arXiv:1201.6489v1 [hep-ph] 31 Jan 2012

Multi-tau lepton signatures in leptophilic two Higgs doublet model at the ILC

Shinya Kanemura^1, Koji Tsumura^2 and Hiroshi Yokoya^3

1- The University of Toyama - Department of Physics Toyama 930-8555 - Japan 2- National Taiwan University - Department of Physics and Center for Theoretical Sciences Taipei 10617 - Taiwan 3- National Taiwan University - National Center for Theoretical Sciences Taipei 10617, Taiwan

We study the feasibility of the Type-X two Higgs doublet model (THDM-X) at collider experiments. In the THDM-X, new Higgs bosons mostly decay into tau leptons in the wide range of the parameter space. Such scalar bosons are less constrained by current experimental data, because of the suppressed quark Yukawa interactions. We discuss a search strategy of the THDM-X with multi-tau lepton final states at International linear collider and Large Hadron Collider. By using the collinear approximation, we show that a four tau lepton signature (e^+e^− → HA → 4τ ) can be a clean signal.

1 Introduction

The Higgs sector is unknown, because no Higgs boson has been discovered yet. In the Standard Model (SM) for elementary particles, only one scalar iso-doublet field is introduced to break the electroweak gauge symmetry spontaneously. However, as the various models beyond the SM predict the extended Higgs sector, there is a possibility of non-minimal Higgs sectors.

The non-minimal Higgs sectors suffer from the constraints from the rho parameter and the flavor changing neutral current (FCNC) in general. In the SM, these constraints are automatically satisfied. It is known that in the Higgs sector with only doublets, the rho parameter is predicted to be unity at the tree level. Therefore, two Higgs doublet models (THDMs) would be a simplest viable extension of the SM. However, in the THDM the most general Yukawa interaction predicts FCNC at the tree level, because both the doublet couples to a fermion so that the mass matrix and the Yukawa matrix cannot be diagonalized simultaneously. In order to avoid this, a discrete symmetry may be introduced under which different properties are assigned to each scalar doublet [1]. Under this symmetry, each fermion couples with only one scalar doublet, and hence there is no FCNC at the tree level even in the THDM.

There are four types of Yukawa interactions depending on the Z_2-charge assignments; i.e., Type-I, II, X and Y. An interesting possibility would be the Type-X THDM, where one Higgs doublet couples with quarks and the other does with leptons [2, 3, 4]. The Type-X THDM can appear in the Higgs sector of a gauged extension of the Type-III seesaw model [5], the model of the three-loop neutrino mass with electroweak baryogenesis [6] and a model for the positron cosmic ray anomaly [7].

2 The Type-X two Higgs doublet model

The Higgs potential of the THDM is defined as [8, 9]

V^{THDM} = +m^2_1Φ^†_1Φ_1 + m^2Φ^†_2Φ_2 − m^2_3 ( Φ^†_1Φ_2 + Φ^†_2Φ_1 ) + λ_1 2 (Φ^†_1Φ_1)^2 + λ_2 2 (Φ^†_2Φ_2)^2

+ λ_3(Φ^†_1Φ_1)(Φ^†_2Φ_2) + λ_4(Φ^†_1Φ_2)(Φ^†_2Φ_1) + λ_5 2 [ (Φ^†_1Φ_2)^2 + (Φ^†_2Φ_1)^2 ] , (1)

where Φ_i(i = 1, 2) are the Higgs doublets with hypercharge Y = 1/2. A softly broken Z_2 symmetry is imposed in the model to forbid FCNC at the tree level, under which the Higgs doublets are transformed as Φ_1 → +Φ_1 and Φ_2 → −Φ_2 [1]. The soft-breaking parameter m^2_3 and the coupling constant λ_5 are complex in general. We here take them to be real assuming the CP invariant Higgs sector.

The Higgs doublets can be written in terms of the component fields as

Φ_i = ( i ω^+_i 1√ 2 (v_i + h_i − i z_i) ) , (2)

where the vacuum expectation values (VEVs) v_1 and v_2 satisfy √ v^2_1 + v^2 = v ≃ 246 GeV and tan β ≡ v_2/v_1. The mass eigenstates are obtained by rotating the component fields as ( h_1 h_2 ) = R(α) ( H h ) , ( z_1 z_2 ) = R(β) ( z A ) , ( ω^+_1 ω^+_2 ) = R(β) ( ω^+ H^+ ) , (3)

where ω^± and z are the Nambu-Goldstone bosons, h, H, A and H^± are respectively two CP-even, one CP-odd and charged Higgs bosons, and

R(θ) = ( cos θ − sin θ sin θ cos θ ) . (4)

The eight parameters m^2_1–m^2_3 and λ_1–λ_5 are replaced by the VEV v, the mixing angles α and tan β, the Higgs boson masses m_h, m_H , m_A and m_{H±} , and the soft Z_2 breaking parameter M^2 = m^2_3/(cos β sin β). The coupling constants of the CP-even Higgs bosons with weak gauge bosons hV V and HV V (V = W, Z) are proportional to sin(β − α) and cos(β − α), respectively. When sin(β − α) = 1, only h couples to the gauge bosons while H decouples. We concentrate on this limit (the SM-like limit) where h behaves as the SM Higgs boson [10, 11].

Imposing the transformation under the Z_2 parity for leptons and quarks as, u_R → −u_R, d_R → −d_R, ℓ_R → +ℓ_R, Q_L → +Q_L and L_L → +L_L, we could write down the Type-X Yukawa interaction [2, 3];

L^{Type-X} yukawa = − QLYu ~Φ2uR − QLYdΦ2dR − LLYℓΦ1ℓR + H.c. (5) In the Type-X THDM, more than 99% of H and A decay into pairs of tau leptons for tan β ≳ 3 in the SM-like limit; sin(β − α) = 1 [3]. The neutral Higgs bosons would be produced in pair by qq̄ → Z^∗ → HA process at the Large Hadron Collider (LHC) and by e^+e^− → Z^∗ → HA process at the International Linear Collider (ILC). These Higgs bosons predominantly decay into a four-τ state, HA → (τ^+τ^−)(τ^+τ^−), which is the characteristic signal of the Type-X THDM. There would be a clear signature in the dimuon channel from the direct decay of the Higgs bosons, HA → (μ^+μ^−)(τ^+τ^−). Although the number of events is only 2(m_μ/m_τ )^2 ∼ 0.7% of the four tau lepton channel, this channel would be important to measure the mass of the Higgs bosons at the LHC.

Experimental constraints on masses of the neutral Higgs bosons H, A in THDMs depend on the type of the Yukawa interaction. In the Type-II THDM with large tan β, stronger mass bounds can be obtained from these production processes at the Tevatron and the LHC [12, 13]. However, if the Yukawa interaction is the lepton specific which is realized in the wide parameter space in the Type-X THDM, these Higgs bosons are less constrained due to the relatively weak Yukawa interaction with quarks. The search for such Higgs bosons at the LEP experiments is found in Ref. [14].

3 Simulation study

3.1 The collinear approximation

In our analysis, we use the collinear approximation to calculate the four momenta of the tau leptons[15]. If tau leptons are energetic, the missing momentum from its decay would be along the direction of the charged track (either a charged hadron (hadrons) or a charged lepton), ⃗p^{miss} ≃ c ⃗p^{τj} , where ⃗p^{miss}, ⃗p^{τj} are the momenta of the neutrino and the charged track, respectively. The proportionality constant c can be determined by fixing ⃗p^{miss}. Accordingly, the momentum of the decaying tau lepton can be approximately reconstructed as ⃗p^τ ≃ (1 + c) ⃗p^{τj} ≡ z^{−1} ⃗p^{τj} , where z is the momentum fraction of the charged track from the parent tau lepton.

At hadron colliders, the transverse components of the missing momentum ⃗p_T can be measured as the negative sum of the visible momenta. Assuming that the missing transverse momentum of the event is accounted solely by the missing particles in the decays of tau leptons, and applying the collinear approximation for two tau leptons, the missing transverse momentum can be expressed by the momenta of charged tracks, as ⃗p_T ≃ ⃗p^{miss1}_T + ⃗p^{miss2}_T ≃ c_1 ⃗p^{τj1}_T + c_2 ⃗p^{τj2}_T . Unknown parameters c_1 and c_2 are determined by solving simultaneous equations. Using the resulting values of z_1 and z_2, the invariant mass of the tau lepton pair is related with that of the tau-jet pair as M^2_{τhτh} ≃ z_1z_2M^2_{τ τ} .

At e^+e^− colliders, neutral Higgs boson pair can be produced via e^+e^− → HA, and the four momenta of the four tau leptons are completely solved [14, 16].

3.2 The 2μ2τ_h channel at the LHC

The signal events are generated by using PYTHIA [17], where the decay of tau leptons is simulated by using TAUOLA [18]. Initial-state-radiation (ISR) and final-state-radiation (FSR) effects are included. We choose the collision energy to be 14 TeV, and use the CTEQ6L parton distribution functions [19]. We set the masses of extra Higgs bosons to m_H = 130 GeV, m_A = 170 GeV. The total cross section for pp → HA is estimated to be 53 fb at the tree level [3]. For the LHC study, background events for V V (= ZZ, ZW and W W ), tt̄ processes where the weak bosons decay leptonically and hadronically, and Z+jets processes followed by leptonic decays of weak bosons are generated by PYTHIA, where the decays of tau leptons are also handled by TAUOLA. The total cross sections for these processes are given as 108 pb, 493 pb and 30 nb, respectively for V V , tt̄ and Z+jets production processes by PYTHIA.

2μ2τ_h event analysis HA V V tt̄ Z+jets S (100 fb^{−1}) Pre-selection 87.3 350.6 767.9 28785.9 0.50 p^{τh}_T > 40 GeV 45.9 96.5 154.1 4397.3 0.67 E_T > 30 GeV 37.6 49.9 134.9 37.1 2.5 H^{lep}_T > 250 GeV 20.6 16.9 48.5 0. 2.4 H^{jet}_T < 50 GeV 14.1 11.3 4.1 0. 3.2 0 ≤ z_{1,2} ≤ 1 3.5 7.9 0.6 0. 1.1 (m_Z )_{μμ} ± 10 GeV 3.3 1.0 0.5 0. 2.1 (m_Z )_{τ τ} ± 20 GeV 3.1 0.2 0.5 0. 2.6

Table 1: Table for background reductions in the 2μ2τ_h channel. Listed are the expected number of events for the integrated luminosity of 100 fb^{−1} at the LHC with √ s = 14 TeV.

We identify the tau-jet candidates by the following criteria; a jet with p_T ≥ 10 GeV and |η| ≤ 2.5 which contains 1 or 3 charged hadrons in a small cone (R = 0.15) centered at the jet momentum direction with the transverse energy deposit to this small cone more than 95% of the jet.

In order to evaluate the signal significance, we use the significance estimator S defined as [20] S = √ 2 [ (s + b) ln(1 + s/b) − s ] , (6)

where s and b represent the numbers of signal and background events, respectively. The significance S is proportional to the square root of the integrated luminosity.

The results of the signal/background reduction are summarized at each step in TABLE 1. We show the expected numbers of events for the integrated luminosity of L = 100 fb^{−1} for each process. The signal events consist of the hadronic decay of tau leptons with the primary muons from the Higgs bosons as well as the secondary muons from the tau leptonic decay. Background events from the Z+jets process contain two mis-identified tau-jets from the ISR jets, with a muon pair which comes from the Z/γ^∗ → μ^+μ^− decay. Therefore, Z+jets background events tend to have small E_T , and the cut on E_T is expected to reduce the Z+jets background significantly. The cut on H^{lep}_T can reduce the V V and Z+jets backgrounds significantly. The background contribution from the tt̄ events can be reduced by using the cut on H^{jet}_T , because the tt̄ events tend to contain many jets due to the b quark fragmentation and ISR/FSR, even though two of them are mis-identified as tau-jets. Furthermore, the events which contain Z → μ^+μ^− can be reduced by rejecting the events with the invariant mass of the muon pair close to m_Z .

The largest significance can be obtained after the m_Z -window cut of the dimuon, where the number of the signal events is expected to be about 14 while that of background events is about 19 giving s/b ∼ 1 and S ∼ 3.2 for L = 100 fb^{−1 a}. For the S = 5 discovery of the signal, we found that the integrated luminosity of about 300 fb^{−1} is required.

By using the collinear approximation, we can reconstruct the tau lepton momenta and extract the events with the primary muons from the Higgs boson decay. For this 2μ2τ

a Further optimization of the kinematical cuts and the analysis in other decay channels, 3μ1τ_h , etc., have been studied in Ref. [21]

4τ_h event analysis HA V V tt̄ S (100 fb^{−1}) Pre-selection 300. 10.6 1.2 38. 0 ≤ z_{1−4} ≤ 1 251. 6.2 0.1 38.

(m_Z )_{τ τ} ± 20 GeV 238. 1.8 0. 43.

Table 2: Table for background reductions in the 4τ_h channel. Listed are the expected number of events for the integrated luminosity of 100 fb^{−1} at the ILC with √ s = 500 GeV.

signal, the V V background can be further reduced by the cut on the m_Z -window for the reconstructed M_{τ τ} . Even if we focus on the signal only from the HA → 2μ2τ mode, the signal can be tested almost at the same level as the dimuon invariant mass analysis. The extraction of this mode using the collinear approximation would be useful to determine the mass of Higgs bosons accurately.

3.3 The 4τ_h channel at the ILC

The neutral Higgs bosons can be pair produced via the e^+e^− → HA process, and their decay produces four tau lepton final states dominantly. At e^+e^− colliders, the four momenta of the four tau leptons can be solved by applying the collinear approximation to all the four decay products of the tau leptons [14, 16], because the missing four momentum can be reconstructed by the energy momentum conservation. In our analysis, we choose the collision energy to be 500 GeV and the signal cross section is 30 fb. The cross sections of the background processes are given as 8300 fb and 580 pb respectively for V V and tt̄ .

The results of the signal/background reduction are summarized in TABLE 2. The expected numbers of events are normalized for the integrated luminosity of L = 100 fb^{−1} for each process. We here focus on the hadronic decay mode of all tau leptons. In general, the mixture of the hadronic and the leptonic decay modes can be analysed. And the significance can be improved by combining the all channels. In order to construct the invariant mass of the tau lepton pair from four tau leptons, we choose the combination of the opposite signed tau leptons which gives the highest p_T pair.

The signal events are dominant even at the pre-selection level. The statistical significance can be further optimized by using the kinematical cuts giving the much better s/b ratio. In order to test the signal with S = 5, we only need the integrated luminosity of about 5 fb^{−1} where we only use the 4τ_h channel.

4 Summary and Conclusion

We have presented the simulation study of the tau lepton specific Higgs bosons at the LHC and the ILC. In the THDM-X with the SM-like limit, the additional Higgs bosons can be the tau lepton specific. Such scalar bosons can be pair produced by the gauge interaction at the LHC and the ILC, and mainly decay into tau leptons in the wide range of the parameter space. By using the collinear approximation, we show that multi-tau lepton final state HA → 2μ2τ at the LHC and HA → 4τ at the ILC can be a clean signal. The tau lepton specific Higgs boson can be tested at the LHC with about 300 fb^{−1} of the integrated luminosity for S = 5. Although the huge integrated luminosity is required, the precise mass determination is possible by extracting the primary muon from the Higgs boson decay in the

2μ2τ_h channel. The search potential of the ILC with 4τ_h channel is about 70 times better than that of the LHC with the 2μ2τ_h channel in the sense of the integrated luminosity. Since the 4τ_h channel can be fully reconstructed by the collinear approximation, the mass of Higgs bosons can also be measured.

Acknowledgments

The work of S.K. was supported in part by Grant-in-Aid for Scientific Research, Japan Society for the Promotion of Science (JSPS), Nos. 22244031 and 23104006. The work of K.T. was supported in part by the National Science Council of Taiwan under Grant No. NSC 100-2811-M-002-090. The work of H.Y. was supported in part by the National Science Council of Taiwan under Grant No. NSC 100-2119-M-002-001.

References

[1] S. L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958 (1977).

[2] V. D. Barger, J. L. Hewett and R. J. N. Phillips, Phys. Rev. D 41, 3421 (1990); Y. Grossman, Nucl.

Phys. B 426, 355 (1994); A. G. Akeroyd, Phys. Lett. B 377, 95 (1996). [3] M. Aoki, S. Kanemura, K. Tsumura and K. Yagyu, Phys. Rev. D 80, 015017 (2009). [4] V. Barger, H. E. Logan and G. Shaughnessy, Phys. Rev. D 79, 115018 (2009); S. Su and B. Thomas, Phys. Rev. D 79, 095014 (2009); H. E. Logan and D. MacLennan, Phys. Rev. D 79, 115022 (2009).

[5] E. Ma, Mod. Phys. Lett. A 17, 535 (2002); E. Ma and D. P. Roy, Nucl. Phys. B 644, 290 (2002). [6] M. Aoki, S. Kanemura and O. Seto, Phys. Rev. Lett. 102, 051805 (2009); Phys. Rev. D 80, 033007 (2009); M. Aoki, S. Kanemura and K. Yagyu, Phys. Rev. D 83, 075016 (2011).

[7] H. -S. Goh, L. J. Hall and P. Kumar, JHEP 0905, 097 (2009).

[8] J. F. Gunion, H. E. Haber, G. Kane and S. Dawson, The Higgs Hunter’s Guide (Frontiers in Physics series, Addison-Wesley, Reading, MA, 1990).

[9] A. Djouadi, Phys. Rept. 459, 1 (2008).

[10] J. F. Gunion, H. E. Haber, Nucl. Phys. B272, 1 (1986); Nucl. Phys. B278, 449 (1986). [11] S. Kanemura, Y. Okada, E. Senaha, C. -P. Yuan, Phys. Rev. D70, 115002 (2004). [12] D. Benjamin et al. [Tevatron New Phenomena & Higgs Working Group Collaboration], arXiv:1003.3363 [hep-ex].

[13] S. Chatrchyan et al. [ CMS Collaboration ], Phys. Rev. Lett. 106, 231801 (2011). [14] S. Schael et al. [ LEP Working Group for Higgs boson searches and ALEPH and DELPHI and L3 and OPAL Collaborations ], Eur. Phys. J. C 47, 547 (2006) [15] D. L. Rainwater, D. Zeppenfeld, K. Hagiwara, Phys. Rev. D59, 014037 (1998). [16] J. Abdallah et al. [DELPHI Collaboration], Phys. Lett. B 552, 127 (2003). [17] T. Sjostrand, S. Mrenna, P. Z. Skands, JHEP 0605 , 026 (2006).

[18] S. Jadach, Z. Was, R. Decker and J. H. Kuhn, Comput. Phys. Commun. 76, 361 (1993). [19] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky and W. K. Tung, JHEP 0207, 012 (2002).

[20] The CMS Collaboration J. Phys. G 34, 995 (2007). [21] S. Kanemura, K. Tsumura and H. Yokoya, arXiv:1111.6089 [hep-ph].

LCWS11 6