arXiv:hep-ph/0610080v3 12 Oct 2007

Interference between W^′ and W in single-top quark production processes

E. Boos, V. Bunichev, L. Dudko, and M. Perfilov

Skobeltsyn Institute of Nuclear Physics, Moscow State University, 119992 Moscow, Russia.

Abstract.

The paper is devoted to studies of prospects to search for hypothetical W^′ gauge bosons at hadron colliders via single-top quark production process. A special attention is paid to the interference between the Standard Model (SM) W and W^′ boson contributions. A model independent analysis is performed for a wide interval of W^′ masses potentially acceptable for a detection at the Tevatron and LHC. It is shown that the interference contribution to the cross section of the most promising s-channel single top production mode could be as large as 30 % for certain parameter points which is comparable to NLO effects computed in previous studies separately for the W^′ signal and the SM single-top background. The interference contribution affects particle distributions and has to be taken into account for more accurate W^′ signal and background simulation.

1 Introduction

The interactions of charged weak currents are realized in SM via exchange of charged massive gauge boson fields W^+ and W^−. Although any additional charged massive bosons are not found yet experimentally their existence is predicted by various extensions of SM. The wide-common name for this vector boson field is W^′. Such models like Non-Commuting Extended Technicolor [1], Composite [2, 3] and Little higgs models [4, 5, 6], models of composite gauge bosons [7], Supersymmetric top-flavor models [8], Grand Unification [9] and Superstring theories [10, 11, 12] represent examples where extension of gauge group lead to appearing of W^′. Physical properties and interaction parameters of W^′ can vary from model to model. For example the W^′ is presented in models of Universal extra-dimensions [13, 14] as the lowest Kaluza- Klein mode of charged gauge boson W^± and has the same (V-A) chiral structure of interaction to fermion fields as the SM W^±. But in top-flavor models the W^′ boson interacts differently with fermions of the first two and third generations. It depends on magnitude of gauge coupling parameters g_h and g_l. If g_h > g_l the W^′ couples stronger to the third generation and weaker to the first two generations, and vice versa if g_h < g_l [15, 16]. Frequently W^′ bosons are discussed in connection with so called Left-Right symmetric models [17, 18, 19, 20, 21, 22, 23]. The simplest extension of SM with Left- Right symmetry is based on U(1) × SU(2)_L × SU(2)_R gauge group. The left-handed fermions transform as doublets under SU(2)_L and invariant under SU(2)_R contrary to the right-handed ones which transform as doublets under SU(2)_R and invariant under SU(2)_L. Linear combinations of charged gauge fields produce massive eigenstates: W_1 = cos ζ W_L +sin ζ W_R, W_2 = − sin ζ W_L +cos ζ W_R, where W_1 is identified as observed W boson, and W_2 as a new W^′ boson, ζ is a mixing parameter between bosons for the right and left gauge groups. Parameter ζ is constrained to a very small value (ζ < 10^{−3}) to suppress (V+A) charged currents for light SM fermions in accord with experimental data [24, 25]. In this case interactions of W^′ with fermions becomes almost purely right-handed. In Left-Right symmetric models the parity is broken spontaneously which leads to different masses for the SU(2)_L and SU(2)_R gauge bosons. There are two well-known variants of Left-Right models called manifest and pseudo − manifest for which the Cabibbo-Kobayashi- Maskawa matrices V^L = V^R and V^L = V^{R∗} respectively.

Although the W^′ is not discovered yet there are experimental limits on its mass. Various models with W^′ contain many parameters, and indirect constraints of W^′ are highly model dependent. Indirect searches for W^′ being extracted from leptonic and semileptonic decays and also from cosmological and astrophysical data give very wide range for upper limits on W^′ mass varying from 549 GeV up to 23 TeV [26].

The direct limits on W^′ masses are based on hypothesis of purely right or lefthanded interacting W^′ with SM-like coupling constants. The limits from direct searches in leptonic decay modes of W^′ depend on a mass of a hypothetical righthanded neutrino. In case M_W ′ < M_{νR} the decay mode W_R → ν_R, l is not kinematically allowed. The limits in this case have been extracted from light jet decay mode being M_W ′ > 800 GeV [27]. In case M_W ′ > M_{νR} the decay of W^′ to ν_R and l is allowed, and the limit M_W ′ > 786 GeV [28] has been obtained in this case from the leptonic decay modes combining both electron and muon channels.

One of the most promising and perspective way to search for W^′ is studying decays of W^′ to quarks of the third generation (W^′ → tb̄). This channel has relatively small QCD background comparing to light jet channel, and it is less model dependent. Searches in this channel at the Tevatron give a limit on W^′ mass M_W ′ > 536 GeV at 95% CL in assumption M_W ′ > M_{νR} . The assumption M_W ′ < M_{νR} leads to slightly better limit M_W ′ > 566 GeV [29] due to absence of the decay to ν_R and correspondingly larger decay Br fraction to tb̄. The W^′ boson decaying to the top and bottom quarks contribute to the single-top production process. The single-top production being interesting itself for various aspects of the top quark physics gives perspective channel to search for W^′ [30]. In consequence that both W and W^′ contribute to single-top production process and have the couplings with the same fermion multiplets they should interfere to each other [31]. It should be noted that the interference becomes possible only for the left-handed interacting W^′ component because the SM W interacts only with left-handed electroweak currents being orthogonal to the right-handed interactions.

The aim of this paper is to study in more detail the interference phenomena between the SM W and the W^′ bosons in the single-top production process at the Tevatron and LHC energies.

Our paper is organized as follows. In the 2-nd section we present a simple analytical formula and a short analysis of the interference contribution. The 3-rd section describes results of numerical calculations. In the last section the summary and conclusion are given.

2 Interference between W^′ and W

To consider the W^′ production in a model independent way we write down the lowest dimension effective Lagrangian of W^′ interactions to quarks in most general form (possible higher dimension effective operators are not taken into account in our analysis): L = V_{qiqj} 2 √ 2 g_wq_iγ_μ ( a^R_{qiqj} (1 + γ^5) + a^L_{qiqj} (1 − γ^5) ) W^′q_j + H.c. , (1)

where a^R_{qiqj} , a^L_{qiqj} - left and right couplings of W^′ to quarks, g_w = e/(s_w) is the SM weak coupling constant and V_{qiqj} is the SM CKM matrix element. The notations are taken such that for so-called SM-like W^′ a^L_{qiqj} = 1 and a^R_{qiqj} = 0.

As was mentioned a promising way to search for W^′ is the single-top quark production processes. There are three kinematically-different single-top production channels at hadron colliders, namely, s-channel, t-channel and associated W t channel. However for large W^′ mass region, which we are interested in, the W^′ contribution to the t- and associated W t channels becomes too small to be detectable, and the only s-channel where W^′ may contribute as a resonance remains important.

For the leading s-channel subprocess ud̄ → tb̄ the matrix element squared has the following form:

|M|^2 = V^2_{tb}V^2_{ud}(g_W )^4 [ (p_up_b)(p_dp_t) (ŝ − m^2_W )^2 + γ^2_W m^2_W

+ (2)

+2a^L_{ud}a^L_{tb}(p_up_b)(p_dp_t)

(ŝ − m^2_W )(ŝ − M^2_W ′ ) + γ^2_W Γ^2_W ′ ((ŝ − m^2_W )^2 + γ^2_W m^2_W )((ŝ − M^2_W ′ )^2 + Γ^2_W ′ M^2_W ′ ) + + (a^L_{ud}^2a^L_{tb}^2 + a^R_{ud}^2a^R_{tb}^2)(p_up_b)(p_dp_t) + (a^L_{ud}^2a^R_{tb}^2 + a^R_{ud}^2a^L_{tb}^2)(p_up_t)(p_dp_b) (ŝ − M^2_W ′ )^2 + Γ^2_W ′ M^2_W ′ ]

where a^L_{ud}, a^R_{ud} - left and right couplings of W^′ to u, d quarks, and a^L_{tb}, a^R_{tb} - left and right couplings of W^′ to t, b quarks.

One can rewrite the formula in terms of Mandelstam variables using (p_up_b) = −t̂/2 , (p_dp_t) = (M^2_t − t̂)/2, (p_dp_b) = −û/2 , (p_up_t) = (M^2_t − û)/2. In these notations the formula reads as follows

|M|^2 = V^2_{tb}V^2_{ud}(g_W )^4 [^ t(t̂ − M^2_t ) (ŝ − m^2_W )^2 + γ^2_W m^2_W

+ (3)

+2a^L_{ud}a^L_{tb}t̂(t̂ − M^2_t )

(ŝ − m^2_W )(ŝ − M^2_W ′ ) + γ^2_W Γ^2_W ′ ((ŝ − m^2_W )^2 + γ^2_W m^2_W )((ŝ − M^2_W ′ )^2 + Γ^2_W ′ M^2_W ′ ) + + (a^L_{ud}^2a^L_{tb}^2 + a^R_{ud}^2a^R_{tb}^2)t̂(t̂ − M^2_t ) + (a^L_{ud}^2a^R_{tb}^2 + a^R_{ud}^2a^L_{tb}^2)û(û − M^2_t ) (ŝ − M^2_W ′ )^2 + Γ^2_W ′ M^2_W ′ ]

in complete agreement for the SM part (first term) with [32] and for W^′ part (last term) with the result from the paper [33].

The case of the SM-like W^′ corresponds to the couplings a^L_{ud} = a^L_{tb} = 1 and a^R_{ud} = a^R_{tb} = 0.

One should stress that the interference (middle) term is proportional to the left couplings only because the SM W-boson has the only left (V − A) type of the interaction. The term containing the product of widths γ^2_W Γ^2_W ′ is completely negligible comparing to (ŝ−m^2_W )(ŝ−M^2_W ′ ) for any values of ŝ somewhere in the region between the W and W^′ boson masses, and it makes the interference term very small if ŝ is very close (equal) to one of the masses. However, in general, the interference term is not small being negative in the region of M^2_W < ŝ < M^2_W ′ and positive for ŝ > M^2_W ′ (if the constants a_L are positive). The interference term depends very weakly on the total width Γ_W ′ of W^′ boson. As shown in the next section the interference contribution could be rather large and should be taken into account for a signal and background simulations in searches for W^′ if the W^′ has left-handed component in its interaction to fermions.

Note that we assume here the couplings a^L_{ud}, a^R_{ud}, a^L_{tb}, a^R_{tb} to be real. Generalization of the formula to the complex couplings is straightforward and not given here.

After the integration over the t̂-variable the partonic cross section takes the form:

σ̂(ŝ) = πα^2_W 6 V^2_{tb}V^2_{ud}

(ŝ − M^2_t )^2(2ŝ + M^2_t ) ŝ^2 [ 1 (ŝ − m^2_W )^2 + γ^2_W m^2_W

+ (4) +2a^L_{ud}a^L_{tb} (ŝ − m^2_W )(ŝ − M^2_W ′ ) + γ^2_W Γ^2_W ′ ((ŝ − m^2_W )^2 + γ^2_W m^2_W )((ŝ − M^2_W ′ )^2 + Γ^2_W ′ M^2_W ′ ) + + (a^L_{ud}^2a^L_{tb}^2 + a^R_{ud}^2a^R_{tb}^2 + a^L_{ud}^2a^R_{tb}^2 + a^R_{ud}^2a^L_{tb}^2) (ŝ − M^2_W ′ )^2 + Γ^2_W ′ M^2_W ′ ]

where α_W = g^2_W /(4π) and ŝ = x_ux_ds. The well-known SM cross section (first term) completely agrees with [34].

3 Numerical illustrations

Numerical computations and Monte Carlo simulations have been performed for the Tevatron and LHC energies √ s = 1.96 TeV and 14 TeV. Top quark mass was chosen M_t = 175 GeV. Results are given for six different sets of W^′ masses from 0.5 up to 1 TeV (for Tevatron) and from 0.6 up to 5 TeV (for LHC) separately for both pure right and left-handed interacting W^′. Partonic distribution functions CTEQ6l1 have been used. The QCD scale has been set to M_W ′ . The couplings of W^′ to SM-fields have been implemented into CompHEP [35] which was used to compute the W^′ width, (see the Table 1), production cross sections, kinematical distributions and to generate unweighted events for different sets of W^′ masses. For the case of left-handed interacting W^′ we set a^L_{ud} = a^L_{tb} = 1, a^R_{ud} = a^R_{tb} = 0, for the right-handed case a^L_{ud} = a^L_{tb} = 0, a^R_{ud} = a^R_{tb} = 1 and for SM all the parameters are equal to zero a^L_{ud} = a^L_{tb} = a^R_{ud} = a^R_{tb} = 0.

We simulate the process pp̄ (pp) → W/W^′ → tb̄ which includes 8 subprocesses with different parton combinations in the initial states.

In the Tables 2, 3 the total cross section of the process pp̄ (pp) → W/W^′ → tb̄, the contribution of the interference term (in %) and the contribution of the leading subprocess ud̄ → W/W^′ → tb̄ to the total cross section are listed as a function of W^′

M_W ′ [GeV ] 500 600 700 800 900 1000 Γ_W ′ [GeV ] 16.14 19.65 23.12 26.58 30.01 33.44

Table 1: The total width of the W^′ in dependence on W^′ mass for the top quark massM_t = 175 GeV assuming that decays to both quarks and leptons are allowed (if W^′ decays to leptons are not allowed the widths will be smaller by a factor about 3/4)

Mass W^′, GeV SM+left W^′, SM+right W^′, σ_{tot},[pb] IT, % σ_u¯_{d→t}¯_b , % σ_{tot},[pb] σ_u¯_{d→t}¯_b , % 500 2.13 12.4 99.0 2.39 98.8 600 0.846 21.2 98.9 1.02 98.7 700 0.403 30.8 98.2 0.524 98.1 800 0.256 33.4 97.3 0.341 97.4 900 0.212 30.5 96.6 0.275 96.8 1000 0.202 23.5 96.4 0.25 96.6

Table 2: Total cross section of the process pp̄ → W/W^′ → tb̄; contribution of the interference term (IT, in %) and contribution of leading ud̄ → W/W^′ → tb̄ subprocess to the total cross section for various W^′ masses and Tevatron energy ( √ s = 1960 GeV). Interference term is zero for the right interacting W^′.

M_W ′ , [GeV] SM+left W^′ SM+right W^′ σ_{tot}, [pb] IT, % σ_u¯_{d(}¯_{du)→t}¯_b , % σ_{tot}, [pb] σ_u¯_{d(}¯_{du)→t}¯_b , % 600 37.3 8.65 90.3 40.6 90.0 800 16.1 12.6 90.9 18.2 90.5 1000 9.42 14.1 90.2 10.7 91.0 5000 4.91 1.00 85.5 4.96 85.5

Table 3: Total cross section of the process pp → W/W^′ → tb̄, contribution of the interference term (IT, in %) and contribution of leading ud̄(d̄u) → W/W^′ → tb̄ subprocess to the total cross section for various W^′ masses and LHC energy ( √ s = 14 TeV). Interference term is zero for the right interacting W^′.

masses. The tables show that the contribution from subleading subprocesses is small for all values of W^′ mass. The cross sections for the purely left-handed interacting W^′ are smaller than for the right-handed one. This difference reflects the fact of negative contribution of the interference between the left-handed interacting W^′ and the SM W -boson which absent in the right-handed case. One can see that for the Tevatron (Table 2) the interference term achieves a maximum about 33,4 % of the total cross section at M_W ′ equal to 800 GeV, and about 14 % for the LHC (Table 3) at 1 TeV W^′ boson mass.

To illustrate the interference between the W^′ and the SM W bosons in more detail the Fig. 1 and Fig. 2 show the differential cross section for the s-channel single-top quark production as a function of the invariant mass of tb-system for three sets of W^′ masses 600 (upper plot), 800 (middle plot), and 1000 GeV (lower plot). For each value of W^′ masses the cases with purely left-handed and right-handed interactions of W^′ are plotted comparing to the SM process. All curves start from the reaction threshold at about M_t¯_b ≈ 180 GeV. In case of right-handed interactions of W^′ there is no interference, and the curve for the invariant mass distribution is the algebraic sum of two independent falling down SM W and the resonant W^′ distributions. The picture is significantly different in case of left-handed interacting W^′ where in addition to the resonance pike there is an area with a minimum due to destructive interference between the SM W and the W^′ boson contributions. This local minimum follows form the formula 4 and takes place at the value of tb invariant

mass M_{tb} =

√_{M 2}

W ′ +M^2_W 2 . The Figs. 3-6 and Figs. 7-8. are present a momentum transfer (P_T ) and pseudorapidity (η) distributions of the t- and b̄-quarks produced at the Tevatron and LHC. These plots once more illustrate the points discussed above. In case of SM + right interacting W^′ the plot of top-quark P_T (Figs. 3) represents an algebraic sum of two distributions coming from SM W and from W^′. The situation is changed in case of SM + left interacting W^′, where the presence of the interference leads to a reduction of the cross section, and correspondingly the curve for this case lies below the curve for the case SM + right interacting W^′. The picture for the LHC (Figs. 4) differs from the Tevatron case only by larger relative contribution of the W^′ boson decaying to the top quark. Pseudorapidity distributions of the top quark in the Figs. 5,6 also demonstrate a reduction of the rate for the case of SM + left interacting W^′ in comparison to the SM + right interacting W^′. In contrast to the LHC (Figs. 6) the Tevatron distribution shown for the top quark only (Figs. 5) is asymmetric because of the difference in PDF for the proton and antiproton. The plots for the b-quark P_T represent distributions similar (equivalent for ideally reconstructed top decay products) with those for the top quark, but the pseudorapidity distributions of b-quarks

Figure 1: Invariant mass of tb̄ system for M_W ′ equal 600 GeV, 800 GeV and 1000 GeV respectively at the Tevatron.

Figure 2: Invariant mass of tb̄ system for M_W ′ equal 600 GeV, 800 GeV and 1000 GeV respectively.at the LHC 8

Figure 3: Top quark transverse momentum P^t_T (Tevatron)

Figure 4: Top quark transverse momentum P^t_T (LHC)

Figure 5: Top quark pseudorapidity η^t (Tevatron)

Figure 6: Top quark pseudorapidity η^t (LHC)

Figure 7: b̄ quark pseudorapidity η^{b̄} (Tevatron)

Figure 8: b̄ quark pseudorapidity η^{b̄} (LHC)

are more central (Figs. 7,8) comparing to the top quark.

We have simulated the complete chain of top quark decays taking into account all the spin correlations between top quark production and its subsequent decay. The separate study of angular correlations for these processes is given in the paper [36].

4 Conclusion

In this paper we focus our attention on the interference of SM W gauge boson with a hypothetical W^′ vector boson in single-top production process at hadron collider. Simple symbolic formula for matrix element squared of the leading subprocess shows explicitly in a model independent way a parameter dependence for general left- and right-handed couplings of W^′ boson to the SM fermions. As expected a maximal influence of the interference term takes place for the case of left-handed interactions of W^′. Such a destructive interference may approach as large as 30% for the Tevatron

leading to a local minimum in the invariant mass distribution at M_{tb} =

√_{M 2}

W ′ +M^2_W 2 and being very small close to the resonance position in tb invariant mass. The NLO corrections have been computed separately for the SM single top s-channel process [34] (background for W^′) and for the W^′ contribution [33]. Such an approach works perfectly for the case of purely right-handed interacting W^′. However a recipe how to proceed from the right-handed to a general coupling case by multiplying the answer by the coefficient a^L_{ud}^2a^L_{tb}^2 + a^R_{ud}^2a^R_{tb}^2 obviously does not work because the interference contribution and the additional term in W^′ contribution are proportional to different coupling combinations, the first to a^L_{ud}a^L_{tb} and the second a^L_{ud}^2a^R_{tb}^2+a^R_{ud}^2a^L_{tb}^2 (see, Formulas 3, 4). As follows from the Formulas 3, 4 in order to simulate the general coupling dependence one should perform the simulations for three cases, purely righthanded (a^R_{tb} = a^R_{ud} = 1, others equal to 0), purely left-handed (a^L_{tb} = a^L_{ud} = 1, others equal to 0), and mixed (for example, a^R_{tb} = 1, a^L_{ud} = 1, others equal to 0). Computation of the NLO corrections in general case including non-trivial interference remains to be done, however in a number of cases the NLO corrections can be extracted from the existing computations.

The interference contribution is important in general and has to be taken into account in searches for W^′ bosons performing MC event generation. Calculations described in this paper and correspondingly created Monte-Carlo event generator have been used in recent experimental searches for W^′ by the DØcollaboration [37]. The special study of angular correlations in the production and decay of W^′ is described in the separate paper [36].

Acknowledgments:

We acknowledge a support of Russian Foundation for Basic Research (grant RFBR 04- 02-17448) and Russian Ministry of Education and Science (grant NS.8122.2006.2).

References

[1] R. S. Chivukula, E. H. Simmons and J. Terning, Phys. Rev. D 53, 5258 (1996).

[2] D. B. Kaplan and H. Georgi, Phys. Lett. B 136, 183 (1984).

[3] H. Georgi and D. B. Kaplan, Phys. Lett. B 145, 216 (1984).

[4] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513, 232 (2001).

[5] D. E. Kaplan and M. Schmaltz, JHEP 0310, 039 (2003).

[6] M. Schmaltz and D. Tucker-Smith, Ann. Rev. Nucl. Part. Sci. 55, 229 (2005).

[7] B. Schrempp, Proceedings of the 23rd International Conference on High Energy Physics, Berkeley (World Scientific, Singapore 1987); U. Baur et al., Phys. Rev. D35, 297 (1987); M. Kuroda et al., Nucl. Phys. B261, 432 (1985).

[8] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEP 0402, 043 (2004) [9] R.W. Robinett, Phys. Rev. D26, 2388 (1982);

R.W. Robinett and J.L. Rosner, Phys. Rev. D26, 2396 (1982); P. Langacker, R. W. Robinett, and J.L. Rosner, Phys. Rev. D30, 1470 (1984).

[10] M. Cvetic and P. Langacker, Mod. Phys. Lett. A 11, 1247 (1996). [11] J. C. Pati, arXiv:hep-ph/0606089.

[12] M. Green and J. Schwarz, Phys. Lett. 149B, 117(1984);

D. Gross et al., Phys. Rev. Lett. 54, 502 (1985); E. Witten, Phys. Lett. 155B, 1551 (1985); P. Candelas et al., Nucl. Phys. B258, 46 (1985); M. Dine et al., Nucl. Phys. B259, 549 (1985).

[13] A. Datta, P. J. O’Donnell, Z. H. Lin, X. Zhang and T. Huang, Phys. Lett. B 483, 203 (2000).

[14] R. Sundrum, arXiv:hep-th/0508134;

C. Csaki, Jay Hubisz, Patrick Meade, arXiv:hep-ph/0510275; G. Kribs, arXiv:hep-ph/0605325.

[15] E. Malkawi, T. Tait and C. P. Yuan, Phys. Lett. B 385, 304 (1996). [16] D. J. Muller and S. Nandi, Phys. Lett. B 383, 345 (1996). [17] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974). [18] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 566 (1975). [19] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975). [20] G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975). [21] Y. Mimura and S. Nandi, Phys. Lett. B 538, 406 (2002). [22] M. Cvetic and J. C. Pati, Phys. Lett. B 135, 57 (1984). [23] P. Langacker and S. Uma Sankar, Phys. Rev. D 40, 1569 (1989).

[24] J. Donoghue and B. Holstein, Phys. Lett. 113B, 383 (1982); [25] L. Wolfenstein, Phys. Rev. D29, 2130 (1984). [26] W.-M. Yao et al., J. Phys. G 33, 1 (2006).

[27] D0 Collaboration, V. Abazov et al., Phys. Rev. D 69, 111101 (2004). [28] CDF Collaboration, T. Affolder et al., Phys. Rev. Lett. 87, 231803 (2001). [29] CDF Collaboration, D. Acosta et al., Phys. Rev. Lett. 90, 081802 (2003). [30] E. H. Simmons, Phys. Rev. D 55, 5494 (1997). [31] T. Tait and C. P. Yuan, Phys. Rev. D 63, 014018 (2001) [32] B. W. Harris, E. Laenen, L. Phaf, Z. Sullivan and S. Weinzierl, Phys. Rev. D 66, 054024 (2002).

[33] Z. Sullivan, Phys. Rev. D 66, 075011 (2002).

[34] M. C. Smith and S. Willenbrock, Phys. Rev. D 54, 6696 (1996). [35] A. Pukhov et al., Report INP-MSU 98-41/542, hep-ph/9908288;

E. Boos et al. Nucl. Instrum. Meth. A 534, 250 (2004).

[36] E. Boos, V. Bunichev, L. Dudko, M. Perfilov “W^′ Angular Correlations in Single Top Quark Production processes.” In preparation.

[37] D0 Collaboration, V. Abazov et al., arXiv:hep-ex/0607102.