hep-ph/9906329 v2 20 Oct 1999

Anomalous Couplings of the Third Generation in Rare B Decays

Gustavo Burdman^{(1)}, M. C. Gonzalez–Garcia^{(2;3)}, and S. F. Novaes^{(3)}

(1) Department of Physics, University of Wisconsin, Madison, WI 53706, USA.

(2) Instituto de Física Corpuscular – IFIC/CSIC, Departament de Física Teòrica Universitat de València, 46100 Burjassot, València, Spain.

(3) Instituto de Física Teórica, Universidade Estadual Paulista Rua Pamplona, 145, 01405–900 São Paulo, Brazil.

Abstract

We study the potential effect of anomalous couplings of the third generation quarks to gauge bosons in rare B decays. We focus on the constraints from flavor changing neutral current processes such as b ! sγ and b ! sℓ^+ℓ^−. We consider both dimension-four and dimension-five operators and show that the latter can give large deviations from the standard model in the still unobserved dilepton modes, even after the bounds from b ! sγ and precision electroweak observables are taken into account.

1 Introduction

The continuing experimental success of the standard model (SM) suggests the possibility that additional particles and/or non-standard interactions may only be found at scales much larger than M_W . On the other hand, several questions remain unanswered within the SM framework that may require new dynamics in order to be addressed. Chief among these questions are the origin of electroweak symmetry breaking and of fermion masses. In principle, it could be argued that the energy scales of the new dynamics related to these questions may be so large as to be irrelevant to observables at the electroweak scale. However, it is known that the physics behind the Higgs sector, responsible for the breaking of the electroweak symmetry, cannot reside at scales much higher than few TeV. Furthermore, it is possible that the origin of the top quark mass might be related to electroweak symmetry breaking. Thus, at least in some cases, the dynamics associated with new physics may not reside at arbitrarily high energies and there might be some observable effects at lower energies.

The effects of integrating out the physics residing at some high energy scale Λ ≫ M_W , can be organized in an effective field theory for the remaining degrees of freedom. Such a theory for the electroweak symmetry breaking (EWSB) sector of the SM involves the electroweak gauge bosons as well as the Nambu-Goldstone bosons (NGB) associated with the spontaneous breaking of SU(2)_L × U(1)_Y down to U(1)_{EM} [1, 2]. The effective theory must be studied up to next-to-leading order for the possible departures from the SM to appear. This program resembles that of chiral perturbation theory for pions in low energy QCD where, for instance, the presence of the ρ resonance results in deviations from the low energy theorems. For the case of the electroweak interactions, a variety of electroweak precision measurements and flavor changing neutral current processes provide testing ground for possible deviations originating in the EWSB sector of the SM. The next-to-leading order terms in the effective theory will generally contribute to oblique corrections, triple and quartic anomalous gauge boson couplings, and corrections to the NGB propagators that result in four-fermion interactions [3].

In addition to the low energy description of the interactions of the EWSB sector (i.e. gauge bosons plus NGBs) one may consider the possibility that the new physics above Λ may also modify the effective interactions of the SM fermions to the electroweak gauge bosons. In principle, this also has a parallel in low energy QCD, as it is pointed out in Ref. [4], where symmetry alone is not enough to determine the axial coupling of nucleons to pions. In fact, the departure of this coupling from unity is a non-universal effect, only determined by the full theory of QCD. Thus, in Ref. [4] it is suggested that in addition to the effects in the EWSB sector of the theory, it is possible that the interactions of fermions with the NGBs are affected by the new dynamics above Λ, resulting in anomalous interactions with the electroweak gauge bosons. This is particularly interesting if fermion masses are dynamically generated, as is the case with the nucleon mass. Interestingly, the proximity of the top quark mass to the electroweak scale v = 246 GeV, hints the possibility the top mass might be a dynamically generated “constituent” mass. Thus, it is of particular interest to study the couplings of third generation quarks to electroweak gauge bosons.

Processes involving FCNC transitions in B and K decays are a crucial complement to precision electroweak observables, when constraining the physics of the EWSB sector. The effects of anomalous triple gauge boson couplings [5], as well as of the corrections to NGB propagators [6] give in each case a distinct pattern of deviations from the SM expectations in rare B and K decays. On the other hand, the anomalous couplings of third generation quarks to the W and the Z can come from dimension-four and dimension-five operators. The indirect effects of the dimension-four operators have been considered in relation to electroweak observables in Ref. [4, 7], as well as the b → sγ transitions [8]. The constraints on dimension-five operators from electroweak physics have been studied in Ref. [9]. In this paper, we consider the effects of all possible dimension-five operators in B FCNC transitions such as b → sγ and b → sℓ^+ℓ^−. For completeness, we also present the analysis of the dimension-four operators. We discuss that with the very natural assumption of chiral symmetry, in fact enforcing vanishing fermion mass renormalization in the chiral limit, the effects of dimension-four operators found in Ref. [8] for b → sγ are not so dramatic. Moreover, we will see that the effects of dimension-five operators are comparable and may even dominate over the supposedly leading lower dimension contributions.

In Section 2 we present a brief introduction to the effective theory approach and set our notation. We present the constraints from rare B decays on the coefficients of dimension-four operators in Section 3. In Section 4 we discuss the possible effects in rare B decays from all possible dimension-five operators involving the third generation quarks. Finally, we discuss the results and conclude in Section 5.

2 The Effective Theory

If the Higgs boson, responsible for the electroweak symmetry breaking, is very heavy, it can be effectively removed from the physical low–energy spectrum. In this case and for dynamical symmetry breaking scenarios relying on new strong interactions, one is led to consider the most general effective Lagrangian which employs a nonlinear representation of the spontaneously broken SU(2)_L × U(1)_Y gauge symmetry [10]. The resulting chiral Lagrangian is a non–renormalizable nonlinear σ–model coupled in a gauge–invariant way to the Yang-Mills theory. This model-independent approach incorporates by construction the low–energy theorems [11] that predict the general behavior of Goldstone boson amplitudes, irrespective of the details of the symmetry breaking mechanism. Unitarity requires that this low–energy effective theory should be valid up to some energy scale smaller than 4πv ≃ 3 TeV, where new physics would come into play.

In order to specify the effective Lagrangian for the Goldstone bosons, we assume that the symmetry breaking pattern is G = SU(2)_L × U(1)_Y −→ H = U(1)em, leading to just three Goldstone bosons π^a (a = 1, 2, 3). With this choice, the building block of the chiral Lagrangian is the dimensionless unimodular matrix field Σ,

Σ = exp ( i π^aτ^a v ) , (1)

where τ^a (a = 1, 2, 3) are the Pauli matrices. We implement the SU(2)_C custodial symmetry by imposing a unique dimensionful parameter, v, for charged and neutral fields. Under the action of G the transformation of Σ is

Σ → Σ^′ = L Σ R^† ,

where L = exp(iα^aτ^a/2) and R = exp(iyτ^3/2), with α^a and y being the parameters of the transformation.

The gauge fields are represented by the matrices Ŵ_μ = τ^aW^a_μ /(2i), B̂_μ = τ^3B_μ/(2i), while the associated field strengths are given by Ŵ_{μν} = ∂_μŴ_ν − ∂_νŴ_μ − g [ Ŵ_μ, Ŵ_ν ] , B̂_{μν} = ∂_μB̂_ν − ∂_νB̂_μ .

In the nonlinear representation of the gauge group SU(2)_L×U(1)_Y , the mass term for the vector bosons is given by the lowest order operator involving the matrix Σ. Therefore, the kinetic Lagrangian for the gauge bosons reads

L_B = 1 2 Tr ( Ŵ_{μν}Ŵ^{μν} + B̂_{μν}B̂^{μν} ) + v^2 4 Tr ( D_μΣ^†D^μΣ ) , (2)

where the covariant derivative of the field Σ is D_μΣ = ∂_μΣ − gŴ_μΣ + g^′ΣB̂_μ.

The effects of new dynamics on the couplings of fermions with the SM gauge bosons can be, in principle, also studied in an effective Lagrangian approach. For instance, if in analogy with the situation in QCD, fermion masses are dynamically generated in association with EWSB, residual interactions of fermions with Goldstone bosons could be important [4] if the m_f ≃ f_π ≃ v. Thus residual, non-universal interactions of the third generation quarks with gauge bosons could carry interesting information about both the origin of the top quark mass and EWSB.

In order to include fermions in this framework, we must define their transformation under G. Following Ref. [4], we postulate that matter fields feel directly only the electromagnetic interaction f → f^′ = exp(iyQ_f) f, where Q_f stands for the electric charge of fermion f. The usual left–handed fermion doublets are then defined with the following transformation under G,

Ψ_L = Σ ( f_1 f_2 ) L −→ Ψ^′_L = L exp(iyY/2)Ψ_L, (3)

where Q_{f1} − Q_{f2} = 1 and Y = 2Q_{f1} − 1. Right–handed fermions are just the singlets f_R. This definition is useful since it permits the construction of linearly realized left-handed doublet fields in the same way that, when studying the breaking of SU(2)_R × SU(2)_L → SU(2)_{R+L} in QCD, one introduces auxiliary fields for the nucleons which transform linearly under the broken axial group. In this framework, the lowest–order interactions between fermions and vector bosons that can be built are of dimension four, leading to anomalous vector and axial–vector couplings, which were analyzed in detail in Ref. [7].

In order to construct the most general Lagrangian describing these interactions, it is convenient to define the vector and tensor fields

Σ^a_μ = − i 2 Tr ( τ^aV^R_μ ) = − i 2 Tr ( τ^aΣ^†D_μΣ ) , Σ^a_{μν} = −i Tr [ τ^aΣ^† [D_μ, D_ν ] Σ ] . (4)

Under G transformations Σ^3_μ and Σ^3_{μν} are invariant while

Σ^±_{μ(μν)} → Σ^{′±}_{μ(μν)} = exp(±iy)Σ^±_{μ(μν)} ,

where Σ^±_{μ(μν)} = (Σ^1_{μ(μν)} ∓ iΣ^2_{μ(μν)})/ √ 2. The basic fermionic elements for the construction of neutral- and charged-current effective interactions are

Δ_X (q, q^′) = q̄ P_X q^′ , Δ^μ_X (q, q^′) = q̄γ^μ P_X q^′ , Δ̃^μ_X (q, q^′) = q̄ P_X D̃^μq^′ , (5) Δ^{μν}_X (q, q^′) = q̄σ^{μν} P_X q^′ ,

where P_X (X = 0, 5, L, and R) stands for I, γ^5, P_L, and P_R respectively, with I being the identity matrix and P_{L(R)} the left (right) chiral projector. The fermionic field q (q^′) represents any quark flavor, and D̃^μ stands for the electromagnetic covariant derivative.

The most general dimension-four Lagrangian invariant under nonlinear transformations under G is

L_4 = d^{NC}_L Δ^μ_L(t, t) Σ^3_μ + d^{NC}_R Δ^μ_R(t, t) Σ^3_μ + d^{CC}_L Δ^μ_L(t, b)Σ^+_μ + d^{CC†}_L Δ^μ_L(b, t)Σ^−_μ + d^{CC}_R Δ^μ_R(t, b)Σ^+_μ + d^{CC†}_R Δ^μ_R(b, t)Σ^−_μ . (6)

In principle it is also possible to construct neutral current operators involving only the bottom quark. We will assume however, that these vertices are not modified by the dynamics of the symmetry breaking or, at most, that these modifications are suppressed as compared to those of the top quark.

In a very general parameterization, the dimension-four anomalous couplings of third generation quarks can be written in terms of the usual physical fields as,

L_4 = − g √ 2 [C_L (t̄_Lγ_μb_L) + C_R (t̄_Rγ_μb_R)] W^{+μ} − g 2 c_W [ N^t_L (t̄_Lγ_μt_L) + N^t_R (t̄_Rγ_μt_R) ] Z^μ + h.c. , (7)

where s_W (c_W ) is the sine (cosine) of the weak mixing angle, θ_W . The parameters C_{L,R}, N^t_{L,R} can be written in terms of the constants d^{NC,CC}_{L,R} of Eq. (6) and contain the residual, non-universal effects associated with the new dynamics, perhaps responsible for the large top quark mass. Then, if we assume that the new couplings are CP conserving [12], there are four new parameters. They are constrained at low energies by a variety of experimental information, mostly from electroweak precision measurements and the rate of b → sγ.

In the case of dimension-five operators, the most general neutral–current interactions, which are invariant under nonlinear transformations under G, are [13],

L^{NC}_5 = a^{NC}_1 Δ_0(t, t) Σ^+_μ Σ^{−μ} + a^{NC}_2 Δ_0(t, t) Σ^3_μΣ^{3μ} + i a^{NC}_3 Δ_5(t, t) ∂^μΣ^3_μ + i b^{NC}_1 Δ^{μν}_0 (t, t) Tr [ T Ŵ_{μν} ] + b^{NC}_2 Δ^{μν}_0 (t, t) B_{μν} (8)

+ i b^{NC}_3 Δ^{μν}_0 (t, t) ( Σ^+_μ Σ^−_ν − Σ^+_ν Σ^−_μ ) + i c^{NC}_1 [ Δ̃^μ_0 (t, t) − Δ̃^μ_0 (t, t) ] Σ^{3μ} ,

and the charged–current interactions are

L^{CC}_5 = a^{CC}_{1L} Δ_L(t, b) Σ^+_μ Σ^{3μ} + a^{CC}_{1R} Δ_R(t, b) Σ^+_μ Σ^{3μ} + ia^{CC}_{2L} Δ_L(t, b) D̃^μΣ^+_μ + ia^{CC}_{2R} Δ_R(t, b) D̃^μΣ^+_μ + b^{CC}_{1L} Δ^{μν}_L (t, b) Σ^+_{μν} + b^{CC}_{1R} Δ^{μν}_R (t, b) Σ^+_{μν} (9) + b^{CC}_{2L} Δ^{μν}_L (t, b) ( Σ^+_μ Σ^3_ν − Σ^+_ν Σ^3_μ ) + b^{CC}_{2R} Δ^{μν}_R (t, b) ( Σ^+_μ Σ^3_ν − Σ^+_ν Σ^3_μ ) + i c^{CC}_{1L} Δ̃^μ_L(t, b)Σ^+_μ + i c^{CC}_{1R} Δ̃^μ_R(t, b)Σ^+_μ + h.c. .

In general, since chiral Lagrangians are related to strongly interacting theories, it is hard to make firm statements about the expected order of magnitude of the couplings. Notwithstanding, requiring the loop corrections to the effective operators to be of the same order of the operators themselves suggests that these coefficients are of O(1) [14]. Moreover, if the high energy theory respects chiral symmetry, we can also foresee a further suppression factor proportional to m_t/Λ.

In the unitary gauge, we can rewrite the interactions (9) and (9) as a scalar, a vector, and a tensorial Lagrangian involving the physical fields. For the Lagrangian involving scalar currents we have,

L_S = g^2 2Λ [ t̄ t ( α^{NC}_1 W^+_μ W^{−μ} + α^{NC}_2 2c^2_W Z^μZ_μ ) ] + i g 2c_W Λ α^{NC}_3 t̄γ^5t ∂^μZ_μ + g^2 2 √ 2Λc_W { t̄ [ α^{CC}_{1L} (1 − γ^5) + α^{CC}_{1R} (1 + γ^5) ] b W^+_μ Z^μ + b̄ [ α^{CC}_{1L} (1 + γ^5) + α^{CC}_{1R} (1 − γ^5) ] t W^−_μ Z^μ } (10) + i g 2 √ 2Λ { t̄ [ α^{CC}_{2L} (1 − γ^5) + α^{CC}_{2R} (1 + γ^5) ] b ( ∂^μW^+_μ + ieA^μW^+_μ )

− b̄ [ α^{CC}_{2L} (1 + γ^5) + α^{CC}_{2R} (1 − γ^5) ] t ( ∂^μW^−_μ − ieA^μW^−_μ ) } . The Lagrangian containing vectorial current is given by,

L_V = i g 2c_W γ^{NC} t̄ (D̃_μt) Z^μ − i g 2c_W γ^{NC}(D̃_μt) t Z^μ + i g 2 √ 2 t̄ [ γ^{CC}_L (1 − γ^5) + γ^{CC}_R (1 + γ^5) ] (D̃_μb) W^{+μ} (11) − i g 4c_W (D̃_μb) [ γ^{CC}_L (1 + γ^5) + γ^{CC}_R (1 − γ^5) ] t W^{−μ} . Finally, the piece involving a tensorial structure is,

L_T = 1 4Λ [ t̄ σ^{μν} t ( β^{NC}_1 eF_{μν} + β^{NC}_2 g c_W Z_{μν} + 4ig^2β^{NC}_3 W^+_μ W^−_ν ) ]

+ g 2 √ 2Λ { t̄ σ^{μν} [ β^{CC}_{1L} (1 − γ^5) + β^{CC}_{1R} (1 + γ^5) ] b [ W^+_{μν} + ie ( A_μW^+_ν − A_νW^+_μ )]

+ b̄ σ^{μν} [ β^{CC}_{1L} (1 + γ^5) + β^{CC}_{1R} (1 − γ^5) ] t [ W^−_{μν} − ie ( A_μW^−_ν − A_νW^−_μ )] (12) + i g c_W t̄ σ^{μν} [ β^{CC}_{2L} (1 − γ^5) + β^{CC}_{2R} (1 + γ^5) ] b ( Z_μW^+_ν − Z_νW^+_μ )

− i g c_W b̄ σ^{μν} [ β^{CC}_{2L} (1 + γ^5) + β^{CC}_{2R} (1 − γ^5) ] t ( Z_μW^−_ν − Z_νW^−_μ ) } . The couplings constants α’s, β’s and γ’s are linear combinations of the a’s, b’s and c’s in Eqs. (9) to (9). In writing the interactions (10) and (12), the coupling constants were defined in such a way that we have a factor g/(2c_W ) per Z boson, g/ √ 2 per W^±, and a factor e per photon. Similar interactions were obtained in Ref. [13] and for a linearly realized symmetry group, in Ref. [15].

As an example of the above anomalous couplings, we show their couplings for the SM with a heavy Higgs boson integrated out. In this case, we can perform the matching between the full theory and the effective Lagrangian [16]. For instance, if we concentrate on the non-decoupling effects, the leading contributions come at one-loop order [17]. Setting m_b = 0 and keeping only the leading terms of the order m_t log(M^2_H ), we find that only the first two effective operators of Eq. (10) are generated with coefficients,

α^{NC}_1 = α^{NC}_2 = g^2m_tΛ 16π^2M^2_W log M^2_H m^2_t . 3 Results for the b ! sγ and b ! sℓ^+ℓ^− transitions

For the b → sγ and b → sℓ^+ℓ^− transitions it is useful to cast the contributions of the dimension-four and dimension-five anomalous couplings as shifts in the matching conditions at M_W for the Wilson coefficient functions in the weak effective hamiltonian

H_{eff.} = − 4G_F √ 2 V^∗_{tb}V_{ts} 10∑ i=1 C_i(μ)O_i(μ), (13)

with the operator basis defined in Ref. [18]. Of interest in our analysis are the electromagnetic penguin operator

O_7 = e 16π^2 m_b (s̄_Lσ_{μν} b_R) F^{μν} , (14)

and the four-fermion operators corresponding to the vector and axial-vector couplings to leptons, O_9 = e^2 16π^2

(s̄_Lγ_μb_L)(ℓ̄γ^μℓ) , (15) and O_{10} = e^2 16π^2

(s̄_Lγ_μb_L)(ℓ̄γ^μγ_5ℓ) . (16)

The operators above are already present in the SM. In addition, the dimension-five anomalous couplings generate the operators

O_{11} = e^2 16π^2 m_b M^2_Z

[s̄_Lσ_{μν} (iQ^ν)b_R] (ℓ̄γ^μγ_5ℓ) , (17)

O_{12} = e^2 16π^2 m_b M^2_Z

[s̄_Lσ_{μν} (iQ^ν)b_R] (ℓ̄γ^μℓ) . (18)

However, these new operators will not lead to important effects as will see below, due to the fact that they are further suppressed by the weak scale.

The anomalous couplings of Eq. (7), (10), (11) and (12) will induce shifts in the Wilson coefficient functions C_i(μ) at the matching scale, which we take to be μ = M_W . We make use of the next-to-leading order calculation of the Wilson coefficients as described in Ref. [19].

3.1 Effects of the Dimension–four operators

The dimension-four operators defined in Eq. (7) induce new contributions to the b → sγ and b → sZ loops as well as the box diagram. They appear in the effective Hamiltonian formulation as shifts of the Wilson coefficients C_7(M_W ), C_9(M_W ) and C_{10}(M_W ). The contributions from the b → sγ loops to C_7(M_W ) are:

δC_7 = − m_t m_b C_R { 1 12(x − 1)^2

(5x^2 − 31x + 20) + 1 2(x − 1)^3 x(3x − 2) log (x) } (19) +C_L { 1 4(x − 1)^4 x^2(3x − 2) log (x) − 1 24(x − 1)^3 x(8x^2 + 5x − 7) } , where we have defined the dimensionless quantity x = m^2_t /M^2_W . We should notice that the above result is finite, i.e. independent of Λ, and agrees with the previous result in the literature [8]. On the other hand, the result for all other operators is not finite and in this case we have kept only the leading non–analytic, i.e. logarithmic, dependence on the new physics scale Λ. In this way, for C_9(M_W ) we have,

δC^γ_9 = − 1 12 C_L (3x − 16) log ( Λ^2 M^2_W ) . (20)

The corrections arising from b → sZ loops to C_9(M_W ) and C_{10}(M_W ) are:

δC^Z_{10} = −1 1 − 4s^2_W δC^Z_9 = 1 16s^2_W

(4N^t_L − N^t_R + C_L) x log ( Λ^2 M^2_W ) , (21)

while box loops contributions can be written as:

δCbox_9 = −δCbox_{10} = 1 16s^2_W

C_L (x − 16) log ( Λ^2 M^2_W ) . (22)

The measured b → sγ branching ratio imposes a stringent bound on C_R as its contribution to (19) is enhanced by the factor m_t/m_b. This has been discussed in the literature [8], where the obtained bounds on C_R : −0.05 < C_R < 0.01. However, in the spirit of naturalness in a strongly coupled theory it is hard to justify such small values for this coefficient unless there is a symmetry protecting this term. In this case, chiral symmetry is violated by C_R, which is then forced to be very small. In order to see this,

Figure 1: The b → sγ branching ratio vs. Ĉ_R (solid) and C_L (dashed). The horizontal band corresponds to the 1σ interval from the latest CLEO result [20].

we notice that C_R would contribute to the renormalization of the b-quark line with a term which does not vanish in the m_b → 0 limit

Σ(m_b) = g^2 32π^2

C_R m_t (x − 4) log ( Λ^2 M^2_W ) . (23)

Thus we are inclined to redefine this coefficient by defining Ĉ_R as

C_R = m_b √ 2v Ĉ_R, (24)

where v = 246 GeV. With this redefinition, the contributions of Ĉ_R to the b-quark mass vanish in the chiral limit. The rescaled bounds on Ĉ_R are now O(1), thus allowing for more natural values of this coefficient.

In Fig. 1 we plot the b → sγ branching fraction as a function of Ĉ_R. We also include the effect of C_L, which is now comparable for similar values of the coefficients. The horizontal band corresponds to the latest CLEO result [20] Br(b → sγ) = (3.15 ± 0.35 ± 0.32 ± 0.26) × 10^{−4}, where we take a 1σ interval after adding the statistical, systematic and model-dependence errors in quadrature.

On the other hand, the effect in b → sℓ^+ℓ^− is dominated by the coefficients C_L, N^t_L and N^t_R in Eqs. (20), (21), and (22). In principle, these coefficients are constrained by electroweak precision measurements, most notably ϵ_1 = Δρ = αT and R_b [7]:

ϵ_1 = G_F 2 √ 2π^2

3m^2_t ( −N^t_L + N^t_R + C_L ) log ( Λ^2 M^2_W )

ϵ_b = G_F 2 √ 2π^2

3m^2_t ( − 1 4 N^t_R + N^t_L ) log ( Λ^2 M^2_W ) . (25)

In general, the bounds obtained on a particular coupling from electroweak observables strongly depend on assumptions about the other couplings. For instace, enforcing custodial isospin symmetry in order to avoid the strong constraints from T will imply that N^t_L = C_L and N^t_R = 0. On the other hand if C_L = 0, then the combination (N^t_L − N^t_R) is strongly constrained since it breaks custodial isospin symmetry and contributes to T . Impossing C_L = N^t_L, then N^t_R < 0.02 [4, 21] since it is the only linear source of isospin breaking.

We study here three cases in which the stringent constraints from electroweak observables can be evaded.

i) C_L ≈ N^t_L. In this case the contributions of C_L and N^t_L to the T parameter cancel, leaving N^t_R as the only seriously constrained quantity. However, R_b still gives the bound −0.03 < N^t_L < 0.15 (for Λ = 1 TeV). In Fig. 2 we plot the b → sℓ^+ℓ^− branching ratio, normalized to the SM expectation, as a function of C_L = N^t_L (solid line). From this plot it can be seen that, when incorporating the R_b constraint, the effect in b → sℓ^+ℓ^− is bound to be smaller than roughly a 10% deviation.

ii) N^t_L ≈ N^t_R. In this scenario the measurement of the T parameter greatly constrains C_L, which prompts us to take this coefficient as equal to zero in this portion of the analysis. The dashed line in Fig. 2 corresponds to the effect of N^t_L = N^t_R in the dilepton branching fraction. As we can see, the effect in this decay is rather small.

iii) Finally and for completeness, we consider the case N^t_L ≈ N^t_R/4. With this approximate relation these two coefficients cancel in R_b leaving no sizeable effect from the dimension-four lagrangian (7) in this quantity. However, this relation leads to a potentially large contribution to the T parameter proportional to (C_L + 3N^t_R/4). When this bound is incorporated, the effect in b → sℓ^+ℓ^− branching ratio is constrained to be below 15%.

In sum, we have seen that the leading effects of the dimension–four operators in rare B decays are given by Ĉ_R in b → sγ, and the effects in b → sℓ^+ℓ^− due to C_L, N^t_L and N^t_R are below 15% deviations once the constraints from electroweak precision measurements are considered. This distinction comes from the fact that Z-pole quantities are not significantly sensitive to Ĉ_R. The effects of Ĉ_R in b → sℓ^+ℓ^− can be significant, but b → sγ is considerably more sensitive to this parameter.

3.2 Effects of the Dimension–five Operators

Although in principle dimension-five operators are considered sub-leading with respect to the operators in Eq. (7) due to the additional suppression by the high energy scale

Figure 2: The b → sℓ^+ℓ^− branching ratio vs. C_L = N^t_L (solid) and N^t_L = N^t_R (dashed).

Λ, they can still induce large deviations in both electroweak observables and FCNC processes. In Ref. [9] bounds on the coefficients of dimension-five operators were derived from data at the Z–pole. Here we consider the effect of these operators in b → sγ and b → sℓ^+ℓ^−. They induce new contributions to the b → sγ and b → sZ loops as well as the box diagram. They appear in the effective Hamiltonian formulation as shifts of the Wilson coefficients C_7(M_W ), C_9(M_W ) and C_{10}(M_W ), C_{11}(M_W ), and C_{12}(M_W ).

The contribution from the b → sγ loops to these coefficients are:

δC_7 = − 1 12 M^2_W m_bΛ

[4α^{CC}_{2R} x − 4β^{CC}_{1R} (3x − 7) + γ^{CC}_R (x + 2)] log ( Λ^2 M^2_W ) , (26) and δC^γ_{12} = 1 24 M^2_Z m_bΛ {[ 3(2α^{CC}_{2R} − γ^{CC}_R )x + 4(3α^{CC}_{2R} − 6β^{CC}_{1R} + γ^{CC}_R ) ]} log ( Λ^2 M^2_W ) . (27)

The corrections arising from b → sZ loops to the different coefficients are:

δC^Z_{10} = −1 1 − 4s^2_W δC^Z_9 = − 1 96s^2_W m_t Λ × [ 3(2α^{CC}_{1L} + 12α^{CC}_{2L} + 12β^{CC}_{2L} − γ^{CC}_L + 8γ^{NC} )x − 18c^2_W (α^{CC}_{2L} + 2β^{CC}_{1L} )x + 2s^2_W (γ^{CC}_L − 12α^{CC}_{2L} )x − 9(2α^{CC}_{1L} − 4β^{CC}_{1L} + 12β^{CC}_{2L} − γ^{CC}_L − 4γ^{NC}) (28)

− 18c^2_W (α^{CC}_{2L} − 2β^{CC}_{1L} ) − 6s^2_W (γ^{CC}_L + 12β^{CC}_{1L} ) ] log ( Λ^2 M^2_W ) , and δC^Z_{11} = −1 1 − 4s^2_W δC^Z_{12} = − 1 48s^2_W

M^2_Z m_bΛ

× [ 3(α^{CC}_{1R} + α^{CC}_{2R} − 2β^{CC}_{2R} )x + 3c^2_W (α^{CC}_{2R} − 6β^{CC}_{1R} + γ^{CC}_R )x (29) − 2s^2_W (4α^{CC}_{2R} − γ^{CC}_R )x + 3(2α^{CC}_{1R} + 8β^{CC}_{1R} − 4β^{CC}_{2R} − γ^{CC}_R )

+ 6c^2_W (α^{CC}_{2R} + 6β^{CC}_{1R} + γ^{CC}_R ) − 4s^2_W (8β^{CC}_{1R} − γ^{CC}_R ) ] log ( Λ^2 M^2_W ) . The box loops contributions can be written as:

δCbox_9 = −δCbox_{10} = − 1 96s^2_W m_t Λ [ 4α^{CC}_{2L} (2x−5)−36β^{CC}_{1L} −γ^{CC}_L (x−1) ] log ( Λ^2 M^2_W ) , (30) and δCbox_{12} = −δCbox_{11} = − 1 16s^2_W

M^2_Z m_bΛ [ 2α^{CC}_{2R} x − 4β^{CC}_{1R} − γ^{CC}_R (x − 2) ] log ( Λ^2 M^2_W ) . (31)

In order to quantify the effect of the operators of Eqs. (10), (11) and (12) we classify them into two groups: the right–handed and left–handed couplings. The RH couplings that are of interest due to their potential effects are α^{CC}_{2R} , β^{CC}_{1R} and γ^{CC}_R . Just as for the dimension-four coefficient C_R, the effects of these coefficients can be very large in operators such as O_7 generating important deviations in b → sγ, as seen in Eq. (26). This is particularly so since their contributions are unsuppressed by m_b. However, and as we noted for C_R, the coefficients α^{CC}_{2R} and β^{CC}_{1R} are chirally unsuppressed in Eq. (10), which results in an unnatural renormalization of the b-quark mass. Thus again we would argue that these coefficients should be rescaled by the factor m_b/v, which makes their effect on the operator O_7 negligible. On the other hand, this is not the case with the coefficient γ^{CC}_R since the chiral suppression is already present in the accompanying operator in Eq. (11). Because of this its contribution to the to the renormalization of the b-quark line vanishes in the m_b → 0 limit

Σ(m_b) = −3g^2 128π^2Λ γ^{CC}_R m^2_b (x + 1) log ( Λ^2 M^2_W ) . (32)

We will then concentrate on the effects of γ^{CC}_R among the RH couplings. The contribution of γ^{CC}_R to the penguin operator gives rise to a deviation of the b → sγ branching ratio from its SM expectation. In Fig. 3 we plot this branching fraction as a function of this coefficient. This measurement is the most constraining bound on these type of operators. It can be seen that even for rather small values of γ^{CC}_R there could be considerable deviations from the SM expectations. On the other hand, the effect is less dramatic in b → sℓ^+ℓ^−, as shown in Fig. 4, where an observable deviation from the SM will result only if γ^{CC}_R is large enough to dominate the b → sγ branching ratio.

The effects of the new operators O_{11} and O_{12} are negligible. Although the presence of m_b in the denominators in Eq. (27), (29) and (31) suggests the possibility of an

Figure 3: The b → sγ branching ratio vs. γ^{CC}_R .

Figure 4: The b → sℓ^+ℓ^− branching ratio (normalized to the SM prediction) vs. γ^{CC}_R .

Figure 5: The b → sℓ^+ℓ^− branching ratio (normalized to the SM prediction) vs. β^{CC}_{1L} , for α^{CC}_{2L} = β^{CC}_{1L} = γ^{NC} (solid line) and α^{CC}_{2L} = γ^{NC} = 0 (dashed line).

enhancement, this is not enough. This is obviously true for the coefficients α^{CC}_{2R} and β^{CC}_{1R} , which as we argue above should be proportional to m_b/v. But even when considering γ^{CC}_R , the effect is suppressed by an effective scale given by m_bΛ/M_Z ≃ 55 GeV, which should be compared with the typical momentum transfers in B decays.

The remaining group of coefficients we dubbed left-handed includes α^{CC}_{1L} , α^{CC}_{2L} , β^{CC}_{1L} , β^{CC}_{2L} , γ^{CC}_L plus γ^{NC} which actually is the coefficient of a vector operator, but since is not chirally suppressed is included with the LH in this part of the analysis. These operators affect mainly the b → sℓ^+ℓ^− rates. Thus it is possible to imagine that the underlying new physics preserves chiral symmetry at the same time that does not generate a large value of γ^{CC}_R , resulting in no deviations in b → sγ; but that the effects of the new interactions give rise to large effects in the dilepton modes. Although these have not been observed yet the experimental sensitivity is very close to the SM predictions and it will reach them in the near future. The leading effects in b → sℓ^+ℓ^− come from the coefficients α^{CC}_{2L} , β^{CC}_{1L} and γ^{NC}. For simplicity we only consider these and plot in Fig. 5 the branching ratio, normalized to the SM one, for two cases: α^{CC}_{2L} = β^{CC}_{1L} = γ^{NC} (solid line) and α^{CC}_{2L} = γ^{NC} = 0 (dashed line). ¿From Fig. 5 it is apparent that cancellations occur when the three coefficients are similar. The effect of considering only β^{CC}_{1L} shows than even larger effects are possible. In any case, sizeable deviations in b → sℓ^+ℓ^− are possible even in the absence of effects in b → sγ.

4 Discussion

Processes involving FCNC transitions in B and K decays are a crucial complement to precision electroweak observables, when constraining the physics of the EWSB sector. In this paper, we have considered the effects of anomalous couplings of third generation quarks to the W and Z gauge bosons. We computed the effects of all possible dimensionfive operators in B FCNC transitions such as b → sγ and b → sℓ^+ℓ^−. For completeness, we have also also presented the analysis of the dimension-four operators.

We have shown that with the natural assumption of chiral symmetry, in fact enforcing vanishing fermion mass renormalization in the chiral limit, the effects of the dimensionfour operators with coefficient C_R for b → sγ, are not as dramatic as found Ref. [8], and somehow smaller than those of C_L, which can produce important deviations in the branching ratio that could be resolved in the next round of experiments at B factories.

The effects in b → sℓ^+ℓ^+ due to C_L, N^t_L and N^t_R are below 15% deviations once the constraints from electroweak precision measurements are taken into account.

On the other hand, we have found that the dimension-five operator with coefficient γ^{CC}_R , for which no additional chiral suppression is expected, can give rise to an observable deviation of the b → sγ branching ratio from its SM expectation even for rather small values of γ^{CC}_R . Left handed operators, on the other hand, affect mainly the b → sℓ^+ℓ^− rates and we have illustrated that in several scenarios sizeable deviations in b → sℓ^+ℓ^− are possible even in the absence of effects in b → sγ.

The dimension-five operators, just as in the case of the more studied dimension-four operators, can be generated at high energies scales by the presence of new particles and/or interactions. For instance, as a simple example, a heavy scalar sector with both charged and neutral states, would give contributions to many of the coefficients of the Lagrangian in Eq. (10). Richer dynamics at the TeV scale might generate also some of the vector and/or tensor couplings of Eq. (11) and (12).

The e^+e^− B factories at Cornell, KEK and SLAC are expected to reach better measurements of the b → sγ branching ratio, which will largely constrain the dimensionfive coefficient γ^{CC}_R and to a lesser extent the dimension-four coefficients C_L and Ĉ_R. Furthermore, these experiments as well as those at the Fermilab Tevatron, will reach the SM sensitivity for the b → sℓ^+ℓ^− branching fraction. The present analysis, together with previous ones addressing the effects of other anomalous higher dimensional operators in these decay modes, will enable us to interpret a possible pattern of deviations from the SM and perhaps point to its dynamical origin.

Acknowledgments

We thank O. J. P. Éboli for a critical reading of the manuscript. M. C. Gonzalez–Garcia is grateful to the Instituto de Física Teórica from Universidade Estadual Paulista for its kind hospitality. G. Burdman acknowledges the hospitality of the Enrico Fermi Institute at the University of Chicago, where part of this work was completed. This work was supported by the U.S. Department of Energy under Grant No. DE-FG02- 95ER40896 and the University of Wisconsin Research Committee with funds granted by the Wisconsin Alumni Research Foundation, by Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), by Programa de Apoio a Núcleos de Excelência (PRONEX), by CICYT (Spain) under grant AEN96-1718, by DGICYT (Spain) under grants PB95-1077 and PB97-1261, and by the EEC under the TMR contract ERBFMRX-CT96-0090.

References

[1] A. Longhitano, Phys. Rev. D22, 1166 (1980); idem, Nucl. Phys. B188, 118 (1981).

[2] For reviews see for example F. Feruglio, Int. J. Mod. Phys. A8, 4937 (1993); Effective Lagrangians for the Standard Model, A. Dobado, A. Gómez–Nicola, A. L. Maroto, and J. R. Peláez, Springer–Verlag, Berlin (1997).

[3] J. Bernabéu, D. Comelli, A. Pich, and A. Santamaria, Phys. Rev. Lett. 78, 2902 (1997).

[4] R. D. Peccei and X. Zhang, Nucl. Phys. B337, 269 (1990); R. D. Peccei, S. Peris, and X. Zhang, Nucl. Phys. B349, 305 (1991).

[5] S. P. Chia, Phys. Lett. B240, 465 (1990); K. A. Peterson, Phys. Lett. B282, 207 (1992); G. Baillie, Z. Phys. C61, 667 (1994); G. Burdman, Phys. Rev. D59, 035001 (1999).

[6] G. Burdman, Phys. Lett. B409, 443 (1997).

[7] E. Malkawi and C.–P. Yuan, Phys. Rev. D50, 4462 (1994).

[8] K. Fujikawa and A. Yamada, Phys. Rev. D49, 5890 (1994); F. Larios, M. A. Pérez, and C.-P. Yuan, Phys. Lett. B457 334 (1999).

[9] O. J. P. Éboli, M. C. Gonzalez–Garcia, and S. F. Novaes, Phys. Lett. B415, 75 (1997).

[10] T. Appelquist and G. Wu, Phys. Rev. D48, 3235 (1993).

[11] M. S. Chanowitz, M. Golden, and H. Georgi, Phys. Rev. D36 1490 (1987). [12] For a treatment of the effects of CP violation in these couplings see A. Abd El-Hady and G. Valencia Phys. Lett. B414, 173 (1997).

[13] F. Larios and C.–P. Yuan, Phys. Rev. D55 (1997) 7218; H.–J. He, Y.–P. Kuang, and C.–P. Yuan, Lectures given at CCAST Workshop on Physics at TeV Energy Scale, Beijing, China, 15-26 Jul 1996, preprint DESY-97-056 and hep-ph/9704276.

[14] J. Wudka, in the Proceedings of the IV Workshop on Particles and Fields of the Mexican Physical Society, (Merida, Yucatan, Mexico, Oct. 25-29, 1993), p. 61 (1993) and hep-ph/9405206.

[15] G. J. Gounaris, F. M. Renard, and C. Verzegnassi, Phys. Rev. D52 451 (1995). [16] S. Dittmaier, C. Grosse–Knetter, Nucl. Phys. B459 497 (1996). [17] The tree-level Higgs exchange goes like g^2m_tM_W /vM^2_H and although it could be numerically significant, formally decouples in the large M_H limit.

[18] B. Grinstein, R. Springer, and M. B. Wise, Nucl. Phys. B339, 269 (1990). [19] M. Ciuchini et al., Phys. Lett. B316, 127 (1993); M. Ciuchini, E. Franco, L. Reina, and L. Silverstrini, Nucl. Phys. B421, 41 (1994); A. Buras, M. Misiak, M. Münz, and S. Pokorski, Nucl. Phys. B424, 374 (1994); C. Greub and T. Hurth, Phys. Rev. D56, 2934 (1997); A. L. Kagan and M. Neubert, Eur. Phys. J. C7, 5 (1999).

[20] P. Gaidarev, in the Proceedings of the Workshop on Heavy Quarks at Fixed Target, October 10-12 1998, Batavia, IL.

[21] B. Dobrescu and J. Terning, Phys. Lett. B416, 129 (1998).