arXiv:hep-ph/0610350v2 6 Feb 2007

Effects of the little Higgs Models on Single Top Production at the e^−γ Colliders

Yao-Bei Liu^1, Jie-Fen Shen^2, Xue-Lei Wang^3

1: Henan Institute of Science and Technology, Xinxiang 453003, P.R.China ∗ 2: Xinxiang Medical University, Xinxiang 453003, P.R.China 3: College of Physics and Information Engineering, Henan Normal University, Xinxiang 453007, P.R.China

February 6, 2007

Abstract In the framework of the littlest Higgs(LH) model and the littlest Higgs model with Tparity(LHT ), we investigate the single top production process e^−γ → ν_ebt̄, and calculate the corrections of these two models to the cross section of this process. We find that in the reasonable parameter space, the correction terms for the tree-level W tb couplings coming from the LHT model can generate significantly corrections to the cross section of this process, which might be detected in the future high energy linear e^+e^− collider(ILC) experiments. However, the contributions of the new gauge boson W^±_H predicted by the LH model to this process are very small.

PACS number(s): 12.60.Cn, 13.66.Hk, 14.65.Ha

∗E-mail:hnxxlyb2000@sina.com

Recently, the little Higgs model offers a very promising solution to the hierarchy problem in which the Higgs boson is naturally light as a result of nonlinearly realized symmetry[1]. The key feature of this model is that the Higgs boson is a pseudo-Goldstone boson of an approximate global symmetry which is spontaneously broken by a vacuum expectation value(VEV) at a scale of a few TeV and thus is naturally light. The most economical little Higgs model is the so-called littlest Higgs model, which is based on a SU(5)/SO(5) nonlinear sigma model [2]. It consists of a SU(5) global symmetry, which is spontaneously broken down to SO(5) by a vacuum condensate f. In this model, a set of new heavy gauge bosons(B_H , Z_H , W_H ) and a new heavy-vector-like quark(T) are introduced which just cancel the quadratic divergence induced by the SM gauge boson loops and the top quark loop, respectively. Furthermore, these new particles might produce characteristic signatures at the present and future collider experiments [3, 4].

It has been shown that the LH model suffers from severe constraints from the precision electroweak measurement, which would require raising the mass of new particles to be much higher than 1 TeV[5]. To avoid this problem, T-parity is introduced into the LH model, which is called LHT model[6]. Under T-parity, the SM particles are T-even and most of the new heavy particles are T-odd. Thus, the SM gauge bosons can-not mix with the new gauge bosons, and the electroweak precision observables are not modified at tree level. In the top-quark sector, the LHT model contains a T-odd and T-even partner of the top quark. The T-even partner of the top quark cancels the quadratic divergence contribution of top quark to Higgs boson mass and mixes with top quark. It has been shown that the loop corrections to precision electroweak observables are much small and the scale parameter parameter f can be decreased to 500GeV[6, 7]. Thus, this model can produce rich phenomenology in the present and future experiments.

The top quark is by far the heaviest known fermion with a mass of the order of the electroweak scale m_t = 172.7 ± 2.9GeV [8]. Assuming this is not a coincidence, it is hoped that a detailed study of top quark couplings to other particles will be of utility in clarifying whether the SM provides the correct mechanism for electroweak symmetry-breaking, or whether new physics is responsible. It is therefore of interest to provide a general description of the top quark couplings, which might be modified due to the presence of new interactions or particles.

Future linear colliders are expected to be designed to function also as γγ or eγ colliders with the photon beams generated by laser-scattering method, in these modes the flexibility in polarizing both lepton and photon beams will allow unique opportunities to analyze the top quark properties and interactions. The aim of this paper is to consider the process e^−γ → ν_ebt̄ in the context of the LH model and the LHT model, respectively, and see whether the effects of these two models on this process can be detected in the future ILC experiments.

In the LH model, the couplings constants of the SM gauge boson W and the new heavy gauge boson W_H to ordinary particles, which are related to our calculation, can be written as [3]: g^{W eν}_V = −g^{W eν}_A = ie 2 √ 2s_W [1 − v^2 2f^2 c^2(c^2 − s^2)], (1) g^{WH eν}_V = −g^{WH eν}_A = − ie 2 √ 2s_W c s , (2) g^{W tb}_V = −g^{W tb}_A = ie 2 √ 2s_W [1 − v^2 2f^2

(x^2_L + c^2(c^2 − s^2))], (3) g^{WH tb}_V = −g^{WH T b}_A = − ie 2 √ 2s_W c s , (4)

where f is the scalar parameter, v = 246GeV is the electroweak scale, s_W represents the sine of the weak mixing angle, and c is the mixing parameter between SU(2)_1 and SU(2)_2 gauge bosons with s = √ 1 − c^2. x_L is the mixing parameter between the SM top quark t and the vectorlike top quark T , which is defined as x_L = λ^2_1/(λ^2_1 + λ^2), λ_1 and λ_2 are the Yukawa couplings parameters. We write the gauge boson-fermion couplings in the form of iγ^μ(g_V + g_Aγ^5).

Compared with the process e^−γ → ν_ebt̄ in the SM, this process in the LH model receives additional contributions from the heavy boson W^±_H proceed through the Feynman diagrams depicted in Fig1. Furthermore, the modification of the relations among the SM parameters, the precision electroweak input parameters, the correction terms to the SM Weν_e and W bt coupling can also produce corrections to this process.

In order to write a compact expression for the amplitudes, it is necessary to define the triple-boson couplings coefficient as:

Γ^{αβγ} (p_1, p_2, p_3) = g^{αβ}(p_1 − p_2)^γ + g^{βγ} (p_2 − p_3)^α + g^{γα}(p_3 − p_1)^β, (5)

with all motenta out-going.

Figure 1: Feynman diagrams of the process e^−γ → ν_ebt̄ in the LH model.

The invariant production amplitudes of the process in the LH model can be written as: M = M_a + M_b + M_c + M_d, (6) with

M_a = ū(p_3)g^{W eν}_V γ_μ(1 − γ_5)u(p_1){G(p_3 − p_1, M_W ) + c^2 s^2

G(p_3 − p_1, M_{WH} )} ×g^{μν}ū(p_4)g^{γbb̄}γ_ρG(p_4 − p_2, m_b)g^{W tb}_V γ_ν (1 − γ_5)v(p_5)ε^ρ(p_2), (7) M_b = −ū(p_3)g^{W eν}_V γ_μ(1 − γ_5)u(p_1)Γ^{μνρ}(p_3 − p_1, −p_2, p_4 + p_5){G(p_3 − p_1, M_W ) ×G(p_4 + p_5, M_W ) + c^2 s^2

G(p_3 − p_1, M_{WH} )G(p_4 + p_5, M_{WH} )} ū(p_4)g^{W tb}_V γ_ν (1 − γ_5)v(p_5)ε^ρ(p_2), (8) M_c = ū(p_4)g^{W tb}_V γ_μ(1 − γ_5)v(p_5){G(p_4 + p_5, M_W ) + c^2 s^2

G(p_4 + p_5, M_{WH} )} ×g^{μν}ū(p_3)g^{W eν}_V γ_ν (1 − γ_5)G(p_1 + p_2, 0)g^{γeē}γ_ρu(p_1)ε^ρ(p_2), (9) M_d = ū(p_3)g^{W eν}_V γ_μ(1 − γ_5)u(p_1){G(p_3 − p_1, M_W ) + c^2 s^2

G(p_3 − p_1, M_{WH} )} ×g^{μν}ū(p_4)g^{W tb}_V γ_ν (1 − γ_5)G(p_2 − p_5, m_t)g^{γtt̄}γ_ρv(p_5)ε^ρ(p_2), (10) where G(p, m) = 1/(p^2 − m^2) denotes the propagator of the particle.

The hard photon beam of the eγ collider can be obtained from laser backscattering at the e^+e^− linear collider. Let ŝ and s be the center-of-mass energies of the eγ and e^+e^− systems, respectively. After calculating the cross section σ(ŝ) for the subprocess e^−γ → ν_ebt̄, the total cross section at the e^+e^− linear collider can be obtained by folding σ(ŝ) with the photon distribution function that is given in Ref[9]: σ(tot) = ∫_{xmax} (M_t+M_b)^2/s dxσ(ŝ)f_γ (x), (11) where f_γ (x) = 1 D(ξ) [1 − x + 1 1 − x − 4x ξ(1 − x) + 4x^2 ξ^2(1 − x)^2

], (12) with D(ξ) = (1 − 4 ξ − 8 ξ^2

) ln(1 + ξ) + 1 2 + 8 ξ − 1 2(1 + ξ)^2

. (13) In the above equation, ξ = 4E_eω_0/m^2_e in which m_e and E_e stand, respectively, for the incident electron mass and energy, ω_0 stands for the laser photon energy, and x = ω/E_e stands for the fraction of energy of the incident electron carried by the backscattered photon. f_γ vanishes for x > x_{max} = ω_{max}/E_e = ξ/(1 + ξ). In order to avoid the creation of e^+e^− pairs by the interaction of the incident and backscattered photons, we require ω_0x_{max} ≤ m^2_e/E_e, which implies that ξ ≤ 2 + 2 √ 2 ≃ 4.8. For the choice of ξ = 4.8, we obtain x_{max} ≈ 0.83, D(ξ_{max}) ≈ 1.8. (14) For simplicity, we have ignored the possible polarization for the electron and photon beams.

With the above production amplitudes, we can obtain the production cross section directly. In the calculation of the cross section, instead of calculating the square of the amplitudes analytically, we calculate the amplitudes numerically by using the method of the references [10] which can greatly simplify our calculation.

In our numerical results, we take the input parameters as M_t = 172.7GeV [8], α_e = 1/128.8, M_Z = 91.187GeV , s^2_W =0.2315 and m_W =80.45GeV[11]. The value of the relative correction parameter is insensitive to the degree of the electron and positron polarization and the c.m. energy √ s. Therefore, we do not consider the polarization of the initial states and take √ s=500GeV in our numerical calculation. Except for these SM input parameters, the contributions of the LH model to single top quark production are dependent on the free parameters (f, c, x_L). Considering the constraints of the electroweak precision data on these free parameters, we will

Figure 2: The relative correction δσ/σ^{SM} as a function of the mixing parameter c for f=1TeV and three values of the mixing parameter x_L in LH model.

assume f = 1 ∼ 2T eV , 0.3 ≤ x_L ≤ 0.6, 0 < c ≤ 0.5 for the LH model [12]. The relative correction of the LH model to the cross section of single top production is in the expression of the relative correction parameter δσ/σ^{SM} with δσ = |σ^{tot} −σ^{SM} | and σ^{SM} is the tree-level cross section of e^−γ → ν_ebt̄ production predicted by the SM. The numerical results are summarized in Figs.2

In the LH model, the extra contributions to the process e^−γ → ν_ebt̄ come from the heavy gauge boson W^±_H , the modification of the relations among the SM parameters and the precision electroweak input parameters, and the correction terms of the SM W eν_e and W tb couplings. From Fig.2, we can see that the absolute values of the relative correction δσ/σ^{SM} are smaller than 5% in most of the parameter space preferred by the electroweak precision data , which is difficult to be detected.

Under T-parity of the LH model, the couplings of the electroweak gauge boson to light fermions are not modified from their corresponding SM couplings at tree level. Nonetheless, the W tb coupling is modified at tree level by the mixing of the top quark with its T-even partner[6, 7]. The expression of the coupling W tb can be written as: g^{W tb}_V = −g^{W tb}_A = ie 2 √ 2s_W [1 − c^4_λ 2 v^2 f^2

], (15)

Figure 3: The relative correction δσ/σ^{SM} as a function of the mixing parameters c_λ for three values of the scale parameter f in LHT model.

where the mixing parameter c_L = λ_1/ √ (λ^2_1 + λ^2), in which λ_1 and λ_2 are the Yukawa couplings parameters in the LHT model.

From the above discussions, we can see that the LHT model can also generate corrections

Figure 4: The relative correction δσ/σ^{SM} as a function of the the scale parameter for three values of the mixing parameters c_λ in LHT model.

to the production cross sections for the process e^−γ → ν_ebt̄ via the modification of the coupling W tb. The value of the relative correction parameter δσ/σ^{SM} depends on two free parameters f and c_λ in the LHT model. Considering the parameter space of f and c_λ constrained by Ref[7], we take 0.1 ≤ c_λ ≤ 0.9 and 500GeV ≤ f ≤ 2000GeV . The relative correction parameters generated by the LHT model to the cross section of single top production at the eγ collider are shown in Fig.3 and Fig.4. In these figures, we have taken δσ = σ^{LHT} − σ^{SM} . From Fig.3, we can see that the absolute value of the relative correction increases with an increase of the mixing parameter c_λ. As long as f ≤ 800GeV and c_λ ≥ 0.7, in sizable regions of the parameter space in the LHT model, the absolute value of the relative correction δσ/σ^{SM} is larger than 5%, which might be detected in the future ILC experiments. To see the effect of varying the scale parameter f on the relative correction δσ/σ^{SM} , we plot δσ/σ^{SM} as a function of f for three values of the mixing parameter c_λ in Fig.4. One can see from Fig.4 that the absolute value of the relative correction δσ/σ^{SM} decreases as f increase, which is consistent with the conclusions for the corrections of the LH model and LHT model to other observables[13].

The little Higgs model, which can solve the hierarchy problem, is a promising alternative new physics model. The LH model is one of the simplest and phenomenologically viable models, which realizes the little Higgs idea. In order to provide a valuable theoretical instruction to test the little Higgs idea, people have done a lot of phenomenological work within the context of the little Higgs models. In this paper, we have considered single top production process e^−γ → ν_ebt̄ in the LH model and the LHT model. We find that the contribution of the LH model to this process is very small in most of the parameter space, which is difficult to be detected in future ILC experiments. However, in sizable regions of the parameter space in the LHT model, the absolute value of the relative correction δσ/σ^{SM} is larger than 5%, which might be detected in the future ILC experiments.

References

[1] N. Arkani-Hamed, A. G. Cohen, H. Georgi. Phys. Lett., 2001, B513: 232; N. Arkani- Hamed, A. G. Cohen, T. Gregoire et al. JHEP, 2002, 0208: 020; N. Arkani-Hamed, A. G. Cohen, E. Katz et al. JHEP, 2002, 0208: 021; I. Low, W. Skiba, D. Smith. Phys. Rev., 2002, D66: 072001 [2] N. Arkani-Hamed, A. G. Cohen, E. Katz et al. JHEP, 2002, 0207:034 [3] T. Han, H. E. Logan, B. McElrath et al. Phys. Rev., 2003, D67: 095004 [4] T. Han, H. E. Logen, B. McElrath et al. Phys. Lett., 2003, B563: 191; G. Cho, A. Omete.

Phys. Rev., 2004, D70: 057701; LIU Yao-Bei, WANG Xue-Lei, CAO Yong-Hua. Chin.Phys. Lett., 2007, 24(1): 57 [5] C. Csaki, J. Hubisz, G. D. Kribs et al. Phys. Rev., 2003, D68: 035009; J. L. Hewett, F. J.

Petriello, T. G. Rizzo. JHEP , 2003, 0310: 062 [6] H. C. Cheng, I. Low. JHEP, 2003, 0408: 061; I. Low. JHEP, 2004, 0410: 067 [7] J. Hubisz, P. Meade, A. Noble et al. JHEP, 2006, 0601: 135 [8] CDF Collaboration, D0 Collaboration, Tevatron Electroweak Working group Combination of CDF and D0 results on the top-quark mass, hep-ex/0507091.

[9] G. Jikia. Nucl. Phys., 1992, B374: 83; O. J. P. Eboli et al. Phys. Rev., 1993, D47: 1889 [10] K. Hagiwara, D. Zeppenfeld. Nucl. Phys., 1989, B313: 560; V. Barger, T. Han, D. Zeppenfeld. Phys. Rev., 1990, D41: 2782 [11] S. Eidelman et al. [Particle Data Group], Phys. Lett., 2004, B592: 1 [12] R. Casalbuoni, A. Deandrea, M. Oertel. 2004, JHEP 0402: 032; Mu-Chun Chen, S.

Dawson. Phys. Rev., 2004, D70: 015003; Chong-Xing Yue, Wei Wang. Nucl. Phys., 2004, B683: 48; W. Kilian, J. Reuter. Phys. Rev., 2004, D70: 015004 [13] Chong-Xing Yue, Wei Wang. Phys. Rev., 2005, D71: 015002; Xuelei Wang, Jihong Chen, Yaobei Liu et al. Phys. Rev., 2006, D74: 015006