arXiv:hep-ph/0503260 v1 25 Mar 2005

The littlest Higgs model and Higgs boson associated production with top quark pair at high energy linear e^+e^− collider

Chong-Xing Yue, Wei Wang, Feng Zhang

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

March 25, 2005

Abstract In the parameter space allowed by the electroweak precision measurement data, we consider the contributions of the new particles predicted by the littlest Higgs(LH) model to the Higgs boson associated production with top quark pair in the future high energy linear e^+e^− collider(ILC). We find that the contributions mainly come from the new gauge bosons Z_H and B_H . For reasonable values of the free parameters, the absolute value of the relative correction parameter δσ/σ^{SM} can be significanly large, which might be observed in the future ILC experiment with √ S = 800GeV .

PACS number:12.60.Cn, 14.80.Cp, 14.65.Ha

∗E-mail:cxyue@lnnu.edu.cn

I. Introduction

The mechanism of electroweak symmetry breaking(EW SB) remains the most prominent mystery in current particle physics despite of the success of the standard model(SM) tested by high energy experimental data. The SM accommodates fermion and weak gauge boson masses by including a fundamental Higgs scalar H, which is assumed to responsible to break the electroweak symmetry. However, the SM suffers from problems of triviality, unnaturalness, etc. Thus, the SM can only be an effective field theory below some high energy scales. New physics should exist at energy scales around T eV . Studying EW SB mechanisms other than the simple SM Higgs sector is one of the interesting topics in current particle physics. Little Higgs models[1,2,3] were recently proposed as one kind of models of EW SB. The key feature of this kind 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. 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 for the new physics beyond the SM.

The precision electroweak measurement data suggest that the Higgs boson must be relative light and its mass should be roughly in the range of 114.4GeV ∼ 260GeV for m_t = 178GeV at 95%C.L. [4]. The discovery and study of Higgs boson is one of the most important goals of present and future high energy collider experiments. The LHC will make the first exploration of the T eV energy range, and will be able to discover Higgs boson in the full mass range, provided it exists[5]. After the discovery of the Higgs boson at the LHC, one of the most pressing tasks is a proper determination of the properties of this scalar since it is very important to study the mechanism of EW SB and the generation of mass. The LHC will be able to finish a few measurement on the couplings of the Higgs boson to fermions and gauge bosons but the most precise measurements will be performed in the clean environment of a future high energy linear e^+e^− collider, the International Linear Collider(ILC)[6].

The top quark, with a mass of the order of the electroweak scale m_t ≈ 178.0 ±

4.36GeV [7], is the heaviest particle yet discovered. The coupling of Higgs boson to top quark pair, which is the largest one among the Yukawa couplings, should be detected at high energy experiments. This coupling should play a key role in a theory generating fermion masses and is particularly sensitive to the underlying physics. Thus, studying the htt Yukawa coupling is of particular interest, which is helpful to precision test the SM and search for new physics beyond the SM.

The Higgs boson associated production with top quark pair tt at the hadron or lepton colliders plays a very important role both for discovery and for precision measurements of the Yukawa coupling tth. Such measurements could help to distinguish the SM Higgs boson from more complex Higgs sectors and shed light on the details of the generation of fermion masses[8]. At hadron colliders, such as LHC, Higgs boson can be associated production with tt pair through gg and qq sub-process, which has been extensively studied in Ref.[9]. Besides hadron colliders, the ILC can also produce a Higgs boson with tt pair via the process e^+e^− → tth, as long as the Higgs mass is not too large, i.e., M_h ∼ 114.4GeV ∼ 260GeV [10]. The process e^+e^− → tth proceeds mainly through Higgs-boson emission off top quarks, while emission from intermediate Z bosons plays only a minim role. Thus, it is suitable to determinate the coupling g_{tth}. If the Higgs boson is light, a precision of around 5% can be reached at an ILC with the c.m. energy √ S = 800GeV and the integrated luminosity £_{int} ≈ 1000fb^{−1} [6]. Furthermore, by studying the contributions of the new physics to the process e^+e^− → tth, one can obtain the bounds on the free parameters of the non-standard models[11]. The purpose of this paper is to calculate the corrections of new particles predicted by the littlest Higgs(LH) model[1] to the process e^+e^− → tth and see whether the effects on this process can be observed in the future ILC experiment with √ S = 800GeV . II. tth production cross section in the LH model

The LH model is embedded into a non-linear σ model with the coset space of SU(5)/ SO(5). At the scale Λ_s ∼ 4πf, the global SU(5) symmetry is broken into its subgroup SO(5) via a V EV of order f, resulting in 14 Goldstone bosons. The effective field theory of these Goldstone boson is parameterized by a non-linear σ model with gauged symmetry

[SU(2) × U(1)]^2, spontaneously broken down to its diagonal subgroup SU(2) × U(1), identified as the SM electroweak gauge group. Four of these Goldstone bosons are eaten by the broken gauge generators, leaving 10 states that transform under the SM gauge group as a doublet H and a triplet Φ. This breaking scenario also gives rise to the four new gauge bosons W^±_H , B_H and Z_H . A new vector-like top quark T is also needed to cancel the divergences from the top quark loop. All of these new particles playing together can successfully cancel off the quadratic divergences of the Higgs boson mass and may produce characteristic signatures at the present and future collider experiments[12,13].

Figure 1: The Feynman diagrams of the process e^+e^− → tth in the LH model.

The effective non-linear Lagrangian invariant under the local gauge group [SU(2)_1 × U(1)_1] × [SU(2)_2 × U(1)_2], which can be written as [12,14]:

L_{ef f} = L_G + L_F + L_Y + L_Σ − V_{CW} , (1) where L_G consists of the pure gauge terms, which can give the 3− and 4−particle interactions among the SU(2) gauge bosons. The fermion kinetic term L_F can give the couplings of the gauge bosons with fermions. The couplings of the scalars H and Φ with fermions can be derived from the Yukawa interaction term L_Y . In the LH model, the global symmetry prevents the appearance of a Higgs potential at tree level. The effective Higgs potential, the Coleman-Weinberg potential V_{CW} , is generated at one-loop and higher orders due to interactions with gauge bosons and fermions, which can induce to EW SB by driving the Higgs mass squared parameter negative. L_Σ consists of the σ model of the LH model.

From the effective non-linear Lagrangian L, one can derive the mass and coupling expressions of the gauge bosons, scalars and the fermions, which have been extensively discussed in Refs.[12,14]. Using these expressions and the relevant SM Feynman rules, we can calculate the production cross section of the process e^+e^− → tth in the context of the LH model.

The relevant Feynman diagrams for the contributions to the production amplitude of the process e^+e^− → tth at the order of ν^2/f^2 in the LH model are shown in Fig1.(a) − (g), in which ν ≈ 246GeV is the electroweak scale. Considering the large masses of the new particles T , Z_H , B_H and the differently Feynman rules, we can surmise that the total contributions of these new particles to this process mainly come from Fig.1(a) and (b). We have confirmed this expectation through explicit calculation. However, to study the total contributions of the LH model to the tth production, we will include all contributions in our numerical calculation. The invariant scattering amplitude of the process e(p_e) + e(p_e) → t(p_t) + t(p_t) + h(p_h) can be written as: M = ∑ v_i=γ, Z, Z_H , B_H M^{vi}_a + ∑ v_i=γ, Z, Z_H , B_H M^{vi}_b + ∑ v_i =Z, Z_H , B_H M^{vi T}_c + ∑ v_i=Z, Z_H , B_H M^{vi T}_d + ∑ v_i =Z, Z_H , B_H M^{vi Z}_e (2) + ∑ v_i=Z, Z_H , B_H M^{vi ZH}_f + ∑ v_i =Z, Z_H , B_H M^{vi BH}_g with M^{vi}_a = u_t(p_t)Λ^μ_{vitt} i[(p_t + p_h) · γ + m_t] (p_t + p_h)^2 − m^2_t

Λ_{htt}v_t(p_t) −ig_{μν} (p_e + p_e)^2 − M^2_{vi} v_e(p_e)Λ^ν_{viee}u_e(p_e); (3)

M^{vi}_b = u_t(p_t)Λ_{htt} i[(p_t + p_h) · γ + m_t] (p_t + p_h)^2 − m^2_t Λ^μ_{vi tt}v_t(p_t) −ig_{μν} (p_e + p_e)^2 − M^2_{vi} v_e(p_e)Λ^ν_{viee}u_e(p_e); (4) M^{vi T}_c = u_t(p_t)Λ^μ_{vitT} i[(p_t + p_h) · γ + M_T ] (p_t + p_h)^2 − M^2_T

Λ_{hT t}v_t(p_t) −ig_{μν} (p_e + p_e)^2 − M^2_{vi} v_e(p_e)Λ^ν_{viee}u_e(p_e); (5) M^{vi T}_d = u_t(p_t)Λ_{htT} i[(p_t + p_h) · γ + M_T ] (p_t + p_h)^2 − M^2_T Λ^μ_{viT t}v_t(p_t) −ig_{μν} (p_e + p_e)^2 − M^2_{vi} v_e(p_e)Λ^ν_{viee}u_e(p_e); (6)

M^{vi Z}_e = u_t(p_t)Λ^μ_{Ztt}v_t(p_t) −ig_{μμ}′ (p_t + p_t)^2 − M^2_Z Λ^{μ′ν′}_{Zvi h} −ig_{νν}′ (p_e + p_e)^2 − M^2_{vi} v_e(p_e)Λ^ν_{viee}u_e(p_e); (7)

M^{vi ZH}_f = u_t(p_t)Λ^μ_{ZH tt}v_t(p_t) −ig_{μμ}′ (p_t + p_t)^2 − M^2_{ZH} Λ^{μ′ν′}_{ZH viH} −ig_{νν}′ (p_e + p_e)^2 − M^2_{vi} v_e(p_e)Λ^ν_{viee}u_e(p_e); (8)

M^{vi BH}_g = u_t(p_t)Λ^μ_{BH tt}v_t(p_t) −ig_{μμ}′ (p_t + p_t)^2 − M^2_{BH} Λ^{μ′ν′}_{BH viH} −ig_{νν}′ (p_e + p_e)^2 − M^2_{vi} v_e(p_e)Λ^ν_{viee}u_e(p_e). (9)

Where Λ_{ijk} are the relevant coupling vertices, which have been given in Ref.[12]. The LH model can generate correction terms to the tree-level SM coupling vertices Λ_{Zf}¯_f and Λ_{ht}¯_t, which can also produce corrections to the process e^+e^− → tt̄h. In our numerical calculation, we will take into account this correction effects.

From above equations, we can see that the tth production cross section σ involves four of the free parameters of the LH model, except the SM input parameters α_e, S_W , M_Z , m_t, and M_h. They are the vacuum condensate scale parameter f, the mixing parameters c^′ and c between the charged and neutral vector bosons, and the mixing parameter x_L = λ^2_1/(λ^2_1 + λ^2) between the SM top quark and the heavy vector-like quark T . λ_1 and λ_2 are the Yukawa coupling parameters. At the order of ν^2/f^2, the T quark mass M_T , the B_H mass M_{BH} , and the Z_H mass M_{ZH} mainly depend on the free parameters f, x_L; f, c^′; and f, c, respectively. The mixing parameters c and c^′ also control the couplings of the new heavy gauge bosons Z_H and B_H to other particles.

In the LH model, the custodial SU(2) global symmetry is explicitly broken, which can generate large contributions to the electroweak observables. If one assumes that the SM fermions are charged only under U(1)_1, then global fits to the electroweak precision data produce rather severe constraints on the parameter space of the LH model[12,14,15]. 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 section. III Numerical results and summary

To obtain numerical results, we need to specify the relevant SM input parameters. These parameters are m_t = 178GeV , α_e = 1/128.8, S^2_W = 0.2315, M_Z = 91.187GeV [17]. Considering the experimental constraints on the Higgs boson mass M_h[4], we take M_h = 120GeV . The c.m. energy √ S of the ILC experiment is assumed as √ S = 800GeV . In our numerical estimations, we will take the parameters f, c, c^′ and x_L as free parameters.

The relative correction δσ/σ^{SM} is plotted in Fig.2 as a function of the mixing parameter c for f = 1T eV and three values of the mixing parameter c^′, in which δσ = σ^{tot} − σ^{SM} and σ^{SM} is the tree-level production cross section of tth predicted by the SM. We have taken the mixing parameter x_L = 0.3, 0.4, 0.5, 0.6 in Fig.2(a), Fig.2(b), Fig.2(c) and Fig.2(d), respectively. From Fig.2 one can see that the total contribution of the new particles predicted by the LH model can enhance or suppress the production cross section of the process e^+e^− → tth, which mainly depends on the values of the mixing parameters c and c^′ for the fixed of the parameter f. The absolute value of the relative correction δσ/σ^{SM} is not sensitive to the mixing parameter x_L, while is sensitive to the mixing parameters c and c^′. For c ≥ 0.35, the value of δσ/σ^{SM} quickly increases as c increasing. This is because, for the fixed parameters c^′, x_L and f, the correction cross section δσ is proportional to the factors c^4 and c^2(c^2 − s^2) at the order of ν^2/f^2. The factor c^2(c^2 − s^2) goes to extremum when the mixing parameter c gets close to 0.5. For c < 0.35, in most of the parameter space of the LH model, the absolute value of the relative correction δσ/σ^{SM} is smaller than 5%, which is very difficult to be detected in the future ILC experiments. Certainly, it is very easy to observe the correction effects of the LH model on the process e^+e^− → tth for c ≥ 0.35.

Figure 2: The relative correction δσ/σ^{SM} as a function of the mixing parameter c for f = 1T eV and different values of the mixing parameters c^′ and x_L.

Figure 3: The relative correction parameter δσ/σ^{SM} as a function of the scale parameter f for x_L = 0.5, c = 0.4 and three values of the mixing parameter c^′.

In general, the contributions of the LH model to observables are dependent on the factor 1/f^2. 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 value of the mixing parameter c^′ in Fig.3. Taking into account the conclusions obtained from Fig.2, we have taken x_L = 0.5 and c = 0.4 in Fig.3. One can see from Fig.3 that the total contribution of the LH model to the tth production cross section decreases as the scale parameter f increasing for f ≤ 1.2T eV with c^′ = 0.68. However, for 1.2T eV < f ≤ 4.8T eV , the value of δσ/σ^{SM} is negative and its absolute value increases as f increasing. This is because the contributions of the LH model to the tt̄h production cross section mainly come from Z_H exchange and B_H exchange. Z_H exchange has positive contributions which quickly decrease as the scalar parameter f increasing, while B_H exchange has negative contributions which slowly decrease as f increasing. For f > 5T eV , the total contributions to the tt̄h production cross section get close to zero. Thus, in general, the total contributions decouple for large of the scale parameter f, which is similar to the contributions of the Lh model to for other observables.

The LH model[1] is one of the simplest of the little Higgs models, which predicts the existence of the four new heavy gauge bosons Z_H , B_H , and W^±_H , a vector-like top quark and a triplet of heavy scalars except the SM particles. Some of these new particles can generate significant corrections to the electroweak precision observables and thus the precision measurement data can give severe constraints on the parameter space of this type of models. In the parameter space of the LH model(f = 1 ∼ 2T eV, c = 0 ∼ 0.5, c^′ = 0.62 ∼ 0.73) preferred by the electroweak precision data, we study the process e^+e^− → tth. We find that the contributions of the LH model to this process mainly come from Fig.1(a) and (b) generated by Z_H exchange and B_H exchange, which can enhance or suppress the tth production cross section σ^{SM} predicted by the SM at the tree-level. In sizable regions of the parameter space, the absolute value of the relative correction δσ/σ^{SM} is larger than 5%, which might be detected in the future ILC experiments.

Certainly, the modification to the relation between the SM free parameters can also produce contributions to the processes e^+e^− → tth. However, our calculation results show that the contributions are smaller than those of Z_H exchange and B_H exchange at least by one order of magnitude in wide range of the parameter space of the LH model. Thus, comparing with the direct contributions of Z_H and B_H , the contributions from the modification to the relation between the SM free parameters can be safely neglected.

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; N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire and J. G. Wacker, JHEP 0208(2002)021; I. Low, W. Skiba and D. Smith, Phys. Rev. D66(2002)072001; J. G. Wacker, hep-ph/0208235; D. E. Kaplan and M. Schmaltz, JHEP 0310(2003)039; W. Skiba and J. Terning, Phys. Rev. D 68(2003)075001; S. Chang, JHEP 0312(2003)057; 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] M. W. Grunewald, in the Proceedings of the Workingshop on Electroweak Precision Data and the Higgs Mass, hep-ex/0304023; The LEP collaborattions, the LEP Electroweak Working Group and the SLD Heavy Flavour Group, A combination of preliminary Electroweak measurements and contraints on the Standard model, hepex/0412015.

[5] ATLAS Collaboration, ATLAS Techinical Design Report, CERN/LHC-99-15(1999).

[6] T. Abe et al. [American Linear Collider Group], hep-ex/0106057; J. A. Aguilar- Saavedra et al. [ECFA/DESY LC Physics Working Group], hep-ph/0106315; K. Abe et al. [ACFA Linear Collider Working Group], hep-ph/0109166; G. Laow et al., ILC Techinical Review Committee, second report, 2003, SLAC-R-606.

[7] P. Azzi et al. [CDF and D0 Collaborattions and Tevatron Electroweal Working Group], hep-ex/0404010; V. M. Abazov et al. [D0 Collaborattion], Nature 429(2004)638.

[8] M. Beneke et al., ”Top Quark Physics”, hep-ph/003033.

[9] J. Goldstein et al., Phys. Rev. Lett. 86(2001)1694; L. Reina and S. Dawson, ibid.

87(2001)201804; W. Beenakker et al., ibid 87(2001)201805; L. Reina, S. Dawson, and D. Wackeroth, Phys. Rev. D65(2002)053017; A. K. Leibovich and D. Rainwater, ibid. D65(2002)055012; S. Dawson et al., ibid. D67(2003)071503; S. Dawson et al., ibid. D68(2002)034022; W. Beenakker et al., Nucl. Phys. B653(2003)151.

[10] K. J. Gaemers and G. J. Gounaris, Phys. Lett. B77(1978)379; A. Djouadi, J.

Kalinowski and P. M. Zerwas, Z. Phys. C54(1992)255; S. Dittmaier et al., Phys. Lett. B441(1998)383; S. Dawson and L. Reina, Phys. Rev. D57(1998)5851; ibid. D59(1999)054012; ibid. D60(1999)015003; H. Baer, S. Dawson, L. Reina, Phys. Rev. D61(2000)013002; S. Dittmaier et al., Phys. Lett. B478(2000)247; S. H. Zhu, hepph/0212273; Y. You et al., Phys. Lett. B571(2003)85; G. Belanger et al., Phys. Lett. B571(2003)163; X. H. Wu, C. S. Li and J. J. Liu, hep-ph/0308012; A. Denner et al., Phys. Lett. B575(2003)290; Nucl. Phys. B680(2004)85; P. Hafliger, M. Spira, hep-ph/0501164; Sun Hao et al., hep-ph/0503183 .

[11] J. F. Gunion, B. Grzadkowski and X. G. He, Phys. Rev. Lett. 77(1996)5172;

T. Han et al., Phys. Rev. D61(2000)015006; Chong-Xing Yue et al., Phys. Rev. D65(2002)095010.

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

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

Han. H. E. Logen, B. McElrath and L. T. Wang, Phys. Lett. B563(2003)191; Chong- Xing Yue, Shun-Zhi Wang, Dong-Qi Yu, Phys. Rev. D68(2003)115004; M. Perelstein, M. E. Peskin and A. Pierce, ibid. D69(2004)075002; S. C. Park and J. Song, ibid. D69(2004)115010; S. Chang, H.-J. He, Phys. Lett. B586(2004)95; H. E. Logan, Phys. Rev. D70(2004)115003; G. A. González-Sprinberg, R. Martinez, and J.- Alexis Rodriguez, Phys. Rev. D71(2005)035003; Gi-Chol Cho and Aya Omote, Phys. Rev. D70(2004)057701; Jaeyong Lee, JHEP 0412(2004)065; Chong-Xing Yue, Wei

Wang, Feng Zhang, hep-ph/0409066; Chong-Xing Yue and Wei Wang, Phys. Rev. D71(2005)015002.

[14] Mu-Chun Chen and S. Dawson, Phys. Rev. D70(2004)015003; R. Casalbuoni, A.

Deandrea, M. Oertel, JHEP 0402(2004)032; Chong-Xing Yue and Wei Wang, Nucl. Phys. B683(2004)48; W. Kilian and J. Reuter, Phys. Rev. D70(2004)015004.

[15] J. L. Hewett, F. J. Petriello and T. G. Rizzo, JHEP 0310(2003)062. C. Csáki, J.Hubisz, G. D. Kribs, P. Meade, and J. Terning, Phys. Rev. D67(2003)115002.

[16] C. Csáki, J.Hubisz, G. D. Kribs, P. Meade, and J. Terning, Phys. Rev. D68(2003) 035009; T. Gregoire, D. R. Smith and J. G. Wacker, ibid. D69(2004)115008.

[17] S. Eidelman et al. [Particle Data Group], Phys. Lett. B592(2004)1.