arXiv:hep-ph/0504253 v2 6 Jun 2005

Probing signals of the littlest Higgs model via the W W fusion processes at the high energy e^+e^− collider

Chong-Xing Yue, Wei Wang, Zheng-Jun Zong, and Feng Zhang

Department of Physics, Liaoning Normal University, Dalian 116029, China∗

June 6, 2005

Abstract In the framework of the littlest Higgs(LH) model, we consider the processes e^+e^− → νν̄H^0 and e^+e^− → W^∗W^∗νν̄ → νν̄tt̄, and calculate the contributions of new particles to the cross sections of these processes in the future high energy e^+e^− collider(ILC) with √ S = 1T eV . We find that, with reasonable values of the free parameters, the deviations of the cross sections for the processes e^+e^− → νν̄H^0 from its SM value might be comparable to the future ILC measurement precision. The contributions of the light Higgs boson H^0 to the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄ are significant large in all of the parameter space preferred by the electroweak precision data, which might be detected in the future ILC experiments. However, the contributions of the new gauge bosons B_H and Z_H to this process are very small.

PACS number: 12.60.Cn, 14.70.Pw, 14.80.Cp

∗E-mail:cxyue@lnnu.edu.cn

I. Introduction

Little Higgs models[1,2,3] employ an extended set of global and gauge symmetries in order to avoid the one-loop quadratic divergences and thus provide a new method to solve the hierarchy between the T eV scale of possible new physics and the electroweak scale ν = 246GeV = ( √ 2G_F )^{−1/2}. The key feature of this type of models is that the Higgs boson is a pseudo-Goldstone boson of a global symmetry which is spontaneously broken at some higher scale f and thus is naturally light. Electroweak symmetry breaking(EW SB) is induced by a Coleman-Weinberg potential, which is generated by integrating out the heavy degrees of freedom. This type of models can be regarded as one of the important candidates of the new physics beyond the standard model(SM).

The next generation of high energy e^+e^− linear colliders(ILC^′s) are expected to operate at the center-of -mass(c.m.) energy √ S = 300GeV − −1.5T eV , which are required to complement the probe of the new particles with detailed measurement[4]. They will offer an excellent opportunity to study the dynamics of the new physics with uniquely high precision. The main production mechanism of the neutral Higgs boson in these collider experiments are the Higgs-strahlung process e^+e^− → ZH^0 and the W W fusion process e^+e^− → W^∗W^∗νν → ννH^0[5]. The cross section for the Higgs-strahlung process scales as 1/S and dominates at low energies, while the cross section for the W W fusion process rises log(S/m^2_H ) and dominates at high energies. It has been shown that, for √ S ≥ 500GeV , the W W fusion contributions dominate the total cross section for the Higgs production processes[6]. The ZZ fusion process e^+e^− → Z^∗Z^∗e^+e^− → e^+e^−H^0 can also contribute to the Higgs boson production. However, the cross section is suppressed by an order of magnitude compared to that for the W W fusion process, due to the ratio of the W^±eν_e coupling to the Zee coupling, 4c^2_W = 3.

In Ref.[7], we have calculated the cross section of the Higgs-strahlung process e^+e^− → ZH^0 in the context of the littlest Higgs(LH) model[1]. We find that, in most of the parameter space, the deviation of the total cross section from its SM value is larger than 5%, which may be detected at the future ILC experiment with √ S = 500GeV . In this paper, we will consider the W W fusion process e^+e^− → W^∗W^∗νν → ννH^0 and see whether the light Higgs boson predicted by the LH model can be detected via this process at the future ILC experiment with √ S = 1T eV . It is well known that vector boson scattering processes can be used to probe kinds of EW SB mechanism at T eV energies[8]. The W W fusion process W^+W^− → tt could be used to probe how the Higgs sector couples to fermions. Although QCD backgrounds make this process very difficult to observe at the hadron colliders, it has been shown[9] that the signals of the SM Higgs sector could be established with good statistical significance at the ILC with √ S = 1.5T eV . In this paper, we will study the W W fusion process W^+W^− → tt at the future ILC with √ S = 1T eV . In the context of the LH model, we calculate the contributions of the light Higgs boson H^0 to this process and further calculate the cross section for the process e^+e^− → W^∗W^∗νν → ννtt using the effective W -boson approximation (EWA)[10]. We find that the cross section of this process is very sensitive to the free parameters of the LH model and the possible signals of the little Higgs boson H^0 should be detected at the future ILC experiments with √ S = 1T eV . The LH model predicts the existence of the heavy gauge bosons, such as Z_H and B_H .

We further study the contributions of these new gauge bosons to the W W fusion process e^+e^− → W^∗W^∗νν → ννtt in this paper. We find that the contributions of gauge boson Z_H exchange and B_H exchange to this process are very small in all of the parameter space preferred by the electroweak precision data, which can not be detected in the future ILC experiments.

In the next section, we give the couplings and masses of the new particles predicted by the LH model, which are related to our calculation. In Sec.III we calculate the single production cross-section of the light Higgs boson H^0 via the W W fusion process and compare our numerical result with that given in the SM. The contributions of the little Higgs boson H^0 to the process W^+W^− → tt are studied in Sec.IV. Using the EWA method, we further calculate the cross section for the process e^+e^− → W^∗W^∗νν → ννtt generated by H^0 exchange in this section. The possible contributions of the heavy gauge bosons to the process e^+e^− → W^∗W^∗νν → ννtt are studied in Sec.V. Our conclusions and discussions are given in Sec.VI.

II. The relevant coupling forms

The LH model[1] is one of the simplest and phenomenologically viable models, which realizes the little Higgs idea. It consists of a non-linear σ model with a global SU(5) symmetry and a locally gauged symmetry SU(2)_1 × U(1)_1 × SU(2)_2 × U(1)_2. The global SU(5) symmetry is broken down to its subgroup SO(5) by a vacuum condensate f ∼ Λs/4π ∼ T eV , which results in fourteen massless Goldstone bosons. Four of these particles are eaten by the SM gauge bosons, so that the locally gauged symmetry SU(2)_1 × U(1)_1 × SU(2)_2 × U(1)_2 is broken down to its diagonal subgroup SU(2) × U(1), identified as the SM electroweak gauge group. The remaining ten Goldstone bosons transform under the SM gauge group as a doublet H and a triplet Φ. The doublet H becomes the SM Higgs doublet, while the triplet Φ is an addition to the SM particle contents. This breaking scenario also gives rise to the new gauge bosons W^±_H , B_H , Z_H .

In the LH model, the light Higgs boson acquires the mass squared parameter at twoloop as well as at one-loop from the Coleman-Weinberg potential. Its mass is protected from the one-loop quadratic divergence by a few new particles with the same statistics as the corresponding SM particles. The new heavy gauge bosons W^±_H , B_H , Z_H cancel the one-loop quadratic divergence generated by the SM gauge boson W and Z loops. New heavy scalar Φ cancels that generated by the Higgs self-interaction. A new vector-like top quark T is also needed to cancel the divergences from the top quark Yukawa interactions. Furthermore, these new particles might produce characteristic signatures at the present and future collider experiments[7,11,12,13]. Certainly, these new particles can generate significant corrections to some observables and thus the precision measurement data can give severe constraints on this kind of models[11,14,15,16].

In the LH model, the coupling expressions of the Higgs boson H^0, which are related to our calculation, can be written as[11]: g^{H 0W +μ W −ν} = ie^2νg_{μν} 2s^2_W

[1 − ν^2 3f^2 + 1 2 (c^2 − s^2)^2 ν^2 f^2

− 12 ν^′ ν ], (1) g^{H 0W +HμW −Hν} = − ie^2ν 2s^2_W g_{μν} , g^{H 0W +μ W −Hν} = − ie^2νg_{μν} 2s^2_W

(c^2 − s^2) 2sc , (2) g^{H 0tt} = − im_t ν [1 − 4( ν^′ ν )^2 + 2 ν^′ f − 2 3 ( ν f )^2 + ν^2 f^2 x_L(1 + x_L)]. (3)

Where s_W = sin θ_W , θ_W is the Weinberg angle, ν^′ is vacuum expectation value(VEV) of the triplet scalar Φ. c(s = √ 1 − c^2) is the mixing parameter between SU(2)_1 and SU(2)_2 gauge bosons and the mixing parameter c^′(s^′ = √ 1 − c^{′2}) comes from the mixing between U(1)_1 and U(1)_2 gauge bosons. Using these mixing parameters, we can represent the SM gauge coupling constants as g = g_1s = g_2c and g^′ = g^′_1s^′ = g^′_2c^′. The mixing parameter between the SM top quark t and the vector-like top quark T is defined as x_L = λ^2_1/(λ^2_1 + λ^2) , in which λ_1 and λ_2 are the Yukawa coupling parameters.

Taking account of the gauge invariance of the Yukawa couplings and the U(1) anomaly cancellation, the relevant couplings of the gauge bosons W , W^±_H , B_H , and Z_H to ordinary particles can be written as in the LH model: g^{W νe}_L = ie √ 2s_W [1 − ν^2 2f^2 c^2(c^2 − s^2)], g^{W νe}_R = 0; (4) g^{WH νe} L = − ie √ 2s_W c s , g^{WH νe}_R = 0; (5) g^{W tb}_L = ie √ 2s_W [1 − ν^2 2f^2

(x^2_L + c^2(c^2 − s^2))], g^{W tb}_R = 0; (6) g^{BH W +μ W −ν} = − ec_W s^2_W [ ν^2 f^2 5 2 s^′c^′(c^{′2} − s^{′2})], g^{ZH W +μ W −ν} = e 2s_W [ ν^2 f^2 sc(c^2 − s^2)]; (7) g^{BH tt̄}_L = e 6c_W s^′c^′ ( 2 5 − c^{′2}), g^{BH tt̄}_R = 2e 3c_W s^′c^′ [( 2 5 − c^{′2}) − 3 20 x_L]; (8) g^{ZH tt}_L = ec 2s_W s , g^{ZH tt}_R = 0. (9) To obtain our numerical results, we write the masses of the relevant particles as:

M^2_W = m^2_W [1 − ν^2 f^2 ( 1 6 + 1 4 (c^2 − s^2)^2) + 4( ν^{′2} ν^2

)], (10)

M^2_{WH} ≈ m^2_W ( f^2 s^2c^2ν^2

− 1), M^2_{BH} ≈ m^2_W s^2_W c^2_W [ f^2 5s^{′2}c^{′2}ν^2

− 1], (11)

M^2_{ZH} ≈ M^2_{WH} , (12)

where m_W = gν/2 is the mass of the SM gauge boson W . From above equations, we can see that, at the order of ν^2/f^2, the B_H mass M_{BH} and the Z_H mass M_{ZH} mainly depend on the free parameters (f, c^′) and (f, c), respectively. In general, the heavy photon B_H is substantially lighter than the gauge boson Z_H . Considering the constraints of the electroweak precision data on the free parameters f, c, and c^′, the value of the ratio M^2_{BH} /M^2_{ZH} can be further reduced.

In the following calculation, we will take the mass of the light Higgs boson m_H = 115GeV . In this case, the possible decay modes of H^0 are bb, cc, ll [l = τ, μ or e], gg and γγ. However, the total decay width Γ_H is dominated by the decay channel H^0 → bb. In the LH model, Γ_H is modified from that in the SM by the order of ν^2/f^2 and has been studied in Ref.[13].

Considering the electroweak precision data constraints, the B_H mass M_{BH} is not too heavy and can be allowed to be in the range of a few hundred GeV [14]. For the decay channels B_H → tt and B_H → ZH, we can not neglect the final state masses. The electroweak precision data constrain the Z_H mass M_{ZH} to be no smaller than about 1T eV . Thus, for all of the Z_H decay channels, we can neglect the final state masses. The total decay widths Γ_{ZH} and Γ_{BH} of the gauge bosons Z_H and B_H have been discussed in Refs.[13,14]. It is easily to know that Γ_{BH} is sensitive to the free parameters f and c^′, while Γ_{ZH} is sensitive to the free parameters f and c.

Global fits to the electroweak precision data produce rather severe constraints on the parameter space of the LH model[14, 15]. However, if the SM fermions are charged under U(1)_1 × U(1)_2, the constraints become relaxed. The scale parameter f = 1 ∼ 2T eV is allowed for the mixing parameters c, c^′, and x_L in the ranges of 0 ∼ 0.5, 0.62 ∼ 0.73, and 0.3 ∼ 0.6, respectively[16]. Taking into account the constraints on the free parameters f, c, c^′ and x_L, we will give our numerical results in the following sections. III. The W W fusion process e^+e^− → ννH^0 in the LH model

A future ILC will measure the production cross section of a light Higgs boson via W W fusion with percent-level precision[4]. Furthermore, in the ILC experiments with √ S ≥ 500GeV , the W W fusion process e^+e^− → ννH^0 dominates single production of the Higgs boson H^0[6]. Thus, it is very interesting to study this process in the popular specific models beyond the SM.

In the SM, the production cross section for the process e^+e^− → ννH^0 can be generally written as[5]: σ^{SM} = G^3_F m^4_W 4 √ 2π^3

∫_1 x_H dx ∫_1 x dyF (x, y) [1 + (y − x)/x_W ]^2

(13)

with F (x, y) = ( 2x y − 1 + 3x

y^2 + 2 + x y − 1)[ z 1 + z

− ln(1 + z)] + xz^2(1 − y) y^3(1 + z)

, (14)

where x_H = m^2_H /S, x_W = m^2_W /S, and z = y(x − x_H )/(xx_W ).

Compared with the W W fusion process e^+e^− → ννH^0 in the SM, this process in the LH model receives additional contributions from the heavy gauge bosons W^±_H , proceed through the Feynman diagrams depicted in Fig.1. Furthermore, the modification of the relations among the SM parameters and the precision electroweak input parameters, and the correction terms to the SM W eν_e coupling can also produce corrections to this process.

Figure 1: Feynman diagrams for the W W fusion process e^+e^− → ννH^0 in the LH model.

In the LH model, the relation among the Fermi coupling constant G_F , the gauge boson W mass m_W and the fine structure constant α can be written as[16]: G_F √ 2 = πα 2m^2_W s^2_W

[1 − c^2(c^2 − s^2) ν^2 f^2

+ 2c^4 ν^2 f^2 − 5 4 (c^{′2} − s^{′2}) ν^2 f^2

]. (15)

So we have e^2 s^2_W = 4 √ 2G_F m^2_W [1 − c^2(c^2 − s^2)^{ν2}_{f 2} + 2c^{4 ν2}_{f 2} −^5_4 (c^{′2} − s^{′ 2})^{ν2}_{f 2} ]

. (16)

In the following numerical estimation, we will take G_F = 1.16637 × 10^{−5}GeV^{−2}, m_Z = 91.18GeV and m_W = 80.45GeV [17] as input parameters and use them to represent the other SM parameters. The c.m. energy √ S of the future ILC experiments is assumed as √ S = 1T eV .

Figure 2: The parameter R(H^0) as a function of the mixing parameter c for ν^′/ν = ν/5f and three values of the scale parameter f.

Except for the SM input parameters, there are three free parameters in the expression of the relative correction parameter R(H^0) = Δσ/σ^{SM} with Δσ = σ^{LH} −σ^{SM} : the mixing parameter c, the scale parameter f, and the triplet scalar VEV ν^′. In order to obtain the correct EW SB vacuum and avoid giving a T eV -scale VEV to the scalar triplet Φ, we should have that the value of ν^′/ν is smaller than ν/4f[1, 11]. In Fig.2, we plot the relative correction parameter R(H^0) as a function of the mixing parameter c for ν^′/ν = ν/5f and three values of the scale parameter f. From Fig.2, we can see that the value of R(H^0) decreases as f increasing, which is consistent with the conclusions for the corrections of the LH model to other observables. If we assume f = 1T eV , the value of the relative correction parameter R(H^0) is larger than 5.4% in all of the parameter space preferred by the electroweak precision data. For f ≥ 2T eV , R(H^0) is smaller than 5% in most of the parameter space of the LH model.

To see the effects of the varying triplet scalar VEV ν^′ on the relative correction parameter R(H^0), we take f = 1T eV , which means ν^′/ν ≤ ν/4f = 0.061, and plot R(H^0) as a function of ν^′/ν in Fig.3 for three values of the mixing parameter c. One can see from Fig.3 that R(H^0) is not sensitive to the ratio ν^′/ν, compared with the mixing parameter c. For f = 1T eV and ν^′/ν ≤ 0.06, the value of R(H^0) is larger than 4% and 6% for the mixing parameter c = 0.1 and 0.3, respectively.

Figure 3: The parameter R(H^0) as a function of ν^′/ν for f = 1T eV and three values of the mixing parameter c.

In general, the LH model can produce corrections to single production of the light Higgs boson H^0 via the W W process e^+e^− → νν̄H^0 at the future ILC experiments. Our results show that the correction effects on the production cross section can be significant large in all of the parameter space of the LH model. Even if we take account of the constraints of the electroweak precision data on the free parameters of the LH model, the value of the relative correction parameter R(H^0)is generally larger than 5%. A future ILC will measure the production cross section of a light Higgs boson from Higgs-strahlung or W W fusion process with percent-level precision, as well as the important branching fractions with few-percent precision[4,18]. Thus, correction effects of the LH model on the W W fusion process e^+e^− → νν̄H^0 might be comparable to the future ILC measurement precision.

IV. The Higgs boson H^0 and the process W^+W^− → tt in the LH model The production cross section of the process W^+W^− → tt generated by the Higgs boson H^0 is sensitive to the terms proportional to the coupling parameters (g^{H 0f f̄} )^2 and g^{H 0f f̄} of the Higgs boson H^0 to fermions, which come from pure Higgs contributions and the interference with non-Higgs contributions, respectively. Thus, the process W^+W^− → tt could be used to probe how the Higgs sector couples to fermions. Although QCD backgrounds make this process very difficult to observe at the hadron colliders, the signals of the Higgs sector could be established with good statistical significance at the high energy ILC experiments[8,9,19]. In this section, we consider the contributions of the Higgs boson H^0 to this process in the context of the LH model and calculate the relative deviations from the SM prediction.

The subprocess W^+W^− → tt can be effectively realized via gauge boson W radiation from initial fermion lines: e^+e^− → ννW^∗W^∗ → ννtt, (17) which was first calculated in Ref.[20] by using the EWA method[10]. In the approach of an effective Lagrangian, Ref.[21] has extensively studied this process. Effects of the models of strong interaction EW SB on the subprocess W^+W^− → tt were discussed in Ref.[8].

For large √ Ŝ, which is the c.m. energy of the subprocess W +W − → tt in the ILC with the c.m. energy √ S = 1T eV , the longitudinal polarization vector of gauge bosons W^± can be approximately expressed by ε^μ_0 (k) ≈ k^μ/m_W +O(m_W / √ Ŝ). The term k^μ/m_W produces the leading contributions to the cross section σ̂(Ŝ) for the subprocess W^+W^− → tt, which are proportional to (m_t/m_W )^4, while the sub-leading contributions generated by the term

O(m_W / √ Ŝ) are suppressed by a factor m^2_t /Ŝ. Thus, the production cross section σ̂(Ŝ) for the subprocess W^+W^− → tt is well approximated by taking only the longitudinal polarized W’s at the parton level reaction and assuming Ŝ ≥ m^2_W [10,20,21,22]. However, in this paper, we want to calculate the contributions of the Higgs boson H^0 to the cross section for the subprocess W^+W^− → tt in the LH model and compare our numerical result with that in the SM. Thus, we will include all polarizations for the gauge bosons W^± in our calculation of the production cross section σ̂(Ŝ).

In the LH model, the production cross section σ̂(Ŝ) for the subprocess W^+_{λ+} W^−_{λ−} → tt generated by the Higgs boson H^0 can be written as:

σ̂(Ŝ) =

3πα^2A^2

2s^4_W

· m^2_t X^2_H β^3_t | ε^{W +}_{λ+} · ε^{W −}_{λ−} |^2 + 3πα^2AB^2

8s^4_W · m^2_t Ŝ X^H β^t(1 − β^{2t} ) ·{| ε^{W +}_± · ε^{W −}_± |^2 [−1 +

1 + β^2_t 2β^2_t L] +4 | ε^{W +}_0 · ε^{W −}_0 |^2 ·[−

1 + β^2_t 1 − β^2_t + (1 − β^2_t ) 2β^2_t

L]} (18)

with

A = [1 − ν^2 3f^2 + ν^2 2f^2

(c^2 − s^2) − 12( ν^′ ν )^2] · [1 − 4( ν^′ ν )^2 + 2 ν^′ f − 2 3 ν^2 f^2 + ν^2 f^2 x_L(1 + x_L)], (19)

B = 1 − ν^2 2f^2

[c^2(c^2 − s^2) + x^2_L], L = ln(

1 + β_t 1 − β_t ), (20)

β_t = √ 1 − 4m^2_t

Ŝ , X^H = Ŝ − m^2_H (Ŝ − m^2_H )^2 + m^2_H Γ^2_H

. (21) The second term of Eq.(18) comes from the interference effects of the s-channel H^0 exchange with the t-channel b quark exchange. Due to the orthogonality properties of the polarizations vectors ε^{W ±}_{λ±} of the gauge bosons W^±, there is no interference between the transverse and the longitudinal polarizations. So we have

| ε^{W +}_± · ε^{W −}_∓ |^2= 0, | ε^{W +}_± · ε^{W −}_± |^2= 1, | ε^{W +}_0 · ε^{W −}_0 |^2=

(1 + β^2_W )^2 (1 − β^2_W )^2

(22)

with β_W = √ 1 − 4m^2_W /Ŝ.

In general, the cross section σ(S) for the process e^+e^− → ννW^∗W^∗ → ννtt can be obtained by folding the cross section σ̂(Ŝ) for the subprocess W^+_{λ+} W^−_{λ−} → tt with the W^± distribution functions f^{W ±}_{λ±} with helicities λ_±: σ(S) = Σ_{λ+,λ−} ∫_1 2m_t/ √ s 2xdx ∫_1

x^2 dx_+ x_+ f^{W +}_{λ+} (x_+)f^{W −}_{λ−} ( x^2 x_+

)σ̂(Ŝ), (23)

where x^2 = Ŝ/S, the helicities λ_± of the gauge bosons W^± each run over 1, 0, -1. In our calculations, we use the full distributions given by Refs.[10,20] for f^{W ±}_{λ±} (x) and include all polarizations for the gauge bosons W^±.

To discuss the deviation of the production cross section σ^{LH}_1 (tt) for the process e^+e^− → ννH^0 → ννtt in the LH model from its SM value, we define the relative correction parameter: R_1(tt) = Δσ_1(tt)/σ^{SM}_1 (tt) with Δσ_1(tt) = σ^{LH}_1 (tt)−σ^{SM}_1 (tt), in which σ^{SM}_1 (tt) denotes the production cross section for this process in the SM. Obviously, the value of the relative correction parameter R_1(tt̄) increases as the scale parameter f decreasing. Considering the constraints from the precision measurement data on the free parameters of the LH model, we will assume f ≥ 1T eV in the following numerical estimation.

Figure 4: The parameter R_1(tt̄) as function of c

for ν^′/ν = ν/5f, f = 1T eV and four values of the mixing parameter x_L.

Figure 5: Same as Fig.4 but for f = 2T eV .

In Fig.4(Fig.5), we plot the relative correction parameter R_1(tt̄) as a function of the mixing parameter c for ν^′/ν = ν/5f, f = 1T eV (2T eV ), and four values of the mixing parameter x_L. From these figures, we can see that the relative correction parameter R_1(tt̄) increases as the mixing parameter x_L decreasing and is insensitive to the mixing parameter c. For f = 1T eV , the value of R_1(tt̄) is larger than 50% in all of the parameter space preferred by the electroweak precision data. Even if we assume the scale parameter f = 2T eV , the value of R_1(tt̄) is larger than 10%.

The relative correction parameter R_1(tt̄) is plotted in Fig.6(Fig.7) as a function of ν^′/ν for f = 1T eV (2T eV ), x_L = 0.5 and three values of the mixing parameter c. From Fig.6 and Fig.7, one can see that the value of R_1(tt̄) increases as ν^′/ν increasing. As long as the scale parameter f ≤ 2T eV , its value is larger than 10% in all of the parameter space preferred by the electroweak precision data.

Figure 6: The parameter R_1(tt̄) as a function of

ν^′/ν for f = 1T eV , x_L = 0.5 and three values of the mixing parameter c.

Figure 7: Same as Fig.6 but for f = 2T eV .

Using the EWA method[10], we have calculated the contributions of the light Higgs boson to the process e^+e^− → W^∗W^∗νν → ννtt. In our numerical estimation, we have included all contributions of the longitudinal and transverse W boson components and taken the c.m. energy √ S = 1T eV . However, the production cross section given by the EWA method is larger than the exact result by a factor 2 to 5, which depends on the considered c.m. energy and the Higgs boson mass[18]. Furthermore, Ref.[19] has shown that, at high energy e^+e^− colliders with c.m. energies of 1.5T eV or above, the effective

W W fusion calculation approximates well the exact result. Using the computer code NextCalibur[23], we have check our numerical results and find that, for √ S = 1T eV and m_H = 115GeV , the values of the relative correction parameter R_1(tt̄) shown in Fig.4- Fig.7 are approximately suppressed by a factor 1/2.5. Thus, we expect that, as long as f ≤ 1.5T eV , the value of R_1(tt̄) is larger than 10% in all of the parameter space preferred by the electroweak precision data.

Due to the missing momenta in the longitudinal and transverse directions, only the final 6−jet events in which both the top and antitop decay into a b quark plus two additional quarks can be fully reconstructed experimentally[19]. The signal of the tt̄ production via the process e^+e^− → W^∗W^∗νν → ννtt should be 6−jet events associated with large missing energy. The most dangerous backgrounds to this signal are direct tt̄ production via the process e^+e^− → tt and e^+e^−tt production via the process e^+e^− → e^+e^−tt. The former background can be efficiently reduced by choosing the jet association that gives the best fit to the reconstructed t and W masses and keeping events within five standard deviations of the expected values, while the latter background can be reduced by requiring the missing transverse energy in the event to be greater than 50GeV [19]. Thus, the correction effects of the light Higgs boson on the production of the top quark pair via the process e^+e^− → W^∗W^∗νν → ννtt should be detected at the future ILC experiments with √ S = 1T eV . V. The heavy gauge bosons and the process e^+e^− → ννW^∗W^∗ → ννtt The process e^+e^− → ννW^∗W^∗ → ννtt is one of the dominant production processes of the top quark pairs in the future ILC experiments. It is expected that there will be thousands of tt pair events produced via W W fusion process at the future ILC experiments with √ S = 1T eV and a yearly integrated luminosity £ = 100fb^{−1} . The ILC will allow the couplings of the longitudinal gauge bosons W^± to the top quark to be very accurately determined[20]. Thus, this process is very sensitive to EW SB mechanism and should be carefully studied within some popular specific models beyond the SM.

In the SM, the subprocess W^+W^− → tt can proceed through the t-channel b quark exchange and the s-channel γ, Z, H^0 exchanges, which has been extensively studied in

Refs.[20,24]. In the LH model, except for the contributions of the light Higgs boson H^0, this process receives additional contributions from the heavy photon B_H exchange and the new SU(2) gauge boson Z_H exchange in the s-channel. In this section, we will consider the contributions of the gauge bosons B_H exchange and Z_H exchange to this process.

The production cross section σ(S) of the process e^+e^− → ννW^∗W^∗ → ννtt is dominated by collisions of two longitudinal W’s at the parton level. In the following, we will first discuss the contributions of B_H exchange to this process and see whether the possible signals of B_H can be detected at the future ILC experiments with √ S = 1T eV . So, as numerical estimation, we will focus our attention on the production of the top quark pairs via longitudinal gauge boson W W fusion. The main ”non-standard” parts of the cross section for the subprocess W^+_L W^−_L → tt generated by B_H exchange can be written as:

σ̂_{BB}(Ŝ) =

25πα^2 32s^4_W ν^4 f^4

(c^{′2} − s^{′2})^2{[ 5 6 ( 2 5 − c^{′2}) − 1 5 x_L]^2(3 − β^2_t ) +2[ 1 5 − 1 2 c^{′2} − 1 5 x_L]^2β^2_t }β_t · Ŝ3 m^4_W

X^2_B , (24)

σ̂_{Bγ}(Ŝ) = 5πα^2 4s^2_W ν^2 f^2

(c^{′2} − s^{′2})[ 5 6 ( 2 5 − c^{′2}) − 1 5 x_L]β_t(−3 + β^2_t ) · Ŝ2 m^4_W

X_B , (25)

σ̂_{BZ} (Ŝ) = 5πα^2 32s^4_W ν^2 f^2

(c^{′2} − s^{′2}){−(1 − 8 3 s^2_W )[ 5 6 ( 2 5 − c^{′2}) − 1 5 x_L](3 − β^2_t ) +2[ 1 5 − 1 2 c^{′2} − 1 5 x_L]β^2_t }

Ŝ^3 m^4_W

X_BX_Z , (26)

σ̂_{Bb}(Ŝ) =

15πα^2 16s^4_W ν^2 f^2

(c^{′2} − s^{′2})[ 5 6 ( 2 5 − c^{′2}) − 1 5 x_L][− 4 3 β^2_t −

1 − β^4_t 2 + (1 − β^2_t )^3 4β_t L]β_t Ŝ^2 m^4_W

· X_B (27)

with

X_i =

Ŝ − M^2_i (Ŝ − M^2_i )^2 + M^2_i Γ^2_i

, (28)

in which Γ_i is the total decay width of the gauge boson Z or B_H . σ̂_{ij} (Ŝ)(i ≠ j) denotes the interference cross section of the i and j intermediate states.

Figure 8: The parameter R_2(tt̄) as a function of the mixing parameter c^′ for f = 1T eV and four values of the x_L.

We use the relative correction parameter R_2(tt) = Δσ_2(tt)/σ^{SM}_2 (tt) to represent the contributions of B_H exchange to the process e^+e^− → W^∗_LW^∗_Lνν → ννtt, in which Δσ_2(tt) denotes the corrections of B_H exchange to the SM cross section σ^{SM}_2 (tt). In Fig.8, we plot R_2(tt̄) as a function of the mixing parameter c^′ for f = 1T eV and four values of the mixing parameter x_L. One can see from Fig.8 that the contributions of the heavy gauge boson B_H to the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄ depend rather significantly on the mixing parameter c^′. The value of the relative correction parameter R_2(tt) is positive or negative, which depends on the value of the mixing parameter c^′. However, its value is very small, |R_2(tt)| ≤ 1%, in all of the parameter space allowed by the electroweak precision constraints. Thus, the possible signals of the gauge boson B_H can not be studied via the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄ in the future ILC experiments.

From Eqs.(24)-(28), we can see that the contributions of the heavy photon B_H to the production cross section for the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄ are mainly proportional to the factors ν^4/f^4 and 1/(Ŝ −M^2_B)^2 from pure B_H contributions and to the factors ν^2/f^2 and 1/(Ŝ − M^2_B ) from the inference with non-B_H contributions. Furthermore, the gauge boson B_H mass M_{BH} is proportional to f for the fixed value of c^′. To see the effects of the scale parameter f on the relative correction parameter R_2(tt), we plot R_2(tt) as a function of f for x_L = 0.5 and three values of the mixing parameter c^′. One can see from Fig.9 that the deviation of the production cross section from its SM value is also very small.

Figure 9: The parameter R_2(tt̄) as a function of the scale parameter f for x_L = 0.5 and three values of the parameter c^′.

Similarly to calculation for the contributions of B_H exchange to the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄, we can write the expressions of the ”non-standard” parts of the production cross section for this process generated by Z_H exchange and calculate the relative deviation of the cross section from its SM value. However, our numerical results show that the contributions are also very small in all of the parameter space allowed by the electroweak precision constraints. Thus, the possible signals of the gauge bosons Z_H and B_H can not be detected via the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄ in the future ILC experiments.

VI. Conclusions and discussions

Little Higgs theory revives an old idea to keep the Higgs boson naturally light. In all of little Higgs models, there is a global symmetry structure that is broken at a scale f to make the Higgs particle as a pseudo-Goldstone boson. In general, these models predict the existence of the new heavy gauge bosons, new heavy fermions, and some of heavy triplet scalars. In this paper, we discuss the possible signals for some of these new particles predicted by the LH model via studying the W W fusion processes at the future ILC experiments with √ S = 1T eV . A future ILC will measure the production cross section of a light Higgs boson in Higgsstrahlung or W W fusion with percent-level precision[4]. In particular, W W fusion is the dominant contribution to Higgs production for m_H < 180GeV at the ILC experiments with √ S ≥ 500GeV . We study the production of the light Higgs boson from the W W fusion process e^+e^− → W^∗W^∗νν̄ → νν̄H^0 in the context of the LH model and calculate the deviation of the production cross section from its SM value at the future ILC with √ S = 1T eV . We find that the value of the relative correction parameter R(H^0) is larger than 5% over a sizable region of the parameter space preferred by the electroweak precision data, which is comparable to the future ILC measurement precision.

In the SM, the process W^+W^− → tt can be generated via the t−channel b quark exchange and s−channel γ, Z, H^0 exchanges. The contributions of the light Higgs boson predicted by the LH model to this process contain the pure Higgs contributions and the interference with b quark contributions. Using the EWA method, we calculate the deviation of the production cross section for the process e^+e^− → W^∗W^∗νν̄ → H^0νν̄ → νν̄tt̄ from its SM prediction. We find that the relative correction can be significantly large for reasonable values of the parameters in the LH model. For example, the value of the relative correction parameter R_1(tt) is larger than 10% for f ≤ 2T eV in most of the parameter space, which is consistent with the electroweak precision constraints. If we use the computer code NextCalibur to give the exact cross section, then the value of R_1(tt̄) is approximately suppressed by a factor 1/2.5. The value of R_1(tt̄) is larger than 10% for the scale parameter f ≤ 1.5T eV . Furthermore, the main backgrounds, tt̄ and e^+e^−tt̄ production, to the signal of the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄ can be efficiently reduced by the suitably cuts. Thus, the correction effects can be seen as new signals of the light Higgs boson and should be detected via this process at the future ILC experiments with √ S = 1T eV . The heavy gauge bosons Z_H and B_H can produce the corrections to the process e^+e^− → W^∗W^∗νν̄ → νν̄tt̄. However, our numerical results show that the correction effects are very small in all of the parameter space preferred by the electroweak precision data. Thus, these new particles can not produce observable signals via this process at the future ILC experiments.

Acknowledgments

This work was supported in part by Program for New Century Excellent Talents in University(NCET), the National Natural Science Foundation of China under the grant No.90203005 and No.10475037, and the Natural Science Foundation of the Liaoning Scientific Committee(20032101).

References

[1] N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, JHEP 0207(2002)034.

[2] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B513(2001)232; N.

Arkani-Hamed, A. G. Cohen, T. Gregoire and J. G. Wacker, JHEP 0208(2002)020; I. Low, W. Skiba and D. Smith, Phys. Rev. D66(2002)072001; W. Skiba and J. Terning, Phys. Rev. D68(2003)075001; D. E. Kaplan and M. Schmaltz, JHEP 0310(2003)039; S. Chang, JHEP 0312(2003)057; M. Schmaltz, JHEP 0408(2004)056; S. Chang and J. G. Wacker, Phys. Rev. D69(2004)035002.

[3] For recent review see: M. Schmaltz and D. Tucker-Smith, hep-ph/0502182.

[4] T. Abe et al. [American Linear Collider Working Group], hep-ex/0106057; J.

A. Aguilar-Saavedra et al. (ECFA/DESY LC Physics Working Group ), hepph/0106315; K. Abe et al., [ACFA Linear Collider Working Group], hepph/0109166. G. Laow et al., ILC Techinical Review Committee, Second report, 2003, SLAC-R-606.

[5] D. R. T. Jones and S. T. Petcov, Phys. Lett. B84(1979)440; W. Kilian, M. Kramer, and P. M. Zerwas, Phys. Lett. B373(1996)135.

[6] H. Eberl, W. Majerotto, and V. C. Spanos, Phys. Lett. B538(2002)353.

[7] Chong-Xing Yue, Shun-Zhi Wang, Dong-Qi Yu, Phys. Rev. D68(2003)115004.

[8] M. Chanowitz, Ann. Rev. Nucl. Part. Sci. 38(1988)323; E. R. Morales, M. E. Peskin, hep-ph/9909383; T. Han, Y. J. Kim, A. Likhoded, and G. Valencia, Nucl. Phys. B593(2001)415; Bin Zhang, Yu-Ping Kuang, Hong-Jian He, C.-P. Yuan, Phys. Rev. D67(2003)114024; S. Godfrey, Shou-hua Zhu, hep-ph/0412261.

[9] T. Barklow et al., hep-ph/9704217, in New Directions for High-Energy Physics;

Snowmass 96, Eds. D. G. Cassell et al., (SLAC, 1997).

[10] M. S. Chanowitz and M. K. Gaillard, Phys. Lett. B142(1984)85; G. L. Kane, W.

W. Repko. and W. B. Rolnick, Phys. Lett. B148 (1984)367; S. Dawson, Nucl. Phys. B249(1985)42.

[11] T. Han, H. E. Logan, B. McElrath and L. T. Wang, Phys. Rev. D67(2003)095004.

[12] G. Burdman, M. Perelstein and A. Pierce, Phys. Rev. Lett. 90(2003)241802; M.

Perelstein, M. E. Peskin and A. Pierce, Phys. Rev. D69(2004)075002; S. C. Park and J. Song, Phys. Rev. D69(2004)115010; Jae Yong Lee, JHEP 0412(2004)065; G. Azuelos, et al., hep-ph/0402037.

[13] T. Han, H. E. Logan, B. McElrath, and L. T. Wang, Phys. Lett. B 563(2003)191;

W.-J. Huo, S.-H. Zhu, Phys. Rev. D68(2003) 097301; J.-J. Liu, W.-G. Ma, G. Li, R.-Y. Zhang, H.-S. Hou, Phys. Rev. D70(2004)015001; H. E. Logan, Phys. Rev. D70(2004)115003; S. R. Choudhury, N. Gaur, A. Goyal, N. Mahajan, Phys. Lett. B601(2004)164; Gi-Chol Cho and Aya Omote, Phys. Rev. D70(2004)057701; Chong- Xing Yue, Wei Wang, Phys. Rev. D 71(2005)015002; G. A. Gonzalez-Sprinberg, R. Martinez, and J. Alexis Rodriguez, Phys. Rev. D71(2005)035003;.

[14] J. L. Hewett, F. J. Petriell and T. G. Rizzo, JHEP 0310(2003)062; C. Csaki, J.

Hubisz, G. D. Kribs, P. Meade, and J. Terning, Phys. Rev. D67(2003)115002; R. S. Chivukula, N. J. Evans and E. H. Simmons, Phys. Rev. D66(2002)035008; I. Low, JHEP 0410(2004)067.

[15] C. Csaki, J. Hubisz, G. D. Kribs, P. Meade, and J. Terning, Phys. Rev.

D68(2003)035009; T. Gregoire, D. R. Smith and J. G. Wacker, Phys. Rev. D69(2004)115008.

[16] R. Casalbuoni, A. Deandrea, M. Oertel, JHEP 0402(2004)032; S. Chang and Hong- Jian He, Phys. Lett. B586(2004)95; Mu-Chun Chen and S. Dawson, Phys. Rev. D70(2004)015003; Chong-Xing Yue and Wei Wang, Nucl. Phys. B683(2004)48; W. Kilian and J. Reuter, Phys. Rev. D70(2004)015004; A. Deandrea, hep-ph/0405120.

[17] S. Eidelman et al. [Particle Data Group], Phys. Lett. B592(2004)1. [18] K. A. Assamagan et al., [Higgs Working Group Collaboration], hep-ph/0406152;

T. L. Barklow, hep-ph/0411221; A. Sopczak, hep-ph/0502002; A. Djouadi, hepph/0503172.

[19] J. Alcaraz and E. R. Morales, Phys. Rev. Lett. 86(2001)3726. [20] R. P. Kauffman, Phys. Rev. D41(1990)3343.

[21] F. Larios, E. Malkawi and C. P. Yuan, Acta Phys. Polon. B27(1996)3741; F. Larios, T. Tait, and C. P. Yuan, Phys. Rev. D57(1998)3106.

[22] S. Bar-Shalom, G. Eilam, A. Soni and J. Wudka, Phys. Rev. Lett. 79(1997)1217;

Phys. Rev. D57(1998)2957.

[23] F. A. Berends, C. G. Papadopoulos, R. Pittau, Comput. Phys. Commun. 136 (2001)148.

[24] O. J. P. Eboli, G. C. Marques, S. F. Novaes, and A. A. Natale, Phys. Rev.

D34(1986)771; S. Dawson and S. S. D. Willenbrock, Nucl. Phys. B284(1987)449; C.-P. Yuan, Nucl. Phys. B310(1988)1.