hep-ph/9902202 v2 1 Nov 1999

PSI-PR-99-02 MADPH-98-1091 hep-ph/9902202 February 1999

Parity Violating Asymmetries in Top Pair Production at Hadron Colliders

Chung Kao^{a∗} and D. Wackeroth^{b†}

a Department of Physics, University of Wisconsin, Madison, Wisconsin 53706, USA

b Paul Scherrer Institut (PSI), CH-5232 Villigen PSI, Switzerland

Abstract

We study loop-induced parity violating asymmetries in the strong production of polarized top quark pairs at pp and pp̄ colliders. The electroweak O(α) corrections to the helicity amplitudes of qq̄ → tt̄ and gg → tt̄ are evaluated in a two Higgs doublet model (2HDM) and the minimal supersymmetric standard model (MSSM). While observables in top quark pair production receive little contribution from standard electroweak interactions, it is possible that they can be significantly enhanced in a 2HDM and the MSSM. We find that the one-loop MSSM electroweak corrections can generate parity violating asymmetries in the total production rate of left- and right-handed top quark pairs up to about 1.7% at the upgraded Tevatron ( √ S = 2 TeV) and 3% at the LHC ( √ S = 14 TeV).

Typeset using REVTEX

∗Electronic Address: Kao@Pheno.physics.wisc.edu

†Electronic Address: Doreen.Wackeroth@psi.ch

I. INTRODUCTION

In the near future, the upgraded Fermilab Tevatron pp̄ collider will be able to produce about 7×10^4 top quark pairs (tt̄) [1] and the CERN Large Hadron Collider (LHC) pp collider will be able to generate about 10^7 tt̄ with a moderate integrated luminosity of L = 10 fb^{−1}. The large amount of top quark pairs suggests that it might be possible to explore top quark observables and to perform electroweak precision physics studies in the spirit of the successful LEP/SLD program [2].

Although the Standard Model (SM) has impressive experimental success, various theoretical arguments such as the fine tuning problem and the hierarchy problem suggest that the SM is merely the effective low energy version of a more fundamental theory. One attractive extension of the SM is supersymmetry (SUSY) [3,4] which connects fermions and bosons.

We consider a two Higgs doublet model (2HDM) [5] with two doublets ϕ_1 and ϕ_2 that couple to the t_3 = −1/2 and t_3 = +1/2 fermions, respectively. After spontaneous symmetry breaking, there remain five physical Higgs bosons: a pair of singly charged Higgs bosons H^± , two neutral CP-even scalars H^0 (heavier) and h^0 (lighter), and a neutral CP-odd pseudoscalar A^0. The Higgs potential as well as the Yukawa interactions between fermions and Higgs bosons in this 2HDM are the same as those of the minimal supersymmetric standard model (MSSM) [4,5].

The Higgs sector of a supersymmetric theory must contain at least two SU(2) doublets for anomaly cancellation. In the MSSM, the Higgs potential is constrained by supersymmetry such that all tree-level Higgs boson masses and couplings are determined by just two independent parameters, commonly chosen to be the mass of the CP-odd pseudoscalar (M_A) and the ratio of vacuum expectation values of Higgs fields (tan β ≡ v_2/v_1). If all supersymmetric particles are much heavier than SM particles and Higgs bosons, the MSSM becomes similar to a two Higgs doublet model (2HDM).

At the Tevatron, quark antiquark annihilation (qq̄ → tt̄) is the major source of top quark pair production. Gluon fusion (gg → tt̄) produces most of the top quark pairs at the LHC. Complementary to the direct search for signals of new physics, the confrontation of theoretical predictions of top quark observables beyond leading order in perturbation theory with their precise measurements not only provides a consistency check for the SM but also might reveal the nature of new physics. The SM radiative corrections to both production mechanisms have been calculated with one-loop QCD corrections as well as gluon resummation [6] and the electroweak (EW) O(α) contribution. The SM EW corrections have only marginal effects on tt̄ observables [7,8] such as the total cross section, the invariant mass distribution and the asymmetries in the production of left- and right-handed top quark pairs. It is possible that these observables might be considerably enhanced in supersymmetric models and two Higgs doublet models.

Recent studies on radiative corrections to qq̄ → tt̄ and gg → tt̄ in a general 2HDM and the MSSM found promisingly large effects. The one-loop EW corrections within the 2HDM [9,10] typically reduce the cross sections by up to ≈ 6% at the upgraded Tevatron and ≈ 9% at the LHC. In most of the MSSM parameter space, the one-loop EW corrections [10–13] reduce the cross sections by up to ≈ 5, 10% (Tevatron, LHC).

The SUSY QCD O(α_s) corrections can enhance the effects of the MSSM EW one-loop corrections depending on the choice of the input parameters [13–15]. The SUSY QCD corrections to the qq̄ annihilation subprocess, for instance, can considerably affect the cross section when the gluino is not too heavy, m_{g̃} <∼ 350 GeV, so that at the upgraded Tevatron, the combined MSSM EW and SUSY QCD one-loop corrections can reduce the tt̄ production cross section by up to ≈ 10% (m_{g̃} = 150 GeV) [15].

In this paper we study parity violating asymmetries in polarized tt̄ production at hadron colliders. We calculate the polarized differential cross sections to O(αα^2_s ) for both qq̄ → tt̄ and gg → tt̄ within the 2HDM and the MSSM and study the resulting asymmetries in the total production rate and invariant mass distribution of left- and right-handed top quark pairs at the upgraded Tevatron and the LHC. These polarization asymmetries directly probe the parity non-conserving part of the EW interactions within the models under consideration. While observables in unpolarized tt̄ production have the drawback that loop-induced effects need to be disentangled from the SM QCD background, parity violating asymmetries in polarized strong tt̄ production have the potential to provide a clean signal of new physics: there are no parity violating asymmetries at leading order in perturbation theory since QCD preserves parity and the SM EW induced asymmetries are too small to be observable, at least at the Tevatron pp̄ collider. Thus, any large signal of parity non-conserving effects in strong tt̄ production suggests the presence of new physics. Within the models under consideration there is the possibility of considerable enhancements of parity non-conserving EW interactions due to the virtual presence of a charged Higgs boson with enhanced Yukawa couplings, and of neutralinos and charginos, i.e. the linear combinations of the supersymmetric partners of the Higgs bosons and the electroweak gauge bosons.

The information on the polarization of the top quark can be deduced from its decay products, since in average the top quark decays before it can form a hadronic bound state or flips its spin. How to measure polarization asymmetries in tt̄ production at hadron colliders has been discussed in the context of testing CP violating effects [16] and studying spin correlations between the t and t̄ [17–19]. The polarization of the (anti)top quark is transferred to its decay products, so that spin information can be obtained from the resulting angular correlations between the t and t̄ decay products or from the angular and/or energy distribution of the charged lepton l in t → blν, for instance. In this paper we concentrate on asymmetries in the invariant mass distribution and the total production rate of left- and right-handed top quark pairs. We will take into account the (anti)top quark decay and study how the parity violating effects in the tt̄ production process affect observables involving the t(t̄) decay products in a forthcoming publication.

Recent measurements of the b → sγ decay rate by the CLEO [20] and LEP collaborations [21] place constraints on the mass of the charged Higgs boson in a 2HDM with Yukawa interactions of model II^1 and on the parameter space of the MSSM and the minimal supergravity unified model (mSUGRA) [22,23]. It was found that the branching ratio of b → sγ disfavors a large region of the MSSM and the mSUGRA parameter space when tan β is large

1 The upper limit of B(b → sγ) demands that (M_H± >∼ 240 GeV) [20].

(tan β >∼ 10) and μ < 0 [23]. Therefore, we consider μ > 0 in our analysis^2.

This paper is organized as follows:

In Section II we present the differential cross sections to O(αα^2_s) for polarized strong tt̄ production at hadron colliders within the SM, the 2HDM and the MSSM. In Section III we introduce the polarization asymmetries in the polarized total tt̄ production rate and the invariant tt̄ mass distribution which result from the presence of parity violating EW interactions within the 2HDM and the MSSM. We discuss the dependence on the input parameters of the models under consideration with special emphasis on the numerical significance compared to parity violating effects within the SM. We conclude with Section IV. The appendices provide explicit expressions for the helicity amplitudes at the Born-level (Appendix A), for the form factors parameterizing the parity non-conserving effects (Appendix B), and for the interference between the one-loop EW corrections and the Born matrix elements in the helicity states of tt̄ (Appendix C).

II. POLARIZED STRONG TOP PAIR PRODUCTION

The main production mechanism for tt̄ production at the Tevatron is the annihilation of a quark-antiquark pair

q(p_4) + q(p_3) → t(p_2) + t(p_1)

whereas at the LHC the top quark pairs are mainly produced via the fusion of two gluons

g(p_4) + g(p_3) → t(p_2) + t(p_1) .

At the parton level, we obtain the corresponding differential cross sections to polarized top pair production by applying spin projection operators

u_t(p_2, λ_t)ū_t(p_2, λ_t) = (1 + 2λ_tγ_5 ̸s_t)

( ̸p_2 + m_t) 2 v¯_t(p_1, λ¯_t)v̄¯_t(p_1, λ¯_t) = (1 + 2λ¯_tγ_5 ̸s¯_t)

( ̸p_1 − m_t) 2 (1) when contracting the matrix elements δM_i, i = qq̄, gg describing the O(α) contribution with the Born matrix elements M^i_B dσ̂_i(t̂, ŝ, λ_t, λ¯_t) d cos θ̂ = dσ̂^i_B(t̂, ŝ, λ_t, λ¯_t) d cos θ̂ + δ dσ̂_i(t̂, ŝ, λ_t, λ¯_t) d cos θ̂ = β_t 32πŝ [∑ | M^i_B |^2 +2Re ∑ (δM_i × M^{i∗}_B ) ] + O(α^2α^2_s) , (2)

where β_t = √ 1 −^{4m2t}_ŝ is the top quark velocity; λ_t (λ¯_t) = ±1/2 denotes the helicity states of the top (anti-top) quark; ŝ = (p_3 + p_4)^2 and t̂ = (p_2 − p_4)^2 are Mandelstam variables; and

2 In our convention, +μ appears in the chargino mass matrix and −μ appears in the neutralino mass matrix.

θ̂ denotes the scattering angle of the top quark in the parton center of mass system (CMS). In Eq. (2) the matrix elements squared are averaged over initial state spin and color degrees of freedom and summed over final state color degrees of freedom. The spin four-vectors s_{t,}¯_t are defined in Appendix A, where we also provide explicit expressions for the squared Born matrix elements M^i_B to the production of polarized tt̄ pairs. The next-to-leading order matrix elements δM_{qq̄} and δM_{gg} comprise the EW O(α) corrections to the qq̄ annihilation and gluon fusion subprocesses, respectively, within the model under consideration. In the following presentation of polarized strong tt̄ production to O(αα^2_s ), we closely follow the notations of Refs. [7] (SM) and [10] (2HDM and MSSM), where the impact of EW oneloop contributions on the unpolarized tt̄ production cross sections has been studied. Here we concentrate on parity violating effects and give explicit expressions only for the parity non-conserving parts of the EW O(α) corrections.

A. The Amplitudes

At O(α) within the SM the gtt̄ vertex is modified through the virtual presence of the Higgs boson η and the electroweak gauge bosons Z^0 and W^±. In a two Higgs doublet model, the SM Higgs sector is extended to have two Higgs doublets so that the gtt̄ vertex is now modified by the exchange of a heavy and a light neutral scalar, H^0 and h^0, a pseudoscalar A^0 and a charged Higgs boson H^±. Within the MSSM δM_{qq̄,gg} comprise the EW contributions of the MSSM Higgs sector and the genuine SUSY contributions, i.e., the modification of the gtt̄ vertex by the virtual presence of charginos χ̃^±_i and sbottoms b̃_{L,R} and neutralinos χ̃^0_i and stops t̃_{1,2}. Here we label the stop mass eigenstates such that m~_{t1} < m~_{t2} which is opposite to the notation chosen in Ref. [10].

The O(α) corrections can be parameterized in terms of form factors revealing the Lorentz structure of the matrix elements to strong top pair production as follows:

qq̄ annihilation: δM_{qq̄} = δM^{in}_{qq̄} + δM^{fin}_{qq̄} with δM^{in}_{qq̄} = αα_s iT^c_{ik}T^c_{jl} ŝ ū^j_t (p_2)γ_μv^l_{t̄}(p_1) v̄^k_{q̄} (p_3)γ^μ (F_V (ŝ, 0) + γ_5 G_A(ŝ, 0)) u^i_q(p_4) (3) δM^{fin}_{qq̄} = αα_s iT^c_{ik}T^c_{jl} ŝ ū^j_t (p_2) [ γ_μ (F_V (ŝ, m_t) + γ_5 G_A(ŝ, m_t))

+ (p_1 − p_2)_μ 1 2m_t F_M (ŝ, m_t) ] v^l_{t̄}(p_1) v̄^k_{q̄} (p_3)γ^μ u^i_q(p_4) , (4)

where i, j, k, l; c are color indices and T^c = λ^c/2 with the Gell-Mann matrices λ^c. δM^{in}_{qq̄} describes the modification of the initial state gqq̄ vertex with the initial state quarks considered to be massless. The final state EW one-loop contribution to the qq̄ annihilation subprocess is described by δM^{fin}_{qq̄} . The form factors F_{V,M} parameterize the parity conserving part of the EW one-loop corrections and can be found in Refs. [7] (SM) and [10] (2HDM and MSSM). The parity violating form factors G_A are explicitly given in Appendix B.

gluon fusion:

The O(α) contribution to the gluon fusion subprocess comprises the vertex corrections to the s and t(u) production channel described by F_{V,M} , G_A and ρ^{V,t(u)}_i , σ^{V,t(u)}_i , respectively, the off-shell top self energy insertion ρ^{Σ,(t,u)}_i , σ^{Σ,(t,u)}_i , the box diagrams ρ2^{,(t,u)}_i , σ2^{,(t,u)}_i and the s-channel Higgs-exchange diagrams ρ^◁_{12} δM_{gg} = α α_s { f_{abc}T^c_{jl} ŝ [ (M^{V,t}_2 − 2M^{V,t}_3 ) F_V (ŝ, m_t) + (M^{A,t}_2 − 2M^{A,t}_3 ) G_A(ŝ, m_t)

+ ((t̂ − û) M^{V,t}_{12} − 4M^{V,t}_{15} + 4M^{V,t}_{17} )

F_M (ŝ, m_t) 2m^2_t ]

+ ∑ i=1,...,7 11,...,17 ( i T^a_{jm}T^b_{ml} M^{V,t}_i [ ρ^{V,t}_i (t̂, ŝ) t̂ − m^2_t + ρ^{Σ,t}_i (t̂, ŝ) (t̂ − m^2_t )^2 + ρ2^{,t}_i (t̂, ŝ) ] + i T^b_{jm}T^a_{ml} M^{V,u}_i [t → u]

+ i T^a_{jm}T^b_{ml} M^{A,t}_i [ σ^{V,t}_i (t̂, ŝ) t̂ − m^2_t + σ^{Σ,t}_i (t̂, ŝ) (t̂ − m^2_t )^2 + σ2^{,t}_i (t̂, ŝ) ] + i T^b_{jm}T^a_{ml} M^{A,u}_i [t → u] )

+ ∑ S=η S=H0,h0 (−i δ_{jl}δ^{ab}) M^{V,t}_{12} ρ^◁_{12}(ŝ, M_S) (ŝ − M^2_S)^2 + (M_S Γ_S )^2 . (5)

The standard matrix elements M^{(V,A),(t,u)}_i and the parity conserving form factors ρ^{X,(t,u)}_i are explicitly given in Refs. [7] (SM) and [10] (2HDM and MSSM). In Appendix B we provide explicit expressions for σ^{X,(t,u)}_i which parameterize the parity violating part of the EW oneloop corrections to the gluon fusion subprocess.

After contracting the next-to-leading order matrix elements δM_{qq̄,gg} with the Born matrix elements M^{qq̄,gg}_B according to Eq. (2) the polarized differential cross sections are described in terms of scalar products involving the external four-momenta and the top/antitop spin four-vectors s_{t,}¯_t. The latter are defined after choosing the axes along which the t and t̄ spins are decomposed as it is described in Appendix A. As studied in Refs. [18,19] the freedom in the choice of the spin axes can be used to increase spin correlations at hadron colliders. Here we choose the helicity basis where the spin is quantized along the particle’s direction of motion. In a forthcoming publication, once we have taken into account the decay of the polarized top quarks we will also look into the possibility to increase the observability of parity violating effects by choosing other bases than the helicity basis.

B. The Cross Sections

Using the helicity basis the polarized differential tt̄ production cross sections to O(αα^2_s ) at the parton level read as follows:

qq̄ annihilation: δ dσ̂_{qq̄}(ŝ, t̂, λ_t, λ¯_t) d cos θ̂ = δ dσ̂^{in}_{qq̄} d cos θ̂ + δ dσ̂^{fin}_{qq̄} d cos θ̂ with δ dσ̂^{in}_{qq̄}(ŝ, t̂, λ_t, λ¯_t) d cos θ̂ = α α^2_s 8 ŝ ⟨ 2 9 ⟩ β_t 1 4 × 2 Re { [2 − β^2_t (1 − cos^2 θ̂) − 4λ_tλ¯_t(β^2_t (1 − cos^2 θ̂) + 2 cos^2 θ̂)] F_V (ŝ, 0)

+ 4 cos θ̂ (λ_t − λ¯_t) G_A(ŝ, 0) } (6)

δ dσ̂^{fin}_{qq̄} (ŝ, t̂, λ_t, λ¯_t) d cos θ̂ = α α^2_s 8 ŝ ⟨ 2 9 ⟩ β_t 1 4 × 2 Re { [2 − β^2_t (1 − cos^2 θ̂) − 4λ_tλ¯_t(β^2_t (1 − cos^2 θ̂) + 2 cos^2 θ̂)] F_V (ŝ, m_t) + β^2_t (1 − cos^2 θ̂) (1 + 4λ_tλ¯_t) F_M (ŝ, m_t) + 2 β_t (1 + cos^2 θ̂) (λ_t − λ¯_t) G_A(ŝ, m_t) } (7) gluon fusion: δ dσ̂_{gg}(ŝ, t̂, λ_t, λ¯_t) d cos θ̂ = αα^2_s 8 ŝ 1 64 β_t × 2 Re ∑ j=1,2,3 ( c^s(j) 1 ŝ [ M^{V,t}_{λtλt̄} (2, j) F_V (ŝ, m_t)

+ M^{V,t}_{λtλt̄}(12, j) (t̂ − û) 2m^2_t F_M (ŝ, m_t) + M^{A,t}_{λtλt̄} (2, j) G_A(ŝ, m_t) ]

+ c^t(j) ∑ i=1,...,7 11,...,17

[ M^{V,t}_{λtλt̄} (i, j) ( ρ^{V,t}_i (t̂, ŝ) t̂ − m^2_t + ρ^{Σ,t}_i (t̂, ŝ) (t̂ − m^2_t )^2 + ρ2^{,t}_i (t̂, ŝ) )

+ M^{A,t}_{λtλt̄}(i, j) ( σ^{V,t}_i (t̂, ŝ) t̂ − m^2_t + σ^{Σ,t}_i (t̂, ŝ) (t̂ − m^2_t )^2 + σ2^{,t}_i (t̂, ŝ) )]

+ c^u(j) ∑ i [ M^{V,u}_{λtλt̄} (i, j) ( ρ^{V,u}_i (û, ŝ) û − m^2_t + ρ^{Σ,u}_i (û, ŝ) (û − m^2_t )^2 + ρ2^{,u}_i (û, ŝ) )

+ M^{A,u}_{λtλt̄}(i, j) ( σ^{V,u}_i (û, ŝ) û − m^2_t + σ^{Σ,u}_i (û, ŝ) (û − m^2_t )^2 + σ2^{,u}_i (û, ŝ) )])

+ ∑ S=η S=H0,h0 4 (M^{V,t}_{λtλt̄} (12, 2) + M^{V,t}_{λtλt̄} (12, 3)) (ŝ − M^2_S)^2 + (M_S Γ_S )^2 ρ^◁_{12}(ŝ, M_S) , (8)

where i numerates the 14 standard matrix elements M^{(V,A),(t,u)}_i and j = 1, 2, 3 the s, t, uchannel of the Born matrix element. The color factors c^{s,t,u}(j) can be found in Appendix B.3 of Ref. [7]. In Eq. (8) M^{(V,A),(t,u)}_{λtλt̄} (i, j) contains the average over the gluon polarization states for fixed top/antitop helicities according to Eq. (3.40) of Ref. [7]: M^{(V,A),(t,u)} λtλ¯_t (i, j) = 1 4 ∑ gluon polarization M^{(V,A),(t,u)} i × M^{gg,j∗}_B , (9) where M^{gg,j}_B describes the j-th production channel contribution to the Born matrix element. In Appendix C we provide all non-vanishing contractions of the standard matrix elements with the Born matrix elements.

The observable hadronic cross sections to pp, pp̄ → tt̄X are obtained by convoluting the partonic cross sections of Eqs. (6,7,8) with the corresponding parton distribution functions. After performing the integration over the scattering angle the tt̄ observables of interest in this paper, the polarized tt̄ production cross section σ_{λt,λt̄} and invariant tt̄ mass distribution dσ_{λt,λt̄}/dM_t¯_t, are described as follows: σ_{λt,λt̄} (S) = ∫_1 4m2t S dτ τ ( 1 S dL_{qq̄} dτ ŝσ̂_{qq̄}(ŝ, α_s(μ), λ_t, λ¯_t) + 1 S dL_{gg} dτ ŝσ̂_{gg}(ŝ, α_s(μ), λ_t, λ¯_t) ) (10)

with τ = x_1x_2 = ŝ/S and the parton luminosities dL_{ij} dτ = 1 1 + δ_{ij} ∫_1 τ dx_1 x_1 [ f_i(x_1, Q)f_j( τ x_1

, Q) + (1 ↔ 2) ] , (11) and dσ_{λt,λt̄} dM_t¯_t = ∑ ij=qq̄,gg 2 M_t¯_t σ̂_{ij}(ŝ = τ S, λ_t, λ¯_t) τ dL_{ij} dτ (12)

with τ = M^2_{tt̄}/S. We use the MRSA set of parton distribution functions [24] with the factorization (Q) and renormalization scale (μ) chosen to be Q = μ = m_t. In order to take into account that jets originating from the produced top quarks at large scattering angles are better distinguishable from the background we impose a cut on the transverse momentum p_t of the top quark in the CM frame: p_t >20, 100 GeV (Tevatron, LHC). Finally, in the following numerical evaluation the EW SM input parameters are chosen to be [2,25]:

m_t = 174 GeV, m_b = 4.7 GeV, M_W = 80.39 GeV, M_Z = 91.1867 GeV

and α^{−1}(M_Z) = 128.9 .

III. PARITY VIOLATING ASYMMETRIES

In order to study the impact of loop-induced parity violating interactions in strong tt̄ production at the upgraded Tevatron (with √ S = 2 TeV) and the LHC (with √ S = 14 TeV) we introduce the following polarization asymmetries [8,12]:

• the differential left-right asymmetry

δA_{LR}(M_t¯_t) = dσ_+ 1_{2 ,−} 1_2 /dM_t¯_t − dσ_− 1_{2 ,+} 1_2 /dM_t¯_t dσ_+ 1_{2 ,−} 1_2 /dM_t¯_t + dσ_− 1_{2 ,+} 1_2 /dM_t¯_t

(13)

with dσ_{λt,λt̄}/dM_t¯_t of Eq. (12),

• the integrated left-right asymmetry A_{LR} = σ_+ 1_{2 ,−} 1_2 − σ_− 1_{2 ,+} 1_2 σ_+ 1_{2 ,−} 1_2 + σ_− 1_{2 ,+} 1_2

(14)

with σ_{λt,λt̄} (S) of Eq. (10) and

• the integrated left-right asymmetry when assuming that the polarization of only one of the top quarks in tt̄ is measured in the experiment (here we sum over the t̄ helicity states) A = (σ_+ 1_{2 ,−} 1_2 + σ_+ 1_{2 ,+} 1_2 ) − (σ_− 1_{2 ,+} 1_2 + σ_− 1_{2 ,−} 1_2 ) σ ≡ σ_+ 1_{2 ,−} 1_2 − σ_− 1_{2 ,+} 1_2 σ , (15)

where σ(S) = ∑ λt,λ¯_t=±1/2 σλt,λ¯_t is the total unpolarized tt̄ production cross section.

When studying these asymmetries we are directly probing the parity non-conserving interactions parameterized by the form factors G_A and σ^{X,(t,u)}_i of Eqs. (B2,B7). For illustration, we only consider the qq̄ annihilation subprocess so that the differential left-right asymmetry δA_{LR} of Eq. (13) can be approximated as follows: δA_{LR}(M_t¯_t) ≈ α 4π β_t 2Re G_A(M_t¯_t) ( 1 + α 4π 2Re F_V (M_t¯_t) )_{−1} , (16)

which is a good approximation in case of tt̄ production at the Tevatron. As can be seen the loop-induced left-right asymmetry is directly proportional to the parity violating form factor G_A.

Before we start the numerical discussion we would like to point out that there is another source of parity violation when the top quark pairs are produced in the Drell-Yan process qq̄ → Z → tt̄ with the differential production cross section at the parton level (using helicity basis) [12] dσ̂_Z (ŝ, λ_t, λ¯_t) d cos θ̂ = πα^2β_tŝ | ŝ − M^2_Z |^2 { a_qv_q[(a^2_t β^2_t + v^2_t )(λ¯_t − λ_t) + (1 − 4λ_tλ¯_t)a_tv_tβ_t] cos θ̂ + (a^2_q + v^2_q ) 8 [β_t(1 + cos^2 θ̂)(a^2_t β_t(1 − 4λ_tλ¯_t) + 4(λ¯_t − λ_t)a_tv_t)

+ v^2_t (2 − β^2_t (1 − cos^2 θ̂) − 4λ_tλ¯_t(β^2_t (1 − cos^2 θ̂) + 2 cos^2 θ̂))] } , (17)

where v_{q,t}, a_{q,t} parameterize the Zqq̄, Ztt̄ couplings [7]. The Drell-Yan production process prefers the production of t_Lt̄_R pairs, so that the loop-induced asymmetry in strong tt̄ production at the Tevatron is modified as follows: δA_{LR}(M_t¯_t) ≈ β_t [ α 4π 2Re G_A(M_t¯_t) − (3 α α_s M^2_{tt̄} M^2_{tt̄} − M^2_Z

)_2

a_tv_t(v^2_q + a^2_q) ] ( 1 + α 4π 2Re F_V (M_t¯_t) )_{−1}

(18)

Thus, the parity violating asymmetries are either enhanced or reduced depending on the model under consideration. Within the SM, for instance, the differential left-right asymmetry δA_{LR} in the production process qq̄ → tt̄ is less pronounced when the Drell-Yan production mechanism is included. In the following numerical discussion, we always include the qq̄ → Z → tt̄ production process. Naturally, at the LHC the Drell-Yan production process is strongly suppressed and in particular has no effect on the parity violating asymmetries.

We start the numerical discussion with the study of loop-induced parity violating effects within the 2HDM. Within the 2HDM the loop-induced asymmetry results from the virtual presence of electroweak gauge bosons and the charged Higgs boson. As can be easily verified from the structure of the top-Yukawa coupling to the charged Higgs boson (see, e.g., Table I of Ref. [10]) there are two possibilities of enhancement: for very large and very small values of tan β. This is illustrated in Fig. 1 where we compare δA_{LR} obtained within the 2HDM for different choices of tan β and M_H± with the asymmetry obtained within the SM (with M_η = 100 GeV). In Fig. 2 the integrated asymmetries A_{LR} of Eq. (14) and A of Eq. (15), are shown in dependence of M_H± for different values of tan β. At the upgraded Tevatron and the LHC the parity violating interactions within the 2HDM yield asymmetries in the total production rate of left- and right-handed top quark pairs of |A_{LR}| ≤ 1.4% and ≤ 2.5%, respectively. They can be considerably larger than the asymmetries observed within the SM: |A_{LR}| = 0.05% (Tevatron) and 1.2% (LHC). When we assume that the polarization of the antitop quark is not measured the remaining 2HDM asymmetry still amounts to |A| ≤ 0.9%, 1.1% compared to |A| = 0.04%, 0.5% (Tevatron, LHC) within the SM.

Within the MSSM additional sources of parity violation in strong tt̄ production occur due to genuine SUSY EW contributions, i.e. the parity violating components of the t − t̃_j − χ̃^0_i and t − b̃_j − χ̃^±_i interactions. For the moment we shall neglect the parity violating effects induced by SUSY QCD interactions, which only arise when the squarks are non-degenerate in mass [14,15]. In the following we study the dependence of the differential and integrated asymmetries on the following MSSM input parameters:

tan β, M_A, μ, M_2, m~_{bL} , m~_{t1} , Φ~_t .

Alternatively, we can also choose M_H± as input parameter and M_A is determined through the relation M^2_A = M^2_H± − M^2_W . We evaluate the Higgs masses and couplings with one loop radiative corrections [26,27] from both the top and the bottom Yukawa interactions at the scale Q = √m~_{tL} m~_{tR} . When this high scale is used, the RGE improved one-loop corrections approximately reproduce the dominant two loop perturbative calculation [28] of the mass of the lighter CP-even Higgs scalar (M_h). To account for the experimental bounds on the supersymmetric particle mass spectrum from the negative search at LEP we only allow those parameter combinations which yield M_h ≥ 70 GeV, the lightest neutralino M_{χ̃}0 ≥ 25 GeV and M_{χ̃}± ≥ 90 GeV.

The parity violating asymmetries within the MSSM result from the interplay of the contribution from the supersymmetric Higgs sector (H^± )and the genuine SUSY EW contribution (χ̃^±_i , χ̃^0_i ). Depending on the choice of the MSSM parameters the latter can either enhance or diminish the parity violating effects loop-induced by the charged Higgs boson contribution. This is illustrated with Fig. 3 and Fig. 4, where we display the dependence of δA_{LR} on Φ~_t and on the mass of the light top squark m~_{t1} for the two extreme choices of tan β, tan β = 0.7 and tan β = 50. As can be seen from the comparison with the differential asymmetries obtained within the 2HDM (see Fig. 1) the parity violating SUSY EW contribution is small for Φ~_t = π/4, but significant for Φ~_t = 0, π/2. This can be easily understood when studying the structure of the couplings g^j_{s,p} (see Table II of Ref. [10]) involved in the chargino/neutralino contribution of Eqs. (B10,B14), where the dominant Higgsino part is proportional to cos 2Φ~_t. The choices for tan β and m~_{t1} also affect the relative sign of the charged Higgs boson and chargino/neutralino contribution, so that in Fig. 3 and Fig. 4 we observe either considerable enhancements or cancellations in δA_{LR}. The corresponding integrated asymmetries are presented in Fig. 5 and Fig. 6, where we show the variation of A_{LR} and A with M_H± for different MSSM scenarios. The range for allowed values of M_H± is constrained by the LEP 2 experimental limit on the mass of the lighter CP-even Higgs boson (M_h) if tan β is small. For tan β = 0.7 and light top squarks we found that the radiative corrections to the supersymmetric Higgs mass relations always render M_h < 70 GeV when the trilinear coupling A_t = 0 (Φ~_t = 0 or π/2) in the top squark sector. Thus, we choose Φ~_t = π/8, 2π/5 for the light stop scenario (m~_{t1}=90 GeV). For heavier top squarks and tan β = 0.7, M_h can become smaller than 70 GeV with M_A <∼ 180 GeV. Therefore the corresponding curves start only at M_H± ∼ 200 GeV in Fig. 6. At the upgraded Tevatron the parity violating effects within the MSSM can result in integrated left-right asymmetries of |A_{LR}| ≤ 1.7% and |A| ≤ 1.2%, which still might be very difficult to observe. At the LHC the integrated asymmetries can be as large as |A_{LR}| ≤ 3.2% and |A| ≤ 1.4%.

As a sensible measure for the observability of the integrated left-right asymmetries we follow Refs. [8,12] and introduce a statistical significance N_S

N_S = |A_{(LR)}| ΔA_{(LR)} . (19)

In the derivation of N_S we define the observable integrated left-right asymmetries and their statistical uncertainties ΔA_{(LR)} as follows A_{LR} = N_{RL} − N_{LR} N_{RL} + N_{LR} and A = N_R − N_L N_R + N_L

(20)

ΔA_{LR} = 2 √ N_{RL}N_{LR} (N_{RL} + N_{LR})^{−3/2} and ΔA = 2 √ N_RN_L (N_R + N_L)^{−3/2} (21)

and approximate the number of the observed polarized tt̄ events by using

N_{LR,RL} ≈ L σ_∓ 1_{2 ,±} 1_2 and N_{L,R} ≈ L (σ_∓ 1_{2 ,±} 1_2 + σ_∓ 1_{2 ,∓} 1_2 ) , (22)

where L denotes the integrated luminosity.

At the LHC, statistics is not the limiting factor: with L = 10 fb^{−1} left-right asymmetries as small as 0.1% are already statistical significant. At the Tevatron, however, it might be difficult to observe even the enhanced effects of the MSSM parity violating EW interactions. In Table I we provide the integrated left-right asymmetries A_{LR}, A within the 2HDM and MSSM for different choices of the input parameters together with the corresponding N_S at the upgraded Tevatron with L = 30 fb^{−1} [1].

Since QCD conserves parity, we have not included SM QCD radiative corrections in our analysis. SM QCD corrections might modify the normalization of the polarization asymmetries, however, they will not change our conclusions on the observability of parity violating effects in tt̄ production. While QCD corrections to strong tt̄ production might slightly reduce the asymmetries, the number of observed polarized tt̄ events is expected to be enhanced. The QCD effect of a slight reduction in the asymmetries can be partially compensated in the statistical significance N_S of Eq. (19).

Experimentally, the spin information of the top quark can be obtained from the angular distribution of the leptons in the top quark decay [18]. Assuming that the acceptance cuts reduce the cross section by a factor of 2 and folding in the branching ratio of B(t → W^+b → l^+νb ∼ 0.214) [25], we obtain a statistical significance of the integrated asymmetry about 1/3 of the value presented in this paper. However, it has been pointed out that the parity asymmetry could be significantly enhanced with a cut on M_t¯_t [12]. With optimal cuts on the M_t¯_t and on the angle between the lepton and the top quark, the parity asymmetries might be visible at the LHC. A detailed study at the lepton level with gluon radiation is under investigation and will be reported in the future.

IV. CONCLUSIONS

We studied the (virtual) effects of parity violating EW interactions within the 2HDM and the MSSM in polarized tt̄ production at future hadron colliders: the upgraded Tevatron pp̄ collider with √ S = 2 TeV and the LHC pp collider with √ S = 14 TeV. We calculated the resulting asymmetries in the total production rate and the invariant mass distribution of left- and right-handed top quark pairs, A, A_{LR} and δA_{LR}, and discussed their numerical significance in dependence of the input parameters of the models under consideration. While the SM parity violating EW O(α) corrections induce only very small polarization asymmetries, there could be significant enhancements within the 2HDM and the MSSM. In particular, these loop-induced asymmetries are sensitive to the charged Higgs boson and/or the top-stop(sbottom)-neutralino(chargino) interaction due to enhanced Yukawa top-Higgs (Higgsino) couplings. We find that at the upgraded Tevatron with L = 30 fb^{−1} even nonstandard parity violating effects are still difficult to be observed. In contrast at the LHC, statistics is not the limiting factor and polarization asymmetries as small as 0.1% are expected to be observable. Within the 2HDM the loop-induced integrated asymmetries A_{LR}, A are most pronounced for a light charged Higgs boson and very small or very large values of tan β and can reach up to |A_{LR}| ≈ 1.4%, |A| ≈ 0.9% at the upgraded Tevatron and up to |A_{LR}| ≈ 2.5%, |A| ≈ 1.1% at the LHC. Within the MSSM the contribution from the charged Higgs boson can be enhanced or diminished depending on the mass of the light stop m~_{t1} and the value of the stop mixing angle Φ~_t. The largest effects can be observed if there exists a light top squark. For instance, for m~_{t1} = 90 GeV and tan β = 0.7 the MSSM EW one-loop corrections can induce left-right asymmetries of |A_{LR}| ≤ 1.7%, |A| ≤ 1.2% (Φ~_t = 2π/5) at the upgraded Tevatron and of |A_{LR}| ≤ 2.7%, |A| ≤ 1.2% (Φ~_t = π/8) at the LHC. For large values of tan β, tan β = 50 (Φ~_t = 0), the integrated left-right asymmetries can still amount to |A_{LR}| ≤ 1.3%, |A| ≤ 0.9% at the upgraded Tevatron and to |A_{LR}| ≤ 3.2%, |A| ≤ 1.4% at the LHC.

ACKNOWLEDGMENTS

We are grateful to Howie Haber for beneficial discussions and comments on the manuscript. This research was supported in part by the U.S. Department of Energy under Grants No. DE-FG02-95ER40896 and in part by the University of Wisconsin Research Committee with funds granted by the Wisconsin Alumni Research Foundation.

APPENDIX A: THE BORN SPIN AMPLITUDES

We define the spin four-vectors s_{t,}¯_t in the particle’s rest frame in terms of a spin angle ξ as it is illustrated in Ref. [19]

s^′_{t,t̄} = (0; sin ξ, 0, cos ξ) , (A1)

so that in the parton CMS the spin four-vectors read

s_t = 1 γ_t (−β_t cos ξ; −γ_t sin ξ, 0, − cos ξ)

s¯_t = 1 γ_t (−β_t cos ξ; γ_t sin ξ, 0, cos ξ) (A2)

with γ_t = √ 1 − β^2_t . After applying the projection operators of Eq. (1) the spin amplitudes are given in terms of the scalar products of the spin four-vectors and the four-momenta p_i. In the parton CMS with the z-axis chosen to be along the top quark direction of motion the four-momenta read as follows:

p_2 = √ ŝ 2 (1; 0, 0, β_t)

p_1 = √ ŝ 2 (1; 0, 0, −β_t)

p_4 = √ ŝ 2 (1; sin θ̂, 0, cos θ̂)

p_3 = √ ŝ 2 (1; − sin θ̂, 0, − cos θ̂) . (A3)

At the parton level, according to Eq. (2) the polarized Born differential cross sections dσ^i_B/d cos θ̂ for a generic spin basis are then determined by the following spin amplitudes (with z = cos θ̂) ∑ | M^{qq̄}_B |^2 (λ_t, λ¯_t) = (4πα_s)^2 2 9 1 4 { 2 − β^2_t + β^2_t z^2

+ 4λ_tλ¯_t [ −1 + (1 − β^2_t − 2z^2 + β^2_t z^2) cos 2ξ − 2z √ 1 − z^2γ_t sin 2ξ ]} (A4) ∑ | M^{gg}_B |^2 (λ_t, λ¯_t) = (4πα_s)^2 1 64 1 3 Y(β_t, z) { 1 + 2β^2_t − 2β^4_t − 2β^2_t z^2 + 2β^4_t z^2 − β^4_t z^4

+ 4λ_tλ¯_t [ 1 − 2β^2_t + β^2_t z^2 − β^2_t ( −2 + 3z^2 − 2z^4 + β^2_t (2 − 2z^2 + z^4) ) cos 2ξ − 2zβ^2_t γ_t(1 − z^2)^{3/2} sin 2ξ ]} , (A5)

where Y is a common spin-independent angular factor as it is defined in Ref. [18] Y(β_t, z) = 7 + 9β^2_t z^2 (1 − β^2_t z^2)^2

. (A6)

For ξ = ±π the helicity basis is recovered where the particle’s spin is decomposed along its direction of motion. As discussed in Refs. [18,19] the freedom to choose ξ can be used to enhance spin correlations in the production of polarized tt̄ pairs.

APPENDIX B: THE FORM FACTORS

After performing an on-shell renormalization procedure as described in Ref. [7] the O(α) contribution to strong top pair production is parameterized in terms of UV finite form factors. Depending on the choice of the model (SM, 2HDM or MSSM) the renormalized vector form factor (F_V ), the magnetic form factor (F_M ) and the axial vector form factor (G_A) comprise the weak gauge boson contribution F^G_{V,M}, G^G_A, the Higgs boson contribution F^H_{V,M}, G^H_A and/or the genuine SUSY contribution S_{V,M,A} F_{V,M}(ŝ, m_q) = ( m_q 2s_wM_W )_2 ∑ S=η,χ,Φ± S=H0,h0,A0,H±,G0,G± F^H_{V,M} (ŝ, m_q, M_S) + ∑ V =Z^0,W^± F^G_{V,M} (ŝ, m_q, M_V ) .

+ 2∑ j=1 (_4 ∑ i=1 S_{V,M} (m_{q̃j} , M_{χ̃}0_i ) + 2∑ i=1 S_{V,M} (m_{q̃}′_j , M_{χ̃}±_i ) ) (B1)

G_A(ŝ, m_q) = ( m_q 2s_wM_W )_2 ∑ S=Φ± S=H±,G± G^H_A (ŝ, m_q, M_S ) + ∑ V =Z^0,W^± G^G_A(ŝ, m_q, M_V )

+ 2∑ j=1 (_4 ∑ i=1 S_A(m_{q̃j} , M_{χ̃}0_i ) + 2∑ i=1 S_A(m_{q̃}′_j , M_{χ̃}±_i ) ) , (B2)

where q̃^′_j denotes the isospin partner of q̃_j. In case of final state vertex corrections m_q = m_t and m_{q̃j} = m~_{tj} . For the initial state contribution to the qq̄ annihilation subprocess we assume m_q = 0, so that there is no Higgs boson contribution and (F, S)_M = 0. For the genuine initial state SUSY contribution the masses of the supersymmetric partners of the light quarks m_{q̃j} are fixed by choosing m~_{bj} as it is described in Ref. [10]. Explicit expressions for F_{V,M} and S_{V,M} are provided in Refs. [7,10]. The renormalized axial vector form factors read

G^H_A (ŝ, m_t, M_S) = c_s(c_p + c^′_p) [−(m^{′2} − m^2_t ) C_0 + 2C^0_2 − 1 2 − 4m^2_t C^+_1

+ ŝ C^−_2 + (4m^2_t − ŝ) C^+_2 ](ŝ, m_t, m_t, M_S) − δZ^H_A G^G_A(ŝ, m_q, M_V ) = 4g_V g_A [(ŝ + m^{′2} − m^2_q) C_0 + 1 − 2C^0_2 − 2(ŝ − 2m^2_q) C^+_1 − ŝ C^−_2 − (4m^2_t − ŝ) C^+_2 ](ŝ, m_q, m_q, M_V ) − δZ^G_A S_A(m_1, m_2) = 2g^j_sg^j_p 2C^0_2 (ŝ, m_1, m_1, m_2) − δZ^S_A . (B3)

In the diagrams involving the charged Higgs boson and the W boson, m^′ denotes the mass of the isospin partner of q, t, and m^′ = m_{q,t} in the contributions of neutral Higgs bosons and the Z boson. The top Yukawa couplings c_s, c_p, c^′_p are described in Refs. [7] (SM) and [10] (2HDM). The quark-gauge boson couplings g_V , g_A are given in Ref. [7]. g^j_s , g^j_p denote the scalar and pseudo-scalar coupling, respectively, describing the neutralino(chargino)- stop(sbottom)-top-vertex (Table II of Ref. [10]). The renormalization constant δZ^{G,H,S}_A is defined by the axial vector part of the unrenormalized quark self energy δZ^{G,H,S} A = −Σ^{G,H,S}_A (p^2 = m^2_q) . (B4)

The weak gauge boson and Higgs boson contribution Σ^{G,H}_A is explicitly given in Ref. [7]. The EW SUSY contribution reads

Σ^S_A(p^2) = 2g^j_sg^j_p B_1(p^2, m_2, m_1) . (B5)

We follow the notations of the B, C-functions in Ref. [7].

The O(α) contribution to the t(u)-channel of the gluon fusion subprocess comprises the parity conserving part parameterized in terms of the form factors ρ^{X,(t,u)}_i [7,10] ρ^{(V,Σ,}2^{),(t,u)} i = ( m_t 2s_wM_W )_2 ∑ S H^{(V,Σ,}2^{),(t,u)} i + ∑ V G^{(V,Σ,}2^{),(t,u)} i + 2∑ j=1 (_4 ∑ k=1 T^{(V,Σ,}2^{),(t,u)} i (m~_{tj} , M_{χ̃k} ) + 2∑ k=1 T^{(V,Σ,}2^{),(t,u)} i (m~_{bj} , M_{χ̃k} ) )

ρ^◁_{12} = ( m_t 2s_wM_W )_2

H^◁_{12} , (B6)

and the parity violating part σ^{(V,Σ,}2^{),(t,u)} i = ( m_t 2s_wM_W )_2 ∑ S H^{(V,Σ,}2^{),(t,u)} i + ∑ V G^{(V,Σ,}2^{),(t,u)} i + 2∑ j=1 (_4 ∑ k=1 T^{(V,Σ,}2^{),(t,u)} i (m~_{tj} , M_{χ̃}0_k ) + 2∑ k=1 T^{(V,Σ,}2^{),(t,u)} i (m~_{bj} , M_{χ̃}±_k ) ) . (B7)

There the parity violating parts of the weak gauge boson, Higgs boson and genuine SUSY contributions to the vertex corrections, the top quark self-energy insertions and the box diagrams are described by (G, H, T )^{(V,Σ,}2^{),(t,u)}_i , respectively.

Vertex corrections:

H^{V,t}_1 = 2c_s(c_p + c^′_p) [ B_0(0, m^′, m^′) − 2C^0_2 − (m^{′2} − m^2_t − M^2_S ) C_0 + (t̂ + m^2_t ) C^2_1 + 2m^2_t C^1_1 ] − 2δZ^H_A H^{V,t}_4 = 2c_s(c_p + c^′_p)(m^2_t − t̂) [C^2_1 + C^2_2 + C^{12}_2 ] H^{V,t}_{14} = 2c_s(c_p + c^′_p) [−C^1_1 + C^2_1 − C^1_2 + C^2_2 ] (B8) and G^{V,t}_1 = 8g_V g_A [ (m^{′2} − M^2_V − t̂) C_0 − B_0(0, m^′, m^′) + 2C^0_2 + 1 2 − (t̂ + m^2_t ) C^1_1 − 2t̂C^2_1 ] − 2δZ^G_A G^{V,t}_4 = 8g_V g_A(t̂ − m^2_t ) [C_0 + C^1_1 + 2C^2_1 + C^2_2 + C^{12}_2 ] G^{V,t}_{14} = 8g_V g_A [C^1_1 − C^2_1 + C^1_2 − C^2_2 ] , (B9)

where the three-point functions C(t̂, m^′, m^′, M_{V,S}) are given in Ref. [7].

T^{V,t}_1 (m_1, m_2) = 8g^j_s g^j_p C^0_2 (t̂, m_1, m_1, m_2) − 2δZ^S_A T^{V,t}_4 (m_1, m_2) = 4g^j_s g^j_p(t̂ − m^2_t )(C^2_2 + C^{12}_2 + C^2_1 )(t̂, m_1, m_1, m_2) T^{V,t}_{14} (m_1, m_2) = −4g^j_s g^j_p(−C^1_2 + C^2_2 − C^1_1 + C^2_1 )(t̂, m_1, m_1, m_2) (B10) Top quark self-energy insertion:

(H, G, T )^{Σ,t}_1 (m_1, m_2) = (t̂ − m^2_t ) [Σ^{(H,G,S)}_A (t̂, m_1, m_2) + δZ^{(H,G,S)}_A ] (B11) Box contribution: H2^{,t}_1 = c_s(c_p + c^′_p) [ C_0 + (M^2_S + m^2_t − m^{′2}) D_0 + (m^{′2} + m^2_t ) D^2_1 − 6 D^0_2 − t̂ (2D^2 + D^2_3 ) + 4m^2_t D^1 − 2(t̂ + m^2_t ) (D^{12}_2 + D^{21}_3 ) − 6 D^{02}_3 − m^2_t 2D^{12}_3 + (ŝ − 2m^2_t ) D^{123}_3 ] H2^{,t}_2 = −2c_s(c_p + c^′_p) [D^0_2 + D^{02}_3 ] H2^{,t}_4 = c_s(c_p + c^′_p) [ 2D^0_2 + m^2_t (2(D^1_2 + D^{13}_2 ) + D^1_3) + (m^2_t − m^{′2}) (D^1 + D^2_1 ) + (t̂ + 5m^2_t ) D^{12}_2 + 2D^{01}_3 + 4D^{02}_3 + t̂ D^2_3 2 + (t̂ + 3m^2_t ) D^{12}_3 + (3t̂ + 2m^2_t ) D^{21}_3 + (3m^2_t − ŝ) D^{13}_3 + (t̂ − ŝ + 3m^2_t ) D^{123}_3 + t̂ D^2 ] H2^{,t}_6 = 2c_s(c_p + c^′_p) [D^2 + 2D^{12}_2 + D^2_3 + 2D^{12}_3 + 4D^{21}_3 + 2D^{123}_3 ] H2^{,t}_{14} = 2c_s(c_p + c^′_p) [D^2_1 + 2D^{12}_2 + D^2] (B12) and G2^{,t}_1 = 4g_V g_A [ C_0 + (m^2_t − m^{′2} + ŝ + M^2_V ) D_0 − 2 (ŝ + 2m^2_t ) D^1 + (ŝ + m^{′2} + m^2_t ) D^2_1 − 6D^0_2 − t̂ (2D^2 + D^2_3) − 2 (t̂ + m^2_t ) (D^{12}_2 + D^{21}_3 ) − 6D^{02}_3 − 2m^2_t D^{12}_3 + (ŝ − 2m^2_t ) D^{123}_3 ] G2^{,t}_2 = 4g_V g_A [ C_0 + (m^2_t − m^{′2} + M^2_V ) D_0 + (m^{′2} + m^2_t ) D^2_1 − 4D^0_2 − t̂ (2D^2 + D^2_3 ) − 2 (t̂ + m^2_t ) (D^{12}_2 + D^{21}_3 ) − 4D^{02}_3 − 2m^2_t (D^{12}_3 − 2D^1 ) + (ŝ − 2m^2_t ) D^{123}_3 ] G2^{,t}_4 = 8g_V g_A [ −C_0 + (M^2_V + m^2_t − m^{′2}) D_0 − (5m^2_t − m^{′2} − ŝ) D^1 − (t̂ + m^2_t ) (D^2_1 + D^{12}_3 + D^{123}_3 ) + 4D^0_2 + (ŝ − t̂) D^{12}_2 + (ŝ − 2m^2_t ) (D^1_2 + D^{13}_2 ) − 2(D^{01}_3 − D^{02}_3 ) − m^2_t D^1_3 − t̂ D^{21}_3 − (3m^2_t − ŝ) D^{13}_3 ] G2^{,t}_6 = −8g_V g_A [ 2D^2_1 + 6D^{12}_2 + 3D^2 + D^2_3 + 2D^{12}_3 + 4D^{21}_3 + 2D^{123}_3 ] G2^{,t}_{14} = 8g_V g_A [D^2_1 + D^2 + 2D^{12}_2 ] , (B13) where the three- and four-point functions are denoted by C_0 = C_0(ŝ, m^′, m^′, m^′) and [D_0, D^j_i ] = [D_0, D^j_i ](t̂, m^′, m^′, m^′, M_{S,V} ), respectively.

T 2^{,t}_2 (m_1, m_2) = 4g^j_s g^j_pD^{02}_3 (t̂, m_1, m_1, m_1, m_2) T 2^{,t}_4 (m_1, m_2) = 8g^j_s g^j_p(D^0_2 + 2D^{01}_3 + D^{02}_3 )(t̂, m_1, m_1, m_1, m_2) T 2^{,t}_6 (m_1, m_2) = −4g^j_s g^j_p(D^2_1 + D^2_3 + 2(2D^{12}_2 + D^2 + D^{12}_3 + D^{123}_3 + 2D^{21}_3 ))(t̂, m_1, m_1, m_1, m_2) . (B14)

The u-channel contribution σ^{(V,Σ,}2^{),u}_i can be obtained from the t-channel form factors by replacing t̂ with û.

APPENDIX C: THE INTERFERENCE WITH THE BORN MATRIX ELEMENT

The polarized gg → tt̄ cross section of Eq. 8 is given in terms of the form factors and the factors M^{(V,A),(t,u)}

λtλ¯_t (i, j) (i = 1, · · · 17, j = 1, 2, 3) which result from the interference of the

standard matrix elements with the Born matrix elements according to Eq. (9). Here we only provide explicit expression for those factors which multiply the non-vanishing form factors F_{V,M}, G_A and (ρ, σ)^{X,(t,u)}_i of Appendix B. Using the gluon polarization sum of Eqs. (2.12,2.13) in Ref. [7] these factors read as follows (with z = cos θ̂, γ^2_t = 1 − β^2_t and using the helicity basis):

M^{V,t}_{λtλt̄}(1, 1) = (1 − β_tz)[−1 + β^2_t z^2 + 4λ_tλ¯_t(1 − 2z^2 + β^2_t z^2)]ŝ/8 M^{V,t}_{λtλt̄}(1, 2) = [−2 + (1 + 4λ_tλ¯_t)(β^4_t + 4β^2_t z^2 − 3β^4_t z^2 − 2β^3_t z^3 + 2β^4_t z^4 − z^2 + 2β_tz^3 − 2β^2_t z^4) + (1 − 4λ_tλ¯_t)(−β^2_t + 2β_tz − β^2_t z^2 + z^2 − 2β_tz^3 + 2β^2_t z^4)]ŝ/[8(1 − β_tz)] M^{V,t}_{λtλt̄}(1, 3) = (1 − z^2)[−β^2_t + β^4_t − 2β^4_t z^2

+ 4λ_tλ¯_t(−2 + β^2_t + β^4_t + 4β^2_t z^2 − 2β^4_t z^2)]ŝ/[8(1 + β_tz)] (C1) M^{V,t}_{λtλt̄}(2, 1) = [1 − β^2_t z^2 + 4λ_tλ¯_t(−1 + 2z^2 − β^2_t z^2)]ŝ/4 M^{V,t}_{λtλt̄}(2, 2) = [1 + (1 + 4λ_tλ¯_t)(−β^3_t z − β^2_t z^2 + β^3_t z^3)

+ 4λ_tλ¯_t(−1 + 2β_tz + 2z^2 − 2β_tz^3)]ŝ/[4(1 − β_tz)] M^{V,t}_{λtλt̄}(2, 3) = [−1 + (1 + 4λ_tλ¯_t)(−β^3_t z + β^2_t z^2 + β^3_t z^3)

+ 4λ_tλ¯_t(1 + 2β_tz − 2z^2 − 2β_tz^3)]ŝ/[4(1 + β_tz)] (C2) M^{V,t}_{λtλt̄}(4, 1) = (1 − z^2)[β^2_t + 4λ_tλ¯_t(−2 + β^2_t )]β_tzŝ/8 M^{V,t}_{λtλt̄}(4, 2) = (1 − z^2)[−2β_t − (1 + 4λ_tλ¯_t)(β_t − 2β^3_t − β^2_t z + 2β^3_t z^2) − 8λ_tλ¯_t(z − 2β_tz^2)]β_tŝ/[8(1 − β_tz)] M^{V,t}_{λtλt̄}(4, 3) = (1 − z^2)[−2β_t − (1 + 4λ_tλ¯_t)(β_t − 2β^3_t + β^2_t z + 2β^3_t z^2) − 8λ_tλ¯_t(−z − 2β_tz^2)]β_tŝ/[8(1 + β_tz)] (C3) M^{V,t}_{λtλt̄}(6, 1) = (1 − z^2)[1 − β^2_t z^2 − 4λ_tλ¯_t(1 − 2z^2 + β^2_t z^2)]β^2_t ŝ^2/32 M^{V,t}_{λtλt̄}(6, 2) = (1 − z^2)[2 − (1 + 4λ_tλ¯_t)(1 + 2β^3_t z + β^2_t z^2 − 2β^3_t z^3)

− 8λ_tλ¯_t(−2β_tz − z^2 + 2β_tz^3)]β^2_t ŝ^2/[32(1 − β_tz)] M^{V,t}_{λtλt̄}(6, 3) = (1 − z^2)[−2 − (1 + 4λ_tλ¯_t)(−1 + 2β^3_t z − β^2_t z^2 − 2β^3_t z^3)

− 8λ_tλ¯_t(−2β_tz + z^2 + 2β_tz^3)]β^2_t ŝ^2/[32(1 + β_tz)] (C4) M^{V,t}_{λtλt̄} (11, 1) = γ^2_t (1 + 4λ_tλ¯_t)β_tzŝ/8 M^{V,t}_{λtλt̄} (11, 2) = γ^2_t (β_t + 2z − β_tz^2)(1 + 4λ_tλ¯_t)β_tŝ/[8(1 − β_tz)] M^{V,t}_{λtλt̄} (11, 3) = γ^2_t (1 − z^2)(1 + 4λ_tλ¯_t)β^2_t ŝ/[8(1 + β_tz)] (C5) M^{V,t}_{λtλt̄} (12, 1) = γ^2_t (1 + 4λ_tλ¯_t)β_tzŝ/8 M^{V,t}_{λtλt̄} (12, 2) = γ^2_t (β_t + z − β_tz^2)(1 + 4λ_tλ¯_t)β_tŝ/[8(1 − β_tz)] M^{V,t}_{λtλt̄} (12, 3) = γ^2_t (β_t − z − β_tz^2)(1 + 4λ_tλ¯_t)β_tŝ/[8(1 + β_tz)] (C6) M^{V,t}_{λtλt̄} (14, 1) = γ^2_t (1 − z^2)λ_tλ¯_tβ_tzŝ^2/4 M^{V,t}_{λtλt̄} (14, 2) = γ^2_t (1 − z^2)[β_t + 4λ_tλ¯_t(z − 2β_tz^2)]β_tŝ^2/[16(1 − β_tz)] M^{V,t}_{λtλt̄} (14, 3) = γ^2_t (1 − z^2)[β_t + 4λ_tλ¯_t(−z − 2β_tz^2)]β_tŝ^2/[16(1 + β_tz)] (C7) M^{V,t}_{λtλt̄} (16, 1) = γ^2_t (1 − z^2)(1 + 4λ_tλ¯_t)β^3_t zŝ^2/64 M^{V,t}_{λtλt̄} (16, 2) = γ^2_t (1 − z^2)(2β_t + z − 2β_tz^2)(1 + 4λ_tλ¯_t)β^3_t ŝ^2/[64(1 − β_tz)] M^{V,t}_{λtλt̄} (16, 3) = γ^2_t (1 − z^2)(2β_t − z − 2β_tz^2)(1 + 4λ_tλ¯_t)β^3_t ŝ^3/[64(1 + β_tz)] . (C8) The parity violating part of the EW one-loop corrections to the gluon fusion subprocess is determined by the form factors G_A and σ^{X,(t,u)}_i and the factors M^{A,(t,u)}_{λtλt̄} (i, j). According to Eq. (9) these factors yield as follows (with Δλ = λ_t − λ¯_t and using the helicity basis) M^{A,t}_{λtλt̄} (1, 1) = Δλ(1 − z^2)(−1 + β_tz)β_tŝ/4 M^{A,t}_{λtλt̄} (1, 2) = Δλ(1 − z^2)(−1 − β^2_t + 2β_tz − 2β^2_t z^2)β_tŝ/[4(1 − β_tz)] (C9) M^{A,t}_{λtλt̄} (2, 1) = Δλ(1 − z^2)β_tŝ/2 M^{A,t}_{λtλt̄} (2, 2) = Δλ(1 − z^2)(1 − β_tz)β_tŝ/[2(1 − β_tz)] (C10) M^{A,t}_{λtλt̄} (4, 1) = Δλ(1 − z^2)zβ^2_t ŝ/4 M^{A,t}_{λtλt̄} (4, 2) = Δλ(1 − z^2)(−β_t + z − 2β_tz^2)β^2_t ŝ/[4(1 − β_tz)] (C11) M^{A,t}_{λtλt̄} (6, 1) = Δλ(1 − z^2)^2β^3_t ŝ^2/16 M^{A,t}_{λtλt̄} (6, 2) = Δλ(1 − z^2)^2(1 − 2β_tz)β^3_t ŝ^2/[16(1 − β_tz)] (C12) M^{A,t}_{λtλt̄}(14, 1) = Δλ(1 − z^2)(−1 + β^2_t )β_tŝ^2/16 M^{A,t}_{λtλt̄}(14, 2) = Δλ(1 − z^2)(−1 + β^2_t )(1 − 3β_tz)β_tŝ^2/[16(1 − β_tz)]

(C13) M^{A,t}_{λtλt̄}(i, 3) = M^{A,t}_{λtλt̄} (i, 2)(z → −z) . (C14) The interference of the u-channel next-to-leading contribution to the gluon fusion subprocess with the Born matrix element leads to the factors M^{(V,A),u}_{λtλt̄} (i, j) according to Eq. (9). They can be derived from M^{(V,A),t}_{λtλt̄} (i, j) by performing the following replacements M^{(V,A),u} λtλ¯_t (i, 1) = −M (V,A),t λtλ¯_t (i, 1)(z → −z) M^{(V,A),u} λtλ¯_t (i, 2) = M (V,A),t λtλ¯_t (i, 3)(z → −z) M^{(V,A),u} λtλ¯_t (i, 3) = M (V,A),t λtλ¯_t (i, 2)(z → −z) . (C15) The factors to unpolarized tt̄ production M^{(t,u)}(i, j) of Appendix B.2 in Ref. [7] are recovered when summing the corresponding polarized factors over the t and t̄ polarization states M^{(t,u)}(i, j) = ∑ λt,λ¯_t M V,(t,u) λtλ¯_t (i, j). Naturally, the sum of the parity violating factors M^{A,(t,u)} λtλ¯_t (i, j) over all the t and t̄ polarizations is zero, so that there are no effects of loop-

induced parity violating interactions in unpolarized tt̄ production.

REFERENCES

[1] Report of the TeV2000 Study Group, eds. D. Amidei and R. Brock, FERMILAB– Pub–96/082, April 1996; The TEV33 Committee Report, D. Amidei et al., Fermilab report; F.J. Gilman et al., Planning for the Future of U.S. High-Energy Physics, HEPAP Subpanel Report, February, 1998.

[2] The LEP Electroweak Working Group and the SLD Heavy Flavor Group, CERN– PPE/97–154, December 1997; F. Teubert, talk given at the IVth International Symposium on Radiative Corrections (RADCOR 98), Barcelona, Spain, Sep. 8–12, 1998 (update); W. de Boer, A. Dabelstein, W. Hollik, W.M. Mösle, and U. Schwickerath, Z. Phys. C 75, 627 (1997); hep–ph/9609209 (update); J. Erler and D. Pierce, Nucl. Phys. B526, 53 (1998).

[3] For a review see, e.g., J. Wess and J. Bagger, Supersymmetry and Supergravity (2nd Edition), Princeton University Press, 1992; P. Fayet and S. Ferrara, Phys. Rep. 32, 249 (1977).

[4] H.P. Nilles, Phys. Rep. 110, 1 (1984); H. Haber and G. Kane, Phys. Rep. 117, 75 (1985).

[5] J. Gunion, H. Haber, G. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison– Wesley, Redwood City, CA, 1990); and references therein.

[6] E. Laenen, J. Smith, and W.L. van Neerven, Nucl. Phys. B369, 543 (1992); Phys. Lett.

B 321, 254 (1994); E.L. Berger and H. Contopaganos, Phys. Rev. D 54, 3085 (1996); S. Catani, M.L. Mangano, P. Nason, and L. Trentadue, Phys. Lett. B 378, 329 (1996); P. Nason, S. Dawson, and R.K. Ellis, Nucl. Phys. B303 (1988) 607; B327 (1989) 49; W. Beenakker, H. Kuijf, W.L. van Neerven, and J. Smith, Phys. Rev. D 40 (1989) 54; W. Beenakker, W.L. van Neerven, R. Meng, G.A. Schuler, and J. Smith, Nucl. Phys. B351 (1991) 507; R. Meng, G.A. Schuler, J. Smith, and W.L. van Neerven, Nucl. Phys. B339 (1990) 325; and references therein.

[7] W. Beenakker, A. Denner, W. Hollik, R. Mertig, T. Sack, and D. Wackeroth, Nucl.

Phys. B411, 343 (1994).

[8] C. Kao, G.A. Ladinsky, and C.–P. Yuan, Int. J. Mod. Phys. A12, 1341 (1997). [9] A. Stange and S. Willenbrock, Phys. Rev. D 49, 1354 (1994); H.Y. Zhou, C.S. Li, and Y.P. Kuang, Phys. Rev. D 55, 4412 (1997).

[10] W. Hollik, W.M. Mösle, and D. Wackeroth, Nucl. Phys. B516, 29 (1998). [11] J.M. Yang and C.S. Li, Phys. Rev. D 54, 4380 (1996) (Erratum: Phys. Rev. D 54, 3671 (1996)(E)); C.S. Li, R.J. Oakes, J.M. Yang, and C.–P. Yuan, Phys. Lett. B 398, 298 (1997); W. Hollik, C. Kao, W.M. Mösle, and D. Wackeroth, contribution to the proceedings of the International Workshop on Quantum Effects in the MSSM, Barcelona, Spain, 9–13 September, 1997, World Scientific, ed. J. Solà, hep–ph/9711419; H.–Y. Zhou and C.–S. Li, Commun. Theor. Phys. 30, 465 (1998).

[12] C. Kao, Phys. Lett. B 348, 155 (1995).

[13] J. Kim, J.L. Lopez, D.V. Nanopoulos, and R. Rangarajan, Phys. Rev. D 54, 4364 (1996).

[14] C.S. Li, B.Q. Hu, J.M. Yang, and C.G. Hu, Phys. Rev. D 52, 5014 (1995) (Erratum:

Phys. Rev. D 53, 4112 (1996)(E)); C.S. Li, H.Y. Zhou, Y.L. Zhu, and J.M. Yang, Phys. Lett. B 379, 135 (1996); S. Alam, K. Hagiwara, and S. Matsumoto, Phys. Rev. D 55, 1307 (1997); Z. Sullivan, Phys. Rev. D 56, 451 (1997); H.Y. Zhou and C.S. Li, Phys.

Rev. D 55, 4421 (1997); C.S. Li, C.–P. Yuan, and H.Y. Zhou, Phys. Lett. B 424, 76 (1998); Z.–H. Yu, H. Pietschmann, W.–G. Ma, L. Han, and J. Yi, hep–ph/9804331.

[15] D. Wackeroth, contribution to the proceedings of the 6th International Symposium on Particles, Strings and Cosmology (PASCOS–98), Boston, MA, March 22–27, 1998, World Scientific, ed. P. Nath, hep–ph/9807558; W.M. Mösle and D. Wackeroth, in preparation.

[16] G.L. Kane, G.A. Ladinsky, and C.–P. Yuan, Phys. Rev. D 45, 124 (1992); C.R. Schmidt and M.E. Peskin, Phys. Rev. Lett. 69, 410 (1992); C.R. Schmidt, Phys. Lett. B 293, 111 (1992); W. Bernreuther and A. Brandenburg, Phys. Lett. B 314, 104 (1993); A. Brandenburg and J.P. Ma, Phys. Lett. B 298, 211 (1993); W. Bernreuther and A. Brandenburg, Phys. Rev. D 49, 4481 (1994); D. Atwood, S. Bar–Shalom, G. Eilam, and A. Soni, Phys. Rev D 54, 5412 (1996); B. Grzadkowski, B. Lampe, and K.J. Abraham, Phys. Lett. B 415, 193 (1997); S. Bar–Shalom, D. Atwood, and A. Soni, Phys. Rev. D 57, 1495 (1998); H.Y. Zhou, Phys. Rev. D 58, 114002 (1998); W. Bernreuther, A. Brandenburg, and M. Flesch, hep–ph/98122387.

[17] V. Barger, J. Ohnemus, and R.J.N. Phillips, Int. J. Mod. Phys. A4, 617 (1989); Y.

Hara, Prog. Theo. Phys. 86, 779 (1991); T. Arens and L.M. Seghal, Phys. Lett. B 302, 501 (1993); D. Chang, S.–C. Lee, and P. Turcotte, Chin. J. Phys. 34, 748 (1996); W. Bernreuther, A. Brandenburg, and P. Uwer, Phys. Lett. B 368, 153 (1996); T. Stelzer and S. Willenbrock, Phys. Lett. B 374, 169 (1996); A. Brandenburg, Phys. Lett. B 388, 626 (1996).

[18] G. Mahlon and S. Parke, Phys. Rev. D 53, 4886 (1996).

[19] S. Parke and Y. Shadmi, Phys. Lett. B 387, 199 (1996); G. Mahlon and S. Parke, Phys.

Lett. B 411, 173 (1997).

[20] M.S. Alam et al., the CLEO Collaboration, Phys. Rev. Lett. 74 (1995) 2885; and references therein.

[21] R. Barate et al., the ALEPH Collaboration, Phys. Lett. B 429 (1998) 169. [22] R. Barbieri and G. F. Giudice, Phys. Lett. B 309, 86 (1993); J. Lopez, D. Nanopoulos, and G. Park, Phys. Rev. D 48, 974 (1993); N. Oshimo, Nucl. Phys. B404, 20 (1993); R. Garisto and J. Ng, Phys. Lett. B 315, 372 (1993); M. Diaz, Phys. Lett. B 322, 207 (1994); Y. Okada, Phys. Lett. B 315, 119 (1993); F. Borzumati, Zeit. für Physik C 63, 291 (1994); P. Nath and R. Arnowitt, Phys. Lett. B 336, 395 (1994); G. Kane, C. Kolda, L. Roszkowski, and J. Wells, Phys. Rev. D 49, 6173 (1994); V. Barger, M. Berger, P. Ohmann, and R. Phillips, Phys. Rev. D 51, 2438 (1995); F. Bertolini and F. Vissani, Zeit. für Physik C 67, 513 (1995); J. Lopez, D. Nanopoulos, X. Wang, and A. Zichichi, Phys. Rev. D 51, 147 (1995); F. Borzumati, M. Drees, and M. Nojiri, Phys. Rev. D 51 (1995) 341; J. Wu, R. Arnowitt and P. Nath, Phys. Rev. D 51, 1371 (1995); B. de Carlos and J. A. Casas, Phys. Lett. B 349, 300 (1995) and ERRATUM–ibid B 351, 604 (1995).

[23] H. Baer and M. Brhlik, Phys. Rev. D 55, 3201 (1997); H. Baer, M. Brhlik, D. Castano, and X. Tata, Phys. Rev. D 58, 015007 (1998); and references therein.

[24] A.D. Martin, R.G. Roberts, and W.J. Stirling, Phys. Rev. D 50, 6734 (1994). [25] C. Caso et al., The European Physical Journal C3, 1 (1998).

[26] Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991); Phys. Lett.

B 262, 54 (1991); H. Haber and R. Hempfling, Phys. Rev. Lett. 66 (1991) 1815; J. Ellis,

G. Ridolfi and F. Zwirner, Phys. Lett. B 257, 83 (1991); H.E. Haber, to be published in the proceedings of 4th International Symposium on Radiative Corrections (RADCOR 98): Applications of Quantum Field Theory to Phenomenology, Barcelona, Catalonia, Spain, September 1998, University of California at Santa Cruz Report, SCIPP-99-06 (1999), hep-ph/9901365, and references therein.

[27] We use the calculations of M. Bisset, Ph.D. thesis, University of Hawaii (1994). [28] R. Hempfling and A.H. Hoang, Phys. Lett. B 331, 99 (1994); M. Carena, M. Quiros, C.E.M. Wagner, Nucl. Phys. B461, 407 (1996); H. Haber, R. Hempfling and A. Hoang, Z. Phys. C75, 539 (1997); S. Heinemeyer, W. Hollik, G. Weiglein, Phys. Rev. D 58, 091701 (1998); Phys. Lett. B 455, 179 (1999); R.-J. Zhang, Phys. Lett. B 447, 89 (1999).

FIG. 1. The differential asymmetry δA_{LR} at the upgraded Tevatron and the LHC within the 2HDM for different values of M_H± and tan β (with α = π/2, M_H = 75 GeV, M_h = 70 GeV, M_A = 75 GeV).

FIG. 2. The variation of the integrated asymmetries A_{LR} and A with M_H± at the upgraded Tevatron and the LHC within the 2HDM for different values of tan β (with α = π/2, M_H = 75 GeV, M_h = 70 GeV, M_A = 75 GeV).

FIG. 3. The differential asymmetry δA_{LR} at the upgraded Tevatron and the LHC within the MSSM for m_{t̃1} = 90 GeV and different values of Φ_{t̃} and m_{b̃L} (with M_H± =110 GeV, μ = 120 GeV and M_2 = 3|μ|).

FIG. 4. The differential asymmetry δA_{LR} at the upgraded Tevatron and the LHC within the MSSM for m_{t̃1} =160 GeV and different values of Φ_{t̃}, m_{b̃L} and M_H± (with μ = 120 GeV and M_2 = 3|μ|).

FIG. 5. The variation of the integrated asymmetries A_{LR} and A with M_H± at the upgraded Tevatron and the LHC within the MSSM for different values of tan β, Φ_{t̃} (with m_{t̃1} =90 GeV, m_{b̃L} =150 GeV (m_{b̃L} =800 GeV for Φ_{t̃} = π/8), μ = 120 GeV and M_2 = 3|μ|).

FIG. 6. The variation of the integrated asymmetries A_{LR} and A with M_H± at the upgraded Tevatron and the LHC within the MSSM for different values of tan β, Φ_{t̃} (with m_{t̃1} =160 GeV, m_{b̃L} =1150 GeV, μ = 120 GeV and M_2 = 3|μ|).

TABLE I. The polarization asymmetries A_{LR}, A and their statistical significance N_S within the 2HDM and the MSSM at the upgraded Tevatron with L = 30 fb^{−1}. 2HDM with α = π/2, M_H = 75 GeV, M_h = 70 GeV and M_A = 75 GeV tan β M_H± [GeV] A_{LR}[%] N_S A[%] N_S 0.7 100 -1.35 4.71 -0.93 3.90 0.7 180 -0.83 2.88 -0.57 2.39 0.7 300 -0.29 1.00 -0.20 0.83 2 100 -0.21 0.73 -0.14 0.61 2 180 -0.15 0.52 -0.10 0.42 2 300 -0.08 0.28 -0.06 0.23 50 100 1.12 3.88 0.77 3.22 50 180 0.65 2.25 0.45 1.85 50 300 0.16 0.55 0.11 0.47 MSSM with μ = 120 GeV and M_2 = 3|μ| tan β M_H± [GeV] Φ_{t̃} m_{b̃L} [GeV] A_{LR}[%] N_S A[%] N_S m_{t̃1} = 160 GeV 0.7 200 π/2 1150 -0.27 0.97 -0.19 0.80 0.7 110 π/4 350 -1.18 4.10 -0.81 3.41 0.7 200 0 1150 -1.08 3.79 -0.75 3.15 2 160 π/2 900 -0.01 0.05 -0.01 0.03 2 110 π/4 500 -0.19 0.66 -0.13 0.54 2 160 0 900 -0.32 1.11 -0.22 0.94 50 110 π/2 800 1.22 4.23 0.84 3.50 50 110 π/4 300 1.01 3.50 0.70 2.91 50 110 0 800 0.97 3.38 0.67 2.81 m_{t̃1} = 90 GeV 0.7 110 2π/5 150 -1.70 5.86 -1.17 4.87 0.7 110 π/4 300 -1.13 3.88 -0.78 3.22 0.7 110 π/8 800 -0.80 2.75 -0.55 2.28 2 210 π/2 1150 -0.40 1.40 -0.28 1.16 2 110 π/4 450 -0.19 0.64 -0.13 0.54 2 210 0 1050 0.15 0.50 0.10 0.42 50 110 π/2 800 0.96 3.29 0.66 2.74 50 110 π/4 150 0.96 3.29 0.66 2.74 50 110 0 150 1.25 4.31 0.87 3.59