arXiv:hep-ph/0609247 v2 17 Nov 2006

Effects of the littlest Higgs model with T-parity on Higgs boson production at high energy e^+e^− colliders

Chong-Xing Yue and Nan Zhang

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

November 17, 2006

Abstract The Higgs boson production processes e^+e^− → ZH, e^+e^− → ν̄_eν_eH, and e^+e^− → tt̄H are very important for studying Higgs boson properties and further testing new physics beyond the standard model(SM) in the high energy linear e^+e^− collider(ILC). We estimate the contributions of the littlest Higgs model with Tparity(LHT model) to these processes and find that the LHT model can generate significantly corrections to the production cross sections of these processes. We expect the possible signals of the LHT model can be detected via these processes in the future ILC experiments.

∗E-mail:cxyue@lnnu.edu.cn

The discovery and study of Higgs boson is one of the most important goals of present and future high energy collider experiments[1]. The physics of the Higgs boson will be explored by high energy experiments at the upgraded Tevatron collider at Fermlab and in the near future at the large hadron collider at CERN(LHC). The LHC will make the first exploration of the TeV energy range, and will be able to discover Higgs boson in the full mass range, provided it exists[2]. After discovery of the Higgs boson at the LHC, one of the most pressing tasks is a proper determination of its properties since it is very important to study the mechanism of electroweak symmetry breaking(EW SB), the underlying origin of mass, and test the new physics beyond the standard model (SM). 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(ILC)[3]. Furthermore, discoveries at the LHC may also point to physics scales beyond the reach of the ILC, this area could be accessed later by a multi-TeV e^+e^−collider[4].

The main production mechanism of the Higgs boson H at the ILC are the Higgsstrahlung process e^+e^− → ZH[5] and the W W fusion process e^+e^− → ν̄_eν_eW^∗W^∗ → ν̄_eν_eH[6]. The cross section for the Higgs-strahlung process decreases as s^{−1}( √ s is the center-of-mess energy) and dominates at low energies, while the cross section for the W W fusion process rise as log(s/m^2_H ) and dominates at high energies. The ZZ fusion process e^+e^− → e^+e^−Z^∗Z^∗ → e^+e^−H 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 Zeē coupling, 4C^2_W ≃ 3. From the production cross sections for the Higgs-strahlung and W W fusion processes, the absolute values of the Higgs couplings to the electroweak gauge bosons Z and W , and also the Higgs couplings to quark and leptons can be determined to a few percent in a model independent way[1,3].

The top quark, with a mass of the order of the electroweak scale, 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 play a key role in a theory generating fermion masses and is particularly sensitive to the underlying physics. Thus, studying the Yukawa coupling Htt̄ is of particular interest. For a light Higgs boson, precise determination of this coupling can be performed at the ILC via the associated production process e^+e^− → tt̄H[7]. A precision of around 5% can be reached at an ILC with √ s=800∼1000GeV and the integrated luminosity L_{int} ≃ 1000fb^{−1}[3,4].

The aim of this letter is to consider the processes e^+e^− → ZH, e^+e^− → ν̄_eν_eH, and e^+e^− → tt̄H in the context of the littlest Higgs model with T-party i. e. LHT model[8], and see whether the effects of this model on these processes can be detected in the future ILC experiments.

To solve the so-called hierarchy or fine-tuning problem of the SM, the little Higgs models were proposed as kind of EW SB mechanism accomplished by a naturally light Higgs sector[9]. 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. So far, a number of specific models have been proposed, which differ in the assumed higher symmetry and in the representation of the scalar multiplets. The littlest Higgs(LH) model[10] is one of the simplest and phenomenologically viable models, which realizes the little Higgs idea. Most phenomenological analysis about the little Higgs models are given in the context of the LH model[11,12].

It has been shown that the LH model suffers from severe constraints from precision electroweak measurement, which could only be satisfied by fine-tuning the model parameters[11,13]. To avoid this problem, T-parity is introduced into the LH model, which is called LHT model[8]. In the LHT model, all the SM particles are assigned with an even T-parity, while all the new particles are assigned with an odd T-parity, except for the little Higgs partner of the top quark. Thus, the SM gauge bosons can not mix with the new gauge bosons, and the electroweak precision observables are not modified at tree level. It has been shown that loop corrections to precision electroweak obserbables are much small and the scale parameter f can be decreased to 500GeV[8,14]. Thus, the LHT model can produce rich phenomenology in the present and future high energy experiments[15,16,17,18].

In the LHT model, all the SM particles are T-even, while most of the new particles appeared at the TeV scale are T-odd, except for the heavy vector-like top quark T^+. Thus, the couplings of the electroweak gauge bosons to light fermions are not modified from their corresponding SM couplings at tree level. However, since the new T-odd fermions and T-even heavy top quark T^+ are introduced into the LHT model, the couplings of the electroweak gauge bosons to top quark and the couplings of the Higgs bosons to ordinary particles are corrected at tree level [15,16]. The expressions of the couplings HV V (V = W or Z), Htt̄, Ztt̄, and ZtT^+, which are related to the processes e^+e^− → ν̄_eν_eH, e^+e^− → ZH, and e^+e^− → tt̄H, can be written as:

g_{HVμVν} = 2M^2_V ν [1 − 1 4 ν^2 f^2 − 1 32 ν^4 f^4

]g_{μν} ; (1)

g_{Ht}¯_t = − m_t ν [1 − ( 3 4 − C^2_λ + C^4_λ) ν^2 f^2

]; (2) g^L_{Ztt̄} = e S_W C_W [ 1 2 − 2 3 S^2_W −

C^4_λ 2 ν^2 f^2 ], g^R_{Zt̄t} = − e S_W C_W 2 3 S^2_W ; (3)

g^L_{Ht}¯_T + = − m_t f S^2_λ, g^R_{Ht}¯_T + = m_t ν C_λ S_λ ; (4)

g^L_{Zt}¯_T + = − e 2S_wC_w C^2_w ν f √ 1 − C^4_λ ν^2 f^2

, g^R_{Zt}¯_T + = 0. (5)

Where ν ≃246 is the electroweak scale, S_W = Sinθ_W , θ_W is the Weinberg angle, f is the scale parameter. The mixing parameter C^2_λ =^{λ21}_{λ21+λ2} (S^2_λ = 1 − C^2_λ), in which λ_1 and λ_2 are the Yukawa coupling parameters.

From above discussions, we can see that the LHT model can generate corrections to the production cross sections for the processes e^+e^− → ν̄_eν_eH and e^+e^− → ZH via the modification of the couplings HW W and HZZ. The value of the relative correction parameters R_1 =^{σLHT (H)−σSM (H)}

σ^{SM} (H) and R2 = σ^{LHT} (ZH)−σ^{SM} (ZH) σ^{SM} (ZH) are easily calculated, in

which σ^{SM} (H) and σ^{SM} (ZH) represent the corresponding cross sections predicted by the SM. From Eq.(1), we can see that there is R_1 = R_2, thus we have taken R = R_1 = R_2 and plotted R as a function of the scale parameter f in Fig.1.

For the LH model, the extra contributions to the process e^+e^− → ν̄_eν_eH come from

Figure 1: The relative correction parameter R as a function of the scale parameter f.

the heavy gauge bosons 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 HW W couplings[19]. Considering the constraints of the electroweak precision data on the LH model, the scale parameter f should be in the range of 1TeV∼3TeV[13]. If we take f≥2TeV, the relative correction of the LH model to the production cross section for the process e^+e^− → ν̄_eν_eH is smaller than 5%. Thus, the effects of the LHT model on this process are easy to be detected than those of the LH model in the future ILC experiments. The contributions of the LH model to the process e^+e^− → ZH mainly come from the heavy photon B_H [20]. For reasonable values of the mixing parameter c^′ and the mass parameter M_{BH} , the relative corrections of the LH model to the production cross section for the process e^+e^− → ZH can be significantly large. Thus, the contributions of the LHT model to this process can be larger or smaller than those of the LH model.

In the SM, the process e^+e^− → tt̄H proceeds mainly through Higgs boson emission off top quarks, while emission from intermediate Z boson plays only a minion role, which has been extensively studied in Ref.[7]. The contributions of the LH model to this process mainly come from the new gauge bosons B_H and Z_H . In sizable regions of the parameter space preferred by the electroweak precision data, the absolute value of the relative correction parameter R_3 = δσ(tt̄H)/σ^{SM} (tt̄H) can be larger than 5%[21]. For the LHT model, the T-odd new gauge bosons can not contribute to this process at tree level. Thus, the contributions of the LHT model to the production cross section of the process e^+e^− → tt̄H only come from the heavy T-even top-quark T^+ and the correction terms to the SM couplings Ztt̄, Htt̄, and HZZ.

Figure 2: The relative correction parameter R_3 as a function of the mixing parameter C_λ for four values of the scale parameter f.

Similar to Ref.[21], we can give the production cross section of the process e^+e^− → tt̄H in the context of the LHT model. The relative correction parameter R_3 generated by the LHT model is plotted as a function of the mixing parameter C_λ for four values of the scale parameter f in F ig.2. One can see from F ig.2 that, as long as f ≤1TeV, the absolute value of R_3 is larger than 7%, which might be detected in the future ILC experiments.

Since the scale parameter f of the LHT model can be allowed to be lower than 1TeV, this model can produce rich phenomenology in the present and future experiments.

In this letter, we estimate the corrections of the LHT model to the production cross sections of the processes e^+e^− → ZH, e^+e^− → ν̄_eν_eH, and e^+e^− → tt̄H, which are very important for studying Higgs properties and test new physics beyond the SM. Our numerical results show that, with reasonable values of the free parameters, the LHT model can generate significantly contributions to these processes, which might approach the observable threshold of the near-future ILC experiments.

Acknowledgments

C. X. Yue would like to thank the Abdus Salam International Centre for Theoretical Physics(ICTP) for partial support. This work was supported in part by Program for New Century Excellent Talents in University(NCET-04-0290), the National Natural Science Foundation of China under the Grants No.10475037 and 10675057.

References

[1] For reviews, See: M. Carena and H. E. Haber, Prog. Part. Nucl. Phys. 50 (2003)63;

C. Buttar et al. [Standard Model and Higgs Working Group], hep-ph/0604120.

[2] ATLAS Detector and Physics Performance Technical Design Report, http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/TDR/access.html; CMS Physics Technical Design Report, http://cmsdoc.cern.ch/cms/cpt/tdr/; F. Gianotti and M. L. Mangano, hep-ph/0504221.

[3] 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.

[4] E. Accomando et al. [CLIC Physics Working Group], hep-ph/0412251.

[5] J. R. Ellis, M. K. Gaillard, D. V. Nanopoulos, Nucl. Phys. B106(1976)292; B. W.

Lee, C. Quigg and H. B. Thacker, Phys. Rev. D16(1977)1519; B. L. Ioffe, V. A. Khoze, Sov. J. Nucl. Phys. 9(1978)50; V. D. Barger et al. Phys. Rev. D49(1994)79;

[6] D. R. T. Jones and S. T. Petcov, Phys. Lett. B84(1979)440; R. N. Cahn and S. Dawson, Phys. Lett. B136(1984)196; G. L. Kane, W. W . Repko and W. B. Rolnick, Phys. Lett. B148(1984)367; G. Altarelli, B. Mele and F. Pitolli, Nucl. Phys. B287(1987)205; W. Kilian, M. Kramer and P. M. Zerwas, Phys. Lett. B373(1996)135.

[7] K. J. F. 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; Phys. Rev. D 59(1999)054012; Phys. Rev. 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, hep-ph/0212273; B. A. Kniehl, F. Madricardo and M. Steinhauser, Phys. Rev. D66(2002)054016; 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, Nucl. Phys. B 719(2005)35; Sun Hao et al., Phys. Rev. D71(2005)075005; Peng Wu et al., Phys. Lett. B618(2005)209.

[8] H. C. Cheng and I. Low, JHEP 0309(2003)051; JHEP 0408(2004)061; I. Low, JHEP 0410(2004)067.

[9] For recent review see: M. Schmaltz and D. Tucker-Smith, Ann. Rev. Nucl. Parti Sci.

55(2005)229; T. Han, H. E. Logan, and L. T. Wang, JHEP 0601(2006)099.

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

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

[12] M. Perelstein, hep-ph/0512128.

[13] 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; 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; 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, Phys. Rev. D69(2004)115008.

[14] J. Hubisz, P. Meade, A. Noble, and M. Perelstein, JHEP 0601(2006)135.

[15] J. Hubisz and P. Meade, Phys. Rev. D71(2005)035016.

[16] C. R. Chen, K. Tobe and C.-P. Yuan, Phys. Lett. B640(2006)263.

[17] M. Asano et al, hep-ph/0602157; A. Martin, hep-ph/0602206; A. Birkedal, A.

Noble, M. Perelstein, and A. Spray, Phys. Rev. D74(2006)035002 ; C. S. Chen, Kingman Cheung, and T.- C. Yuan, hep-ph/0605314.

[18] H. C. Cheng, I. Low, and L. T. Wang, Phys. Rev. D74(2006)055001; C. O. Dib, R.

Rosenfeld, A. Zerwekh, JHEP 0605(2006)074; J. Hubisz, S. J. Lee, and G. Paz, JHEP 0606(2006)041; M. Blanke et al., hep-ph/0605214; A. J. Buras, A. Poschenrieder, S. Uhlig, W. A. Bardeen, hep-ph/0607189; A. Freitas and D. Wyler, hep-ph/0609103.

[19] Chong-Xing Yue, Wei Wang, Zheng-Jun Zong, Feng Zhang, Eur. Phys. J.

C42(2005)331;

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

[21] Chong-Xing Yue, Wei Wang, Feng Zhang, Commun. Theor. Phys. 45(2006)511.