓ^− decay where the zero of the FB asymmetry can be used as a tool for the measurement of C^{ef f}_7 /Re(C^{ef f}_9 ) [26]. Our results also reaffirms the behaviour that FB asymmetry does have a zero in B_s → ℓ^+ℓ^−γ.

Figure 2: The differential decay rate (left) and FB asymmetry (right) for B_s → μ^+μ^−γ.

In our results we have plotted the branching ratio and FB asymmetries as a function of the dilepton invariant mass. In the set of graphs, following these, we have also shown the results of varying the integrated branching ratio and FB asymmetries against the parameters of the 2HDM and mSUGRA. For calculating the branching ratio and averaged FB asymmetries in the case where μ is the final state lepton we have excluded the region between 0.33 ≤ ŝ ≤

0.55. This region corresponds to the J/ψ and ψ^′ resonances. Essentially, in the case of the final state lepton being μ we have divided the region of the dilepton invariant mass in to two regions, defined as;

Region - I =⇒ 4m̂^2_ℓ ≤ ŝ ≤ 0.33 Region - II =⇒ 0.55 ≤ ŝ ≤ 1 − δ .

In our analysis we have used a hard photon in the B_s → ℓ^+ℓ^−γdecay and have imposed a cut on the photon energy^2 (E_γ ). Where this photon energy cut can be related to the parameter δ by the relation δ = 2E_γ /m_B. Our estimates have used a photon energy cut of E_γ = 20MeV. In the case of the final state lepton being τ we have used the range 0.55 ≤ ŝ ≤ 1 − δ. The plots of the variation of the differential decay rate and FB asymmetry as a function of the dilepton invariant mass (for B_s → μ^+μ^−γ) are shown in figure 2. Similarly the same plot for τ in the final state is given in figure 3. As we can see from both figures there can be a substantial variation in both these observables when we have an enhanced bsZ coupling.

Figure 3: The differential decay rate (left) and FB asymmetry (right) for B_s → τ^+τ^−γ in the 2HDM type-II model. The model parameters are m_H ± = 400GeV and tanβ = 80.

We have presented the results of the branching ratio and averaged FB asymmetry for B_s → μ^+μ^−γin Table 1. In the table we have shown our predictions for the SM and with the C_{10} value given by eqn.(23). We have also quoted the results using form factor definitions for both Krüger and Melikov as well as Dincer and Sehgal. As evident from the values given in Table 1 the D & S form factors leds to higher values for the branching ratio and averaged

2When the photon is “soft” one has to consider both the processes B_s → ℓ^+ℓ^−and B_s → ℓ^+ℓ^−γtogether. By taking these two processes together the infrared divergences of B_s → ℓ^+ℓ^−γare cancelled by order α corrections of B_s → ℓ^+ℓ^−

Model Observable Region - I Region - II Total SM (K & M) Branching ratio ×10^9 0.715 1.08 1.796 < A_{F B} > 0.265 0.30 0.286 bsZ (K & M) Branching ratio ×10^9 1.93 4.75 6.68 < A_{F B} > - 0.05 -0.07 -0.068 SM (D & S) Branching ratio ×10^9 1.2 1.74 2.94 < A_{F B} > 0.3 0.45 0.39 bsZ (D & S) Branching ratio ×10^9 3.26 7.21 10.47 < A_{F B} > -0.071 -0.11 -0.098

Table 1: Integrated decay rate and averaged FB asymmetries for B_s → μ^+μ^−γ. “K & M” refers to the results obtained using the form factors of Krüger and Melikov [16] whilst “D & S” the results obtained using Dincer and Sehgal’s form factors [19]. bsZ refers to results obtained using the value of C_{10} as given in eqn.(23).

FB asymmetries as compared to K & M form factors. We can also observe that with the introduction of an enhanced bsZ coupling we have; Br(B_s → μ^+μ^−γ) Br(B_s → μ^+μ^−γ)_{SM} ≈ 3.5. We also observe that; [ Br(B_s → μ^+μ^−γ) Br(B_s → μ^+μ^−γ)_{SM} ] 4m̂^2_ℓ ≤ŝ≤0.33 ≈ 2.7, [ Br(B_s → μ^+μ^−γ) Br(B_s → μ^+μ^−γ)_{SM} ] 0.55≤ŝ≤(1−δ) ≈ 4.2, which means that the enhancement in the branching ratio is more in the high dilepton invariant mass (ŝ) region-II. In the case of the FB asymmetries in B_s → μ^+μ^−γnot only does the magnitude decrease but there is also a change in the sign of the averaged FB asymmetries.

In table 2 we have quoted the branching ratio and averaged FB asymmetry values for the B_s → τ^+τ^−γdecay in the two models we have considered. We can observe that the enhanced C_{10} Wilson gives an enhancement in the branching ratio of B_s → τ^+τ^−γby a factor of 5. We can have far greater enhancements in the branching ratio in the 2HDM and mSUGRA models. But in all these cases the FB asymmetry tends to decrease.

In figure 4 we have plotted the integrated branching ratio and averaged FB asymmetries of B_s → μ^+μ^−γin the 2HDM type-II as a function of tanβ for various values of the charged Higgs mass. It can be observed from the figures that the branching ratio tends to increase with tanβ whereas the FB asymmetry tends to decrease in magnitude. We have shown

Figure 4: Branching ratio (left) and averaged FB asymmetry (right) for the B_s → μ^+μ^−γ decay in the 2HDM.

Model Branching ratio ×10^9 < A_{F B} > ×10^{−2} SM 15 1.6 bsZ 72.81 6 2HDM 118.9 0.33 mSUGRA 94 0.3

Table 2: Integrated decay rate and averaged FB asymmetries for B_s → τ^+τ^−γ. In the above results we have used the K & M form factors [16]. The parameters for the 2HDM model are: m_H ± = 400GeV and tanβ = 80. Parameters for the mSUGRA model are: m = M = 500GeV, A = 0, tanβ = 45 and sgn(μ) is taken to be positive.

similar plots for B_s → τ^+τ^−γin figure 5 for the 2HDM type-II. As can be seen from this figure there can be an increase in the branching ratio by more than one order of magnitude as compared with its SM value.

In our final set of graphs, figure 6, we have plotted the integrated branching ratio and averaged FB asymmetries of B_s → τ^+τ^−γas a function of tanβ for various values of the unified scalar masses in the mSUGRA model. Here also we have a behaviour similar to the 2HDM model where the branching ratio increases with tanβ but the FB asymmetry decreases in magnitude as compared to their respective SM values.

Radiative decays within the SM have branching ratios ∼ 10^{−9} (for μ) and ∼ 10^{−8} (for τ ) which can be enhanced by an order in magnitude if some of the new physics comes in to play. The enhanced bsZ vertex not only predicts an increase in the magnitude of the branching ratio but also predicts a sign change in the averaged FB asymmetry in the case

Figure 5: Branching ratio (left) and averaged FB asymmetry (right) for B_s → τ^+τ^−γin the 2HDM.

of B_s → μ^+μ^−γrelative to the SM. This feature is critically dependent on the nature of the form factors used. Therefore future measurements of B_s → ℓ^+ℓ^−γat hadron collider experiments would provide us with more information on the underlying structure of an effective Hamiltonian which describes b → sℓ^+ℓ^−transitions.

Acknowledgements

The work of SRC and NG was supported by the Department of Science & Technology (DST), India, under grant no SP/S2/K-20/99. The work of ASC was supported by the Japan Society for the Promotion of Science (JSPS), under fellowship no P04764.

A Form Factors

A.1 Krüger & Melikov form factors

The form factors F_V , F_{T V} , F_A and F_{T A} are parameterized as [16];

F (E_γ ) = β f_B m_B △ + E_γ , (24)

where E_γ is the photon energy. This energy can be related to the dilepton invariant mass (in the B-meson rest frame) as;

E_γ = m_B 2 ( 1 − q^2 m^2_B ) .

Figure 6: Branching ratio (left) and FB asymmetry (right) for B_s → τ^+τ^−γin the mSUGRA model. The mSUGRA parameters we have used are M = 500GeV, A = 0 and sgn(μ) as positive.

For massless leptons the kinematically allowed range would be;

0 ≤ q^2 ≤ m^2_B , 0 ≤ E_γ ≤ E_{max}(= m_B/2).

For leptons of mass m_ℓ, the kinematically allowed range for E_γ would be;

4m^2_ℓ ≤ q^2 ≤ m^2_B , 0 ≤ E_γ ≤ m^2_B − 4m^2_ℓ 2m_B .

F_V F_{T V} F_A F_{T A} β(GeV^{−1}) 0.28 0.30 0.26 0.33 △ (GeV) 0.04 0.04 0.30 0.30

Table 3: Form factors given by Krüger & Melikhov [16].

A.2 Dincer & Sehgal form factors

Dincer and Sehgal have used the universal behaviour for all the form factors given by [19] in their definition;

F_V (E_γ ) = F_A(E_γ ) = F_{T V} (E_γ ) = F_{T A}(E_γ ) ≈ 1 3 f_B Λ_s 1 x_γ , (25)

with x_γ = 2E_γ /m_B.

B Input parameters

m_t = 176GeV , m_c = 1.4GeV , m_μ = 0.105GeV , m_τ = 1.77GeV , m_B = 5.26GeV , m_b = 4.8GeV , V_{tb}V^∗_{ts} = 0.047 , Γ_B = 4.22 × 10^{−13}GeV , sin^2θ_w = 0.23 , α = 1/130 , Λ_s = 0.5GeV. , f_B = 0.2GeV.

References

[1] A. J. Buras and R. Fleischer, Eur. Phys. J. C 16, 97 (2000) [arXiv:hep-ph/0003323].

[2] A. J. Buras, R. Fleischer, S. Recksiegel and F. Schwab, Phys. Rev. Lett. 92, 101804 (2004) [arXiv:hep-ph/0312259]; Nucl. Phys. B 697, 133 (2004) [arXiv:hep-ph/0402112]; Eur. Phys. J. C 32, 45 (2003) [arXiv:hep-ph/0309012].

[3] T. Yoshikawa, Phys. Rev. D 68, 054023 (2003) [arXiv:hep-ph/0306147] ; M. Gronau and J. L. Rosner, Phys. Lett. B 572, 43 (2003) [arXiv:hep-ph/0307095] ; M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003) [arXiv:hep-ph/0308039].

[4] G. Colangelo and G. Isidori, JHEP 9809, 009 (1998) [arXiv:hep-ph/9808487].

[5] A. J. Buras and L. Silvestrini, Nucl. Phys. B 546, 299 (1999) [arXiv:hep-ph/9811471].

[6] G. Buchalla, G. Hiller and G. Isidori, Phys. Rev. D 63, 014015 (2001) [arXiv:hepph/0006136] ; G. Isidori, arXiv:hep-ph/0009024.

[7] S. Rai Choudhury, N. Gaur and A. S. Cornell, Phys. Rev. D 70, 057501 (2004) [arXiv:hep-ph/0402273] ; A. S. Cornell and N. Gaur, JHEP 0502, 005 (2005) [arXiv:hepph/0408164].

[8] E. Lunghi, A. Masiero, I. Scimemi and L. Silvestrini, Nucl. Phys. B 568, 120 (2000) [arXiv:hep-ph/9906286].

[9] D. Acosta et al. [CDF Collaboration], Phys. Rev. Lett. 93, 032001 (2004) [arXiv:hepex/0403032] ; V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 94, 071802 (2005) [arXiv:hep-ex/0410039].

[10] S. R. Choudhury and N. Gaur, Phys. Lett. B 451, 86 (1999) [arXiv:hep-ph/9810307].

[11] K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84, 228 (2000) [arXiv:hep-ph/9909476] ; C. S. Huang, W. Liao, Q. S. Yan and S. H. Zhu, Phys. Rev. D 63, 114021 (2001) [Erratum-ibid. D 64, 059902 (2001)] [arXiv:hep-ph/0006250] ; P. H. Chankowski and L. Slawianowska, Phys. Rev. D 63, 054012 (2001) [arXiv:hep-ph/0008046] ;

J. K. Mizukoshi, X. Tata and Y. Wang, Phys. Rev. D 66, 115003 (2002) [arXiv:hepph/0208078] ; T. Ibrahim and P. Nath, Phys. Rev. D 67, 016005 (2003) [arXiv:hepph/0208142] ; G. L. Kane, C. Kolda and J. E. Lennon, arXiv:hep-ph/0310042 ; S. Baek, Phys. Lett. B 595, 461 (2004) [arXiv:hep-ph/0406007] ; A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Nucl. Phys. B 659, 3 (2003) [arXiv:hep-ph/0210145] ; G. Isidori and A. Retico, JHEP 0209, 063 (2002) [arXiv:hep-ph/0208159] ; T. Ibrahim and P. Nath, Phys. Rev. D 67, 016005 (2003) [arXiv:hep-ph/0208142] ; A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Phys. Lett. B 546, 96 (2002) [arXiv:hep-ph/0207241] ; A. Dedes, H. K. Dreiner, U. Nierste and P. Richardson, arXiv:hep-ph/0207026 ; A. Dedes, H. K. Dreiner and U. Nierste, Phys. Rev. Lett. 87, 251804 (2001) [arXiv:hep-ph/0108037].

[12] C. Bobeth, T. Ewerth, F. Kruger and J. Urban, Phys. Rev. D 64, 074014 (2001) [arXiv:hep-ph/0104284] ; C. Bobeth, T. Ewerth, F. Kruger and J. Urban, Phys. Rev. D 66, 074021 (2002) [arXiv:hep-ph/0204225] ; C. Bobeth, A. J. Buras, F. Kruger and J. Urban, Nucl. Phys. B 630, 87 (2002) [arXiv:hep-ph/0112305] ;

[13] H. E. Logan and U. Nierste, Nucl. Phys. B 586, 39 (2000) [arXiv:hep-ph/0004139].

[14] W. Skiba and J. Kalinowski, Nucl. Phys. B 404, 3 (1993) ; E. O. Iltan and G. Turan, JHEP 0211, 031 (2002) [arXiv:hep-ph/0011005] ; C. S. Huang, W. Liao, Q. S. Yan and S. H. Zhu, Eur. Phys. J. C 25, 103 (2002) [arXiv:hep-ph/0110147].

[15] L. T. Handoko, C. S. Kim and T. Yoshikawa, Phys. Rev. D 65, 077506 (2002) [arXiv:hepph/0112149].

[16] F. Kruger and D. Melikhov, Phys. Rev. D 67, 034002 (2003) [arXiv:hep-ph/0208256].

[17] T. M. Aliev, A. Ozpineci and M. Savci, Phys. Rev. D 55, 7059 (1997) [arXiv:hepph/9611393] ; T. M. Aliev, N. K. Pak and M. Savci, Phys. Lett. B 424, 175 (1998) [arXiv:hep-ph/9710304] ; T. M. Aliev, A. Ozpineci and M. Savci, Phys. Lett. B 520, 69 (2001) [arXiv:hep-ph/0105279].

[18] C. Q. Geng, C. C. Lih and W. M. Zhang, Phys. Rev. D 62, 074017 (2000) [arXiv:hepph/0007252].

[19] Y. Dincer and L. M. Sehgal, Phys. Lett. B 521, 7 (2001) [arXiv:hep-ph/0108144].

[20] R. Mohanta, arXiv:hep-ph/0503225.

[21] S. Rai Choudhury , N. Gaur and N. Mahajan, Phys. Rev. D 66, 054003 (2002) [arXiv:hep-ph/0203041] ; S. R. Choudhury and N. Gaur, arXiv:hep-ph/0205076 ; S. R. Choudhury and N. Gaur, arXiv:hep-ph/0207353 ; T. M. Aliev, V. Bashiry and M. Savci, Phys. Rev. D 71, 035013 (2005) [arXiv:hep-ph/0411327] ; U. O. Yilmaz,

B. B. Sirvanli and G. Turan, Nucl. Phys. B 692, 249 (2004) [arXiv:hep-ph/0407006] ; U. O. Yilmaz, B. B. Sirvanli and G. Turan, Eur. Phys. J. C 30, 197 (2003) [arXiv:hepph/0304100] ; G. Erkol and G. Turan, Phys. Rev. D 65, 094029 (2002) [arXiv:hepph/0110017].

[22] V. D. Barger, J. L. Hewett and R. J. N. Phillips, Phys. Rev. D 41, 3421 (1990) ;

J. L. Hewett, Phys. Rev. Lett. 70, 1045 (1993) [arXiv:hep-ph/9211256] ; T. G. Rizzo, Phys. Rev. D 38, 820 (1988).

[23] F. Kruger and L. M. Sehgal, Phys. Lett. B 380, 199 (1996) [arXiv:hep-ph/9603237].

[24] G. Eilam, C. D. Lu and D. X. Zhang, Phys. Lett. B 391, 461 (1997) [arXiv:hepph/9606444].

[25] P. Gambino and M. Misiak, Nucl. Phys. B 611, 338 (2001) [arXiv:hep-ph/0104034].

[26] M. Beneke, T. Feldmann and D. Seidel, Nucl. Phys. B 612, 25 (2001) [arXiv:hepph/0106067].