hep-ph/9908345 v2 22 Aug 1999

TOKUSHIMA 99-02 (hep-ph/9908345)

Probing Anomalous Top-Couplings at Polarized Linear Collider^∗

Zenrō HIOKI^{∗)}

Institute of Theoretical Physics, University of Tokushima Tokushima 770-8502, JAPAN

ABSTRACT

The energy spectra of the lepton(s) in eē → tt̄ → ℓ^±X/ℓ^+ ℓ^−X^′ at next linear colliders (NLC) are analyzed a model-independent way for arbitrary longitudinal beam polarizations as a general test of possible anomalous top-quark couplings.

�Talk at the fourth International Workshops on Linear Colliders (LCWS99), April 28 - May 5, 1999, Sitges, Barcelona, Spain.

This work is based on collaboration with B. Grza̧dkowski.

�)E-mail address: hioki@ias.tokushima-u.ac.jp

1. Introduction A lot of data have been accumulated on the top-quark since its discovery. However it is still an open question whether its interactions obey the standard scheme like all the other fermions or there exists some new-physics contribution to its couplings. The top quark decays immediately after being produced because of its huge mass. Therefore the decay process is not influenced by any hadronization effects and consequently its decay products are expected to carry valuable information on the top properties.

Next linear colliders (NLC) of eē will give us fruitful data on the top through eē → tt̄. In particular the energy spectra of the lepton(s) produced in its semileptonic decay(s) turn out to be a useful analyzer of the top-quark couplings [1]. Indeed many authors have worked on this subject (see the reference list of Ref.[2]), and we also have tackled them over the past several years. Here I would like to show some of the results of our latest model-independent analyses [2] via arbitrary longitudinal beam polarizations, where we have assumed the most general anomalous couplings both in the production and decay vertices in contrast to most of the existing works.

2. Framework We can represent the most general tt̄ couplings to the photon and Z boson as Γ^μ_{vtt̄} = g 2 ū(p_t) [ γ^μ{A_v + δA_v − (B_v + δB_v)γ_5} +

(p_t − p¯_t)^μ 2m_t (δC_v − δD_vγ_5) ] v(p¯_t) (1)

in the m_e = 0 limit, where g denotes the SU(2) gauge coupling constant, v = γ, Z, and A_γ = 4 3 sin θ_W , B_γ = 0, A_Z = v_t 2 cos θ_W

, B_Z = 1 2 cos θ_W with v_t ≡ 1 − (8/3) sin^2 θ_W . Among the above form factors, δA_{γ,Z}, δB_{γ,Z}, δC_{γ,Z} and δD_{γ,Z} are parameterizing CP -conserving and CP -violating non-standard interactions, respectively.

On the other hand, we adopted the following parameterization of the W tb vertex

– 2 – suitable for the t → W^+b and t̄ → W^−b̄ decays: Γ^μ_{W tb} = − g √ 2 ū(p_b) [ γ^μ(f^L_1 P_L + f^R_1 P_R) − iσ^{μν}k_ν M_W (f^L_2 P_L + f^R_2 P_R) ] u(p_t), (2) Γ̄^μ_{W tb} = − g√ 2 v̄(p¯_t) [ γ^μ(f̄^L_1 P_L + f̄^R_1 P_R) − iσ^{μν}k_ν M_W (f̄^L_2 P_L + f̄^R_2 P_R) ] v(p¯_b), (3)

where k is the momentum of W and P_{L/R} = (1 ∓ γ_5)/2. It is worth to mention that the form factors for top and anti-top satisfy the following relations [4]:

f^{L,R}_1 = ±f̄^{L,R}_1 , f^{L,R}_2 = ±f̄^{R,L}_2 , (4)

where upper (lower) signs are those for CP -conserving (-violating) contributions.

For the initial beam-polarization we used the following convention:

P_e� = +[N(e^−, +1) − N(e^−, −1)]/[N(e^−, +1) + N(e^−, −1)], (5) P_e+ = −[N(e^+, +1) − N(e^+, −1)]/[N(e^+, +1) + N(e^+, −1)], (6)

where N(e^{−(+)}, h) is the number of e^−(e^+) with helicity h in each beam.

3. Lepton-energy spectra After some calculations, we arrived at the normalized single distribution, which we express as 1 σ dσ dx = 3∑ i=1 c^±_i f_i(x). (7) Here ± corresponds to ℓ^± and the variable x is defined from the top velocity β and the lepton energy E_ℓ, both in the eē c.m. frame, as [3] x ≡ 2E_ℓ m_t ( 1 − β 1 + β

)_1/_2 . The coefficients c^±_i on the right-hand side are given by

c^±_1 = 1,

c^±_2 = a_1 δD^{(∗)}_V − a_2 [ δD^{(∗)}_A − Re(G^{(∗)}_1 ) ] + a_3Re(δD^{(∗)}_{VA} ) ∓ ξ^{(∗)}, c^+_3 = Re(f^R_2 ), c^−_3 = Re(f̄^L_2 ),

– 3 – where δD^{(∗)}_{V,A,VA} and G^{(∗)}_1 in c^±_2 are combinations of the SM and non-SM form factors in eq.(1) but without δD_v while ξ^{(∗)} is one including δD_v. This means ξ^{(∗)} is a parameter to express CP violation in the tt̄v couplings, and that is why the signs of the ξ^{(∗)} terms for ℓ^+ and ℓ^− are opposite to each other. On the other hand, the coefficients a_{1,2,3} consist of the SM parameters only, and f_{1,2,3}(x) are analytic functions calculated in the SM.

Similarly, the normalized double lepton-energy spectrum is given by the following formula: 1 σ d^2σ dxdx̄ = 6∑ i=1 c_if_i(x, x̄), (8) where x and x̄ are for ℓ^+ and ℓ^− respectively,

c_1 = 1, c_2 = ξ^{(∗)}, c_3 = 1 2 Re(f^R_2 − f̄^L_2 ),

c_4 = a^′_1 δD^{(∗)}_V + a^′_2 δD^{(∗)}_A + a^′_3Re(G^{(∗)}_1 ), c_5 = a_1 δD^{(∗)}_V − a_2 [ δD^{(∗)}_A − Re(G^{(∗)}_1 ) ] + a_3Re(δD^{(∗)}_{VA} ), c_6 = 1 2 Re(f^R_2 + f̄^L_2 ), and again a^′_{1,2,3} are combinations of the SM parameters and f_i(x, x̄) are analytic functions derived in the SM.

4. Parameter determination In order to study how precisely we can determine the coefficients c_i in eqs.(7,8) when we have N corresponding events, we used the optimal observable procedure [5]. According to its prescription, we can deduce c_i from the spectra (which we express as Σ(ϕ), where ϕ means x or (x, x̄)) with statistical uncertainty Δc_i = √ X_{ii}/N , where X_{ij} is the inverse matrix of M_{ij} = ∫ dϕ f_i(ϕ)f_j(ϕ) Σ(ϕ) .

– 4 –

From the theoretical point of view, perfectly-polarized beams (P_e+ = P_e� = ±1) are the most attractive. However, those are difficult to achieve in practice, especially for the positron beam. So we discussed the following two cases: (1) P_e+ = 0 vs P_e� = 0, ±0.5, ±0.8 and ±1, (2) P_e+ = P_e�(≡ P_e) = 0, ±0.5, ±0.8 and ±1.

In the analyses we assumed ϵ_ℓ = 0.6 as the lepton-tagging efficiency and L = 100 fb^{−1} as the integrated luminosity.

Now let me show the main feature of the results focusing on the single spectrum: we found both Δc^±_{2,3} become smallest for P_e� = −1/P_e = −1. We can thereby conclude immediately that the best precision is obtained at c_3 measurements for these polarizations. However we have to be a bit more careful for c_2 measurements. This is because c_2 themselves vary depending on the polarization. Therefore we should discuss the statistical significance N_{SD} ≡ |c^±_2 |/Δc^±_2 inevitably instead of statistical errors only. For this purpose we considered the following two sets of the couplings as an example:

(a) Re(δA_{γ,Z}) = Re(δB_{γ,Z}) = Re(δC_{γ,Z}) = Re(δD_{γ,Z}) = 0.1,

(b) Re(δA_γ) = Re(δB_γ) = Re(δC_γ) = Re(δD_γ) = 0.1,

Re(δA_Z) = Re(δB_Z) = Re(δC_Z) = Re(δD_Z) = −0.1.

As a result, we found that the use of negatively-polarized beam(s) is not always optimal: for the parameter set (a) a good precision in c^+_2 measurements is obtained when P_e < 0, but even in this case the precision in c^−_2 measurements becomes better for P_e > 0 or even P_e = 0. Moreover in case (b) both c^+_2 and c^−_2 get the highest precision for P_e = +1. Therefore one should carefully adjust optimal polarization to test any given model.

In any case one can conclude that (as far as the coefficient sets discussed here are concerned) appropriate beam polarization(s) provides measurements of c^±_{2,3} at least at 2σ and 3σ level for P_e+ = 0 and P_e+ ≠ 0, respectively except for c^−_2 in case (a), where |c^−_2 | becomes tiny due to an accidental cancellation.

– 5 –

We reached a similar conclusion for the double spectrum too: It depends on the structure of tested models what polarization(s) is best to study tt̄v-couplings. I skip showing the details here, however, for want of space.

5. Summary Next-generation linear colliders of e^+e^−, NLC, are expected to work as the cleanest facilities for studying top-quark interactions. There, we will be able to perform detailed tests of the top-quark couplings to the vector bosons and either confirm the SM simple generation-repetition pattern or discover some non-standard interactions. In this talk, I have shown main points of our latest model-independent analyses of the single- and the double-leptonic energy spectra for arbitrary longitudinal beam polarizations [2].

We found (i) the use of longitudinal beams could be very effective in order to increase precision of the determination of non-SM couplings. However (ii) optimal polarization depends on the model of new physics under consideration. Therefore polarization of the initial beams should be carefully adjusted for each tested model.

REFERENCES

[1] C.R. Schmidt and M.E. Peskin, Phys. Rev. Lett. 69 (1992), 410.

[2] B. Grza̧dkowski and Z. Hioki, Report IFT-06-98 – TOKUSHIMA 98-02 (hepph/9805318).

[3] T. Arens and L.M. Sehgal, Phys. Rev. D50 (1994), 4372.

[4] W. Bernreuther, O. Nachtmann, P. Overmann and T. Schröder, Nucl. Phys.

B388 (1992), 53;

B. Grza̧dkowski and J.F. Gunion, Phys. Lett. B287 (1992), 237.

[5] J.F. Gunion, B. Grza̧dkowski and X-G. He, Phys. Rev. Lett. 77 (1996), 5172.

– 6 –