Published by Institute of Physics Publishing for SISSA/ISAS Received: October 27, 2003 Revised: December 1, 2003 Accepted: December 1, 2003

FCNC top quark production via anomalous tqV couplings beyond leading order

Nikolaos Kidonakis

Cavendish Laboratory, University of Cambridge Madingley Road, Cambridge CB3 0HE, U.K. E-mail: kidonaki@hep.phy.cam.ac.uk

Alexander Belyaev

Physics Department, Florida State University Tallahassee, FL 32306-4350, U.S.A. E-mail: belyaev@hep.fsu.edu

Abstract: We calculate flavor-changing neutral-current (FCNC) processes involving topquark production via anomalous tqV couplings at the Tevatron and HERA colliders. We cover the FCNC processes pp̄ → tZ, pp̄ → tγ, pp̄ → tt, and ep → et. We go beyond leading order and include the effects of soft-gluon corrections through next-to-next-to-leading order. We demonstrate the stabilisation of the cross section with respect to the variation of QCD scale, and we investigate the reach of the Tevatron and HERA colliders.

Keywords: Beyond Standard Model, NLO Computations, Hadronic Colliders.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep122003004 /jhep122003004 .pdf

Contents

1. Introduction 1 2. gu → tZ 3 3. gu → tγ 6 4. uu → tt 9 5. eu → et 14 6. Conclusions 17

1. Introduction

The top quark, the heaviest known fermion, occupies a unique place in the search for new physics beyond the Standard Model (SM). This is the only fermion with a mass of about the scale of the electroweak symmetry breaking (EWSB). Therefore the study of its properties and their possible deviations from SM predictions could shed a light on the mechanism of EWSB. Top quark physics can probe various physics beyond the SM: anomalous gluon-top quark couplings [1], anomalous W tb couplings [2], new strong dynamics [3], flavor-changing neutral-currents (FCNC) [4], R-parity violating SUSY effects [5], CP-violation effects [6], and effects of Kaluza-Klein excited W -bosons [7].

In particular, the study of FCNC couplings involving the top quark is well motivated. The effective lagrangian involving such couplings of a t, q pair to massless bosons is the following: ΔL^{eff} = 1 Λ κ_{tqV} e t̄ σ_{μν} q F^{μν}_V + h.c. , (1.1)

where κ_{tqV} is the anomalous FCNC coupling, with q a u- or c-quark and V a photon or Z-boson; F^{μν}_V are the usual photon/Z-boson field tensors; σ_{μν} = (i/2)(γ_μγ_ν − γ_ν γ_μ) with γ_μ the Dirac matrices; e is the electron charge; and Λ is an effective scale which we will take throughout this paper to be equal to the top quark mass, which we denote by m. In the SM these operators can be induced through higher-order loops, however these effects are too small to be observable [8].

In some models involving new physics FCNC top-quark couplings could appear at tree-level and, therefore, lead to large FCNC effects. Such enchancements of FCNC couplings involving top quarks could appear in two-Higgs doublet models and supersymmetric models [9] as well as in multiple-Higgs doublet models [10]. Models with FCNC coupled singlet quarks, dynamical electroweak symmetry breaking, or compositeness, can further enchance FCNC top-quark couplings [11].

– 1 –

The presently operating colliders such as the Tevatron and HERA have a nice opportunity to probe FCNC interactions in the top-quark sector. In order to establish accurate limits on FCNC couplings, experiments need accurate predictions of cross sections for FCNC processes. We have shown in [12] that at HERA uncertainties for the tree-level FCNC cross section ep → et can be very big, as the cross section can vary by a factor of two due to the choice of the QCD scale. This fact unavoidably requires involving the higher-order corrections for the stabilization of the FCNC cross section.

In this paper we study some principal FCNC processes both for the Tevatron and HERA colliders involving t − u − V couplings with V a photon or Z-boson [13]. The effects of γ − Z interference are also taken into account in our studies. We include soft-gluon corrections at next-to-leading order (NLO) and next-to-next-to-leading order (NNLO). We present the stabilization of the NNLO cross sections with respect to the variation of the renormalization/factorization scales.

In sections 2 and 3 we study FCNC processes of the associated top-quark production with Z-boson and photon at the Tevatron, respectively. Section 4 is devoted to the uu → tt process of same-sign top quark production at the Tevatron. Section 5 extends our previous study on single top-quark production at HERA, and we now consider this process at NNLO level as well as study both t − u − γ and t − u − Z vertexes and take into account γ − Z interference. Finally in section 6 we draw our conclusions.

We note that contributions involving the charm quark via t − c − V couplings are greatly suppressed because of the small charm parton densities. In each section we make a note about the contribution from charm quarks. We also note that we don’t consider tt̄ production and tq or tq̄ production in this paper because the Standard Model cross sections for these processes overwhelm any FCNC contributions.

In the present paper we use the notation σ̂ for parton-level differential cross sections, while σ denotes the hadronic cross sections. We also define a kinematical variable s_4, for each subprocess, that goes to zero at threshold. The effects of the soft-gluon radiation appear in the form of logarithmic “plus” distributions with respect to s_4 of the type [ ln^k(s_4/m^2) s_4 ] + , k ≤ 2n − 1 , (1.2)

at n-th order in the QCD coupling α_s. These plus distributions are the remnants of cancellations of infrared divergences between soft and virtual contributions to the cross section. We define the leading logarithms (LL) with k = 2n − 1 and the next-to-leading logarithms (NLL) with k = 2n − 2.

The plus distributions are defined by their integral with any smooth function f, such as parton distributions, as

∫_{s4 max} 0 ds_4f(s_4) [ ln^k(s_4/m^2) s_4 ] + = ∫_{s4 max} 0 ds_4 ln^k(s_4/m^2) s_4

[f(s_4) − f(0)] + + 1 k + 1 ln^{k+1}

(s_{4 max} m^2 ) f(0) . (1.3)

– 2 –

They provide significant and dominant contributions to the cross section near threshold, where there is limited phase space for real gluon emission, as has been shown for many Standard Model processes, including top production [14], direct photon production [15], jet production [16], and W -boson production [17]. A unified approach for the calculation of these soft-gluon corrections for various processes in hadron-hadron and lepton-hadron colliders has recently been presented in ref. [18]. We follow that reference in calculating soft-gluon corrections to FCNC processes at NLO and NNLO with NLL accuracy, i.e. keeping LL and NLL. We work in the MS scheme throughout the paper. 2. gu → tZ We begin with FCNC tZ production at the Tevatron. For the process g(p_g) + u(p_u) → t(p_t) + Z(p_Z ), we define the kinematical invariants s = (p_g + p_u)^2, t = (p_g − p_t)^2, u = (p_u − p_t)^2, and s_4 = s + t + u − m^2 − m^2_Z , where m_Z is the Z-boson mass and m is the top quark mass. Note that near threshold, i.e. when we have just enough partonic energy to produce the tZ final state, s_4 → 0. The respective tree-level Feynman diagrams are shown in figure 1.

The differential Born cross section is d^2σ̂^{gu→tZ} B dt du = F^{gu→tZ} B δ(s_4) (2.1)

where F^{gu→tZ} B = 2παα_sκ^2_Z 3m^2s^3(m^2 − t)^2 × × { 2m^8 − m^6(3m^2_Z + 4s + 2t) − − t [ 2m^6_Z − 2m^4_Z (s + t) − 4st(s + t) + m^2_Z (s + t)^2 ] + + m^4 [ 2m^4_Z − m^2_Z (2s + t) + 2(s^2 + 4st + t^2) ] + + m^2 [ 2m^6_Z − 4m^4_Z t + m^2_Z (s + t)(s + 5t) − 2t(3s^2 + 6st + t^2) ] } , (2.2)

where α = e^2/(4π) and for brevity we define κ_Z ≡ κ_{tuZ} .

The NLO soft-gluon corrections for gu → tZ are d^2σ̂^{(1)}_{gu→tZ} dt du = F^{gu→tZ} B α_s(μ^2_R) π { c^{gu→tZ} 3 [ ln(s_4/m^2) s_4 ] + + c^{gu→tZ} 2 [ 1 s_4 ] + + c^{gu→tZ} 1 δ(s_4) } . (2.3)

Figure 1: Tree-level Feynman diagrams for the process gu → tZ.

– 3 –

Here c^{gu→tZ} 3 = 2(C_F + C_A), where C_F = (N^2_c − 1)/(2N_c) and C_A = N_c with N_c = 3 the number of colors, and c^{gu→tZ} 2 = 2ReΓ^{′(1)}_S − C_F − C_A − 2C_F ln ( −t + m^2_Z m^2 ) − 2C_A ln ( −u + m^2_Z m^2 ) − −(C_F + C_A) ln ( μ^2_F s )

≡ T^{gu→tZ} 2 − (C_F + C_A) ln ( μ^2_F m^2 ) , (2.4)

where μ_F is the factorization scale, and we have defined T^{gu→tZ}_2 as the scale-independent part of c^{gu→tZ}_2 . The term ReΓ^{′(1)}_S denotes the real part of the one-loop soft anomalous dimension, which describes noncollinear soft-gluon emission [19]. A one-loop calculation gives Γ^{′(1)}_S = C_F ln ( −u + m^2 m √ s ) + C_A 2 ln ( −t + m^2 −u + m^2 ) + C_A 2 (1 − πi) . (2.5)

Also c^{gu→tZ} 1 = [ C_F ln ( −t+m^2_Z m^2 ) + C_A ln ( −u+m^2_Z m^2 ) − 3 4 C_F − β_0 4 ] ln ( μ^2_F m^2 ) + β_0 4 ln ( μ^2_R m^2 ) , (2.6) where μ_R is the renormalization scale and β_0 = (11C_A − 2n_f )/3 is the lowest-order β function, with n_f = 5 the number of light quark flavors. Note that c^{gu→tZ}_1 represents the scale-dependent part of the δ(s_4) corrections. We do not calculate the full virtual corrections here. Our calculation of the soft-gluon corrections includes the leading and next-to-leading logarithms (NLL) and is thus a NLO-NLL calculation.

We next calculate the NNLO soft-gluon corrections for gu → tZ: d^2σ̂^{(2)}_{gu→tZ} dt du = F^{gu→tZ} B α^2_s(μ^2_R)

π^2 × × { 1 2 ( c^{gu→tZ} 3 )_2 [ln3(s_4/m2) s_4 ] + + + [ 3 2 c^{gu→tZ} 3 c^{gu→tZ}_2 − β_0 4 c^{gu→tZ} 3 ] [ ln^2(s_4/m^2) s_4 ] + + + [ c^{gu→tZ} 3 c^{gu→tZ}_1 + (C_F + C_A)^2 ln^2 ( μ^2_F m^2 ) − − 2(C_F + C_A)T^{gu→tZ}_2 ln ( μ^2_F m^2 ) + + β_0 4 c^{gu→tZ} 3 ln ( μ^2_R m^2 ) − ζ_2 ( c^{gu→tZ} 3 )_2 ] [ln(s_4/m2) s_4 ] + + + [ − (C_F + C_A) ln ( μ^2_F m^2 ) c^{gu→tZ} 1 − − β_0 4 (C_F + C_A) ln ( μ^2_F m^2 ) ln ( μ^2_R m^2 ) + (C_F + C_A) β_0 8 ln^2 ( μ^2_F m^2 ) −

– 4 –

− ζ_2 c^{gu→tZ} 2 c^{gu→tZ}_3 + ζ_3 ( c^{gu→tZ} 3 )_2 ] [ 1

s_4 ] + } , (2.7)

where ζ_2 = π^2/6 and ζ_3 = 1.2020569 . . .. We note that only the leading and next-to-leading logarithms are complete. Hence this is a NNLO-NLL calculation. Consistent with a NLL calculation we have also kept all logarithms of the factorization and renormalization scales in the [ln(s_4/m^2)/s_4]_+ terms, and squares of scale logarithms in the [1/s_4]_+ terms, as well as ζ_2 and ζ_3 terms that arise in the calculation of the soft corrections. For relevant details in the related process of Standard Model top production see ref. [14].

We now convolute the partonic cross sections with parton distribution functions (PDF) to obtain the hadronic cross section. For the FCNC hadronic cross section p(p_a) + p̄(p_b) → t(p_t) + Z(p_Z ) we define S = (p_a + p_b)^2, T = (p_a − p_t)^2, and U = (p_b − p_t)^2, and note that p_g = x_ap_a, p_u = x_bp_b, where x denotes the momentum fraction of the hadron carried by the parton. The hadronic cross section is then given by σ^{F CNC} pp̄→tZ (S) = ∫_{Tmax}

T_{min} dT ∫_m2_{+m}2_{S/(T −m}2_) −S−T +m^2+m^2_Z dU ∫_1

(m^2_Z −T )/(S+U−m^2) dx_b ×

× ∫_{xb(S+U−m}2_{)+T −m}2_Z 0 ds_4 x_ax_b x_bS + T − m^2 ϕ(x_a) ϕ(x_b) d^2σ̂_{gu→tZ} dt du (2.8)

where Tmax_{min} = − 1 2 (S − m^2 − m^2_Z ) ± 1 2 √ (S + m^2 − m^2_Z )^2 − 4m^2S , (2.9)

x_a = [ s_4 − m^2 + m^2_Z − x_b(U − m^2) ] /(x_bS +T −m^2), and ϕ(x) are the parton distributions.

In our calculations we are using the MRST2002 NNLO parton distribution functions [20] with the respective three-loop evaluation of α_s. For all three − Born, NLO-NLL, and NNLO-NLL − we use the same MRST2002 NNLO PDF. We also use μ_F = μ_R for our numerical results. For reference point we choose κ_Z =0.1 and μ ≡ μ_F = μ_R = m = 175 GeV. In our paper we quote the theoretical error related to the conventional variation of the scale between m/2 and 2m.

We present our numerical results in figure 2. The left frame presents the cross section for the process gu → tZ versus top-quark mass at the Tevatron with √ S = 1.96 TeV, at Born, NLO-NLL, and NNLO-NLL orders. Note that the first-order corrections, Δσ_{NLO-NLL}, and the second-order corrections, Δσ_{NNLO-NLL}, are positive for μ = m. There is clear stabilisation of the cross section due to the Δσ_{NLO-NLL} and Δσ_{NNLO-NLL} corrections over a large range of μ/m presented in the right frame of figure 2. At the reference point, μ = m = 175 GeV and κ_Z = 0.1, we have the following results: σ^{gu→tZ} Born = 61 fb, Δσ gu→tZ NLO-NLL = 20 fb, Δσ gu→tZ NNLO-NLL = 6 fb .

Taking into account the theoretical error due to the scale variation between m/2 and 2m one thus has for the total NNLO-NLL cross section: σ^{gu→tZ} NNLO-NLL = 87 +2 −3 fb .

Since the total cross section is proportional to κ^2_Z it is straightforward to rescale it for any given value of the anomalous FCNC coupling.

– 5 –

Figure 2: The Born, NLO-NLL, and NNLO-NLL cross sections for gu → tZ in pp̄ collisions with √ S = 1.96 TeV and κ_Z = 0.1. Left: cross section versus top-quark mass at scale μ = m; right:

cross section versus the scale for m = 175 GeV.

For completeness we would like also to quote the cross section for the case of κ_{tcZ} coupling. Since the initial c-quark is coming from the sea, and thus the charm density is quite small, the total cross section for gc → tZ at the Tevatron, with μ = m = 175 GeV and assuming the anomalous coupling is again 0.1, is about 40 times smaller: σ^{gc→tZ}_{NNLO-NLL} = 2.4 fb.

One should also notice that we present all cross sections for top-quark production. For experimental studies one should also include the contribution from anti-top-quark production which will double the total cross section for all processes at the Tevatron we study here. 3. gu → tγ We continue with FCNC tγ production at the Tevatron. For the process g(p_g) + u(p_u) → t(p_t) + γ(p_γ ), we define the kinematical invariants s = (p_g + p_u)^2, t = (p_g − p_t)^2, u = (p_u − p_t)^2, and s_4 = s + t + u − m^2, where again m is the top-quark mass. Note that near threshold s_4 → 0. The respective tree-level Feynman diagrams are shown in figure 3.

The differential Born cross section is d^2σ̂^{gu→tγ} B dt du = F^{gu→tγ} B δ(s_4) (3.1)

Figure 3: Tree-level Feynman diagrams for the process gu → tγ.

– 6 – where F^{gu→tγ} B = 4παα_sκ^2_γ (m^2 − s − t) [ m^6 − m^4s − 2st^2 + m^2t(3s + t) ] 3 m^2 s^3 (m^2 − t)^2

, (3.2)

where we define κ_γ ≡ κ_{tqγ} .

The NLO-NLL corrections for gu → tγ are d^2σ̂^{(1)}_{gu→tγ} dt du = F^{gu→tγ} B α_s(μ^2_R) π { c^{gu→tγ} 3 [ ln(s_4/m^2)

s_4 ] + + c^{gu→tγ} 2 [ 1 s_4 ] + + c^{gu→tγ} 1 δ(s_4) } . (3.3) Here c^{gu→tγ}_3 = 2(C_F + C_A), c^{gu→tγ} 2 = 2ReΓ^{′(1)}_S − C_F − C_A − 2C_F ln ( −t m^2 ) − 2C_A ln ( −u m^2 ) − (C_F + C_A) ln ( μ^2_F s )

≡ T^{gu→tγ} 2 − (C_F + C_A) ln ( μ^2_F m^2 ) , (3.4)

with Γ^{′(1)}_S defined in eq. (2.5), and c^{gu→tγ} 1 = [ C_F ln ( −t m^2 ) + C_A ln ( −u m^2 ) − 3 4 C_F − β_0 4 ] ln ( μ^2_F m^2 ) + β_0 4 ln ( μ^2_R m^2 ) . (3.5)

We note that the c_i coefficients are similar to those for the gu → tZ process. This is because the QCD content of the two processes is the same.

The NNLO-NLL corrections for gu → tγ are d^2σ̂^{(2)}_{gu→tγ} dt du = F^{gu→tγ} B α^2_s(μ^2_R)

π^2 × × { 1 2 ( c^{gu→tγ} 3 )_2 [ln3(s_4/m2) s_4 ] + + + [ 3 2 c^{gu→tγ} 3 c^{gu→tγ}_2 − β_0 4 c^{gu→tγ} 3 ] [ ln^2(s_4/m^2) s_4 ] + + + [ c^{gu→tγ} 3 c^{gu→tγ}_1 + (C_F + C_A)^2 ln^2 ( μ^2_F m^2 ) − 2(C_F + C_A)T^{gu→tγ}_2 × × ln ( μ^2_F m^2 ) + β_0 4 c^{gu→tγ} 3 ln ( μ^2_R m^2 ) − ζ_2 ( c^{gu→tγ} 3 )_2 ] [ln(s_4/m2) s_4 ] + + + [ − (C_F + C_A) ln ( μ^2_F m^2 ) c^{gu→tγ} 1 − − β_0 4 (C_F + C_A) ln ( μ^2_F m^2 ) ln ( μ^2_R m^2 ) + (C_F + C_A) β_0 8 ln^2 ( μ^2_F m^2 ) − − ζ_2 c^{gu→tγ}_2 c^{gu→tγ}_3 + ζ_3 ( c^{gu→tγ} 3 )_2 ] [ 1

s_4 ] + } . (3.6)

Again, they are of the same form as for the gu → tZ process.

– 7 –

Figure 4: The Born, NLO-NLL, and NNLO-NLL cross sections for gu → tγ in pp̄ collisions with √ S = 1.96 TeV and κ_γ = 0.1. Left: cross section versus top-quark mass at scale μ = m; right:

cross section versus the scale for m = 175 GeV.

For the FCNC hadronic cross section p(p_a) + p̄(p_b) → t(p_t) + γ(p_γ ) we define S = (p_a + p_b)^2, T = (p_a − p_t)^2, and U = (p_b − p_t)^2, and note that p_g = x_ap_a, p_u = x_bp_b. The hadronic cross section is then given by σ^{F CNC} pp̄→tγ (S) = ∫_0 m^2−S dT ∫_m2_{+m}2_{S/(T −m}2_) −S−T +m^2 dU ∫_1 −T /(S+U−m^2) dx_b ∫_{xb(S+U−m}2_{)+T} 0 ds_4 × × x_ax_b x_bS + T − m^2 ϕ(x_a) ϕ(x_b) d^2σ̂_{gu→tγ} dt du (3.7)

with x_a = [ s_4 − m^2 − x_b(U − m^2) ] /(x_bS + T − m^2).

Our numerical results are presented in figure 4. The left frame presents the cross section for the process gu → tγ versus top-quark mass at the Tevatron, with √ S = 1.96 TeV, at Born, NLO-NLL, and NNLO-NLL orders. One can see that the NLO-NLL correction is positive at μ = m but the NNLO-NLL correction is negative. The right frame presents the scale dependence of the cross section which again is stabilized when corrections are added. At μ = m = 175 GeV, the Born and NNLO-NLL results happen to be very close to each other because of the negative NNLO-NLL correction. For our reference point, μ = m = 175 GeV, κ_γ = 0.1, we have: σ^{gu→tγ} Born = 94 fb , Δσ gu→tγ NLO-NLL = 15 fb , Δσ gu→tγ NNLO-NLL = −14 fb .

This gives a NNLO-NLL total cross section σ^{gu→tγ} NNLO-NLL = 95 +17 −11 fb

with theoretical error due to the scale variation between m/2 and 2m.

Since the total cross section is proportional to κ^2_γ it is straightforward to rescale it for any given value of the anomalous FCNC coupling.

– 8 –

For completeness we would like also to quote the cross section for the case of κ_{tcγ} coupling. Since the initial c-quark is coming from the sea, the total cross section at the Tevatron for the process gc → tγ, at μ = m = 175 GeV and assuming the coupling is again 0.1, is about 35 times lower then the one for gu → tγ: σ^{gc→tγ}_{NNLO-NLL} = 2.7 fb.

Again we note that we present all cross sections for top-quark production. For experimental studies one should also include the contribution from anti-top-quark production which will double the total cross section at the Tevatron. 4. uu → tt We now turn to FCNC same-sign top-quark production at the Tevatron. For the process, u(p_{ua} ) + u(p_{ub} ) → t(p_1) + t(p_2), we define the kinematical invariants s = (p_{ua} + p_{ub} )^2, t = (p_{ua} − p_1)^2, t_1 = t − m^2, u = (p_{ub} − p_1)^2, u_1 = u − m^2, and s_4 = s + t_1 + u_1, with m the top-quark mass. At threshold s_4 → 0. The respective tree-level Feynman diagrams are shown in figure 5.

The color structure of the hard scattering is somewhat complex since we have two top quarks in the final state and two up quarks in the initial state. This is in contrast to all the other processes discussed in this paper which have simple color structure. We thus decompose the tree-level amplitudes in terms of color tensors using the methods and techniques detailed in ref. [19]. As we will see the soft anomalous dimension is now a matrix in color space.

For the process at hand we choose the color basis consisting of singlet exchange in the t and u channels, c_1 = δ_{a1}δ_{b2} and c_2 = δ_{a2}δ_{b1}, where a (b) is the color index for the u-quark with momentum p_{ua} (p_{ub} ) and 1 (2) is the color index for the top quark with momentum p_1 (p_2). Of course the physical cross section is independent of the specific choice of color basis. We write the Born cross section as a trace of the product of a “hard” function, H, that describes the short-distance hard-scattering, and a “soft” function, S, that describes noncollinear soft gluon emission [14, 18, 19]. Both H and S are 2 × 2 matrices in the color basis c_1, c_2.

The hard matrix at lowest order, calculated by projecting the tree-level amplitude onto the color basis, is given by

H^{(0)} = 1 16πs^2

H^{(0)}_{11} H^{(0)}_{12}

H^{(0)}_{21} H^{(0)}_{22}

(4.1)

with

H^{(0)}_{11} = 8 9 (4πα)^2 m^4 [ 2m^8 + 4m^6t + t^2(t + 2u)^2 − m^4t(t + 4u) − 2m^2t^2(t + 4u) ] ×

Figure 5: Tree-level Feynman diagrams for the process uu → tt.

– 9 –

× [ κ^4_γ t^2 − 2κ^2_γ κ^2_Z t(m^2_Z − t) + κ^4_Z (m^2_Z − t)^2 ] (4.2) and H^{(0)}_{22} = H^{(0)}_{11} (t ↔ u) . (4.3)

Here κ_γ ≡ κ_{tuγ} and κ_Z ≡ κ_{tuZ} . Also

H^{(0)}_{12} = − 4 9 (4πα)^2

m^4 [ 8m^8 − 5m^4tu − 2m^6(t + u) + 5m^2tu(t + u) − tu(2t + u)(t + 2u) ] × × [ κ^4_γ tu − 2κ^2_γ κ^2_Z t(m^2_Z − u) + κ^4_Z (m^2_Z − t)(m^2_Z − u) ] (4.4) and H^{(0)}_{21} = H^{(0)}_{12} (t ↔ u) . (4.5)

The soft matrix at lowest order is given by

S^{(0)} =

N^2_c N_c

N_c N^2_c

. (4.6)

Note that the matrix elements of S^{(0)} are simply given by S^{(0)}_{ji} = Tr[c^∗_j c_i].

Then the differential Born cross section is d^2σ̂^{uu→tt} B dt du = F^{uu→tt} B δ(s_4) (4.7)

with F^{uu→tt} B = Tr [ H^{(0)}S^{(0)} ] . (4.8)

The NLO-NLL corrections for uu → tt are d^2σ̂^{(1)}_{uu→tt} dt du = F^{uu→tt} B α_s(μ^2_R) π { c^{uu→tt} 3 [ ln(s_4/m^2)

s_4 ] + + c^{uu→tt} 2 [ 1 s_4 ] + + c^{uu→tt} 1 δ(s_4) } + + α_s(μ^2_R) π A^{uu→tt} [ 1 s_4 ] + . (4.9)

Here c^{uu→tt}_3 = 4C_F , c^{uu→tt} 2 = −2C_F − 2C_F ln ( t_1u_1 m^4 ) − 2C_F ln ( μ^2_F s ) ≡ T^{uu→tt} 2 − 2C_F ln ( μ^2_F m^2 ) , (4.10)

where T^{uu→tt}_2 denotes the scale-independent part of c^{uu→tt}_2 , and c^{uu→tt} 1 = C_F [ ln ( t_1u_1 m^4 ) − 3 2 ] ln ( μ^2_F m^2 ) (4.11)

is again the scale-dependent part of the δ(s_4) terms. Also A^{uu→tt} = Tr [ H^{(0)}Γ^{′(1) †}_S S^{(0)} + H^{(0)}S^{(0)}Γ^{′(1)}_S ] (4.12)

– 10 – is the part of the NLO-NLL corrections not proportional to the Born cross section; this is again because of the complex color structure of the hard scattering. Here Γ^{′(1)}_S is a 2 × 2 soft anomalous dimension matrix, calculated at one loop, with elements

Γ^{′(1)}_{11} = C_F [ 2 ln ( −t_1 s ) − ln ( m^2 s )] − 1 2N_c [ 2 ln ( −u_1 s ) − ln ( m^2 s ) + L_β + πi ] , Γ^{′(1)}_{12} = ln ( −t_1 s ) − 1 2 ln ( m^2 s ) + 1 2 L_β + πi 2 , Γ^{′(1)}_{21} = ln ( −u_1 s ) − 1 2 ln ( m^2 s ) + 1 2 L_β + πi 2 , (4.13)

Γ^{′(1)}_{22} = C_F [ 2 ln ( −u_1 s ) − ln ( m^2 s )] − 1 2N_c [ 2 ln ( −t_1 s ) − ln ( m^2 s ) + L_β + πi ] , where L_β = [(1 − 2m^2/s)/β][ln((1 − β)/(1 + β)) + πi], with β = √ 1 − 4m^2/s. Note that all imaginary parts cancel out in eq. (4.12).

The NNLO-NLL corrections for uu → tt are d^2σ̂^{(2)}_{uu→tt} dt du = F^{uu→tt} B α^2_s(μ^2_R)

π^2 × × { 1 2 ( c^{uu→tt} 3 )_2 [ ln^3(s_4/m^2) s_4 ] + + + [ 3 2 c^{uu→tt} 3 c^{uu→tt}_2 − β_0 4 c^{uu→tt} 3 ] [ ln^2(s_4/m^2)

s_4 ] + + + [ c^{uu→tt} 3 c^{uu→tt}_1 + 4C^2_F ln^2 ( μ^2_F m^2 ) − 4C_F T^{uu→tt}_2 ln ( μ^2_F m^2 ) + + β_0 4 c^{uu→tt} 3 ln ( μ^2_R m^2 ) − ζ_2 ( c^{uu→tt} 3 )_2 ] [ln(s_4/m^2) s_4 ] + + + [ − 2C_F ln ( μ^2_F m^2 ) c^{uu→tt} 1 − β_0 2 C_F ln ( μ^2_F m^2 ) ln ( μ^2_R m^2 ) + + C_F β_0 4 ln^2 ( μ^2_F m^2 ) − ζ_2 c^{uu→tγ} 2 c^{uu→tγ}_3 + ζ_3 ( c^{uu→tγ} 3 )_2 ] [ 1 s_4 ] + } + + α^2_s(μ^2_R) π^2 A^{uu→tt} { 3 2 c^{uu→tt} 3 [ ln^2(s_4/m^2) s_4 ] + − 4C_F ln ( μ^2_F m^2 ) [ ln(s_4/m^2) s_4 ] + − − ζ_2 c^{uu→tt}_3 [ 1 s_4 ] + } . (4.14)

For the FCNC hadronic cross section p(p_a) + p̄(p_b) → t(p_1) + t(p_2) we define S = (p_a + p_b)^2, T = (p_a − p_1)^2, and U = (p_b − p_1)^2, and note that p_{ua} = x_ap_a, p_{ub} = x_bp_b. The hadronic cross section is then given by σ^{F CNC} pp̄→tt (S) = ∫_m2_{−(S/2)}^(_{1−}√_{1−4m}2_{/S}^) m^2−(S/2) ( 1+ √_{1−4m2/S}) dT ∫_m2_{+m}2_{S/(T −m}2_) −S−T +2m^2 dU ×

× ∫_1

(m^2 −T )/(S+U−m^2) dx_b ∫_{xb(S+U−m}2_{)+T −m}2 0 ds_4 ×

– 11 –

Figure 6: The Born, NLO-NLL, and NNLO-NLL cross sections for uu → tt in pp̄ collisions with √ S = 1.96 TeV and κ_γ = κ_Z = 0.1. Left: cross section versus top-quark mass at scale μ = m;

right: cross section versus the scale for m = 175 GeV.

× x_ax_b x_bS + T − m^2 ϕ(x_a) ϕ(x_b) d^2σ̂_{uu→tt} dt du (4.15)

with x_a = [ s_4 − x_b(U − m^2) ] /(x_bS + T − m^2).

Our numerical results are presented in figure 6. The left frame presents the cross section for the process uu → tt versus top-quark mass at the Tevatron, with √ S = 1.96 TeV, at Born, NLO-NLL, and NNLO-NLL orders. One can see that the Δσ_{NLO-NLL} and Δσ_{NNLO-NLL} corrections are always positive for this case for μ = m. The stabilisation of the NNLO-NLL cross section with respect to scale variation is even more pronounced for this process compared to the two previous cases as one can see in the right frame of figure 6. At μ = m = 175 GeV, we have for κ_γ = κ_Z = 0.1: σ^{uu→tt} Born = 1.36 fb , Δσ uu→tt NLO-NLL = 0.28 fb , Δσ uu→tt NNLO-NLL = 0.10 fb .

Taking into account the theoretical error due to the scale variation between m/2 and 2m one has σ^{uu→tt} NNLO-NLL = 1.74

+0.00 −0.02 fb .

We can investigate the magnitude of the cross section if one of the anomalous couplings is set to zero. If we use κ_γ = 0.1 and set κ_Z = 0 the NNLO-NLL cross section is 0.50 fb, while if we set κ_γ = 0 and use κ_Z = 0.1 the NNLO-NLL cross section is 0.38 fb.

We also note that we can have contributions from anomalous couplings involving the charm quark. The total cross section for the process cc → tt at the Tevatron, using κ_{tcγ} = κ_{tcZ} = 0.1, at μ = m = 175 GeV, is: σ^{cc→tt}_{NNLO-NLL} = 0.0044 fb. It is almost 3 orders of magnitude lower then the cross section for the uu → tt process since both c-quarks originate from the sea.

The total cross section at the Tevatron for the mixed process uc → tt, using the value 0.1 for all anomalous couplings and μ = m = 175 GeV, is: σ^{uc→tt}_{NNLO-NLL} = 0.62 fb.

– 12 –

Figure 7: Tevatron reach in κ_Z − κ_γ plane for the process uu → tt for cross section levels 15, 30, and 45 fb.

Also, we note that t̄t̄ FCNC production at the Tevatron has an equal cross section to tt production, so if it is included the total cross section is doubled.

Processes like same-sign top-quark production play a special role since tt final states give rise to same-sign leptons (SSL). We have estimated that potential uu → bbW^+W^+ background can be safely neglected. Assuming 10 fb^{−1} integrated luminosity and 1% efficiency (including b-tagging and top-quark decay branchings) one should require 30 fb of signal in order to observe 3 signal events (to exclude signal at 95% CL according to Poisson statistics under the assumption that the background is negligible). We use this cross section as a rough idea on the order of the signal cross section to which Tevatron will be sensitive. Since the process uu → tt depends on two parameters, we present 15-30-45 fb contour levels of the uu → tt cross section in κ_γ − κ_Z plane in figure 7. This figure, which gives a rough idea about the Tevatron reach, shows that the Tevatron sensitivity is just slightly better for the κ_γ coupling.

At this point, it is worth mentioning the present experimental limits on the κ_γ , κ_Z couplings. First, a limit on FCNC top-quark couplings has been established by the CDF collaboration in terms of the limit on the branching ratio of FCNC top-quark decay [21]: Br(t → qγ) < 3.2%, Br(t → qZ) < 33% which corresponds to κ_γ < 0.14, κ_Z < 0.69 limit in the notation of eq. (1.1). A more stringent limit on κ_γ < 0.10 has been established by the L3 collaboration [22]. Finally, the best limits on κ_γ have been established by H1 (κ_γ < 0.090) [23, 24] and by ZEUS (κ_γ < 0.058) [25, 26, 27] collaborations. All the limits

– 13 – quoted above correspond to the notation of eq. (1.1). One can see that in light of the present experimental limits, the uu → tt process is unlikely to be observed at the Tevatron unless uu → tt production involves chromomagnetic flavor-changing current, which is beyond the scope of the present paper. In order to estimate Tevatron sensitivity to pp̄ → tZ, pp̄ → tγ processes one should study in details all potential backgrounds which is, again, beyond the scope of our paper. 5. eu → et The last process we present is single-top production at HERA [25, 26, 27, 23, 24]. We have previously studied this process in ref. [12] where we calculated the NLO soft corrections with tqγ couplings. Here we extend our previous calculation by also including tqZ couplings and NNLO-NLL soft corrections.

For the process e(p_e) + u(p_u) → e(p_f ) + t(p_t), we define the kinematical invariants s = (p_e + p_u)^2, t = (p_t − p_u)^2, u = (p_t − p_e)^2, and s_4 = s + t + u − m^2 − 2m^2_e, with m the top-quark mass and m_e the electron mass. Note that near threshold s_4 → 0. The respective tree-level Feynman diagrams are shown in figure 8.

The differential Born cross section is d^2σ̂^{eu→et} B dt du = F^{eu→et} B δ(s_4) (5.1)

where F^B_{eu→et} = π α^2 m^2 (s − m^2_e)^2 [ { −t [ 2m^4_e + m^4 − 2s^2 + (2s + t)(2s − m^2 − 2m^2_e) ] − 2m^2_em^4 } × × { 8κ^2_γ t^2 + 4κ_γ κ_Z (1 − 4 sin^2 θ_W ) sin θ_W cos θ_W t (t − m^2_Z ) + + κ^2_Z (1 − 4 sin^2 θ_W + 8 sin^4 θ_W ) sin^2 θ_W cos^2 θ_W (t − m^2_Z )^2 }

− κ^2_Z m^2_e(−2m^4 + tm^2 + t^2) sin^2 θ_W cos^2 θ_W (t − m^2_Z )^2 ] , (5.2)

with θ_W the weak-mixing angle, κ_γ ≡ κ_{tuγ} , and κ_Z ≡ κ_{tuZ} .

The NLO-NLL corrections for eu → et are d^2σ̂^{(1)}_{eu→et} dt du = F^{eu→et} B α_s(μ^2_R) π { c^{eu→et} 3 [ ln(s_4/m^2)

s_4 ] + + c^{eu→et} 2 [ 1 s_4 ] + + c^{eu→et} 1 δ(s_4) } . (5.3)

Figure 8: Tree-level Feynman diagrams for the process eu → et.

– 14 –

Here c^{eu→et}_3 = 2C_F , c^{eu→et} 2 = 2Γ^{′(1)}_S − C_F [ 1 + 2 ln ( −u + m^2_e m^2 ) + ln ( μ^2_F s )]

≡ T^{eu→et} 2 − C_F ln ( μ^2_F m^2 ) , (5.4)

where Γ^{′(1)}_S = C_F ln[(m^2 − t)/( √ sm)] is the one-loop soft anomalous dimension and T^{eu→et}_2 is the scale-independent part of c^{eu→et}_2 , and c^{eu→et} 1 = [ − 3 4 + ln ( −u + m^2_e m^2 )] C_F ln ( μ^2_F m^2 ) (5.5)

is the scale-dependent part of the δ(s_4) terms.

The NNLO-NLL corrections for eu → et are d^2σ̂^{(2)}_{eu→et} dt du = F^{eu→et} B α^2_s(μ^2_R) π^2 × × { 1 2 ( c^{eu→et} 3 )_2 [ln^3(s_4/m^2) s_4 ] + + + [ 3 2 c^{eu→et} 3 c^{eu→et}_2 − β_0 4 c^{eu→et} 3 ] [ ln^2(s_4/m^2)

s_4 ] + + + [ c^{eu→et} 3 c^{eu→et}_1 + C^2_F ln^2 ( μ^2_F m^2 ) − 2C_F T^{eu→et}_2 ln ( μ^2_F m^2 ) + + β_0 4 c^{eu→et} 3 ln ( μ^2_R m^2 ) − ζ_2 ( c^{eu→et} 3 )_2 ] [ ln(s_4/m^2) s_4 ] + + + [ − C_F ln ( μ^2_F m^2 ) c^{eu→et} 1 − β_0 4 C_F ln ( μ^2_F m^2 ) ln ( μ^2_R m^2 ) + + C_F β_0 8 ln^2 ( μ^2_F m^2 ) − ζ_2 c^{eu→et}_2 c^{eu→et}_3 + ζ_3 ( c^{eu→et} 3 )_2 ] [ 1 s_4 ] + } . (5.6)

For the FCNC hadronic cross section e(p_e) + p(p_p) → e(p_f ) + t(p_t) we define S = (p_e + p_p)^2, T = (p_t − p_p)^2, and U = (p_t − p_e)^2, and note that p_u = xp_p. The hadronic cross section is then given by σ^{F CNC} ep→et (S) = ∫_{Tmax}

T_{min} dT ∫_{Umax} −S−T +m^2+2m^2_e dU ∫_{S+T +U−m}2_{−2m}2_e 0 ds_4 × × x S + T − m^2 − m^2_e ϕ(x) d^2σ̂_{eu→et} dt du (5.7)

with

Tmax_{min} = m^2 −

(S − m^2_e) 2S [ S + m^2 − m^2_e ∓ √ (S − m^2 − m^2_e)^2 − 4m^2m^2_e ] , (5.8)

U_{max} = 2m^2 + m^2_e − T − S(m^2 − T )/(S − m^2_e) − (S − m^2_e)m^2/(m^2 − T ), and x = (s_4 + m^2_e − U)/(S + T − m^2 − m^2_e).

– 15 –

Figure 9: The Born, NLO-NLL, and NNLO-NLL cross sections for eu → et at HERA with √ S = 318 GeV and κ_γ = κ_Z = 0.1. Left: cross section versus top-quark mass at scale μ = m; right:

cross section versus the scale for m = 175 GeV.

Our numerical results are presented in figure 9. The left frame presents the cross section for the process eu → et versus top-quark mass at HERA, with √ S = 318 GeV, at Born, NLO-NLL, and NNLO-NLL orders. One can see that the Δσ_{NLO-NLL} corrections are positive while the Δσ_{NNLO-NLL} corrections are negative for this case for μ = m. The stabilisation of the NNLO-NLL cross section with respect to scale variation is shown in the right frame of figure 9. At μ = m = 175 GeV, we have for κ_γ = κ_Z = 0.1: σ^{eu→et} Born = 0.56 pb , Δσ eu→et NLO-NLL = 0.11 pb , Δσ eu→et NNLO-NLL = −0.03 pb .

Taking into account the theoretical error due to the scale variation between m/2 and 2m one has σ^{eu→et} NNLO-NLL = 0.64

+0.05 −0.04 pb .

We note that almost all of the contribution comes from the κ_γ coupling. If we use κ_γ = 0.1 and set κ_Z = 0 the cross section remains practically unchanged (i.e. 0.64 pb at NNLO-NLL), while if we set κ_γ = 0 and use κ_Z = 0.1 the NNLO-NLL cross section is only 0.0018 pb.

In figure 10 we present contour levels for the eu → et process in κ_γ − κ_Z plane. One of the contours is at 0.55 pb level which is the present HERA limit reported by H1 [23, 24] collaboration. The second contour is for 0.23 pb level which corresponds to the limit reported by ZEUS [27] collaboration. The third contour is for 0.1 pb level anticipating the improvement of the experimental limits for higher luminosities of the coming HERA II stage. Figure 10 clearly demonstrates that the HERA collider (in contrast to the uu → tt process at the Tevatron) is much more (about a factor of 40) sensitive to the κ_γ coupling than to the κ_Z one.

We also note that we can have contributions from anomalous couplings involving the charm quark. Using κ_{tcγ} = κ_{tcZ} = 0.1 the cross section at HERA for ec → et, with μ = m = 175 GeV, is σ^{ec→et}_{NNLO-NLL} = 0.0020 pb, which is low due to the small sea charmquark densities.

– 16 –

Figure 10: HERA reach in κ_Z − κ_γ plane for the process eu → et for cross section levels 0.55, 0.23, and 0.1 pb.

In the case of et̄ production, involving the anti-top, the cross section is small, σ^{eū→et̄} NNLO-NLL = 0.0079 pb at μ = m = 175 GeV, and thus asymmetrical to et production,

in contrast to the other processes which we considered at the Tevatron. This is because at HERA the valence up-quark density can not contribute to et̄ production.

6. Conclusions

We have studied several FCNC processes at the Tevatron and HERA colliders involving top quark production via anomalous tqV couplings, with q an up or charm quark and V a photon or Z-boson. The partonic processes involved are gu → tZ, gu → tγ, uu → tt, and eu → et as well as the corresponding ones with the up quark replaced by a charm quark. We have calculated NLO and NNLO soft-gluon corrections to these cross sections.

The Tevatron and HERA colliders provide a unique opportunity for precise study of FCNC couplings involving top-quark production. For some of these processes the uncertainty of the Born-level cross sections due to the choice of the QCD scale could be of the order of 100%. The search for FCNC single top-quark production at HERA is especially intriguing since a very recent experimental study of this process not only establishes a limit on the anomalous FCNC coupling but also presents an excess of events in the leptonic channel over the SM background (5 events observed while 1.31 ± 0.22 events are expected for SM background !) [24].

– 17 –

It is also worth mentioning that Tevatron and HERA are highly complementary in constraining FCNC top-quark couplings: HERA has the best potential in limiting the κ_γ coupling and is practically insensitive to κ_Z , while the Tevatron is sensitive to both κ_Z and κ_γ couplings. Therefore the combination of κ_γ limit from HERA and κ_Z limit from the Tevatron will be the most stringent limit in κ_γ - κ_Z plane.

The main outcome of this paper is that we have found that higher-order QCD corrections stabilize the factorization and renormalization scale dependence of the FCNC cross sections down to the level of about 10% or less, and provide modest to significant enhancements to the leading order result.

Acknowledgments

We would like to thank Jeff Owens for useful discussions. The research of N.K. has been supported by a Marie Curie Fellowship of the European Community programme “Improving Human Research Potential” under contract number HPMF-CT-2001-01221. The work of A.B. was supported in part by the U.S. Department of Energy.

References

[1] N.G. Deshpande, B. Margolis and H.D. Trottier, Gluon mediated rare decays of the top quark:

anomalous threshold and its phenomenological consequences, Phys. Rev. D 45 (1992) 178; D. Atwood, A. Aeppli and A. Soni, Extracting anomalous gluon-top effective couplings at the supercolliders, Phys. Rev. Lett. 69 (1992) 2754;

D. Atwood, A. Kagan and T.G. Rizzo, Constraining anomalous top quark couplings at the Tevatron, Phys. Rev. D 52 (1995) 6264 [hep-ph/9407408];

C.-S. Huang and T.-J. Li, Electric dipole moment and chromoelectric electric dipole moment of the top quark in SU(3)_c × SU(3)_L × U(1)_X model, Z. Physik C 68 (1995) 319; K.-m. Cheung, Probing the chromoelectric and chromomagnetic dipole moments of the top quark at hadronic colliders, Phys. Rev. D 53 (1996) 3604 [hep-ph/9511260]; J. Berger, A. Blotz, H.-C. Kim and K. Goeke, A top quark soliton and its anomalous chromomagnetic moment, Phys. Rev. D 54 (1996) 3598 [hep-ph/9605316]; T. Tait and C.P. Yuan, Anomalous t-c-g coupling: the connection between single top production and top decay, Phys. Rev. D 55 (1997) 7300 [hep-ph/9611244].

[2] T.G. Rizzo, Single top quark production as a probe for anomalous moments at hadron colliders, Phys. Rev. D 53 (1996) 6218 [hep-ph/9506351];

D.O. Carlson and C.P. Yuan, Probing new physics from the single-top production,

hep-ph/9509208;

E. Boos, A. Pukhov, M. Sachwitz and H.J. Schreiber, Probing anomalous w t b coupling via single top production at TeV energy gamma e colliders, Phys. Lett. B 404 (1997) 119 [hep-ph/9704259];

A.P. Heinson, A.S. Belyaev and E.E. Boos, Single top quarks at the fermilab Tevatron, Phys. Rev. D 56 (1997) 3114 [hep-ph/9612424];

E. Boos, L. Dudko and T. Ohl, Complete calculations of W bb̄ and W bb̄+ jet production at Tevatron and LHC: probing anomalous Wtb couplings in single top production, Eur. Phys. J. C 11 (1999) 473 [hep-ph/9903215].

– 18 –

[3] E.H. Simmons, New gauge interactions and single top quark production, Phys. Rev. D 55 (1997) 5494 [hep-ph/9612402];

P. Baringer, P. Jain, D.W. McKay and L.L. Smith, Single top from technipion production, Phys. Rev. D 56 (1997) 2914 [hep-ph/9705308];

X.-L. Wang, Y.-P. Kuang, H.-Y. Zhou, H. Wang and L. Zhang, Single top quark production in eγ collisions and testing technicolor models, Phys. Rev. D 60 (1999) 014002 [hep-ph/9811216];

C.-X. Yue and G.-R. Lu, Extended technicolor dynamics and single top quark production at the Fermilab Tevatron, Chin. Phys. Lett. 15 (1998) 631.

[4] R.D. Peccei, S. Peris and X. Zhang, Nonstandard couplings of the top quark and precision measurements of the electroweak theory, Nucl. Phys. B 349 (1991) 305; T. Han, R.D. Peccei and X. Zhang, Top quark decay via flavor changing neutral currents at hadron colliders, Nucl. Phys. B 454 (1995) 527 [hep-ph/9506461]; T. Han, K. Whisnant, B.L. Young and X. Zhang, Searching for t → cg at the fermilab Tevatron, Phys. Lett. B 385 (1996) 311 [hep-ph/9606231];

E. Malkawi and T. Tait, Top-charm strong flavour-changing neutral currents at the Tevatron, Phys. Rev. D 54 (1996) 5758 [hep-ph/9511337]; T. Tait ands C.P. Yuan in reference [1];

M. Hosch, K. Whisnant and B.L. Young, Direct top quark production at hadron colliders as a probe of new physics, Phys. Rev. D 56 (1997) 5725 [hep-ph/9703450]; K.J. Abraham, K. Whisnant and B.L. Young, Searching for an anomalous t̄qγ coupling via single top quark production at a γγ collider, Phys. Lett. B 419 (1998) 381 [hep-ph/9707476]; T. Han and J.L. Hewett, Top charm associated production in high energy e^+e^− collisions, Phys. Rev. D 60 (1999) 074015 [hep-ph/9811237];

S. Bar-Shalom and J. Wudka, Flavor changing single top quark production channels at e^+e^− colliders in the effective lagrangian description, Phys. Rev. D 60 (1999) 094016 [hep-ph/9905407];

T. Han, M. Hosch, K. Whisnant, B.-L. Young and X. Zhang, Single top quark production via fcnc couplings at hadron colliders, Phys. Rev. D 58 (1998) 073008 [hep-ph/9806486].

[5] A. Datta, J.M. Yang, B.-L. Young and X. Zhang, Effects of R-parity-violating supersymmetry in single top production at the Tevatron, Phys. Rev. D 56 (1997) 3107 [hep-ph/9704257]; R.J. Oakes, K. Whisnant, J.M. Yang, B.-L. Young and X. Zhang, Single top quark production as a probe of R-parity-violating SUSY at pp and pp̄ colliders, Phys. Rev. D 57 (1998) 534 [hep-ph/9707477];

E.L. Berger, B.W. Harris and Z. Sullivan, Single-top-squark production via R-parity-violating supersymmetric couplings in hadron collisions, Phys. Rev. Lett. 83 (1999) 4472 [hep-ph/9903549];

P. Chiappetta et al., Single top production at the LHC as a probe of r parity violation, Phys. Rev. D 61 (2000) 115008 [hep-ph/9910483];

M. Chemtob and G. Moreau, Polarized single top production at leptonic colliders from broken R parity interactions incorporating CP-violation, Phys. Rev. D 61 (2000) 116004 [hep-ph/9910543].

[6] S. Bar-Shalom, D. Atwood and A. Soni, CP-violation in single top quark production and decay via pp̄ → tb̄ + x → W^+bb̄ + x within the MSSM: a possible application for measuring arg(A_t) at hadron colliders, Phys. Rev. D 57 (1998) 1495 [hep-ph/9708357].

[7] A. Datta, P.J. O’Donnell, Z.H. Lin, X. Zhang and T. Huang, Effects of Kaluza-Klein excited

– 19 – w on single top quark production at Tevatron, Phys. Lett. B 483 (2000) 203 [hep-ph/0001059].

[8] B. Grzadkowski, J.F. Gunion and P. Krawczyk, Neutral current flavor changing decays for the Z boson and the top quark in two Higgs doublet models, Phys. Lett. B 268 (1991) 106; G. Eilam, J.L. Hewett and A. Soni, Rare decays of the top quark in the standard and two Higgs doublet models, Phys. Rev. D 44 (1991) 1473;

C.-S. Huang, X.-H. Wu and S.-H. Zhu, Top-charm associated production at high energy e^+e^− colliders in standard model, Phys. Lett. B 452 (1999) 143 [hep-ph/9901369].

[9] C.S. Li, R.J. Oakes and J.M. Yang, Rare decay of the top quark in the minimal supersymmetric model, Phys. Rev. D 49 (1994) 293;

R.S. Chivukula, E.H. Simmons and J. Terning, A heavy top quark and the Zbb̄ vertex in noncommuting extended technicolor, Phys. Lett. B 331 (1994) 383 [hep-ph/9404209]; J.L. Lopez, D.V. Nanopoulos and R. Rangarajan, New supersymmetric contributions to t → cv, Phys. Rev. D 56 (1997) 3100 [hep-ph/9702350].

[10] T.P. Cheng and M. Sher, Mass matrix ansatz and flavor nonconservation in models with multiple Higgs doublets, Phys. Rev. D 35 (1987) 3484;

B. Mukhopadhyaya and S. Nandi, Evading the top mass bound at the Tevatron: new signals for the top, Phys. Rev. Lett. 66 (1991) 285;

W.S. Hou, Tree level t → ch or h → tc̄ decays, Phys. Lett. B 296 (1992) 179; L.J. Hall and S. Weinberg, Flavor changing scalar interactions, Phys. Rev. D 48 (1993) 979 [hep-ph/9303241];

M.E. Luke and M.J. Savage, Flavor changing neutral currents in the Higgs sector and rare top decays, Phys. Lett. B 307 (1993) 387 [hep-ph/9303249];

D. Atwood, L. Reina and A. Soni, Phenomenology of two Higgs doublet models with flavor changing neutral currents, Phys. Rev. D 55 (1997) 3156 [hep-ph/9609279].

[11] V.D. Barger, M.S. Berger and R.J.N. Phillips, Quark singlets: implications and constraints, Phys. Rev. D 52 (1995) 1663 [hep-ph/9503204];

H. Georgi, L. Kaplan, D. Morin and A. Schenk, Effects of top compositeness, Phys. Rev. D 51 (1995) 3888 [hep-ph/9410307];

C.T. Hill, Topcolor assisted technicolor, Phys. Lett. B 345 (1995) 483 [hep-ph/9411426]; B. Holdom, New third family flavor physics: vertex corrections, Phys. Lett. B 351 (1995) 279 [hep-ph/9502273];

J. Berger, A. Blotz, H.-C. Kim and K. Goeke, A top quark soliton and its anomalous chromomagnetic moment, Phys. Rev. D 54 (1996) 3598 [hep-ph/9605316]; B.A. Arbuzov and M.Y. Osipov, An enhancement of neutral TC transitions in the model of dynamical breaking of the electroweak symmetry, Phys. Atom. Nucl. 62 (1999) 485 [Yad. Fiz. 62 (1999) 528] [hep-ph/9802392];

F. del Aguila, J.A. Aguilar-Saavedra and R. Miquel, Constraints on top couplings in models with exotic quarks, Phys. Rev. Lett. 82 (1999) 1628 [hep-ph/9808400].

[12] A. Belyaev and N. Kidonakis, QCD corrections to FCNC single top production at HERA, Phys. Rev. D 65 (2002) 037501 [hep-ph/0102072].

[13] F. del Aguila, J.A. Aguilar-Saavedra and L. Ametller, Zt and γt production via top flavor-changing neutral couplings at the fermilab Tevatron, Phys. Lett. B 462 (1999) 310 [hep-ph/9906462];

F. del Aguila and J.A. Aguilar-Saavedra, Multilepton production via top flavour-changing neutral couplings at the Cern LHC, Nucl. Phys. B 576 (2000) 56 [hep-ph/9909222];

– 20 –

T. Tait and C.P. Yuan, Single top quark production as a window to physics beyond the Standard Model, Phys. Rev. D 63 (2001) 014018 [hep-ph/0007298].

[14] N. Kidonakis, High-order corrections and subleading logarithms for top quark production, Phys. Rev. D 64 (2001) 014009 [hep-ph/0010002];

N. Kidonakis, E. Laenen, S. Moch and R. Vogt, Sudakov resummation and finite order expansions of heavy quark hadroproduction cross sections, Phys. Rev. D 64 (2001) 114001 [hep-ph/0105041];

N. Kidonakis and R. Vogt, Next-to-next-to-leading order soft-gluon corrections in top quark hadroproduction, hep-ph/0308222;

N. Kidonakis and R. Vogt, Top quark production at the Tevatron at NNLO, hep-ph/0309045.

[15] N. Kidonakis and J.F. Owens, Soft-gluon resummation and NNLO corrections for direct photon production, Phys. Rev. D 61 (2000) 094004 [hep-ph/9912388]; Next-to-next-to-leading-order soft-gluon corrections in direct photon production,

hep-ph/0307352.

[16] N. Kidonakis and J.F. Owens, Effects of higher-order threshold corrections in high-E_T jet production, Phys. Rev. D 63 (2001) 054019 [hep-ph/0007268].

[17] N. Kidonakis and A. Sabio Vera, W hadroproduction at large transverse momentum beyond next-to-leading order, hep-ph/0311266.

[18] N. Kidonakis, A unified approach to NNLO soft and virtual corrections in electroweak, Higgs, QCD and SUSY processes, hep-ph/0303186;

N. Kidonakis, NNLO soft and virtual corrections for electroweak, Higgs and SUSY processes,

hep-ph/0307207.

[19] N. Kidonakis and G. Sterman, Subleading logarithms in QCD hard scattering, Phys. Lett. B 387 (1996) 867; Resummation for QCD hard scattering, Nucl. Phys. B 505 (1997) 321 [hep-ph/9705234];

N. Kidonakis, G. Oderda, and G. Sterman, Evolution of color exchange in QCD hard scattering, Nucl. Phys. B 531 (1998) 365 [hep-ph/9803241];

E. Laenen, G. Oderda and G. Sterman, Resummation of threshold corrections for single-particle inclusive cross sections, Phys. Lett. B 438 (1998) 173 [hep-ph/9806467]; N. Kidonakis, Resummation for heavy quark and jet cross sections, Int. J. Mod. Phys. A 15 (2000) 1245 [hep-ph/9902484].

[20] A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, Uncertainties of predictions from parton distributions, I. Experimental errors, Eur. Phys. J. C 28 (2003) 455 [hep-ph/0211080].

[21] CDF collaboration, F. Abe et al., Search for flavor-changing neutral current decays of the top quark in pp̄ collisions at √ s = 1.8 TeV, Phys. Rev. Lett. 80 (1998) 2525.

[22] L3 collaboration, P. Achard et al., Search for single top production at LEP, Phys. Lett. B 549 (2002) 290 [hep-ex/0210041].

[23] H1 collaboration, A. Schoning, Search for single top production in ep collisions at HERA,

hep-ex/0309068.

[24] H1 collaboration, A. Aktas et al., Search for single top quark production in ep collisions at HERA, hep-ex/0310032.

– 21 –

[25] M. Kuze, Searches for new physics at HERA, hep-ex/0106030;

M. Kuze and Y. Sirois, Search for particles and forces beyond the Standard Model at Hera ep and Tevatron pp̄ colliders, Prog. Part. Nucl. Phys. 50 (2003) 1;

T. Carli, Observation of events with isolated charged leptons and large missing transverse momentum and of events with multi-electrons at HERA, hep-ph/0307294.

[26] ZEUS collaboration, S. Chekanov et al., Search for single-top production in ep collisions at HERA, Phys. Lett. B 559 (2003) 153 [hep-ex/0302010].

[27] ZEUS collaboration, D. Dannheim, Search for single-top production with the ZEUS detector at HERA, hep-ex/0308058.

– 22 –