arXiv:hep-ph/0502179 v1 19 Feb 2005

Search for the vector-like top quark T at the future linac-ring type ep collider

Chong-Xing Yue, Feng Zhang, Wei Wang

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

February 19, 2005

Abstract The little Higgs models typically contain a new vector-like top quark T , which plays a key role in breaking the electroweak symmetry. In the context of the littlest Higgs (LH) model, we study single production of this kind of new particle via the process ep → eb → ν_eT in the future linac-ring type ep collider (LC ⨂ LHC). We find that the production cross section is in the range of 1.2 × 10^{−4}— 0.48 pb at the LC ⨂ LHC with √ s = 3.7 T eV .

PACS number(s):12.60.Cn, 13.60.Fz, 14.65.Ha

∗E-mail:cxyue@lnnu.edu.cn

Little Higgs models[1,2,3] were recently proposed as a kind of models of electroweak symmetry breaking(EWSB), which can solve the hierarchy problem by protecting the Higgs mass from quadratically divergent at one-loop order and thus can be regarded as one of the important candidates of the new physics beyond the standard model(SM). The key feature of this kind of models is that the Higgs boson is a pseudo-Goldstone boson of a global symmetry breaking at a scale Λ ∼ 10T eV , so that the Higgs boson mass can be as light as O(100GeV ). The light Higgs boson mass is protected from the one-loop quadratic divergence by introducing a few new particles with the same statistics as the corresponding SM particles. The new heavy gauge bosons cancel the one-loop quadratic divergence generated by the SM gauge boson W and Z loops, new heavy scalars cancel that by the Higgs self-interaction, while the new vector-like top quark T cancels that by the top quark Yukawa interactions. Furthermore, these new particles might produce characteristic signatures at the present and future collider experiments[4,5,6]. 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[4,7,8].

In little Higgs models, EW SB generally results from the coupling of the Higgs boson to an independent sector containing the SM top quark t and the new vector-like top quark T . This kind of models provide a natural mechanism of EW SB associated with the large value of the top quark Yukawa coupling, in which the new vector-like top quark T plays a key role in breaking the electroweak symmetry. Thus, studying the possible signatures of the new particle T at present and future high energy colliders would provide crucial information for EW SB and future test the little Higgs models.

To avoid the fine tuning problem and produce a suitable Higgs mass, the mass of the new vector-like top quark T should not be too large. Considering this reason and the precision electroweak constraints on little Higgs models, if the little Higgs models are correct, the T mass M_T should be about 2T eV [1]. In this case, the new particle T can be produced at the LHC via two mechanism: QCD pair production via the processes gg → T T and qq → T T ; single production via W exchange process qb → q^′T . Due to the large T mass M_T , the later process dominates over the QCD pair production process. It has been shown that the new heavy top quark T mass M_T can be explored up to about 2.5T eV via the W exchange process qb → q^′T [4,5].

Although the linac-ring type ep collider(LC ⊗ LHC) with the centre-of-mass(c.m.) energy √ s = 3.7T eV and the integral luminosity £_{int} ≈ 100pb^{−1} has a lower luminosity, it can provide better conditions for studying a lot of phenomena comparing to LC due to the higher c. m. energy and to LHC due to more clear environment[9]. Thus, it can be used to detect the possible signals of the new heavy particles. For example, Ref.[10] has recently discussed the production of excited neutrinos at this type of collider. In this letter, we will study single production of the heavy vector-like top quark T predicted by the littlest Higgs(LH) model[1] via the process ep → eb → ν_eT and see whether it can be detected in the future LC ⊗ LHC with the c.m. energy √ s = 3.7T eV and the integral luminosity £_{int} ≈ 100pb^{−1}.

As the simplest realization of the little Higgs idea, the LH model[1] is a phenomenologically viable model and has almost all of the essential features of the little Higgs models. So, in this letter, we will give our results in the framework of the LH model, although many alternatives have been proposed[2,3]. However, the presence of the heavy vector-like top quark T is an essential feature of this kind of models, thus our results might be apply to other models.

In the LH model, the couplings of the heavy vector-like top quark T to ordinary particles, which are related to our calculation, can be written as[4]: g^{W T b}_L = e √ 2S_W ν f x_L, g^{W T b}_R = 0; (1) g^{WH T b} L = − e √ 2S_W ν f c s x_L, g^{WH T b}_R = 0; (2) g^{WH νe} L = − e √ 2S_W c s , g^{WH νe}_R = 0; (3) g^{ZT t}_L = − ie 2S_W C_W ν f x_L, g^{ZT t}_R = 0; (4) g^{HT t}_L = m_t ν √ x_L 1 − x_L , g^{HT t}_R = m_t ν (1 + x_L) ν f , (5)

where f is the scale parameter, ν ≃ 246GeV is the electroweak scale, S_W = sin θ_W , θ_W is the Weinberg angle, and c is the mixing parameter between SU(2)_1 and SU(2)_2 gauge bosons with s^2 = 1 − c^2. x_L is the mixing parameter between the SM top quark t and the vector-like 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 coupling parameters. The mass of the heavy vector-like top quark T can be approximately written as: M_T = m_tf ν √ 1 x_L(1 − x_L)

[1 − ν^2 2f^2 x_L(1 + x_L)]. (6) In the following calculation, we will take M_T , x_L, and c as free parameters.

The decay modes of the heavy vector-like top quark T involving the new particles B_H , Z_H , and W_H might be kinematically forbidden due to these new particles are heavy. Thus, the dominate decay modes of T are tH, tZ, and bW with partial widths in the ratio 1 : 1 : 2[4, 11]. At the order of ν^2/f^2, the total width of the new quark T can be written as: Γ_T = M_T 8π ( m_t ν )^2 x_L 1 − x_L . (7) In the LH model, the number of up-type quarks is four and thus the matrix relating the quark mass eigenstates with the weak eigenstates becomes a 4 × 3 matrix. Compared to the CKM matrix in the SM, the extended CKM matrix has the fourth row elements V_{T d}, V_{T s} and V_{T b}. Thus, it is possible that there are the decay channels T → qlν, which q is the down-type quark. However, their branching ratio are very small. For example, Ref.[12] has estimated the branching ratio of the decay channel T → blν and given B_r(T → blν)∼ 1.2 × 10^{−3} × (M_T /1T eV )^4.

From above discussions, we can see that the heavy vector-like top quark T can be singly produced via the t−channel processes ep → eb → W^∗ → ν_eT and ep → eb → W^∗_H → ν_eT in the future LC ⊗ LHC with √ s = 3.7T eV . The relevant Feynman diagrams are shown in Fig.1.

For the process e(P_e) + b(P_b) → T (P_T ) + ν_e(P_ν ), we define the kinematical invariants t = (P_T − P_b)^2. The renormalization amplitude can be written as:

M^T = M^T_W + M^T_{WH} = − e^2 2S^2_W ν f x_Lu_ν (P_ν )

1 − γ_5 2 γ_μu_e(P_e) −i(g^{μν} −^{kμkν}_{M 2W} ) t − M^2_W + iM_W Γ_W u_T (P_T )

1 − γ_5 2 γ_ν u_b(P_b) − e^2 2S^2_W c^2 s^2 ν f x_Lu_ν (P_ν )

1 − γ_5 2 γ_μu_e(P_e) (8) −i(g^{μν} −^{kμkν}_{M 2WH} ) t − M^2_{WH} + iM_{WH} Γ_{WH} u_T (P_T )

1 − γ_5 2 γ_ν u_b(P_b),

where Γ_W and Γ_{WH} are the total decay widths of the SM gauge boson W and the new gauge boson W_H , respectively. At the leading order, the decay modes of the new gauge boson W_H mainly contain ff^′ and W H. So, the total decay width Γ_{WH} can be written as[11]: Γ_{WH} = α_e 96S^2_W [ 96c^2 s^2 + C^2_W (c^2 − s^2)^2 s^2c^2

]M_{WH} . (9) In above equation, we have ignored the contributions of the decay modes W Z and W B_H to the total width Γ_{WH} , which are suppressed by a factor of ν^4/f^4.

Figure 1: The Feynman diagrams of the t−channel processes eb → W (W_H ) → ν_eT .

After calculating the cross section σ̂(ŝ) of the t−channel subprocess eb → ν_eT , the total cross section σ(s) of single T production via the process ep → eb → ν_eT at the future LC ⊗ LHC can be obtained by folding σ̂(ŝ) with the bottom-quark distribution function f_b(x) in the proton: σ(s) = ∫_1 x_{min} f_b(x)σ̂(x^2s)dx (10)

with x_{min} = M_T / √ s. In our calculation, we will take CT EQ5 parton distribution function[13] for f_b(x).

From above equations, we can see that single T production at the LC ⊗ LHC comes from two processes: the SM gauge boson W exchange and the new gauge boson W_H exchange. The contributions of the former process e^−b → W^− → ν_eT to single T production mainly dependent on the free parameters M_T and x_L, while those of the latter process e^−b → W^−_H → ν_eT mainly dependent on the free parameters M_T , x_L, c, and M_{WH} . Taking into account the precision electroweak constrains on the parameter space of the LH model, the free parameters c, M_{WH} , M_T and x_L are allowed in the ranges of 0 ≤ c ≤ 0.5, 1T eV ≤ M_{WH} ≤ 3T eV , and 0 < x_L < 1 [8]. However, compared with the contributions of W exchange, the contributions of W_H exchange to the cross section of single T production is very small. Thus, the cross section of single T production is not sensitive to the free parameters c and M_{WH} . So, in our numerical estimation, we will take c = 0.3 and M_{WH} =2T eV .

Figure 2: The cross section σ(s) of single T production as a function of M_T for three values of the parameter x_L.

In Fig.2, we plot the cross section of single T production at the LC ⊗ LHC with √ s = 3.7 T eV as a function of the T quark mass M_T for three values of the mixing parameter x_L. One can see from Fig.2 that the cross section σ(s) increases as M_T decreasing and x_L increasing. For x_L=0.5 and 1T eV ≤ M_T ≤ 2.5T eV , the value of the cross section σ(s) is in the range of 0.12pb ∼ 8 × 10^{−4}pb. If we assume the integral luminosity of the LC ⊗ LHC is £_{int} = 100pb^{−1} , then there will be several and up to tens ν_eT events. Certainly, enhancing the value of the integral luminosity of the LC ⊗ LHC can largely increase the number of the ν_eT events.

At the leading order, the heavy vector-like top quark T predicted by the LH model mainly decays to the tZ, tH and bW modes, which can provide characteristic signatures for the discovery of the heavy vector-like quark T in the future high energy collider experiments. It has been shown that the signal of the new vector-like quark T might be detected via all of the three decay modes in the future LHC experiments[4,5]. Compared with the LHC, the linac-ring type ep collider, LC ⊗ LHC, has more clear environment. Furthermore, the cross sections of single T production at the LHC and the LC ⊗ LHC are at the same order of magnitude. Thus, the possible signal of the vector-like top quark T might be detected in the future LC ⊗ LHC experiments. Certainly, more detailed analysis of the SM background would be needed to make a quantitative conclusion for the T observation.

Acknowledgments

F. Zhang would like to thank Bin Zhang for helpful discussions. This work was supported in part by 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; M. Schmaltz, Nucl. Phys. Proc. Suppl. 117(2003)40; D. E. Kaplan and M. Schmaltz, JHEP 0310(2003)039.

[3] J. G. Wacker, hep-ph/0208235; S. Chang and J. G. Wacker, Phys. Rev.

D69(2004)035002; W. Skiba and J. Terning, Phys. Rev. D68(2003)075001; S. Chang, JHEP 0312(2003)051; M. Schmaltz, JHEP 0408(2004)056.

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

[5] M. Perelstein, M. E. Peskin and A. Pierce, Phys. Rev. D69(2004)075002; G. Azuelos, et al., hep-ph/0402037.

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

S. C. Park and J. Song, Phys. Rev. D69(2004)115010; T. Han. H. E. Logen, B. McElrath and L. T. Wang, Phys. Lett. B563(2003)191; W. Hou, S. Zhu, Phys. Rev. D68(2003)097301; Chong-Xing Yue, Shun-Zhi Wang, Dong-Qi Yu, Phys. Rev. D68(2003)115004; 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; G. A. Gonzalez- Sprinberg, R. Martinez, and J. Alexis Rodriguez, hep-ph/0406178; 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; S. R. Choudhury, N. Gaur, G. C. Joshi, B. H. J. Mckellar, hep-ph/0408125; Chong-Xing Yue, Wei Wang, Phys. Rev. D71(2005)015002.

[7] 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. Tering, Phys. Rev. D67(2003)115002; R. S. Chivukula, N. Evans and E. H. Simmons, Phys. Rev. D66(2002)035008; S. Chang and Hong-Jian He, Phys. Lett. B586(2004)95; Mu-Chun Chen and S. Dawson, Phys. Rev. D70(2004)015003; R. Casabuoni, 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; I. Low, JHEP 0410(2004)067.

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

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

[9] S. Sultansoy, Eur. Phys. J. C33(2004)s1064 and refereces therein.

[10] O. Cakir, I. T. Cakir, Z. Kirca, Phys. Rev. D70(2004)075017.

[11] H. E. Logan, hep-ph/0307340.

[12] Jaeyong Lee, JHEP 0412(2004)065.

[13] CTEQ Collaboration, H. L. Lai et al., Eur. Phys. J. C12(2000)375; J. Pumplin, D.

R. Stump, J. Huston, H. L. Lai, P. Nadolsky, W. K. Tuny, JHEP 0207(2002)012.