arXiv:0904.4750v1 [hep-ph] 30 Apr 2009

Pair production of the T-odd leptons at the LHC

Chong-Xing Yue, Yong-Zhi Wang, Wei Lui, Wei Ma

Department of Physics, Liaoning Normal University, Dalian 116029, P. R. China ∗

May 1, 2009

Abstract

The T-odd leptons predicted by the littlest Higgs model with T-parity can be pair produced via the subprocesses gg → ℓ^+_H ℓ^−_H , qq → ℓ^+_H ℓ^−_H , γγ → ℓ^+_H ℓ^−_H and V V → ℓ^+_H ℓ^−_H (V =W or Z) at the CERN Large Hadron Collider (LHC). We estimate the hadronic production cross sections for all of these processes and give a simply phenomenology analysis. We find that the cross sections for most of the above processes are very small. However, the value of the cross section for the Drell − Y an process qq → ℓ^+_H ℓ^−_H can reach 270fb.

PACS numbers: 12.60.Cn, 14.60.Hi, 13.85.Lg

∗E-mail:cxyue@lnnu.edu.cn

1. Introduction

The CERN Large Hadron Collider (LHC) will soon go into full operation and provide proton-proton collisions at a center-of-mass (c.m.) energy of 14T eV , a factor of 7 higher than the Tevatron. There are strong theoretical reasons to expect that the LHC will discover new physics beyond the standard model (SM) up to T eV . Many popular new physics models beyond the SM predict the existence of the new charged leptons which are denoted as L^±. In general, as long as they are not too heavy, these new particles can be pair produced via the gluon fusion process gg → L^+L^−, the Drell − Y an process qq → L^+L^−, the photon-induced process γγ → L^+L^−, and the weak gauge boson fusion process V V → L^+L^− ( V =W or Z) at the LHC.

Studying production and decay of the new charged leptons at current or in future high energy collider experiments is of special interest. Any signal for such kind of new fermions in future high energy experiments will play an important role in testing the SM flavor structure and discovery of new physics beyond the SM. This fact has lead to many works involving the new charged leptons at e^+e^− colliders [1], ep colliders [2], and hadron colliders [3,4,5].

The littlest Higgs model with T-parity, which is called the LHT model [6], is one of the attractive little Higgs models. The LHT model predicts the existence of the T-odd SU(2) doublet fermions. These new fermions can produce rich phenomenology at present or in future high energy collider experiments [7,8,9,10,11]. In Ref.[12], we have studied pair production of the T-odd leptons in an international linear e^+e^− collider (ILC). Our numerical results show that, in wide range of the parameter space, they can be copiously produced in pairs. The possible signatures of the T-odd leptons might be detected in future ILC experiments.

Since it is regarded as the cross section for pair production of the T-odd leptons is generally small at the LHC, so far there are few works involved their directly production at the LHC. However, considering the LHC will go into operation and it is possible to completely study the possible signals of the T-odd leptons at the LHC, it is need to carefully study pair production of the T-odd leptons at the LHC. So, in this note, we will discuss various possible production channels of the T-odd lepton pairs at the LHC and compare their values of the production cross sections for different production channels. In the next section, we will give our numerical results. Our conclusion and a simply phenomenology analysis are given in the last section. 2. The numerical results

The LHT model [6] is based on an SU(5)/SO(5) global symmetry breaking pattern. A subgroup [SU(2) × U(1)]_1 × [SU(2) × U(1)]_2 of the SU(5) global symmetry is gauged, and at the scale f it is broken into the SM electroweak symmetry SU(2)_L × U(1)_Y . Tparity is an automorphism that exchanges the [SU(2) × U(1)]_1 and [SU(2) × U(1)]_2 gauge symmetries. To simultaneously implement T-parity, one needs to double the SM fermion doublet spectrum [6,7]. The T-even combination is associated with the SM SU(2)_L doublet, while the T-odd combination is its T-parity partner. The T-odd fermion sector consists of three generations of the mirror quarks and leptons with vectorial couplings under SU(2)_L × U(1)_Y . Only T-odd leptons are related our calculation, we denote them by ν^1_H ℓ^2_H , ν^2_H ℓ^2_H , ν^3_H ℓ^3_H (1) with their masses satisfying to first order in ν/f[10]

M^1_{νH} = M^1_{ℓH} , M^2_{νH} = M^2_{ℓH} , M^3_{νH} = M^3_{ℓH} . (2)

Here ν = 246GeV is the electroweak scale and f is the scale parameter of the gauge symmetry breaking of the LHT model. There are M^i_l = √ 2k^i_l f, in which k^i_l are the eigenvalues of the mass matrix k and their values are generally dependent on the lepton species i. The coupling expressions of the T-odd lepton to other particles are given in Refs.[7,10].

It is well known that, at the LHC, the gluon distribution function is considerably larger than that for the quark. So we first consider the gluon-induced production of the T-odd lepton pairs. In order to produce the lepton pairs from gluon fusion mechanism, we must have a virtual quark triangular loop, which is connected to the lepton pairs by a neutral boson ( photon γ, gauge boson Z, or scalar H). However, the contributions of the photon vector coupling and the Z vector coupling vanish due to Furry’s theorem [3]. From Refs.[7,10], one can see that the Z axial-vector coupling to the T-odd leptons is equal to zero and the scalar H can not couple to the T-odd quarks T_− and D_H . Thus, the T-odd lepton pair can only be produced via the s-channel H exchange diagram, in which the quark triangular loops include the top quark t, the up-type T-odd quark U_H , and the T-even vectorlike quark T_+.

Using the relevant Feynman rules given in Refs.[7,10], we can easily calculate the hadronic production cross section σ_g of the gluon fusion process gg → H → ℓ^+_H ℓ^−_H at the LHC, which depend on the T-odd quark masses, the T-odd lepton masses, the mixing parameter x_L, and the scale parameter f. The mass of the T-even vectorlike top quark T_+ can be determined by the free parameters x_L and f. To simply our calculation, we will take the free parameter x_L = 0.5 and the Higgs boson mass M_H = 120GeV . For the Todd quark masses, we will take M^1_{UH} = M^2_{UH} = M^3_{UH} = M_U and assume that their values are smaller than 4T eV . M_ℓ is the T-odd lepton mass taken as M^1_{ℓH} = M^2_{ℓH} = M^3_{ℓH} = M_ℓ and assumed that its value is in the range of 200GeV ∼ 1000GeV . Recently, the improved parton distribution functions (P DF s) have been given in the literature, for example in Refs.[13,14]. However, as numerical estimation, we will use CT EQ6L P DF [15] for the gluon P DF and assume that the renormalization scale μ_R and the factorization scale μ_F have the relation μ_F = μ_R = 2M_ℓ. Our calculation results show that the production cross section σ_g is very small and its value is smaller than 1fb in most of the parameter space of the LHT model. This is because the coupling of the Higgs boson H to the T-odd leptons is proportion to the factor ν^2/f^2 and the production cross section σ_g is suppressed at least by the factor ν^4/f^4.

The T-odd lepton pairs can also be produced via the Drell − Y an process and the γγ fusion mechanism. The former process is induced by the s-channel γ exchange and Z exchange, while the latter process can proceed via the t-channel and u-channel T-odd lepton exchanges. Since the Hγγ and Hℓ^+_H ℓ^−_H couplings are very small, we will ignore the contributions of the s-channel process γγ → H → ℓ^+_H ℓ^−_H . In this case, it is obvious that the production cross sections of the subprocesses qq → ℓ^+_H ℓ^−_H and γγ → ℓ^+_H ℓ^−_H are only dependent on the model dependent parameter — the T-odd lepton mass M_ℓ.

(a) (b) Figure 1: The production cross sections σ_q (a) and σ_γ (b)as function of the T-odd lepton mass M_ℓ.

Using the equivalent photon approximation(EP A) approach [16], the hadronic cross section σ_γ at the LHC can be obtain by folding the cross section for the subprocess γγ → ℓ^+_H ℓ^−_H with the photon distribution function f_{γ/p}, which can be written as f_{γ/p} = f^{el}_{γ/p} + f^{inel}_{γ/p} . f^{el}_{γ/p} and f^{inel}_{γ/p} are the elastic and inelastic components of the equivalent photon distribution of the proton, which have been extensively studied in Refs.[17, 18]. Our numerical results are given in Fig.1, in which the pair production cross sections σ_q(Fig.1a) and σ_γ (Fig1.b) are plotted as functions of the T-odd mass M_ℓ. In our numerical calculation, we have assumed that the photon distribution function f_{γ/p} includes both the elastic and inelastic components of the equivalent photon distribution of the proton and have taken the CT EQ6L P DF s for the quark distribution functions f_{qi/p}. One can see from Fig.1 that the production cross section of the T-odd lepton pairs induced by the Drell − Y an process is significantly larger than that for the γγ fusion mechanism. For 200GeV ≤ M_ℓ ≤ 1000GeV , the values of the cross sections σ_q and σ_γ are in the ranges of 270.6fb ∼ 0.3fb and 26.4fb ∼ 0.11fb, respectively. If we assume the yearly integrated luminosity £_{int} = 100fb^{−1} for the LHC with the c.m. energy √ s = 14T eV , then there will be several up to ten thousands of the ℓ^+_H ℓ^−_H events to be generated per year.

It is well known that one of the main tasks of the LHC is to determine whether the breaking of the electroweak symmetry is due to the SM Higgs boson. The vector boson fusion (V BF ) mechanism is the second most copious source for the SM Higgs boson production at the LHC, which can be used to directly study the exact dynamics of the electroweak symmetry breaking. The new charged lepton pairs can also be produced via the V BF mechanism at the LHC [4]. Pair production of the T-odd leptons predicted by the LHT model can be induced by the s-channel processes W^±W^∓ → γ, Z, H → ℓ^+_H ℓ^−_H and ZZ → H → ℓ^+_H ℓ^−_H , and can also proceed via the t-channel T-odd neutrino ν_H exchange and T-odd lepton ℓ_H exchange for the processes W^±W^∓ → ℓ^+_H ℓ^−_H and ZZ → ℓ^+_H ℓ^−_H , respectively.

Figure 2: The production cross section σ_W for the subprocess W^+W^− → ℓ^+_H ℓ^−_H as a function of the T-odd lepton mass M_ℓ.

For M_ℓ > 200GeV , the c.m. energy √ ŝ of the subprocesses W^±W^∓ → ℓ^+_H ℓ^−_H is larger than 400GeV and there is ŝ ≫ M^2_W . In this energy region, the gauge bosons W^± coming from quark or antiquark can be treated as on-shell. So, in our estimating the hadronic production cross section of the subprocesses W^±W^∓ → ℓ^+_H ℓ^−_H , we will adopt the effective W -boson approximation (EW A) method [19] and include all contributions of the longitudinal and transverse W-boson components. The structure functions for the gauge bosons W^± are taken as the forms given by Ref.[20], in which authors have shown that the EW A method approximates very well the exact result. Considering the coupling of the Higgs boson H to the T-odd lepton pairs, which can be approximately written as −^{iMl}_ν^{ν2}_{4f 2} , is very small, we have neglected the contributions of H exchange. Our numerical results are shown in Fig.2. One can see from Fig.2 that the value of the production cross section can only reach 2.5fb in most of the parameter space, which is smaller than that for the γγ fusion mechanism.

Similar with that for the processes W^±W^∓ → ℓ^+_H ℓ^−_H , we can also neglect the contributions of the s-channel H exchange to the process ZZ → ℓ^+_H ℓ^−_H . Thus, this process is mainly induced by the t-channel and u-channel T-odd lepton exchanges. It is well known that the structure function for the gauge boson Z is smaller than that for the gauge boson W , the hadronic cross section for the subprocess ZZ → ℓ^+_H ℓ^−_H is suppressed at least by an order of magnitude compared to that for the subprocess W^+W^− → ℓ^+_H ℓ^−_H . For 200GeV ≤ M_ℓ ≤ 1000GeV , its value is in the range of 1.35 × 10^{−1}fb ∼ 2.5 × 10^{−3}fb. We further estimate the hadronic cross section for the subprocess Zγ → ℓ^+_H ℓ^−_H , our numerical results show that its value is in the range of 1.25fb ∼ 6.9 × 10^{−3}fb for 200GeV ≤ M_ℓ ≤ 1000GeV . 3. Conclusions and discussions

In this letter, we consider various possible production channels of the T-odd lepton pairs at the LHC. We find that the most important production channel for the T-odd lepton pairs predicted by the LHT model is the Drell − Y an process, i.e. qq → ℓ^+_H ℓ^−_H . For 200GeV ≤ M_ℓ ≤ 1000GeV , the value of the hadronic production cross section is in the range of 270.6fb∼ 0.3fb. The second important production channel is the γγ fusion mechanism, i.e. γγ → ℓ^+_H ℓ^−_H . With reasonable values of the free parameters for the LHT model, the production cross section value can reach 26.4fb.

The T-odd leptons are always heavier than the T-odd gauge boson B_H . They are lighter or heavier than the T-odd gauge bosons W_H and Z_H , which depend on the values of the coupling parameter k_l = k^1_l = k^2_l = k^3_l . For k_l < 0.45, there is M_l < M_{ZH} ≈ M_{WH} . Thus, for k_l > 0.45, the possible decay modes of the T-odd lepton ℓ_H are B_H l, Z_H l, and W_H ν. However, as long as k_l ≤ 1, ℓ_H mainly decays to B_H ℓ and there is Br(ℓ_H → B_H ℓ) ≃ 100% for k_l < 0.45. If we assume that the T-odd lepton ℓ_H decays to B_H ℓ, then pair production process of the T-odd leptons at the LHC, i.e. the process P P → ℓ^+_H ℓ^−_H + X, can give rise to the B_H B_H l^+l^− final state. The new gauge boson B_H predicted by the LHT model is the stable and lightest T-odd particle, which can be seen as an attractive dark matter candidate [7]. Certainly, if the T-parity is violated by anomalies, the T-odd gauge boson B_H can decay into the SM gauge boson pairs W W and ZZ [21,22]. If we assume that T-parity is strictly conserved and the T-odd gauge boson B_H can be seen as missing energy, then pair production of the T-odd leptons at the LHC can induce the opposite-sign same-flavor leptons plus missing energy (ℓ^+ℓ^−+E̸) signature. The main backgrounds for this kind of signals come from the SM processes P P → ZZ + X, P P → ττ + X, and P P → W^+W^− + X, in which the lepton τ and the gauge bosons Z and W decay leptonically. Detailed analysis of the signals and backgrounds have been given in Ref.[23]. They have shown that the ZZ background can be eliminated by calculating the invariant mass of the charged lepton pair, which can reconstruct the Z boson mass. It is possible to extract the ℓ^+ℓ^−+E̸ signal from the ττ background by applying suitable cuts. The W^+W^− background is much large, so it is very challenging to extract the ℓ^+ℓ^−+E̸ signal from this background. However, it has been shown that the appropriate cuts can significantly suppress the W^+W^− background [24]. Certainly, detailed confirmation of the observability of the ℓ^+ℓ^−+E̸ signal, which comes from the subprocess qq → ℓ^+_H ℓ^−_H , would require Monte-Carlo simulations of the signal and background.

Although the contributions of the γγ fusion mechanism to pair production of the Todd lepton pairs at the LHC are much smaller than those for the Drell − Y an process.

For M_ℓ ≥ 200GeV , its production cross section can only reach 26.4fb. However, due to absence of the proton remants, this production process has clean experimental conditions and well defined final states, which can be selected and precisely reconstructed [25]. The SM backgrounds coming from the partonic interactions, such as P P → W^+W^−, ZZ , and ττ , can be significantly omitted by using the large rapidity gap technique and the dedicated very forward detectors [26]. The irreducible backgrounds, such as γγ → W^+W^− and γγ → ττ can be largely suppressed by applying acceptance cuts. Certainly, detailed detector simulation studies are needed.

Acknowledgments

This work was supported in part by the National Natural Science Foundation of China under Grants No. 10675057, Specialized Research Fund for the Doctoral Program of Higher Education (SRFDP) (No. 200801650002), the Natural Science Foundation of the Liaoning Scientific Committee(No. 20082148), and Foundation of Liaoning Educational Committee(No. 2007T086).

References

[1] F. M. L. Almeida et al., Phys. Rev. D44(1991)2836; G. Azuelos, A. Djouadi, Z. Phys.

C63(1994)327; F. M. L. Almeida et al., Phys. Rev. D51(1995)5990; F. M. L. Almeida et al., Phys. Rev. D63(2001)075005; F. M. L. Almeida et al., Eur. Phys. J. C30(2003) 327; A. T. Alan, A. T. Tascai, N. Kavagoz, Mod. Phys. Lett. A21(2006)1869.

[2] W. Buchmuller, C. Greub, Nucl. Phys. B363(1991)345; Y. A. Coutinho, A. J. Ramalho, S. Wulck, Phys. Rev. D54(1996)1215; F. M. L. de Almeida et al., Phys. Rev. D65(2002)115010; A. T. Alan, A. T. Tascai, O. Cakir, Acta. Phys. Polon B 35(2004)2199; A. T. Tascai, A. T. Alan, hep-ph/0608045.

[3] S. S. D. Willenbrock, D. A. Dicus, Phys. Lett. B156(1985)429; J. E. C. Montalvo, O. J. P. Eboli, S. F. Novaes, Phys. Rev. D46(1992)181; P. H. Frampton, D. Ng, M. Sher, Y. Yuan, Phys. Rev. D48(1993)3128; Y. D. A. Coutinho, J. A. M. Simoes, C. M. Porto, P. P. Q. Filho, Phys. Rev. D57(1998)6975.

[4] O. J. P. Eboli, G. C. Marques, S. F. Novces, A. A. Natale, Phys. Rev. D34(1986)771;

S. Darvson, S. S. D. Willenbrock, Nucl. Phys. B284(1987)449; D. A. Dicus, Nucl. Phys. B287(1987)397; C. P. Yuan, Nucl. Phys. B310(1988)1.

[5] M. Drees, R. M. Godbole, M. Nowakowski, S. D. Rindani,Rhys. Rev. D 50(1994)2335;

G. Bhattacharya, P. Kalyniak, K. A. Peterson, Phys. Rev. D53 (1996)2371; M. M. Boyce, M. A. Doncheski, H. Konig, Phys. Rev. D55(1997)68.

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

[7] J. Hubisz, P. Meade, Phys. Rev. D71(2005)035016; J. Hubisz, P. Meade, A. Noble and M. Perelstein, JHEP 0601(2006)135;C. S. Chen, Kingman Cheung and T. -C. Yuan, Phys. Lett. B644(2007)158; C. -R. Chen, K. Tobe, C. -P. Yuan, Phys. Lett. B640(2006)263.

[8] A. Belyaev, Chuan-Ren Chen, K. Tobe, C. P. Yuan, Phys. Rev. D 74(2006)115020;

A. Freitas, D. Wyler, JHEP 0611(2006)061.

[9] Q. H. Cao, C. S. Li, C. P. Yuan, Phys. Lett. B668(2008)24; M. Blanke et al, JHEP 0612(2006)003; D. Choudhury, D. K. Ghosh, JHEP 0708(2007)084; S. Matsumoto, M. M. Nojiri, D. Nomura, Phys. Rev. D75 (2007)055006; K. Kong, S. C. Park, JHEP 0708(2007)038.

[10] M. Blanke et al., JHEP 0701(2007)066; F. del Aguila, J. I. Illana, M.D. Jenkins, JHEP 0901(2009)080.

[11] Lei Wang, Wen-Yu Wang, Jin-Min Yang, Huan-Jun Zhang, Phys. Rev.

D76(2007)017702; Xue-Lei Wang, Yan-Yu Zhang, Hui-Ling Jin, Yan-Hui Xi, Nucl. Phys. B 810(2009)226.

[12] Chong-Xing Yue, Nan Zhang, Shi-Hai Zhu, Eur. Phys. J. C 53(2008)215. [13] W. K. Tung et al., JHEP 0702(2007)053; H. L. Lai et al., JHEP 0704(2007)089; J.

Pumplin, H. L. Lai and W. K. Tung, Phys. Rev. D75(2007)054029. [14] P. M. Nadolsky et al., Phys. Rev. D78(2008)013004. [15] J. Pumplin et al. (CTEQ Collaboration), JHEP 0602 (2006)032. [16] V. M. Budnev, I. F. Ginzburg, G. V. Meledin, and V. G. Serbo, Phys. Rept.

15(1974)181.

[17] M. Glück, C. Pisano and E. Reya, Phys. Lett. B 540(2002)75; C. Pisano, Eur. Phys.

J. C38(2004)79, and reference therein.

[18] G. Altarelli, G. Martinelli, B. Mele and R. Rückl, Nucl. Phys. B262(1985)204; G.

Martinelli, B. A. Kniehl, Phys. Lett. B254(1991)267; A. Mukherjee and C. Pisanv, Eur. Phys. J. C30(2003)477.

[19] 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. B 249(1985)42; J. Lindfors, Z. Phys. C28(1985)427; J. F. Gunion, J. Kalinowski and A. Tofighi-Niaki, Phys. Lett. 57(1986)2351.

[20] A. Alboteanu, W. Kilian, and J. Reuter, JHEP 0811(2008)010. [21] C. T. Hill and R. J. Hill, Phys. Rev. D75(2007)115009; D76(2007)115014. [22] V. Barger, Wai-Yee Keung, Y. Gao, Phys. Lett. B655 (2007)228; D. Krohn, I. Yavin, JHEP 0806(2008)092; A. Freitas, P. Schwaller, D. Wyler, JHEP 0809(2008)013.

[23] V. D. Barger, Tao Han, J. Ohnemus, Phys. Rev. D37 (1988)1174; I. Hinchliffe, Int.

J. Mod. Phys. A4(1989)3867.

[24] M. Dittmar and H. K. Dreiner, Phys. Rev. D55(1997)167; G. Davatz, M. Dittmar and A. S. Giolo-Nicollerat, J. Phys. G33(2007)N85.

[25] M. Klasen, Nucl. Phys. B, Proc. Suppl. 179-180(2008)298; M. V. Donckt, arXiv:

0806.4865[hep-ph]; K. Piotrzkowski, Nucl. Phys. B, Proc. Suppl. 179-180(2008)2.

[26] N. Schul and K. Piotrzkowski, Nucl. Phys. B, Proc. Suppl. 179-180(2008)289; M.

Boonekamp, J. Cammin, R. Peschanski, C. Royon, Phys. Lett. B654(2007)104; T. Pilerzchala and K. Piotrzkowski, Nucl. Phys. B, Proc. Suppl. 179-180(2008)257; O. Kepka and C. Royon, Phys. Rev. D78(2008)073005; S. Ovyn, Nucl. Phys. B, Proc. Suppl. 179-180(2008)269; J. de Favereau de Jeneret, S. Ovyn, Nucl. Phys. B, Proc. Suppl. 179-180(2008)277.