arXiv:1109.3202v1 [hep-ph] 14 Sep 2011

Tevatron Top Quark Forward-Backward Asymmetry – Implications for Same-sign Top Quark Pair Production

Edmond L. Berger High Energy Physics Division, Argonne National Laboratory, Argonne, IL, USA

The forward-backward asymmetry for top quarks measured in proton-antiproton collisions at the Tevatron shows an interesting deviation from standard model expectations. Among possible interpretations, the exchange of a non-universal, flavor-changing Z^′ is of some interest as it naturally predicts a top quark in the forward region of rapidity. To reproduce the size of the Tevatron asymmetry, the couplings of the Z^′ to standard model quarks must be large, inevitably leading to production of same-sign top quark pairs at the Tevatron and at the Large Hadron Collider (LHC). We discuss the constraints on this model from (a) the Tevatron tt̄ cross section, (b) the Tevatron tt̄ invariant mass distribution, and the limits at the Tevatron on the same sign top quark pair cross section. We explore the discovery potential for tt and ttj production in early LHC experiments at 7 TeV and conclude that if a tt signal is not observed with 1 fb^{−1} of integrated luminosity, then a non-universal Z^′ alone cannot explain the Tevatron forward-backward asymmetry. Limits on the same sign cross section at the LHC from the CMS collaboration already disfavor this interpretation of the reported asymmetry.

1. Introduction

Top quarks are observed to be produced preferentially in the forward hemisphere at the Fermilab Tevatron proton-antiproton collider, where forward is defined by the direction of the incident proton beam [1, 2]. A forward-backward asymmetry in rapidity A_{FB} is predicted in the standard model from higher order QCD contributions [3], but the data exceed these expectations by a few standard deviations. The methods of analysis are somewhat different in the two collaborations, and they report different dependence of A_{FB} on the invariant mass of the tt̄ system, and on the rapidity of the top quark, but they agree generally that the asymmetry is larger than SM expectations. The transverse momentum spectrum of the tt̄ system is reported to be softer in the data than in the MC@NLO event generator [4] used to model the event distributions in Ref. [2]. The MC@NLO code includes the predicted QCD asymmetry so this discrepancy is worth understanding.

Various models of new physics (NP) have been invoked to explain the size of the asymmetry, with new physics appearing in the direct (s) channel or exchange (t) channel [5, 6]. A model based on the exchange of a nonuniversal massive neutral vector boson Z^′ is sketched in Fig. 1(b). It is intriguing because it naturally produces top quarks in the forward region of rapidity via the process uū → tt̄, with a Z^′ in the t-channel. This approach requires a flavor changing neutral current (FCNC) interaction u-t-Z^′, L = g_W ūγ^μ(f_LP_L + f_RP_R)tZ^′_μ + h.c., (1) where g_W denotes the weak coupling strength. Since the left-handed coupling f_L is highly constrained by B_d-B̄_d mixing: f_L < 3.5 × 10^{−4} (m_Z′ /100 GeV) [6], it is set to zero (f_L = 0) for the remainder of this discussion. The coupling of the Z^′ to charm quarks Z^′ − u − c is also set to zero since, otherwise, there would be a tree level contribution to D-D̄ mixing.

Figure 1(a) displays the dominant leading-order QCD SM production of a tt̄ pair at the Tevatron, while Fig. 1(b) shows Z^′-induced tt̄ pair production. A NP contribution to A_{FB} arises from the absolute square of the NP contribution (Fig. 1(b)) and the interference between the NP and the full set of NLO SM QCD amplitudes. To produce a large enough asymmetry, the coupling f_R must be large if the Z^′ is heavy. However, the model is tightly constrained by other Tevatron data. The coupling f_R cannot be so large as to produce disagreement with the measured tt̄ total cross section and the tt̄ invariant mass distribution. In our published paper [7] we derive quantitative bounds on f_R and m_Z′ from Tevatron measurements of A_{FB} and the tt̄ total cross section.

Once Z^′ exchange is invoked as in Fig. 1(b), then the processes shown in Figs. 1(c) and 1(d) predict that same-sign top quark pair production should exist. The large valence quark uu parton luminosity at the Large Hadron Collider (LHC) means that same-sign tt pair production will be large. In Ref. [7], we use the use the values we derive for f_R to predict the size of the tt pair production cross section at the LHC. The CMS collaboration responded quickly to these predictions [8]. Their bounds on same-sign tt pair production at the LHC show that the simple Z^′ exchange explanation of the Tevatron asymmetry is disfavored.

In Ref. [7], we focus on the collider phenomenology of tt pair production in early LHC experiments with 7 TeV center-of-mass (c.m.) energy and 1 fb^{−1} integrated luminosity. In addition to predictions for the rate of same-sign tt pairs, we show that the expected right-handed top quark polarization could be measured. We

Figure 1: Diagrams for (a) tt̄ production in the SM, (b) tt̄ production induced by Z^′ exchange, (c,d) tt pair production, and (e,f) ttū production.

further consider same-sign tt pair production in association with a jet, as depicted in Fig. 1(e) and (f), from which one can obtain the invariant mass of the Z^′ from the reconstructed top quarks and the additional jet. Note that there is no resonance in the tt invariant mass spectrum since both top quarks are produced in the t-channel. Our inclusive cross sections for tt and ttū are shown in Ref. [7] as a function of the Z^′ mass. The ttū rate is smaller because it relies on the gluon-quark luminosity, smaller than the large valence uu luminosity.

2. Analysis of the Tevatron Data

The forward-backward rapidity asymmetry A_{FB} is defined as

A_{FB} = σ_F − σ_B σ_F + σ_B = σ^{SM}_F − σ^{SM}_B + σ^{NP}_F − σ^{NP}_B σ^{SM}_F + σ^{SM}_B + σ^{NP}_F + σ^{NP}_B

= A^{NP}_{FB} × R + A^{SM}_{FB} (1 − R) (2)

where σ_{F (B)} denotes the tt̄ cross section in the forward (F) and backward (B) rapidity region, and

A^{NP}_{FB} ≡ (σ^{NP}_F − σ^{NP}_B )/(σ^{NP}_F + σ^{NP}_B ), A^{SM}_{FB} ≡ (σ^{SM}_F − σ^{SM}_B )/(σ^{SM}_F + σ^{SM}_B )

R ≡ (σ^{NP}_{tot} )/(σ^{SM}_{tot} + σ^{NP}_{tot} ) (3)

are the asymmetries induced by NP and in the SM, and R is the fraction of the NP contribution to the total cross section. The standard model QCD and new physics contributions to the cross sections are denoted by superscripts SM and NP. There are tight constraints on the model from Tevatron data alone. The inclusive cross section for tt̄ production agrees with QCD SM expectations within the uncertainties of both experiment and theory, so the cross section itself limits the magnitude of the right-handed coupling f_R from above, as do the data on the tt̄ invariant mass spectrum. On the other hand, the observed large size of A_{FB} bounds f_R from below. The shaded regions in the f_R plane in Fig. 2 are derived from requiring consistency with both A_{FB} [1] and the tt̄ production cross section σ(tt̄) [9]:

A_{FB} = 0.475 ± 0.114 for m_t¯_t ≥ 450 GeV σ(tt̄) = 7.50 ± 0.48 pb. (4)

Proceedings of the DPF-2011 Conference, Providence, RI, August 8-13, 2011 3

Figure 2: The shaded bands in the plane of m_Z′ and fR are determined from the fit to AFB and σ(tt̄) in Ref. [7]; the inner (outer) band corresponds to 1σ (2σ) C.L. Lines are drawn for 5σ and 3σ discovery of same sign tt pairs at 7 TeV with an integrated luminosity of 1 fb^{−1}, after all cuts are imposed, as specified in the text. A dashed line shows the expectation for 100 signal events. The Tevatron limit on fR from the direct search for same-sign top quark pairs is presented.

The inner (red) and outer (green) regions correspond to 1σ and 2σ C.L., respectively. The SM predictions of A_{FB}(m_t¯_t ≥ 450 GeV) and σ(tt̄) calculated with m_t = 172.5 GeV are 0.088 [1] and 6.9 pb [6], respectively. The lower bound of each band is derived from the A_{FB} measurement while the upper bound is from the σ(tt̄) data.

. Figure 3: Distribution in the invariant mass of the tt̄ pair. Shown are the CDF data [10] and the NLO QCD standard model contribution (dashed line). Inclusion of the new physics Z^′ contribution results in the solid curve. In the left plot the Z^′ mass is 200 GeV and fR = 1, while these parameters are 800 GeV and fR = 3 in the right plot.

In addition we verify that our computed distribution in the invariant mass m_t¯_t is consistent with CDF data [10] at the level of ≲ 2σ deviations. Examples of the effect of the Z^′-exchange contribution on the invariant mass distribution are shown in Fig. 3 for two sets of values of (f_R, m_Z′ ). The Z^′ exchange contribution depresses the distribution at small values of the tt̄ invariant mass and increases it at large values. The overall effect is a change in the slope of the invariant mass distribution. It is worth noting in passing here that the the data in the bin at large mass, 800 to 1400 GeV, are the most sensitive to the presence of an effect in the s channel, such as a heavy tt̄ resonance.

Referring to Figs. 1(c) and 1(d), we see that same-sign top quark pair production should be present at the Tevatron, albeit with a rate that depends on the small u quark density in an antiproton. The search for same sign top quark pairs at the Tevatron, σ(tt + t̄t̄) ≲ 0.7 pb [11], imposes a constraint on f_R and m_Z′ shown by the black band in Fig. 2(b). Parts of the otherwise allowed 1σ and 2σ bands are then excluded by these data. If the cut acceptance were dropped by a factor of 2, to 0.25%, then the same sign bound would increase to ≲ 1.4 pb, and the entire shaded region in Fig. 2 would be allowed.

3. Predictions for the LHC

In order to trigger on same-sign tt events at the LHC, we demand that both top quarks decay leptonically and we further concentrate on the μ^+ as its charge can be better determined [12]. The sample of events of interest to us is defined by μ^+μ^+ b b plus /E_T , where the missing transverse momentum /E_T originates from two unobserved neutrinos. Our procedure for simulating the signal and background processes at the parton level, retaining all spin correlations, is similar to that described in Refs. [13, 14]. The dominant SM backgrounds are:

pp → W^+(→ ℓ^+ν)W^+(→ ℓ^+ν)jj, (5) pp → tt̄ → bW^+(→ ℓ^+ν)b̄(→ ℓ^+)W^−(→ jj), (6) computed with ALPGEN [15]. Other SM backgrounds, e.g. triple gauge boson production (W W W , ZW W , and W Zg(→ bb̄)), occur at a negligible rate after kinematic cuts. Since muon charge identification is not perfect, we remark that tt̄ pair production could also be a background when μ^− leptons from the antitop quark decay are misidentified as μ^+ leptons. However, this background is negligible [14].

At the analysis level, we require all signal and background events to pass the following acceptance cuts:

n_j = 2, n_μ+ = 2, p^j_T ≥ 50 GeV, |η_j | ≤ 2.5,

p^ℓ_T ≥ 50 GeV, |η_ℓ| ≤ 2.0, /E_T > 20 GeV, ΔR_{jj,jℓ,ℓℓ} > 0.4, (7) where the separation ΔR in the azimuthal angle (ϕ)-pseudorapidity (η) plane between the objects k and l is ΔR_{kl} ≡ √ (η_k − η_l)^2 + (ϕ_k − ϕ_l)^2. The two jets are further required to be b-tagged. We also model detector resolution effects as described in Ref. [14]. The SM backgrounds are suppressed efficiently such that less than 1 background event survives after cuts with an integrated luminosity of 1 fb^{−1}. Based on Poisson statistics, one needs 8 signal events in order to claim a 5σ discovery significance on top of 1 background event.

The discovery potential is plotted in Fig. 2 with black-solid (5σ) and blue-dotted (3σ) curves. The values of f_R indicated by the shaded bands in Fig. 2 show that f_R ≳ 1 for all m_Z′ > 200 GeV. They are everywhere above the values needed for 5 standard deviation observation of same sign tt pair production at the LHC. We conclude in Ref. [7] that if no tt signal is observed with 1 fb^{−1} of integrated luminosity at the LHC, then simple non-universal Z^′ exchange cannot explain the Tevatron forward-backward asymmetry.

The CMS collaboration responded quickly to these predictions [8]. They searched for same sign tt production in the decay mode in which both tops decay leptonically, t → W b → ℓνb, with a signature of two isolated leptons, two or more jets, and /E_T . Working with a sample based on 35 pb^{−1} of integrated luminosity, and imposing the kinematic cuts p^ℓ_T > 20 GeV and p^j_T > 30 GeV on the leptons and jets, they find 2 candidate events with a background expectation of 0.9 ± 0.6. The bounds CMS obtains on same-sign tt pair production at the LHC are shown in Fig. 4. Their results exclude the region in the (f_R, m_Z′ ) plane that is consistent with A_{FB} at the Tevatron, meaning that the simple Z^′ exchange explanation of the Tevatron asymmetry is disfavored.

4. Top Quark Polarization

If an excess were observed in the μ^+μ^+bb plus /E_T sample, one would seek to demonstrate consistency with a uu → tt origin or some other new physics source. Top quark polarization is a good probe of new physics.

Figure 4: The CMS exclusion region at 95% CL is shown as a function of the Z^′ mass for various values of the righthanded coupling fR, from Ref. [8]. The region above the solid line is excluded by the CMS data. Also shown is the region of parameter space consistent wit the Tevatron measurements of AFB and σ(tt̄), from Ref. [7].

Figure 5: Normalized distribution of the angle of the charged lepton relative to the top quark in the c.m. frame in tt pair production after cuts and efficiencies are included, for the case m_Z′ = 800 GeV and fR = 1.

For example, in the FCNC Z^′ model, the right-handed u-t-Z^′ coupling forces the top quarks to be mainly right-handed polarized. Reconstruction of the two top quarks and measurement of their polarizations would permit validation of the model.

Among the top quark decay products the charged lepton is maximally correlated with the top quark spin. In our signal process the charged lepton from top quark decay exhibits a 1 + cos θ distribution, where θ is the helicity angle between the charged lepton momentum in the top quark rest frame and top quark momentum in the c.m. frame of the production process. Following Ref. [13], we use the MT2 method [16] to select the correct μ-b combinations and to verify whether the final state is consistent with t → W b parentage. Then we make use of the on-shell conditions of the two W bosons and the two top quarks to solve for the neutrino momenta [17, 18]. Once the neutrino momenta are known, the kinematics of the entire final state are fixed and the angular distribution may be constructed.

The reconstructed cos θ distribution after cuts is plotted in Fig. 5, and it clearly shows the expected 1 + cos θ form. The discovery potential of the ttū signature is also promising. If a peak can be found in the invariant mass spectrum of a t and a light jet (from the ū in Fig. 1(e) and (f)), one could confirm the presence of the FCNC Z^′.

5. Summary

Among possible new physics interpretations of the large forward-backward asymmetry observed in top quark production at the Tevatron [1, 2], the exchange of a flavor changing Z^′ is attractive in that it can generate a large asymmetry without structure in the tt̄ invariant mass spectrum. In the work [7] summarized here, we fit the Tevatron asymmetry A_{FB} to extract the values of the two parameters of the model, the right handed coupling f_R and the Z^′ mass m_Z′ . We verify that our fitted values are consistent with other Tevatron data including the distribution in the tt̄ invariant mass and the bounds on the same-sign tt cross section. The values of the parameters are used to predict the expected rate of same-sign top quark pair production at the LHC, as a function of f_R and m_Z′ . A subsequent search for same-sign pairs by the CMS collaboration [8] failed to find tt events at the expected rate in a sample based on 35 pb^{−1}, excluding values of f_R large enough to fit the Tevatron asymmetry for m_Z′ > 200 GeV. We conclude that the simplest flavor changing Z^′ exchange model is not viable. Whatever physics eventually serves to explain the asymmetry, measurement of the polarization of top quarks is doable and would provide valuable added insight into the underlying dynamics.

Acknowledgments

I acknowledge many fruitful discussions with Qing-Hong Cao. The research reported here was published in collaboration with Qing-Hong Cao, Chuan-Ren Chen, C. S. Li, and Hao Zhang. It was supported in part by the U.S. DOE under Contract No. DE-AC02-06CH11357.

References

1 T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D 83, 112003 (2011) [arXiv:1101.0034 [hep-ex]]. 2 V. M. Abazov et al. [D0 Collaboration], arXiv:1107.4995 [hep-ex].

3 J. H. Kühn and G. Rodrigo, Phys. Rev. Lett. 81, 49 (1998); J. H. Kuhn and G. Rodrigo, Phys. Rev. D 59, 054017 (1999); M. T. Bowen, S. D. Ellis and D. Rainwater, Phys. Rev. D 73, 014008 (2006); L. G. Almeida, G. F. Sterman and W. Vogelsang, Phys. Rev. D 78, 014008 (2008); V. Ahrens, A. Ferroglia, M. Neubert, B. D. Pecjak and L. L. Yang, J. High Energy Phys. 1009, 097 (2010); S. Dittmaier, P. Uwer and S. Weinzierl, Phys. Rev. Lett. 98, 262002 (2007); K. Melnikov and M. Schulze, Nucl. Phys. B 840, 129 (2010); V. Ahrens, A. Ferroglia, M. Neubert, B. D. Pecjak and L. L. Yang, arXiv:1106.6051 [hep-ph].

4 S. Frixione, P. Nason and B. R. Webber, J. High Energy Phys. 0308, 007 (2003) [arXiv:hep-ph/0305252]. 5 The literature includes O. Antunano, J. H. Kuhn and G. Rodrigo, Phys. Rev. D 77, 014003 (2008) [arXiv:0709.1652 [hep-ph]]; P. Ferrario and G. Rodrigo, Phys. Rev. D 78, 094018 (2008) [arXiv:0809.3354 [hep-ph]]; P. Ferrario and G. Rodrigo, Phys. Rev. D 80, 051701 (2009) [arXiv:0906.5541 [hep-ph]]; M. V. Martynov and A. D. Smirnov, Mod. Phys. Lett. A 24, 1897 (2009) [arXiv:0906.4525 [hep-ph]]; P. Ferrario and G. Rodrigo, J. High Energy Phys. 1002, 051 (2010) [arXiv:0912.0687 [hep-ph]]; A. Djouadi, G. Moreau, F. Richard and R. K. Singh, Phys. Rev. D 82, 071702 (2010) [arXiv:0906.0604 [hep-ph]]; K. Cheung, W. Y. Keung and T. C. Yuan, Phys. Lett. B 682, 287 (2009) [arXiv:0908.2589 [hep-ph]]; P. H. Frampton, J. Shu and K. Wang, Phys. Lett. B 683, 294 (2010) [arXiv:0911.2955 [hep-ph]]; J. Shu, T. M. P. Tait and K. Wang, Phys. Rev. D 81, 034012 (2010) [arXiv:0911.3237 [hep-ph]]; A. Arhrib, R. Benbrik and C. H. Chen, Phys. Rev. D 82, 034034 (2010) [arXiv:0911.4875 [hep-ph]]; I. Dorsner, S. Fajfer, J. F. Kamenik and N. Kosnik, Phys. Rev. D 81, 055009 (2010) [arXiv:0912.0972 [hep-ph]]; D. W. Jung, P. Ko, J. S. Lee and S. H. Nam, Phys. Lett. B 691, 238 (2010) [arXiv:0912.1105 [hep-ph]]; V. Barger, W. Y. Keung and C. T. Yu, Phys. Rev. D 81, 113009 (2010) [arXiv:1002.1048 [hep-ph]]; R. S. Chivukula, E. H. Simmons and

C. P. Yuan, Phys. Rev. D 82, 094009 (2010) [arXiv:1007.0260 [hep-ph]]; M. V. Martynov and A. D. Smirnov, Mod. Phys. Lett. A 25, 2637 (2010) [arXiv:1006.4246 [hep-ph]]; J. A. Aguilar-Saavedra, Nucl. Phys. B 843, 638 (2011) [Erratum-ibid. B 851, 443 (2011)] [arXiv:1008.3562 [hep-ph]]; C. Zhang and S. Willenbrock, Phys. Rev. D 83, 034006 (2011) [arXiv:1008.3869 [hep-ph]]; M. Bauer, F. Goertz, U. Haisch, T. Pfoh and S. Westhoff, J. High Energy Phys. 1011, 039 (2010) [arXiv:1008.0742 [hep-ph]]; C. H. Chen, G. Cvetic and C. S. Kim, Phys. Lett. B 694, 393 (2011) [arXiv:1009.4165 [hep-ph]]; C. Degrande, J. M. Gerard, C. Grojean, F. Maltoni and G. Servant, J. High Energy Phys. 1103, 125 (2011) [arXiv:1010.6304 [hep-ph]]; B. Xiao, Y. K. Wang and S. H. Zhu, arXiv:1011.0152 [hep-ph]; G. Burdman, L. de Lima and R. D. Matheus, Phys. Rev. D 83, 035012 (2011) [arXiv:1011.6380 [hep-ph]]; E. Alvarez, L. Da Rold and A. Szynkman, J. High Energy Phys. 1105, 070 (2011) [arXiv:1011.6557 [hep-ph]]; K. Cheung and T. C. Yuan, Phys. Rev. D 83, 074006 (2011) [arXiv:1101.1445 [hep-ph]]; C. Delaunay, O. Gedalia, S. J. Lee, G. Perez and E. Ponton, Phys. Lett. B 703, 486 (2011) [arXiv:1101.2902 [hep-ph]]; Y. Bai, J. L. Hewett, J. Kaplan and T. G. Rizzo, J. High Energy Phys. 1103, 003 (2011) [arXiv:1101.5203 [hep-ph]]; S. Jung, H. Murayama, A. Pierce and J. D. Wells, Phys. Rev. D 81, 015004 (2010) [arXiv:0907.4112 [hep-ph]]; J. Cao, Z. Heng, L. Wu and J. M. Yang, Phys. Rev. D 81, 014016 (2010) [arXiv:0912.1447 [hep-ph]]; B. Xiao, Y. K. Wang and S. H. Zhu, Phys. Rev. D 82, 034026 (2010) [arXiv:1006.2510 [hep-ph]]; D. Choudhury, R. M. Godbole, S. D. Rindani and P. Saha, Phys. Rev. D 84, 014023 (2011) [arXiv:1012.4750 [hep-ph]]; S. K. Gupta, arXiv:1011.4960 [hep-ph]; J. Cao, L. Wang, L. Wu, and J. M. Yang, arXiv:1101.4456; V. Barger, W. Y. Keung and C. T. Yu, Phys. Lett. B 698, 243 (2011) [arXiv:1102.0279 [hep-ph]]; B. Bhattacherjee, S. S. Biswal and D. Ghosh, Phys. Rev. D 83, 091501 (2011) [arXiv:1102.0545 [hep-ph]]; K. M. Patel and P. Sharma, J. High Energy Phys. 1104, 085 (2011) [arXiv:1102.4736 [hep-ph]]; G. Isidori and J. F. Kamenik, Phys. Lett. B 700, 145 (2011) [arXiv:1103.0016 [hep-ph]]; A. R. Zerwekh, arXiv:1103.0956 [hep-ph]; R. Foot, Phys. Rev. D 83, 114013 (2011) [arXiv:1103.1940 [hep-ph]]; C. Delaunay, O. Gedalia, Y. Hochberg, G. Perez and Y. Soreq, J. High Energy Phys. 1108, 031 (2011) [arXiv:1103.2297 [hep-ph]]; J. A. Aguilar-Saavedra and M. Perez- Victoria, J. High Energy Phys. 1105, 034 (2011) [arXiv:1103.2765 [hep-ph]]; M. I. Gresham, I. W. Kim and K. M. Zurek, Phys. Rev. D 83, 114027 (2011) [arXiv:1103.3501 [hep-ph]]; J. L. Hewett, J. Shelton, M. Spannowsky, T. M. P. Tait and M. Takeuchi, arXiv:1103.4618 [hep-ph]; S. Jung, A. Pierce and J. D. Wells, Phys. Rev. D 83, 114039 (2011) [arXiv:1103.4835 [hep-ph]]; M. R. Buckley, D. Hooper, J. Kopp and E. Neil, Phys. Rev. D 83, 115013 (2011) [arXiv:1103.6035 [hep-ph]]; J. Shu, K. Wang and G. Zhu, arXiv:1104.0083 [hepph]; A. Rajaraman, Z. Surujon and T. M. P. Tait, arXiv:1104.0947 [hep-ph]; J. A. Aguilar-Saavedra and M. Perez-Victoria, Phys. Lett. B 701, 93 (2011) [arXiv:1104.1385 [hep-ph]]; C. H. Chen, S. S. C. Law and R. H. C. Li, arXiv:1104.1497 [hep-ph]; C. Degrande, J. M. Gerard, C. Grojean, F. Maltoni and G. Servant, Phys. Lett. B 703, 306 (2011) [arXiv:1104.1798 [hep-ph]]; Y. Bai and Z. Han, arXiv:1106.5071 [hep-ph]; M. Duraisamy, A. Rashed and A. Datta, arXiv:1106.5982 [hep-ph]; J. A. Aguilar-Saavedra and M. Perez- Victoria, arXiv:1107.0841 [hep-ph]; G. M. Tavares and M. Schmaltz, arXiv:1107.0978 [hep-ph]; D. Y. Shao, C. S. Li, J. Wang, J. Gao, H. Zhang and H. X. Zhu, arXiv:1107.4012 [hep-ph]; M. I. Gresham, I. W. Kim and K. M. Zurek, arXiv:1107.4364 [hep-ph]; J. F. Kamenik, J. Shu and J. Zupan, arXiv:1107.5257 [hepph]; H. Wang, Y. K. Wang, B. Xiao and S. H. Zhu, arXiv:1107.5769 [hep-ph]; M. Frank, A. Hayreter and I. Turan, arXiv:1108.0998 [hep-ph]; H. Davoudiasl, T. McElmurry and A. Soni, arXiv:1108.1173 [hep-ph]; V. Ari, O. Cakir and V. Cetinkaya, arXiv:1108.2908 [hep-ph]; P. Ko, Y. Omura and C. Yu, arXiv:1108.4005 [hep-ph]; B. Grinstein, A. L. Kagan, M. Trott and J. Zupan, arXiv:1108.4027 [hep-ph]; J. Y. Liu, Y. Tang and Y. L. Wu, arXiv:1108.5012 [hep-ph].

6 Q.-H. Cao, D. McKeen, J. L. Rosner, G. Shaughnessy, and C. E. M. Wagner, Phys. Rev. D81, 114004 (2010). 7 E. L. Berger, Q. H. Cao, C. R. Chen, C. S. Li and H. Zhang, Phys. Rev. Lett. 106, 201801 (2011) [arXiv:1101.5625 [hep-ph]].

8 S. Chatrchyan et al. [CMS Collaboration], J. High Energy Phys. 1108, 005 (2011) [arXiv:1106.2142 [hep-ex]]. 9 CDF Collaboration, CDF-note-9913.

10 T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 102, 222003 (2009). 11 T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 102, 041801 (2009). 12 ATLAS Collaboration, G. Aad et al., arXiv:0901.0512.

13 E. L. Berger, Q.-H. Cao, C.-R. Chen, G. Shaughnessy, and H. Zhang, Phys.Rev.Lett. 105, 181802 (2010). 14 H. Zhang, E. L. Berger, Q.-H. Cao, C.-R. Chen, and G. Shaughnessy, Phys.Lett. B696, 68 (2011). 15 M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and A. D. Polosa, J. High Energy Phys. 0307, 001 (2003).

16 C. Lester and D. Summers, Phys.Lett. B463, 99 (1999). 17 L. Sonnenschein, Phys.Rev. D73, 054015 (2006). 18 Y. Bai and Z. Han, J. High Energy Phys. 0904, 056 (2009).