Published by Institute of Physics Publishing for SISSA Received: August 17, 2005 Revised: September 29, 2005 Accepted: November 7, 2005 Published: November 17, 2005

Optimal beam polarizations for new-physics search through γγ → t t̄ → ℓX/bX

Bohdan Grzadkowski

Institute of Theoretical Physics, Warsaw University Hoża 69, PL-00-681 Warsaw, Poland E-mail: bohdan.grzadkowski@fuw.edu.pl

Zenrō Hioki

Institute of Theoretical Physics, University of Tokushima Tokushima 770-8502, Japan E-mail: hioki@ias.tokushima-u.ac.jp

Kazumasa Ohkuma

Department of Information Science, Fukui University of Technology Fukui 910-8505, Japan E-mail: ohkuma@fukui-ut.ac.jp

José Wudka

Department of Physics, University of California, Riverside Riverside, CA 92521-0413, U.S.A. E-mail: jose.wudka@ucr.edu

Abstract: We perform an optimal-observable analysis of the final charged-lepton/b-quark momentum distributions in γγ → tt̄ → ℓX/bX for various beam polarizations in order to study possible anomalous tt̄γ, tbW and γγH couplings, which could be generated by SU(2) × U(1) gauge-invariant dimension-6 effective operators. We find optimal beam polarizations that will minimize the uncertainty in determination of those non-standard couplings. We also compare eē and γγ colliders from the viewpoint of the anomalous-top-quark-coupling determination.

Keywords: Heavy Quarks Physics, CP violation, Higgs Physics, Beyond Standard Model.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep112005029 /jhep112005029 .pdf

Contents

1. Introduction 1

2. Framework 2

3. Anomalous couplings and optimal polarizations 5

4. Comparing eē and γγ colliders 8

5. Conclusions and discussions 10

A. Dimension-6 operators inducing γγ → t t̄ 11

B. Dimension-6 operators inducing t → bW 12

C. General invariant amplitude of eē → t t̄ 13

1. Introduction

Top-quark and Higgs-boson sectors are still not fully-tested regions of the electroweak physics. If there exists any new physics beyond the Standard Model (SM), it is plausible that its effects appear in those sectors. Therefore it is worth looking for experiments that are sensitive to top-quark and Higgs-boson properties, in particular to deviations from the SM predictions. Anomalous top-quark interactions will be tested by the various programs envisaged by the International Linear Collider (ILC) project [1]. In particular the photonphoton mode [2 – 4] of this collider will be able to probe efficiently the top-quark properties through tt̄ production, as well as the Higgs-boson interactions. Therefore the γγ collider will prove to be a useful tool for searching for non-standard physics.

Indeed, compared to eē machines, γγ colliders present remarkable advantages, e.g., for the study of CP violation in γγH couplings [5]. In the case of eē collisions, the only relevant initial states are CP -even states |e_{L/R}ē_{R/L}⟩ under the usual assumption that the electron mass can be neglected and that an eē pair annihilates dominantly into a single (virtual) vector-/axial-vector-boson. Therefore, all CP -violating observables must be constructed there from final-particle momenta/polarizations. In contrast, a γγ collider offers the unique possibility of preparing the polarization of the incident-photon beams which can be used to construct CP -violating asymmetries without relying on final-state information [5].

– 1 –

Because of this a number of authors have already considered top-quark production and decays in γγ collisions in order to study i) Higgs-boson couplings to the top quark and photon [6 – 11], or ii) anomalous top-quark couplings to the photon [12 – 14]. However, what will be observed in real experiments are combined signals that originate both from the process of top-quark production and, in addition, from its decays. Therefore, we have recently performed a model-independent analysis of γγ → tt̄ → ℓX/bX [15], including all possible non-standard interactions together (production and decay) and applying the optimal-observable (OO) procedure to the final charged-lepton/b-quark momentum distributions.

In this work, we present a comprehensive analysis based on that framework, aiming to find optimal beam polarizations that minimize the uncertainty in determination of tt̄γ- , tbW - and γγH-coupling parameters. Concerning the Higgs couplings, we do not intend to go into its resonance region since our main interest is in tt̄ production/decay and also that region has already been studied in great details in existing literature [5 – 11]. Another goal here is to compare the eē and γγ colliders from the view point of the anomalous-top-quark-coupling determination.

The outline of this paper is as follows. After summarizing our fundamental framework in section 2, we give detailed numerical results of the analysis in section 3. In section 4 we perform a comparison of the eē and γγ colliders and the final section is devoted to conclusions and discussions. Some basic formulas and tools used in the analysis are described in detail in the appendix.

2. Framework

In this section, we summarize the basic elements of the framework used in the analyses, parts of which are described in more detail in appendices A and B.

Effective lagrangian. We have used an effective low-energy lagrangian parameterization [16] in order to describe possible new-physics effects, i.e., the SM lagrangian is modified by the addition of a series of SU(3) × SU(2) × U(1) gauge-invariant operators, which are suppressed by inverse powers of a new-physics scale Λ. Among those operators, the largest contribution comes from dimension-6 operators,^1 denoted as O_i, and we have the effective lagrangian as L_{eff} = L_{SM} + 1 Λ^2 � i (α_iO_i + h.c.) + O(Λ^{−3} ) . (2.1)

The operators relevant here lead to the following non-standard top-quark- and Higgsboson-couplings: (1) CP -conserving and CP -violating tt̄γ vertices, (2) CP -conserving and CP -violating γγH vertices, and (3) the anomalous tbW vertex. The corresponding coupling constants are denoted respectively by the five independent parameters α_{γ1}, α_{γ2}, α_{h1}, α_{h2} and α_d. The explicit expressions for these couplings in terms of the coefficients of dimension-6 operators are to be found in appendices A and B.

1Dimension-5 operators are not included since they violate lepton number [16] and are irrelevant for the processes considered here.

– 2 –

It is worth pointing out that the effective-lagrangian parameterization is equally applicable to eē → t t̄ and γγ → tt̄. In the former case, no additional complications are encountered when replacing the effective-operator vertices by form factors (as given in appendix C; see also [17, 18]) since all kinematic variables are fixed by the CM energy √ s. This situation does not recur in γγ → tt̄: the kinematic variables in the t-channel top exchange are not fixed by s, so, if we replace the effective couplings by form factors, the cross section will depend on the functional form of the latter. We will return to this point below.

γγ colliders. Following the standard approach [2], each photon beam originates as a laser beam back-scattered off an electron (e) or positron (ē) beam. The polarizations of the initial-state are characterized by the electron and positron longitudinal polarizations P_e and P_ē , the maximum average linear polarizations P_t and P_{t̃} of the laser photons with the azimuthal angles φ and φ̃ (defined in the same way as in [2]), and their average helicities P_γ and P_{γ̃} . The photon polarizations P_{t,γ} and P_{t̃,γ̃} satisfy

0 ≤ P^2_t + P^2_γ ≤ 1 , 0 ≤ P^2_{t̃} + P^2_{γ̃} ≤ 1 , (2.2)

and combine with the azimuthal angles to form the following polarization density matrices: ρ = 1 2 � 1 + P_γ −P_te^{−2iφ} −P_te^{2iφ} 1 − P_γ � , ρ̃ = 1 2 � 1 + P_{γ̃} −P_{t̃}e^{2iφ̃} −P_{t̃}e^{−2iφ̃} 1 − P_{γ̃} � . (2.3)

For linear polarization, we denote the relative azimuthal angle by χ ≡ φ − φ̃, which we fixed to be π/4 by the following procedure: we calculated the cross section σ(γγ → t t̄) to first order in α_{γ1,γ2,h1,h2} , we found that the terms proportional to α_{γ2} and those to α_{h2} were the most sensitive to χ and that these were maximized when χ = π/4 (this was previously noticed in [12] concerning the α_{γ2} term).

Cross sections. When calculating the cross section dσ(γγ → tt̄), the photon beams do not have definite spins and momenta as in eē/pp̄ colliders; for back scattered photon the spin information is given in terms of the Stokes parameters and the momentum distribution by the photon spectrum function. The cross section is calculated similarly to partonmodel calculations (see, for example, [15] for more details). Taking this into account the calculation is straightforward but the final expressions are very lengthy and will not be displayed here; to simplify the algebraic manipulations we used FORM [19].

In deriving the distributions of secondary fermions (= ℓ/b) produced by the above cross section and the decay widths dΓ (t → ℓX/bX), we use the narrow-width approximation thus treating the decaying t and W as on-shell particles; this enables us to use the Kawasaki- Shirafuji-Tsai formalism [20]. We have also neglected all contributions quadratic in α_i (i = γ1, γ2, h1, h2, d), so that the angular-energy distributions of the secondary fermions ℓ/b in the eē (the initial electron-positron beams) CM frame can be expressed as dσ dE_{ℓ/b}d cos θ_{ℓ/b}

= f_{SM}(E_{ℓ/b}, cos θ_{ℓ/b}) + � i α_if_i(E_{ℓ/b}, cos θ_{ℓ/b}) , (2.4)

– 3 – where f_{SM} and f_i are calculable functions: f_{SM} denotes the SM contribution, f_{γ1,γ2} describe the anomalous CP -conserving and CP -violating tt̄γ-vertices contributions respectively, f_{h1,h2} those generated by the anomalous CP -conserving and CP -violating γγH-ver-tices, and f_d that by the anomalous tbW -vertex.

Optimal-observable technique. The optimal-observable technique [21] is a useful tool for estimating expected statistical uncertainties in various coupling measurements. Suppose we have a cross section dσ dϕ (≡ Σ(ϕ)) = � i c_if_i(ϕ) , (2.5)

where f_i(ϕ) are known functions of the location in final-state phase space variables ϕ and c_i’s are model-dependent coefficients. The goal is to determine the c_i’s. This can be done by using appropriate weighting functions w_i(ϕ) such that � w_i(ϕ)Σ(ϕ)dϕ = c_i. In general different choices for w_i(ϕ) are possible, but there is a unique choice for which the resultant statistical error is minimized. Such functions are given by

w_i(ϕ) = � j X_{ij}f_j(ϕ) Σ(ϕ)

, (2.6)

where X_{ij} is the inverse matrix of M_{ij} which is defined as

M_{ij} ≡ � f_i(ϕ)f_j (ϕ) Σ(ϕ) dϕ . (2.7)

When we use these weighting functions, the statistical uncertainty of c_i becomes

Δc_i = � X_{ii}σ_T N , (2.8)

where σ_T ≡ � (dσ/dϕ)dϕ and N is the total number of events.

In order to apply this technique to eq. (2.4), we first have to calculate M_{ij} using f_{SM} and f_i M_{ij} = � dE_{ℓ/b}d cos θ_{ℓ/b} f_i(E_{ℓ/b}, cos θ_{ℓ/b})f_j(E_{ℓ/b}, cos θ_{ℓ/b}) f_{SM}(E_{ℓ/b}, cos θ_{ℓ/b})

(2.9)

and its inverse matrix X_{ij} , where i, j = 1, . . . , 6 correspond to SM, γ1, γ2, h1, h2 and d respectively. Then, according to eq. (2.8), the expected statistical uncertainty for the measurements of α_i is given by

Δα_i = � X_{ii}σ_T N_{ℓ/b}

, (2.10)

where σ_T = � dE_{ℓ/b}d cos θ_{ℓ/b}f_{SM}(E_{ℓ/b}, cos θ_{ℓ/b}) . (2.11)

In this calculation we will not probe the Higgs-resonance region which has been extensively studied previously (see, for example, [7]). Therefore, since we work to lowest order in the α_i, we compute the number of secondary fermions, N_{ℓ/b}, from the SM total cross section multiplied by the lepton/b-quark detection efficiency ϵ_{ℓ/b} and the integrated eē luminosity L_{eē} ; this leads to N_{ℓ/b} independent of m_H .

– 4 –

3. Anomalous couplings and optimal polarizations

In our previous work [15], where our main concern was to construct a fundamental framework for practical analyses, we used (1) P_e = P_ē = 1 and P_t = P_{t̃} = P_γ = P_{γ̃} = 1/ √ 2, and (2) P_e = P_ē = P_γ = P_{γ̃} = 1 as typical polarization examples and performed an OOanalysis. Inverting the matrix M_{ij} , we noticed that the numerical results for X_{ij} are often unstable [15]: even a tiny variation of M_{ij} changes X_{ij} significantly. This indicates that some of f_i have similar shapes and therefore their coefficients cannot be disentangled easily. The presence of such instability forced us to forgo our initial goal of determining all the couplings at once through this process alone. That is, we assume that some of α_i’s have been measured in other processes (e.g., in eē → t t̄ → ℓ^± X), and we performed an analysis with smaller number of independent parameters.

For example, when estimating the statistical uncertainty in simultaneous measurements of α_{γ1} and α_{h1} (assuming all other coefficients are known), we need only the matrix components with indices 1, 2 and 4. In such a “reduced analysis”, we allowed only “stable solutions” according to the following criterion: we calculate the selected Δα_i rounding M_{ij} first to three and then to two decimal places, obtaining Δα^{[3]}_i and Δα^{[2]}_i respectively. We then accept the result as a stable solution if |Δα^{[3]}_i − Δα^{[2]}_i |/Δα^{[3]}_i ≤ 0.1 for i = γ1, h1.

In this work, we took √ s_{eē} = 500 GeV and Λ = 1 TeV and minimized the statistical uncertainties Δα_i by choosing the polarization parameters from the set {P_{e,ē} = 0, ±1; P_{t,t̃} = 0, 1/ √ 2, 1; P_{γ,γ̃} = 0, ±1/ √ 2, ±1}. We also considered 3 values of the Higgs mass, m_H = 100, 300 and 500 GeV, which correspond to the widths Γ_H = 1.08×10^{−2} , 8.38 and 73.4 GeV respectively according to the standard-model formula.

Although we again did not find any stable solution in the four- and five-parameter analysis, we did find some solutions not only in the two- but also in the three-parameter analysis. This is in marked contrast to the results in [15], where we found no stable solution for the three-parameter analysis. In order to insure acceptable statistical precision we required the solutions to satisfy the following conditions:

• Three-parameter analysis: the resulting uncertainties must obey Δα_i ≤ 0.1 for at least two of the three unknown couplings, for an integrated luminosity of L_{eē} = 500 fb^{−1} (without detection-efficiency suppression).

• Two-parameter analysis: after selecting the Higgs-boson mass and the secondary fermion (b or ℓ) that will be observed, we found many stable solutions. We then selected those pairs {Δα_i, Δα_j } that satisfy Δα_{i,j} ≤ 0.1 for a luminosity of L_{eē} = 500 fb^{−1} , and which minimize (Δα_i)^2 + (Δα_j)^2.

The results are presented below. We did not fix the detection efficiencies ϵ_{ℓ/b} since they depend on detector parameters and will improve with the development of detection technology.

1) Three parameter analysis

⊕ Final charged-lepton detection

– 5 – m_H = 500 GeV

• P_e = P_ē = 0, P_t = P_{t̃} = 1 √ 2 , P_γ = −P_{γ̃} = 1 √ 2 , N_ℓ ≃ 6.1 × 10^3ϵ_ℓ

Δα_{γ2} =

0.94 √ ϵ_ℓ

, Δα_{h2} =

0.11 √ ϵ_ℓ

, Δα_d =

0.042 √ ϵ_ℓ

. (3.1)

Strictly speaking, this result does not satisfy our condition for the three-

parameter analysis, but we show it since Δα_{h2} exceeds the limit by only 0.01.

⊕ Final bottom-quark detection

m_H = 100 GeV

• P_e = P_ē = 1, P_t = P_{t̃} = 1 √ 2 , P_γ = −P_{γ̃} = 1 √ 2 , N_b ≃ 4.2 × 10^4ϵ_b

Δα_{h1} =

0.086 √ ϵ_b

, Δα_{h2} =

0.21 √ ϵ_b

, Δα_d =

0.037 √ ϵ_b

. (3.2)

m_H = 500 GeV

• P_e = P_ē = 0, P_t = P_{t̃} = 1 √ 2 , P_γ = −P_{γ̃} = 1 √ 2 , N_b ≃ 2.8 × 10^4ϵ_b

Δα_{γ2} =

0.61 √ ϵ_b

, Δα_{h2} =

0.054 √ ϵ_b

, Δα_d =

0.052 √ ϵ_b

. (3.3)

2) Two parameter analysis

⊕ Final charged-lepton detection

Independent of m_H

• P_e = P_ē = −1, P_t = P_{t̃} = 1, P_γ = P_{γ̃} = 0, N_ℓ ≃ 1.0 × 10^4ϵ_ℓ

Δα_{γ1} =

0.051 √ ϵ_ℓ

, Δα_d =

0.022 √ ϵ_ℓ

. (3.4)

This result is independent of m_H since the Higgs-exchange diagram does not

contribute to the determination of α_{γ1} and α_d within our approximation.

m_H = 100 GeV

• P_e = P_ē = −1, P_t = P_{t̃} = 1 √ 2 , P_γ = P_{γ̃} = 1 √ 2 , N_ℓ ≃ 1.9 × 10^4ϵ_ℓ

Δα_{h1} =

0.034 √ ϵ_ℓ

, Δα_d =

0.017 √ ϵ_ℓ

. (3.5)

m_H = 300 GeV

• P_e = P_ē = −1, P_t = P_{t̃} = 0, P_γ = P_{γ̃} = 1, N_ℓ ≃ 2.4 × 10^4ϵ_ℓ

Δα_{h1} =

0.013 √ ϵ_ℓ

, Δα_d =

0.015 √ ϵ_ℓ

. (3.6)

m_H = 500 GeV

• P_e = P_ē = −1, P_t = P_{t̃} = 0, P_γ = P_{γ̃} = 1, N_ℓ ≃ 2.4 × 10^4ϵ_ℓ

Δα_{h1} =

0.023 √ ϵ_ℓ

, Δα_d =

0.015 √ ϵ_ℓ

. (3.7)

– 6 –

• P_e = P_ē = −1, P_t = P_{t̃} = 0, P_γ = P_{γ̃} = 1, N_ℓ ≃ 2.4 × 10^4ϵ_ℓ

Δα_{h2} =

0.030 √ ϵ_ℓ

, Δα_d =

0.015 √ ϵ_ℓ

. (3.8)

⊕ Final bottom-quark detection

m_H = 100 GeV

• P_e = P_ē = −1, P_t = P_{t̃} = 1 √ 2 , P_γ = −P_{γ̃} = − 1 √ 2 , N_b ≃ 4.2 × 10^4ϵ_b

Δα_{h1} =

0.058 √ ϵ_b

, Δα_d =

0.026 √ ϵ_b

. (3.9)

m_H = 300 GeV

• P_e = P_ē = −1, P_t = P_{t̃} = 1 √ 2 , P_γ = −P_{γ̃} = − 1 √ 2 , N_b ≃ 4.2 × 10^4ϵ_b

Δα_{h1} =

0.009 √ ϵ_b

, Δα_{h2} =

0.074 √ ϵ_b

. (3.10)

• P_e = P_ē = 1, P_t = P_{t̃} = 1 √ 2 , P_γ = −P_{γ̃} = − 1 √ 2 , N_b ≃ 4.2 × 10^4ϵ_b

Δα_{h1} =

0.025 √ ϵ_b

, Δα_d =

0.019 √ ϵ_b

. (3.11)

• P_e = P_ē = 1, P_t = P_{t̃} = 1 √ 2 , P_γ = −P_{γ̃} = 1 √ 2 , N_b ≃ 4.2 × 10^4ϵ_b

Δα_{h2} =

0.065 √ ϵ_b

, Δα_d =

0.010 √ ϵ_b

. (3.12)

m_H = 500 GeV

• P_e = P_ē = −1, P_t = P_{t̃} = 1, P_γ = P_{γ̃} = 0, N_b ≃ 4.6 × 10^4ϵ_b

Δα_{h1} =

0.030 √ ϵ_b

, Δα_d =

0.018 √ ϵ_b

. (3.13)

• P_e = P_ē = −1, P_t = P_{t̃} = 1, P_γ = P_{γ̃} = 0, N_b ≃ 4.6 × 10^4ϵ_b

Δα_{h2} =

0.028 √ ϵ_b

, Δα_d =

0.014 √ ϵ_b

. (3.14)

Using these results one can find (given m_H ) the most suitable polarization for a determi-

nation of a given pair of coefficients.

Note that it is difficult to simultaneously determine α_{γ1} and α_{γ2} in either the two- or

three-parameter analyses. Also, although we did find some new stable solutions that would

allow for a determination of α_{γ1} in the lepton analysis, the expected precision is rather low.

Nevertheless this demonstrates that the use of purely linear laser polarization is crucial for

measuring α_{γ1}. Unfortunately, the statistical uncertainty for α_{γ2} is still large, even in this

improved analysis, so we did not include it among our examples. Other processes must be

used to determine this parameter; for a review see [22].

We found that there are many combinations of polarization parameters that make

uncertainties of α_{h1,h2} and α_d relatively small. For instance, analyzing the b-quark final

– 7 – state with the choices P_e = P_ē = −1, P_t = P_{t̃} = 1/ √ 2, P_γ = −P_{γ̃} = −1/ √ 2 enables us to probe the Higgs-photon couplings α_{h1} and α_{h2} of a 300 GeV Higgs-boson.

As already mentioned, the results are obtained for Λ = 1 TeV. If the scale of new physics equals Λ = λ TeV, then all the above results (Δα_i) are replaced with Δα_i/λ^2, which means that the right-hand sides of eqs. (3.1)–(3.14) giving Δα_i are all multiplied by λ^2.

Some additional comments are in order here.

• If we are only interested in measuring the decay coefficient α_d, then the optimal polarization should be adjusted to maximize the top-production with no significant Higgs-exchange contribution (this is because we keep only linear terms in the anomalous couplings). However, if α_d and α_{h1} or α_{h2} are to be determined, then certain compromise of the SM tt̄-production rate is necessary as one also needs a significant contribution from the Higgs-boson exchange.

• If, on the other hand, only Higgs couplings are to be measured, then the optimal polarization would make the Higgs-exchange diagram as large as possible. It is obvious that for the most precise determination of the γγH couplings, one should go to the resonance region^2 in order to increase the Higgs-production rate. A detailed study of CP -violating effects in γγ → H has been performed, e.g., in [7]. There, for the luminosity L_{eē} = 20 fb^{−1} , the authors estimate 3-σ limits for α_{h2} (d_{γγ} = (v/Λ)^2α_{h2} + · · · in the notation of [7]) at the level of 10^{−3} –10^{−4} depending on the Higgs-boson mass. Correcting for the luminosity adopted here (L_{eē} = 500 fb^{−1} ) it corresponds to our 1-σ uncertainty for α_{h2} also of the order of 10^{−3} –10^{−4} , so smaller by about two orders of magnitude than the precision obtained here for the off-resonance region.

4. Comparing eē and γγ colliders

Since both tt̄γ and tbW couplings contribute to γγ → tt̄ and eē → t t̄, it is pertinent to compare the sensitivity to those anomalous couplings in these two types of colliders.

eē colliders. The assumption that the on-mass-shell t t̄ are produced through s-channel (axial-)vector-boson-exchange fixes all the kinematics in tt̄Z and tt̄γ vertices as a function of √ s and m_t only. For the subsequent two-body on-shell t decay, the kinematics is also fixed (just by masses). Therefore, in this framework, we can perform a very general analysis without worrying about the momentum dependence of all the effective vertices, i.e., not referring to the effective lagrangian but treating the anomalous couplings as form factors (which could be momentum dependent). As we have shown earlier [17, 18], momentum distributions of the secondary lepton and the b-quark can serve as a mean to measure of real parts of the anomalous form factors. There, we used the anomalous magnetic- and

2That would require adjustments of polarizations of the initial electron and laser beams, tuning initial electron energies and choosing large conversion distance, for details see [4]. Then the γγ spectrum would peak at √ sγγ ≃ 0.8 √ seē . Here, since we do not consider mH = 400 GeV, we are never in the resonance region, as mentioned in Introduction.

– 8 – electric-dipole-type couplings δC_γ and δD_γ for tt̄γ vertex and f^R_2 for tbW vertex given; see appendices B and C. The correspondence to α_{γ1}, α_{γ2} and α_d is

δC_γ = − 4 √ 2m_tv gΛ^2 α_{γ1} , δD_γ = i 4 √ 2m_tv gΛ^2 α_{γ2} , Re � f^R_2 � = α_d , (4.1)

where g is the SU(2) coupling and v is the electroweak vacuum expectation value (≃ 250 GeV). Within the effective-lagrangian framework α_{γ1,γ2} are real numbers, so δD_γ is purely imaginary. Since only the real parts of the form factors can be measured through the distributions of the final fermions, eē colliders are sensitive only to δC_γ (α_{γ1}) and f^R_2 (α_d).^3

γγ colliders. Due to the presence of the t-channel diagram, in the case of the γγ collider the kinematics of the tt̄γ vertex is not fixed by √ s and the masses. In order to calculate distributions of secondary particles, one would need to integrate over momenta on which the tt̄γ form factor may depend. Therefore for γγ colliders we will not go beyond the effective-lagrangian framework in which all the anomalous couplings are just given by constant coefficients. In [15] we have shown that for the γγ scattering we could in general determine both real and imaginary parts of the anomalous γ couplings.^4 Because of the above remarks, in order to compare eē and γγ colliders we will adopt the framework of the effective lagrangian. Then it is clear that there are only two couplings which can be measured at both machines: α_{γ1} and α_d. Therefore, we present results of one-parameter OO analysis (i.e., assuming that only one coupling is to be determined at a time) for them using the final-lepton distributions. We show the highest expected precision of each parameter obtained while varying the polarization parameters.

eē → t t̄ → ℓX.

e-1) Δα_{γ1} =

0.02 √ ϵ_ℓ for P_e = −1 and P_ē = +1, N_ℓ ≃ 1.5 × 10^5ϵ_ℓ

e-2) ΔRe � f^R_2 � = 0.003 √ ϵ_ℓ for P_e = −1 and P_ē = +1, N_ℓ ≃ 1.5 × 10^5ϵ_ℓ

γγ → t t̄ → ℓX.

γ-1) Δα_{γ1} =

0.03 √ ϵ_ℓ for P_e = P_ē = ±1 and P_t = P_{t̃} = 1, N_ℓ ≃ 1.0 × 10^4ϵ_ℓ.

3Note that we are discussing only the couplings which contribute to both eē and γγ processes. Of course, at eē colliders it is possible to determine the t t̄Z anomalous couplings to which γγ machines are completely blind; see [17, 18].

4Indeed, α γ1 and α γ2 are respectively the real part and the imaginary part of one parameter as shown in (A.7) and (A.8) in appendix A. Calculating cross sections within our approximation, the imaginary part of any coupling cannot contribute unless the Levi-Civita tensor terms appearing in γ-matrix calculations survive. In case of eē → t t̄ → ℓX process, we do not have enough number of independent vectors to keep those terms non-vanishing, while we do have for γγ process. In order to keep the Levi-Civita tensor terms non-zero in the final result in eē-process analyses, we would need to introduce some additional independent vectors by, e.g., defining an angular asymmetry, see for instance [23].

– 9 – γ-2) Δα_d =

0.01 √ ϵ_ℓ for P_e = P_ē = −1 and P_γ = P_{γ̃} = 1, N_ℓ ≃ 2.4 × 10^4ϵ_ℓ.

As one can see the precision obtained for δC_γ (α_{γ1}) is of the same order although the eē machine seems to be slightly favored. On the other hand the precision for f^R_2 (α_d) is much better in eē than in γγ. This simply comes from the difference in the expected event numbers N_ℓ obtained for each optimal polarizations for the same eē luminosity. So, the eē machine is superior as far as the determination of the top-quark decay parameters is concerned.

5. Conclusions and discussions

We have performed a detailed analysis of the process γγ → tt̄ → ℓX/bX in order to find optimal beam polarizations that minimize uncertainties in the determination of tt̄γ- , tbW - and γγH-coupling parameters. To estimate the uncertainties we have applied the optimalobservable procedure to the final lepton/b-quark momentum distribution in γγ → tt̄ → ℓX/bX. We have also compared the eē and γγ colliders from the point of view of the anomalous-top-quark-coupling determination.

Applying the optimal observable technique, we have again encountered the problem of “unstable-solutions” (see also [15]) and concluded that there is no stable solution when trying to determine more than three anomalous couplings simultaneously. However, in contrast to [15], allowing for more polarization choices, we have obtained stable solutions with three couplings. We also found a number of two-parameter solutions, most of which allow for the determination of the γγH and tbW couplings. The expected precision of the measurement of the Higgs coupling is of the order of 10^{−2} (for the scale of new physics Λ = 1 TeV). This shows that the γγ collider will be useful for testing the Higgs sector of the SM.

We also found that eē colliders will do slightly better than γγ colliders for the determination of CP -conserving tt̄γ and tbW couplings (assuming the validity of the effectivelagrangian framework). One should not forget, however, that eē colliders can only measure the real part of the tt̄γ and tbW couplings as long as we perform full integration over the final-particle momenta.

Apart from the tt̄γ- and tbW -coupling determinations, the γγ → tt̄ and eē → t t̄ processes are sensitive to different types of couplings. The former provides information on γγH couplings, while the tt̄Z couplings can be tested only via the latter. Therefore it is fair to conclude that the measurements from both colliders will complement one another. In this respect it should be noted that γγH coupling could also be measured at eē colliders using final states such as eē → γH [24]. However the expected uncertainty is two orders of magnitude larger than at γγ colliders, see [7, 24]. Therefore, the γγ collider is definitely superior as far as the determination of γγH couplings is concerned,

Let us consider the top-quark-coupling determination in an ideal case such that the beam parameters could be easily tuned and that the energy is sufficient for the on-shell Higgs-boson production, assuming that the Higgs-boson mass is known from the Large Hadron Collider. Then the best strategy would be to adjust polarizations and tune the

– 10 – initial electron energies to construct semi-monochromatic γγ beams such that √s_{γγ} ≃ m_H and on-shell Higgs bosons are produced. This would allow for precise α_{h1,h2} measurement, so the virtual Higgs effects in γγ → tt̄ would be calculable. Unfortunately, as we have shown earlier, it is difficult to measure α_{γ2} by looking just at ℓX/bX final states from γγ → tt̄. Therefore to fix α_{γ2}, one should, for example, measure the asymmetries described in [12] to determine the top-quark electric-dipole moment, which is proportional to α_{γ2}. Then, following the analysis presented here, one can determine α_{γ1} and α_d.

Finally, one must not forget that it is necessary to take into account carefully the Standard Model contribution with radiative corrections when trying to determine the anomalous couplings in a fully realistic analyses. In particular this is significant when we are interested in CP -conserving couplings since the SM contributions there are not suppressed unlike the CP -violating terms. On this subject, see for instance [25].

Acknowledgments

This work is supported in part by the State Committee for Scientific Research (Poland) under grant 1 P03B 078 26 in the period 2004–2006, the Grant-in-Aid for Scientific Research No.13135219 and No.16540258 from the Japan Society for the Promotion of Science, and the Grant-in-Aid for Young Scientists No. 17740157 from the Ministry of Education, Culture, Sports, Science and Technology of Japan.

A. Dimension-6 operators inducing γγ → t t̄

Following the Buchmüller and Wyler scenario [16], operators of dim.6 that could contribute to the continuum top-quark-production process γγ → tt̄ read:

O^′_{uB} = (q̄σ^{μν} u)φ̃B_{μν} , O_{uW} = (q̄σ^{μν} τ^iu)φ̃W_{i μν} . (A.1)

Each of the above operators contains both CP -violating and CP -conserving parts.

On the other hand, the following operators contribute to γγ → tt̄ through the resonant s-channel Higgs-boson exchange:

O_{φW̃} = (φ^†φ)W̃^i_{μν} W^{i μν} , O_{φW} = 1 2 (φ^†φ)W^i_{μν} W^{i μν} ,

O_{φB̃} = (φ^†φ)B̃_{μν} B^{μν} , O_{φB} = 1 2 (φ^†φ)B_{μν} B^{μν} ,

O_{W̃ B} = (φ^†τ^iφ)W̃^i_{μν} B^{μν} , O_{W B} = (φ^†τ^iφ)W^i_{μν} B^{μν} . (A.2)

The operators that contain the dual tensors (e.g., B̃_{μν} ≡ ϵ_{μναβ} B^{αβ} /2 with ϵ_{0123} = +1) are CP odd while the remaining are CP even.

All these operators lead to the following Feynman rules for on-shell photons, which are necessary for our calculations:

(1) CP -conserving tt̄γ vertex √ 2 Λ^2 vα_{γ1}k/ γ_μ , (A.3)

– 11 –

(2) CP -violating tt̄γ vertex i √ 2 Λ^2 vα_{γ2}k/ γ_μ γ_5 , (A.4)

(3) CP -conserving γγH vertex − 4 Λ^2 vα_{h1}[ (k_1k_2)g_{μν} − k_{1ν} k_{2μ} ], (A.5)

(4) CP -violating γγH vertex 8 Λ^2 vα_{h2}k^ρ_1 k^σ_2 ϵ_{ρσμν} , (A.6)

where k and k_{1,2} are incoming photon momenta, v is the EW vacuum expectation value (≃ 250 GeV) and α_{γ1,γ2,h1,h2} are defined as

α_{γ1} ≡ sin θ_W Re(α_{uW} ) + cos θ_W Re(α^′_{uB} ) , (A.7) α_{γ2} ≡ sin θ_W Im(α_{uW} ) + cos θ_W Im(α^′_{uB} ) , (A.8) α_{h1} ≡ sin^2 θ_W Re(α_{φW} ) + cos^2 θ_W Re(α_{φB} ) − 2 sin θ_W cos θ_W Re(α_{W B}) , (A.9) α_{h2} ≡ sin^2 θ_W Re(α_{φW̃} ) + cos^2 θ_W Re(α_{φB̃} ) − sin θ_W cos θ_W Re(α_{W̃ B} ) . (A.10)

In our notation, the SM ff̄γ coupling is given by

eQ_f γ_μ ,

where e is the proton charge and Q_f is f’s electric charge in unit of e (e.g., Q_u = 2/3).

B. Dimension-6 operators inducing t → bW

The top-quark decay vertex is also affected by some dim.6 operators. For the on-mass-shell W boson it will be sufficient to consider just the following contributions to the tbW amplitude since other possible terms do not interfere with the SM tree-level vertex when m_b is neglected:

Γ^μ_{tbW} = − g √ 2 ū(p_b) � γ^μ f^L_1 P_L − iσ^{μν} k_ν M_W f^R_2 P_R � u(p_t) , (B.1)

where g denotes the SU(2) gauge coupling constant, P_{L,R} ≡ (1 ∓ γ_5)/2, and f^L_1 and f^R_2 are given by

f^L_1 = 1 + v Λ^2

�m_t 2 (α_{Du} − α¯_{Du}) − 2vα^{(3)}_{φq} � , (B.2)

f^R_2 = − v Λ^2

M_W � 4 g α_{uW} + 1 2 (α_{Du} − α¯_{Du}) � , (B.3)

with α_{Du}, α¯_{Du} and α^{(3)}_{φq} being correspondingly the coefficients of the following operators:

O_{Du} = (q̄D_μ u)D^μ φ̃, O¯_{Du} = (D_μq̄)uD^μ φ̃, O^{(3)}_{φq} = i(φ^†D_μ τ^iφ)(q̄γ^μ τ^iq). (B.4)

In the main text, we express Re(f^R_2 ) as α_d.

– 12 –

C. General invariant amplitude of eē → t t̄

We assume that all non-standard effects in the production process eē → t t̄ can be represented by the following corrections to the photon and Z-boson vertices contributing to the s-channel diagrams:

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_v γ_5) � v(p¯_t) , (C.1)

where 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 sin^2 θ_W /3. In addition, contributions to the vertex proportional to (p_t +p¯_t)^μ are also allowed, but their effects vanish in the limit of zero electron mass. Therefore, we can say that this form is practically the most general invariant one. Among the above new form factors, δA_{γ,Z} , δB_{γ,Z} and δC_{γ,Z} are parameterizing CP -conserving, while δD_{γ,Z} describes CP -violating non-standard interactions. A complete list of these non-standard couplings expressed through coefficients of dim.6 effective operators is to be found, e.g., in the second paper in [17].

References

[1] Talks presented by K. Mönig, F. Zimmermann, and J. Dorfan at XXII International Symposium on Lepton-Photon Interactions at High Energy, Jun.30-Jul.5, 2005, Uppsala, Sweden, http://lp2005.tsl.uu.se/~lp2005// and K. Mönig, Physics at future linear colliders, hep-ph/0509159;

see also: ACFA Linear Collider Working Group collaboration, K. Abe et al., Particle physics experiments at JLC, hep-ph/0109166.

[2] I.F. Ginzburg, G.L. Kotkin, V.G. Serbo and V.I. Telnov, Colliding γe and γγ beams based on the single pass accelerators (of Vlepp type), Nucl. Instrum. Meth. 205 (1983) 47.

[3] D.L. Borden, D. Bauer and D.O. Caldwell, Physics possibilities at a photon linear collider, SLAC-PUB-5715, UCSB-HEP-92-01.

[4] D.L. Borden, D.A. Bauer and D.O. Caldwell, Higgs boson production at a photon linear collider, Phys. Rev. D 48 (1993) 4018.

[5] B. Grzadkowski and J.F. Gunion, Using back-scattered laser beams to detect CP violation in the neutral Higgs sector, Phys. Lett. B 294 (1992) 361 [hep-ph/9206262].

[6] H. Anlauf, W. Bernreuther and A. Brandenburg, Probing Higgs sector CP violation with top quarks at a photon linear collider, Phys. Rev. D 52 (1995) 3803 [hep-ph/9504424], erratum ibid. D53 (1995) 1725.

[7] G.J. Gounaris and G.P. Tsirigoti, Signatures of CP-violation in γγ → H using polarized beams, Phys. Rev. D 56 (1997) 3030 [hep-ph/9703446], erratum ibid. D58 (1998) 059901.

[8] E. Asakawa, J.-I. Kamoshita, A. Sugamoto and I. Watanabe, Production of scalar Higgs and pseudoscalar Higgs in multi-Higgs doublet models at γγ colliders, Eur. Phys. J. C 14 (2000) 335 [hep-ph/9912373].

– 13 –

[9] E. Asakawa, S.Y. Choi, K. Hagiwara and J.S. Lee, Measuring the Higgs CP property through top quark pair production at photon linear colliders, Phys. Rev. D 62 (2000) 115005 [hep-ph/0005313].

[10] R.M. Godbole, S.D. Rindani and R.K. Singh, Study of CP property of the Higgs at a photon collider using γγ → tt̄ → ℓX, Phys. Rev. D 67 (2003) 095009 [hep-ph/0211136].

[11] E. Asakawa and K. Hagiwara, Probing the CP nature of the Higgs bosons by tt̄ production at photon linear colliders, Eur. Phys. J. C 31 (2003) 351 [hep-ph/0305323].

[12] S.Y. Choi and K. Hagiwara, Probing the top-quark electric dipole moment at a photon linear collider, Phys. Lett. B 359 (1995) 369 [hep-ph/9506430].

[13] M.S. Baek, S.Y. Choi and C.S. Kim, CP violation in the top-quark pair production at a next linear collider, Phys. Rev. D 56 (1997) 6835 [hep-ph/9704312].

[14] P. Poulose and S.D. Rindani, Electric dipole moment of top quark and CP-violating asymmetries in γγ → tt̄, Phys. Rev. D 57 (1998) 5444 [hep-ph/9709225], erratum ibid. D61 (1998) 119902.

[15] B. Grzadkowski, Z. Hioki, K. Ohkuma and J. Wudka, Probing anomalous top-quark couplings induced by dim.6 operators at photon colliders, Nucl. Phys. B 689 (2004) 108 [hep-ph/0310159]; Optimal-observable analysis of possible new physics using the b-quark in γγ → tt̄ → bX, Phys. Lett. B 593 (2004) 189 [hep-ph/0403174].

[16] W. Buchmüller and D. Wyler, Effective lagrangian analysis of new interactions and flavor conservation, Nucl. Phys. B 268 (1986) 621.

[17] B. Grzadkowski and Z. Hioki, Energy spectrum of secondary leptons in e^+e^− → tt̄:

non-standard interactions and CP violation, Nucl. Phys. B 484 (1997) 17 [hep-ph/9604301]; L. Brzezinski, B. Grzadkowski and Z. Hioki, Effects of nonstandard interactions for the energy spectrum of secondary leptons in e^+e^− → tt̄, Int. J. Mod. Phys. A 14 (1999) 1261 [hep-ph/9710358].

[18] B. Grzadkowski and Z. Hioki, Optimal-observable analysis of the angular and energy distributions for top-quark decay products at polarized linear colliders, Nucl. Phys. B 585 (2000) 3 [hep-ph/0004223].

[19] J.A.M. Vermaseren, Symbolic manipulation with FORM; version 2, tutorial and reference manual, CAN, Amsterdam 1991, ISBN 90-74116-01-9.

[20] Y.-S. Tsai, Decay correlations of heavy leptons in e^+ + e^− → l^+ + l^− , Phys. Rev. D 4 (1971) 2821, erratum ibid. D13 (1976) 771;

S. Kawasaki, T. Shirafuji and S.Y. Tsai, Productions and decays of short-lived particles in e^+-e^− colliding beam experiments, Prog. Theor. Phys. 49 (1973) 1656.

[21] D. Atwood and A. Soni, Analysis for magnetic moment and electric dipole moment form factors of the top quark via e^+e^− → tt̄, Phys. Rev. D 45 (1992) 2405;

M. Davier, L. Duflot, F. Le Diberder and A. Rouge, The optimal method for the measurement of tau polarization, Phys. Lett. B 306 (1993) 411;

M. Diehl and O. Nachtmann, Optimal observables for the measurement of three gauge boson couplings in e^+e^− → W^+W^− , Z. Physik C 62 (1994) 397;

J.F. Gunion, B. Grzadkowski and X.-G. He, Determining the tt̄ and ZZ couplings of a neutral Higgs boson of arbitrary CP nature at the next linear collider, Phys. Rev. Lett. 77 (1996) 5172 [hep-ph/9605326].

– 14 –

[22] D. Atwood, S. Bar-Shalom, G. Eilam and A. Soni, CP violation in top physics, Phys. Rept.

347 (2001) 1 [hep-ph/0006032].

[23] D. Chang, W.-Y. Keung and I. Phillips, CP violation in top pair production at an e^+e^− collider, Nucl. Phys. B 408 (1993) 286 [hep-ph/9301259], erratum ibid. B429 (1994) 255; W. Bernreuther, A. Brandenburg and P. Overmann, CP nonconservation in top quark production by (un)polarized e^+e^− and γγ collisions, hep-ph/9602273.

[24] K. Hagiwara and M.L. Stong, Probing the scalar sector in e^+e^− → ff̄H, Z. Physik C 62 (1994) 99 [hep-ph/9309248];

M. Krämer, J.H. Kühn, M.L. Stong and P.M. Zerwas, Prospects of measuring the parity of Higgs particles, Z. Physik C 64 (1994) 21 [hep-ph/9404280];

G.J. Gounaris, F.M. Renard and N.D. Vlachos, Tests of anomalous Higgs boson couplings through e^− e^+ → ZH and γH, Nucl. Phys. B 459 (1996) 51 [hep-ph/9509316].

[25] A. Brandenburg and Z.G. Si, Top quark pair production and decay at a polarized photon collider, Phys. Lett. B 615 (2005) 68 [hep-ph/0503153].

– 15 –