arXiv:hep-ph/0612015 v1 4 Dec 2006

BNL-HET-06/13, MSUHEP-060915, SU-4252-838, YITP-SB-06-43

LHC Signals from Warped Extra Dimensions

Kaustubh Agashe^1, Alexander Belyaev^2, Tadas Krupovnickas^3, Gilad Perez^4 and Joseph Virzi^5 1 Department of Physics, Syracuse University, Syracuse, NY 13244 2 Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824 3 Brookhaven National Laboratory, Upton, NY 11973 4 C.N. Yang Institute for Theoretical Physics, State University of New York, Stony Brook, NY 11794-3840 5 Lawrence Berkeley National Laboratory, Physics Division, 1 Cyclotron Road, Berkeley, CA 94720

Abstract

We study production of Kaluza-Klein gluons (KKG) at the Large Hadron Collider (LHC) in the framework of a warped extra dimension with the Standard Model (SM) fields propagating in the bulk. We show that the detection of KK gluon is challenging since its production is suppressed by small couplings to the proton’s constituents. Moreover, the KK gluon decays mostly to top pairs due to an enhanced coupling and hence is broad. Nevertheless, we demonstrate that for M_{KKG} ≲ 4 TeV, 100 fb^{−1} of data at the LHC can provide discovery of the KK gluon. We utilize a sizeable left-right polarization asymmetry from the KK gluon resonance to maximize the signal significance, and we explore the novel feature of extremely highly energetic “top-jets”. We briefly discuss how the detection of electroweak gauge KK states (Z/W ) faces a similar challenge since their leptonic decays (“golden” modes) are suppressed. Our analysis suggests that other frameworks, for example little Higgs, which rely on UV completion via strong dynamics might face similar challenges, namely (1) Suppressed production rates for the new particles (such as Z^′), due to their “lightfermion-phobic” nature, and (2) Difficulties in detection since the new particles are broad and decay predominantly to third generation quarks and longitudinal gauge bosons.

I. INTRODUCTION

Solutions to the Planck-weak hierarchy problem of the SM typically invoke new particles charged under the SM at the TeV scale. The lore is that such particles will be readily accessible at the LHC, especially the strongly interacting ones. In this paper, we consider the solution to the hierarchy problem based on the Randall-Sundrum I (RS1) framework of a warped extra dimension [1]. Specifically, we consider this framework with the SM gauge and fermion fields propagating in the bulk of the warped extra dimension, which provides a solution to the flavor puzzle of the SM as well. We focus on detecting the Kaluza-Klein (KK) partner of the SM gluon at the LHC – as we explain, KK gluon is probably the best channel to probe the RS1 framework. We show that, despite it being strongly interacting, it is quite challenging to see a signal from this particle with a mass of several TeV at the LHC. The reason is related to the special (but well-motivated) nature of its couplings which are non-universal and are “proton-phobic”. The consequence of such couplings is that our signal (an excess of top pairs) is comparable in size to the SM background. With the techniques developed herein, it should be possible to extract a signal for the KK gluon (in this framework) at the LHC with ≃ 100 fb^{−1} of data.

The framework involves a slice of AdS_5 [1]. Due to the warped geometry, the relationship between the 5D mass scales (taken to be of order the 4D Planck scale) and those in an effective 4D description depends on the location in the extra dimension. The 4D (or zero-mode) graviton is localized near the “UV/Planck” brane which has a Planckian fundamental scale, whereas the Higgs sector is localized near the “IR/TeV” brane where it is protected by a warped-down fundamental scale of order TeV. This large hierarchy of scales can be generated via a modest-size radius of the extra dimension. Furthermore, based on the AdS/CFT correspondence [2], the RS1 model is conjectured to be dual to 4D composite Higgs models [3]. Hence, our results might apply in general to 4D models with TeV-scale strong dynamics driving electroweak symmetry breaking (EWSB).

In the RS1 model, the entire SM (including the fermions and gauge bosons) is assumed to be localized on the TeV brane. The higher-dimensional operators in the 5D effective field theory (from cut-off physics) are suppressed only by the warped-down scale ∼ TeV, giving too large contributions to FCNC processes and observables related to SM electroweak precision tests (EWPT). Moreover, this set-up provides no understanding of the flavor puzzle.

An attractive solution to this problem is to allow the SM fields to propagate in the extra dimension [4, 5, 6]. In this scenario, the SM particles are identified with the zero-modes of the 5D fields and the profile of a SM fermion in the extra dimension depends on its 5D mass parameter. We can then choose to localize 1st and 2nd generation fermions near the Planck brane so that the FCNC’s from higher-dimensional operators are suppressed by scales ≫ TeV which is the cut-off at the location of these fermions [6, 7]. Similarly, contributions to EWPT are also suppressed.

As a bonus, we obtain a solution to the flavor puzzle in the sense that hierarchies in the SM Yukawa couplings arise without introducing hierarchies in the fundamental 5D theory [5, 6, 7]. The 1st/2nd generation fermions have small Yukawa couplings to Higgs, which is localized near the TeV brane. Similarly, the top quark can be localized near the TeV brane to account for its large Yukawa coupling.

In this scenario, there are new contributions to EWPT and FCNC’s calculable in the 5D effective field theory (EFT) from KK modes. In particular, the couplings of SM fermions to gauge KK modes are non-universal due to the different profiles for the SM fermions, resulting in FCNC’s. However, the gauge KK modes are localized near the TeV brane while the light fermions are near the Planck brane and hence it can be shown that the nonuniversal part of these couplings are proportional to the SM Yukawa couplings [6, 7]. Thus, most of the couplings to the new degrees of freedom are small and hierarchical, leading to the same symmetry structure which suppresses the SM flavor-violating contributions [8] (for recent related discussions and the experimental status see [9]). The gauge KK modes also give contributions to EWPT. The constraints from the oblique (S and T ) parameters can be satisfied with a KK mass scale as low as ∼ 3 TeV if a custodial isospin symmetry is incorporated [10].

Let us examine the top/bottom sector in detail since the associated couplings will be relevant for the signals. It is clear that both t_{L,R} being near the Planck brane gives too small a top Yukawa coupling. On the other hand, the fact that (t, b)_L is close to the TeV brane leads to its large coupling to KK Z and, in turn, results in a non-universal shift in its coupling to the SM Z via mixing of KK Z with zero-mode Z [10]: δg^{bL}_Z ∼ g^{bL}_{ZKK} ξ^{m2Z}_{M 2KKZ}

where ξ ≡ √ log (M_{P l}/ TeV ) and g^{bL}_{ZKK} is the corresponding non-universal KK Z coupling. The constraint from data is that δg^{bL}_Z /g_Z ∼< 1/4%.

Thus, for a KK scale ≃ a few TeV, there is a tension between obtaining large top mass and EWPT (i.e., Zb̄_Lb_L coupling) which can be relaxed by the following setup: (i) (t, b)_L quasi-localized near TeV brane so that the shift in coupling of b_L to Z is on the edge, (ii) t_R localized very close to TeV brane to obtain large top quark mass and (iii) largest dimensionless 5D Yukawa consistent with perturbativity. Note that the resulting coupling of b_L to gauge KK modes (including gluon) is comparable to the SM couplings and thus is still larger than what is expected on the basis of m_b alone, since it is dictated by the large top mass instead. Even with these choices, the KK scale is required to be rather high, ≲ 5 TeV. In this case, the couplings of t_R, which is localized very near the TeV brane, to the gauge KK modes are enhanced: g^{tR}SM_{KK} ∼ gSMξ .

However, such corrections to Zb̄_Lb_L coupling can be suppressed by suitable choice of representation of top and bottom quarks under the custodial isospin symmetry [11]. In this case, we can have the other extreme situation: (t, b)_L can be localized very close to the TeV brane with t_R being close to flat. Also, there is an intermediate possibility with both (t, b)_L and t_R being localized close (but not too close) to the TeV brane. The KK scale can then be as low as ∼ 3 TeV for certain choice of profiles for t_R and (t, b)_L in the extra dimension [12].

In this paper we will consider models with the assignment of reference [10] for the quantum numbers of top and bottom quarks. Based on the above profiles, it can be shown that the couplings of KK gluon (and in general all gauge KK modes) to light fermions (including b_R) are suppressed by ξ with respect to the SM gauge couplings. The coupling to t_L, b_L is neither suppressed nor enhanced and only the coupling to t_R (which is practically on the TeV brane or composite in the dual 4D picture) is enhanced by ξ. It can also be shown that there is no coupling of single KK gauge field to two SM gauge bosons at leading order due to orthonormality of profiles of these particles. To summarize (see for example [8] for more details) the relevant coupling to the KK gauge states can be described, neglecting effects related to EWSB, via ratio of RS1-to-SM gauge coupling

g^{qq̄,ll̄ G1} RS g_{SM} ≃ ξ^{−1} ≈ 1 5 , g^{Q3Q̄3G1} RS g_{SM} ≈ 1 , g^{tRt̄RG1} RS g_{SM} ≃ ξ ≈ 5 , g^{GGG1} RS g_{SM}

≈ 0 , (1)

where q = u, d, s, c, b_R, l = leptons, Q^3 = (t, b)_L, G, G^1 correspond to SM and first KK states of the gauge fields respectively and g^{xyz}_{RS} , g_{SM} stands for the RS1 and the three SM (i.e., 4D) gauge couplings respectively.

It is straightforward to modify our analysis as to accomodate generic couplings of the KK gauge fields to the SM third generation quarks. This will cover the signals of models with custodial symmetry for Zbb̄ [11]. However, we choose to show the explicit results within one scenario to make the steps of our analysis and our results more transparent. A brief discussion of the signals in the case where the custodial symmetry for Zbb̄ [11] is realized is given in section III A.

We will mostly focus on LHC signals from KK gluons which have the largest production rate. The KK mass scale is assume to be ≃ a few TeV. In cases where a specific mass was required for our analysis a 3 TeV mass was used. We also briefly discuss other interesting signals related to the electroweak gauge KK sector whose detection might be more challenging than KK gluon, partly due to lower production rates than for KK gluons and also due to suppression of decays to “golden” modes such as leptons. In general, the EW sector is also more model dependent. Earlier studies of KK gluon production at the LHC [13, 14] did not consider the effect of the fermion profiles which now is understood to be mandatory for the phenomenological viability of the framework.

II. LHC SIGNALS

The primary challenge in obtaining a signal at the LHC for gauge KK modes is that the production is suppressed due to the small couplings to the proton constituents as seen in Eq. 1.

We used both CalcHEP 2.42 [15] and Sherpa version 1.0.8 [16]^1 for the numerical calculations. The CTEQ6M parton distribution function (PDF) with the QCD renormalization and factorization scales equal to the KK gluon mass (M_{KKG}) was used in CalcHEP 2.42. The CTEQ6L1 PDF set was used in Sherpa, employing a running scheme for α_S with α_S (M_Z ) = 0.118. We find that the results do not change significantly between the two PDF sets^2.

For KK gluons, CalcHEP yields a moderate crosssection of ∼ 100 fb for M_{KKG} ∼ 3 TeV as indicated in Fig. 1. The cross section falls very quickly for higher KK masses, where for M_{KKG} ∼ 5 TeV the cross-section drops to ∼ 10 fb - probably beyond the reach of LHC (as discussed below). The dominant production mechanism is through uū, dd̄ annihilation. We note the production rate for the EW KK gauge fields is suppressed by (g_Z /g_{QCD})^2 relative to KK gluon production.

FIG. 1: The total cross section of KK gluon production at the LHC as a function of its mass (MKKG ).

Another challenge is that, based again on the couplings in Eq. 1, the fermionic decays of the gauge KK particles (in general) are expected to be dominated by the 3rd gen-

1 The authors are grateful to the Sherpa team, especially Tanju Gleisberg, for the help in embedding the RS1 KK gluon into Sherpa.

2 This should not be interpreted as indication of small uncertainties due to PDF’s in the cross section since the two PDF sets might be correlated. One of the main points of our study is to identify observables which depend rather weakly on the PDF’s uncertainties.

eration quarks, especially the top quark, due to enhancement of the corresponding couplings. For example, the branching ratios for KK gluon decay are shown in Fig. 2. In the case of EW gauge KK modes (W/Z), decays to

FIG. 2: The branching ratios of the KK gluon as a function of its mass.

longitudinal weak gauge bosons and the Higgs field are also important due to similarly enhanced couplings. In particular, the leptonic decay channel for KK Z is highly suppressed. In the absence of golden decays modes for KK Z/W , we focus on signals for the KK gluon which has the larger production cross-section.^3

A third challenge is related to the fact that due to the strong coupling to top pair (and in case of KK W/Z to Higgs and longitudinal W/Z), a heavy gauge KK mode is rather broad. For example, a KK gluon above 1 TeV (as required by precision tests) has decay width of about M_{KKG}/6 as presented in Fig. 3. Decay widths of KK Z/W are smaller by ∼ (g_Z /g_{QCD})^2. This large width of KK gauge states creates additional problems for discriminating signal against the background.

A. KK gluons

In the interesting region of M_{KKG}, well above the tt̄ threshold, the KK gluon decays mainly to tt̄ with the branching ratio of about 95% (see Fig. 2). Hence, our main focus here will be on the (ultra-relativistic) tt̄ pairs from decays of KK gluons.^4 Within the SM there are two dominant production mechanisms for tt̄, namely gg (gluon fusion) and qq̄ (quark pair annihilation). At the LHC, tt̄ production proceeds primarily

3 For a related work on KK gluon but with universal couplings see [13, 14].

4 For the decays of KK gluon to light quarks (which has small BR in any case), the SM QCD background will also be very large.

FIG. 3: The total decay width of KK gluon as a function of its mass

through gluon fusion [17].^5 tt̄ (top pair) production near threshold has been extensively studied (see e.g. [18] and references therein). Away from threshold, this simple picture is modified due to the presence of states of higher angular momentum. In the other extreme, ultrarelativistic case (m^2_{tt̄} ≫ 4m^2_t ) which is the focus of this paper, another rather simple and very interesting description emerges [19]. We make use of the fact that in this limit the SM effects related to EWSB are small and also the top quark chirality is conserved (the relevant issues are discussed below when the polarization asymmetry is studied).

The crucial point is that we find, unlike the case in previous studies [13, 14], the cross-section for SM tt̄ production (in the region m_t¯_t − M_{KKG} ∼ ±Γ) is comparable to tt̄ production from KK gluons. Moreover, the SM crosssection has a large uncertainty from gluon PDF’s in the large x-region [20]. Hence, even with M_{KKG} lighter than 5 TeV obtaining a clear and robust signal is a non-trivial task. In particular, a simple “number-counting” experiment is not enough. We follow a multi-step strategy to get clear and significant results. We first consider the differential top pair cross-section. Then we analyse a leftright polarization asymmetry, expected to have a clean and robust prediction for ultra-relativistic top quarks [19] in the SM and our framework. The combination of the two observables yields a powerful tool to probe our class of models.

5 In the region of interest here, i.e., m^2_{tt̄} ≈ (3 TeV)^2, the rate for gluon fusion into top pairs in SM is roughly 4 times larger than the qq̄ annihilation rate.

1. Event Generation and Jet Reconstruction

Sherpa version 1.0.8, using a customized class to implement the appropriate vertices, was used to generate events, using LHC parameters. A cone jet algorithm with ΔR = 0.4 [21], or C4 for short, was used to reconstruct jets (ΔR = √ Δη^2 + Δϕ^2). Events were generated with cross sections calculated to leading order. We do not analyze the effects of pile-up, nor characterize the underlying event. In addition, we do not include detector effects.

2. Details of analysis

In this section, we discuss in more detail how we performed our analysis. Our preferred reconstruction mode is tt̄ → bb̄jjlν (semileptonic), whose signature we refer to simply as “lepton+jet” (lj). We use the terms hadronicand leptonic tops to refer to those quarks which decay into the hadronic mode and leptonic modes, respectively. We focus primarily on the SM irreducible background from tt̄ production and discuss several crucial aspects of the dominant reducible background, W +jets and single top production.

For the leptonic side reconstruction, we searched for high P_T leptons, presumably excluded from jets. We will refer to this condition as isolation, and we will discuss this point in more detail below. We assumed that the W from the decay of a top quark further decayed leptonically, inferring an (undetected) neutrino to account for the missing transverse energy. A b-jet was required to combine with the W to form an on-mass-shell top quark, via an invariant mass condition (m_{W b} = M^{lep}_t = M_t ± 50 GeV).

We now develop the methods of hadronic side reconstruction, but we must first place them in context. The extremely energetic nature of the top quarks in our signal (P_T > 1 TeV) leads us to deviate from the hadronic top reconstruction methods (see e.g. [22]), where they studied tt̄ production with m_t¯_t ≲ 600 GeV.^6 Top quarks with P_T > 1.0 TeV tend to produce highly collimated jets. We focused on the C4 algorithm, which will not resolve higher jet multiplicities in high P_T tt̄ events. Reducing the cone size to R = 0.2, for example, only masks this issue, and we eventually succumb to the same problem. This renders the hadronic top quark (t → bjj) reconstruction mode in [22] far too inefficient for our purposes. Note also that the ΔR lepton to b-jet isolation criterion (from the leptonic top) falls into this trap for the same reasons. We propose a different strategy as follows:

(1) In searching for an isolated lepton, we modify the (ΔR) leptonic top reconstruction mode (see e.g. [22]), augmenting the lepton to b-jet isolation criteria with an

6 The energy regime P_T ∼> 600 GeV for jet reconstruction has not been extensively studied.

energy scale-invariant cut. The lepton is considered isolated from a given jet (light jet, b-jet, etc.) if they are separated by an angular distance ΔR > 0.4. If a lepton is found inside the cone of a b-jet, the lepton is removed from the b-jet and the b-jet is reclustered, in which case the invariant mass of the lepton and b-jet system must satisfy m_{bl} > 40 GeV. m_{bl} provides a measure of the relative transverse momentum between the lepton and the b-jet. So, for b-quark and lepton isolation we apply ΔR > 0.4 or m_{bl} > 40 GeV cut, while ΔR = 0.4 isolation criterion between lepton and all other jets remains in effect.

(2) If the jet multiplicity allows (2 b-jets and ≥ 2 light jets), we require that the invariant mass of the light jets reconstruct a W according to parameters in Table I. The invariant mass, M^{had}_t of the (W + hadronic b-jet)-system is required to reconstruct a top quark according to parameters is Table I.

In a dijet event with 1 b-jet, if the other jet has P_T > 800 ,GeV, we tag it as “top (or t)-jet”, keeping only ϕ, η and transverse energy information from the reconstruction.^7 We impose a top-mass hypothesis on the jet, setting M_{jet} → M_{top} = 174.3 GeV.

P_x = P_T cos(ϕ) P_y = P_T sin(ϕ) P_z = P_T sinh(η) M = √ E^2 − P^2 → 174.3 GeV

The t-jet reconstructed mode dominates the reconstructed signal for m_t¯_t ∼> 2 TeV (m_t¯_t stands for the top pair invariant mass). We recuperated a large sample of signal events that we otherwise would have lost via more conventional reconstruction methods. It would appear the top jet approach would introduce a large background from such processes as W +jets (W jj) and single top production, especially since we relax the b-jet tagging on the hadronic side. The P_T cut is crucial in reducing this background to almost negligible levels. We examined the effect of the background by simulating the largest possible sources W jj (the dominant background), using both CalcHep and Sherpa. We found that the cross section that satisfies our preselection cuts, m_{W j1} = m_t ±50 GeV, p_T j_2 > 800 GeV and the relevant KKG mass window 2.5 TeV < m_{W jj} < 3.5 TeV is 25fb. Applying a b mistag probability of 3% (see [13]) and leptonic BR of 2/9 for W further reduced this cross section to about 0.2 fb. We compare this to our top pair production cross section (signal+background) satisfying these cuts of 80 fb which is reduced to about 5 fb after applying b-tagging and including BR’s (see details below). Thus, we conclude the W jj background to be small. We found that W bb̄ and single top production with these same cuts have even smaller

7 In principle, a more sophisticated analysis would consider substructure resolution within this jet. The authors thank Frank Paige for discussions on this issue.

cross section than W jj after including BR and b-tagging efficiency. The results of our particle level analysis can be seen in Fig. 5.

Following the procedure in [22], the neutrino is reconstructed using a zero transverse momentum hypothesis on the event, with the neutrino carrying away the missing momentum. We required the lepton and neutrino to reconstruct an on-mass-shell W (M_{lν} = M_W = 81 GeV ). This information is sufficient to reconstruct the neutrino momentum, modulo a quadratic ambiguity. In the case where we obtain two solutions, we used the one which better reconstructs the top (|M^{lep}_W − M_{top}| < 50 GeV). Additional studies, beyond the scope of this work, are required to characterize the effects of W reconstruction when the lepton and neutrino are nearly collinear at high energies. We address this issue by noting that in our data sample, we were able to impose a ΔR = 0.15 separation between the lepton and neutrino with minimal loss of statistics. The cuts and other kinematical constraints are summarized in Table I.

In the following sections, we present our results from both partonic- and particle-level analyses. We shall see that these two analyses are consistent with each other, and that no significant bias was introduced due to our selection cuts or reconstruction procedures.^8 We remind the reader that we did not perform detailed detector simulation and hence, have not included the resulting smearing effects. We expect that, due to the nature of our kinematical region, the dominant smearing will be of O(3%) (see e.g. [23]) which will induce small corrections to our mass resolution. A study of how the detector effects will modify the polarization asymmetry (discussed below) is beyond the scope of this work and will discussed in [19].

Selection Variables Cuts

lepton pT > 10 GeV, |η| < 2.5 Kinematic ≥ 2 jets pT > 30 GeV, |η| < 2.5 and tagged b-jets ≥ 1 acceptance missing energy (ν) p^{miss}_T > 20 GeV lepton isolation ΔR ≥ 0.4 (non-b-jets) b-jet lepton isolation ΔR ≥ 0.4 or m_{bl} ≥ 40 GeV

Reconstruction |M^{had}_W − MW | < 50 GeV quality |M^{had}_t − Mt| < 50 GeV for #jets> 2, |M^{lep}_t − Mt| < 50 GeV 2 b-jets required Reconstruction quality |M^{lep}_t − Mt| < 50 GeV a b-jet+t-jet “top-jet” p_T t > 800 GeV

8 The lepton P_T and m_{bl} cuts are particularly scrutinized. Their impact on phase space will directly affect our polarization analysis.

TABLE I: Selection cuts in the semileptonic tt̄ channel.

3. Differential cross section

The SM top pair production rate falls steeply as a function of the invariant mass. The uncertainty from PDF’s in this shape is far less than that in the total cross-section. Hence we look for a signal from KK gluons in the differential tt̄ cross-section as opposed to simply counting the total number of tt̄ events. We do not expect a sharp resonance in this distribution due to the large width of the KK gluon, but we do obtain a statistically significant “bump” as discussed below.

The differential cross section as a function of m_t¯_t is shown in Figs. 4 and 5 for M_{KKG} = 3 TeV produced at the LHC. In Fig. 4 we compare the total (signal + background) distribution to the SM (background) distribution, based on a partonic-level analysis. In Fig. 5, we focus on the area near the peak and we consider contributions from the reducible background (from W jj). We show the particle level results and the corresponding statistical uncertainties of event reconstruction. The predictions for the SM and SM+RS models, based on partonic-level analysis (same as in Fig. 4), are also shown for comparison. We see that, since the partonic and particle level data are consistent with each other, we do not expect a large bias in the ability to reconstruct the KKG mass.

FIG. 4: Invariant tt̄ mass distribution for MKKG = 3 TeV production at the LHC. The solid curve presents signal+background distribution, while the dashed curve presents the tt̄ SM background, based on partonic level analysis.

In the following we describe the reconstruction efficiency and how we estimate our signal to background ratio and the sensitivity to the KK gluon mass based on this analysis. Following [13], we assume a 20% efficiency

FIG. 5: Invariant tt̄ mass distribution for 3 TeV KKG, focusing on the area near the peak. The error bars correspond to statistical uncertainties and represent our particle level analysis. The dotted line stands for the SM prediction. The dashed-dotted line shows the W jj background. The dashed line shows the signal+background from Sherpa’s partonic level analysis.

for tagging b-jets (ϵ_b), independent of the b-jet energy. Our particle level study shows that the efficiency of the additional cuts described, ϵ_{cut}, in Table I for the reconstruction of tt̄ system in the mass window around KKG is about 20(21)% for m_t¯_t = 3(4)TeV. We find that for the SM the reconstruction efficiency is lower, 9(10)% for m_t¯_t = 3(4) TeV. The signal+background (BG+KKG) and background (BG) reconstruction efficiencies differ because the BG and BG+KKG events have different kinematics. The background is dominated by gg fusion events which are more forwardly-peaked in the top pair center of mass (cm) frame than the qq̄ fusion events. Hence, the gg events have a smaller P_T^9 than the qq̄ events. Since KK gluon signal comes only from qq̄ fusion, the p_T cut on the top-quark reduces background more than the signal.

In addition, the branching ratio for the lj decay is given by BR_{lj} = 2 × 2/9 × 2/3 ≃ 0.3. The total efficiency is given by BR_{lj} × ϵ_{cut} × ϵ_b ∼ 1%.

We estimate the statistical significance of our signal by looking at the bump. An invariant tt̄ mass window cut 0.85M_{KKG} < M_t¯_t < 1.5M_{KKG} is applied. The lower bound corresponds roughly to the width. The upper bound is not particularly important due to the steep falloff in cross section. Below the M_{KKG} threshold, the signal+background distribution is actually below the background one due to destructive interference. Therefore, we choose an asymmetric mass window cut. We estimate the ratio of the signal, S, to the statistical error in the the background, √ B, via our particle level

9 Note that, inside the mass window, the total momentum/energy of each top quark in cm frame is roughly fixed at M_{KKG}/2.

analysis in the mass window, for 100 fb^{−1} We find S/ √ B ≈ 11.0 for M_{KKG} = 3 TeV , S/ √ B ≈ 4.2 for M_{KKG} = 4 TeV (2)

In addition we find the following values for signal over background:

S/B ≈ 2.0 for M_{KKG} = 3 TeV , S/B ≈ 1.6 for M_{KKG} = 4 TeV (3)

where the total number of events inside the mass window for M_{KKG} = 4 TeV that pass all cuts is O(10). Thus for 100fb^{−1} we estimate the LHC reach to be below 4 TeV for the KK gluon mass. We discuss below the use of discriminators which may improve this analysis. One should stress that Figs. 4 and 5 demonstrate a clear evidence for a bump in the differential cross-section. Such a deviation in shape from the background distribution as well as good S/B ≃ 2 ratio guarantee that the KKG signal will be clearly seen for M_{KKG} below about 4 TeV. A more sophisticated analysis could possibly improve further the significance and signal-to-background ratio.

4. Polarization asymmetry

We now consider how measurement of the polarization of the ultra relativistic top pairs provides us with an important tool for detection of the KK gluon. The fact that the KK gluon decays mostly into two tops turns out to be advantageous because the top quark decays before it hadronizes. Therefore, the top spin/chirality information is encoded in the distribution of its decay products. Moreover, since we are dealing with very energetic top quarks, their masses can be neglected and their chirality is conserved. The SM top pair production is dominated by parity invariant QCD processes, so we expect to generate an (almost) equal number of left- and right-handed pairs. However, in the RS1 model that we are considering, we expect a strong bias towards RH tops (from KK gluon decays) so a large left-right (LR) asymmetry is expected.

We can include EW production processes in the SM. Note that in the ultra-relativistic case we can neglect effects related to EWSB. In this case, the SM EW production processes can be characterized by the hyper-charge and weak coupling separately. The latter is stronger and couples only to LH particles [19]. Thus we get a sharp prediction that the deviation of P_{LR} from zero in the SM (due to EW processes) carries the opposite sign compared to the above RS1 KK gluon signal (again, in the latter, the RH top dominates). The EW processes can only be mediated via qq̄ annihiliation processes. To summarize, the SM P_{LR} is suppressed by g^2/g^2_{QCD} ∼ 0.35 and the ratio between the qq̄ and gg production rates^{10} and, hence is much smaller than the O(1) asymmetry expected in the RS1 model from KK gluon decays, in addition to having the opposite sign to the RS1 signal.

The RS1 prediction can be tested via measurement of P_{LR} of the top pairs sample as follows. The angular distribution of the positron from a purely RH and LH top quark decay is given by[22, 24]: dN d cos θ

∼ (1 ± cos θ) (4)

where θ is angle between the positron direction in the rest frame of the top and the direction of the top quark boost (in the parton/tt̄ center of mass frame).^{11} It is useful to define the polarization asymmetry via a “forwardbackward” asymmetry as P_{LR} ≡ 2 × N_+ − N_− N_+ + N_−

, (5)

where N_+ ≡ ∫_{π/2} 0 d cos θdN/d cos θ is the number of positrons emitted (in the rest frame of the top) along the direction of the top quark boost (and similarly for N_−). For purely RH (LH) top quark, we get P_{LR} = ±1.

We used Sherpa, which supports spin/helicity amplitudes, to numerically analyze the signal and background. As mentioned above, the asymmetry is measured relative to the direction of the top quark boost in the center of mass frame of the top pair. The challenge here is to reconstruct the top rest frame from observables in the event. The lepton is boosted into the cm frame, and subsequently reboosted into the top quark rest frame, using essentially the P_T of the top quark.

The LR polarization asymmetry as a function of m_t¯_t is shown in Fig. 6 for M_{KKG} = 3 TeV with 100 fb^{−1} data. The error bars correspond to statistical uncertainties and represent our particle level analysis using Sherpa. We also show the signal+background from partonic level analysis using Sherpa.

Note that the leptons from t_R tend to be emitted in the forward direction, whereas the opposite is true for leptons from t_L. Therefore, the P_T cut of the lepton will nontrivially impact the asymmetry, due to the kinematics and small masses of the leptons. We chose a P_T cut of 10 GeV, whose effects were manageable as we checked via Monte Carlo simulations.

We see that the partonic and particle level data are consistent with each other. Therefore, we have not introduced any significant bias in the observed asymmetry as a result of the above cuts and reconstruction procedure. We remind the reader that we do not characterize herein the detector effects on the P_{LR}, which will add to the

10 this is probably the only source of uncertainty for the value of this asymmety.

11 the latter is also the top spin quantization axis.

uncertainty in reconstruction of the tt̄ cms and top rest frame.

Note that for m_t¯_t ≪ M_{KKG} the asymmetry is negative and close to zero (for both curves) as expected since the SM production is dominant here [19]. On the other hand, for m_t¯_t ∼ M_{KKG}, a sizable asymmetry is obtained for the signal+background curve with a positive sign which implies a significant excess of RH tt̄ as expected in the RS1 model [8, 10]. Correlated observations of such a sizable asymmetry and an excess in the differential crosssection for the same m_t¯_t (as in Figs. 4 and 5) will be a strong evidence for a KK gluon. Also, the asymmetry for SM background increases (but still remains small) with m_t¯_t since the ratio of qq̄ fusion (which gives the asymmetry) to gg fusion (which is symmetric) increases with higher m_t¯_t.

FIG. 6: PLR(m_t¯_t) for MKKG = 3 TeV: The error bars correspond to statistical uncertainties and represent particle level analysis. The dotted line stands for the SM prediction. The dashed line shows the signal+background from Sherpa’s partonic level analysis.

As already mentioned, we are in the relativistic limit for the tops produced from the KK gluon so that the spins of the top pair are correlated, independent of RH or LH dominating in the KK gluon decay (this holds for any chiral theory). Therefore, an analysis similar to that for the lepton from t decay (mentioned above) can be applied for the b and light jets emitted from t̄ decay on the other side (although these decay products are not as powerful spin analysers as the lepton). This would further increase the statistics and the significance of our signal. The required analysis is more involved and beyond the scope of this work. However, we expect that such an analysis, even though less precise, may allow us to eliminate some of the uncertainties due to biases and other systematic effects.

5. Signal versus background optimization

As we already indicated in section II A 3, the P_T cut reduces background more as compared to signal. In this section, we discuss possible additional cuts which can be applied to the analyses of the differential cross-section and P_{LR} to improve the significance of our results.

A cut on the forwardness of the tt̄ pairs in cm frame is useful for removal of the background. The reason is that (as already mentioned in section II A 3) the top quarks produced from gluon fusion (via top t-channel exchange) tend to be more forwardly-peaked than the ones produced from qq̄ annihilation. KK gluons are produced only through qq̄ annihilation, whereas the SM background is dominated by gg fusion. Therefore, an appropriate cut on η^∗ (rapidity in cm frame) of each top quark will eliminate a substantially larger part of the SM QCD background, at the expense of a smaller fraction of the signal.

We applied the cut |η|^∗ < 1.8 to find that it has virtually no effect on the signal (as desired and as expected). Whereas, we find that the SM background reduced (and hence our significance increased) by only O(10%), perhaps unlike the expectation of a more significant reduction in background. The reason is that we find the P_T cut on hadronic top (the top jet), which is part of our event selection cuts, and the |η|^∗ < 1.8 cut to be correlated (as expected from the discussion in section II A 3).

Note that the only reason we included this P_T cut as part of our event selection was that we could not reconstruct the hadronic top in the conventional manner. With a more sophisticated analysis for reconstruction of the hadronic top (for example, resolving sub-structure in top-jet as mentioned before), this P_T cut might not be required as part of event selection. In the absence of P_T cut, the |η^∗| < 1.8 cut might then reduce background more significantly. However, given our P_T cut, the only possibility for the |η^∗| cut to be useful in removing background seems to be to cut on smaller values of |η^∗|. Due to limited statistics for M_{KKG} ∼ 3 TeV and 100 fb^{−1}, we might not be able to apply such a stronger cut. However, we note that such a cut can be applied in case of higher luminosity or a lower KK mass. We leave a more detailed study for the future.

Next, we apply the |η^∗| < 1.8 cut to the analysis of polarization asymmetry. We find that the (negative) asymmetry for the SM background increases by O(10%) after applying this cut. The reason is that these cuts increase the fraction of qq̄ fusion events (compared to gg fusion) in the sample – again, only qq̄ fusion contributes to the asymmetry. Furthermore we find that signal+background P_{LR} is not significantly affected (within the statistical errors). Again, the reason for only a small effect of |η^∗| cut is the correlation between the |η^∗| < 1.8 and P_T cuts (as mentioned above in the case of differential cross-section).

Finally we want to comment about the possibility of using a cut on the boost to distinguish signal vs. background which may be useful for lower KK masses as follows. The gluonic content of the protons is symmetric between the two incoming protons, implying that the tt̄ pairs from the gg fusion production will be mostly produced with a small boost. The qq̄ annihilation production, however, proceeds through the asymmetric qq̄ content of the proton [25]. Thus, we expect the corresponding top pairs to exhibit a larger boost. This in principle implies that by applying suitable cuts on this boost (β_{cm}) one can purify the (signal) sample, obtaining a larger polarization asymmetry and a larger significance from the differential cross-section analysis. However, using a partonic level study, we find that this cut is effective only for rather low KK gluon masses (at or below the 1 TeV scale).

III. ELECTROWEAK SECTOR & ALTERNATIVE QUARK CONFIGURATION

We now discuss briefly the electroweak (EW) gauge KK modes. As mentioned before, the cross-section for KK Z/W production (via qq̄ fusion) is smaller than that of the KK gluon by ∼ g^2_Z /g^2_{QCD}. As for the KK gluon, fermionic decays of KK Z are dominated by top quarks. Its leptonic decays are highly suppressed. Thus, the KK Z also contributes to the excess tt̄, but is subdominant to the KK gluon signal in this channel.

However, there is a new feature in the excess tt̄ sample due to the KK Z contribution. The couplings of the KK Z to the initial state are non vector-like, unlike in the case of the KK gluon. Combined with non vector-like couplings to the final state top quarks, we obtain the usual forward/backward asymmetry A_{F B} at the level of ∼ g^2_Z /g^2_{QCD} in the excess top pair sample. Note that an asymmetry of this size is present even in the SM due to Z exchange. The crucial point is that sign of this asymmetry is different than in the SM since t_R dominates in the final state as opposed to t_L in the SM. We can measure this asymmetry (both in the SM and in RS1 model) since we know the direction of q or forward (vs. q̄ or backward) based on the direction of the boost [19].

As mentioned before, the KK W/Z also have sizable decays to Higgs, including longitudinal W/Z. As a corollary, production of KK Z/W via longitudinal W/Z fusion can be important. We plan to study such signals in the future.

A. Effects of enhanced bL coupling to KK gluon

As indicated above, the b_L coupling to the KK gluon is larger (∼ g_{QCD}) than to light quarks (including b_R). In fact, with the symmetry protection for Zb_Lb_L coupling [11], (t, b)_L can be localized very close to the TeV brane so that the b_L coupling to the KK gluon can be as large as ξg_{QCD}. Hence, b_Lb̄_L fusion might become the dominant production mechanism for KK gluon.

Since both b and b̄ are sea partons and have the same content inside a proton, the excess top events from b_Lb̄_L fusion into KK gluon are less boosted events, but are also less forward than from gg fusion. Recall that the excess from qq̄ fusion is more boosted and less forward than gg fusion. Hence, the η^∗ cut might still be useful, as before, to enhance the signal over background, but the β_{cm} cut might be less useful in enhancing the signal.

A new feature from b_Lb̄_L fusion into KK gluon is that, due to vector-like couplings in both initial (cf. coupling to light quarks) and final states, it will result in a A_{F B} in KK gluon top events (cf. A_{F B} in qq̄ fusion events is only from SM or KK Z). However, we cannot measure this A_{F B} since we do not know forward (b) vs. backward (b̄) direction due to absence of sizable boost (cf. in qq̄ fusion).

The excess top events from b_Lb̄_L fusion into KK gluon will have the same non-zero P_{LR} as the excess from qq̄ fusion (again, the excess from b_L fusion will be in less boosted events compared to that from qq̄ fusion into KK gluon). In fact, in the extreme case of (t, b)_L being very close to the TeV brane and t_R having close to a flat profile, we see that the sign of P_{LR} in signal will be reversed compared to what we discussed before (i.e., will be < 0). This sign is same as in the SM, but the crucial point is that the O(1) size is much larger than that expected in the SM.

IV. CONCLUSIONS

In summary, the framework of a warped extra dimension provides a novel and very interesting resolution to the Planck-weak and flavor hierarchy problem of the SM. It tends to generically single out the top quark with enhanced couplings to the new states, whereas couplings to light fermions, in particular to proton’s constituents, are suppressed. These features make it challenging to detect the new states.

In spite of this challenge, we have shown that the production of the KK gluon with subsequent decays to top pairs at the LHC is a very interesting channel, which would be worthwhile to explore further. In particular, for 100 fb^{−1} integrated luminosity, we demonstrated that one can discover the KK gluon with the mass M_{KKG} ≲ 4 TeV based on the correlated observations of an excess in the top pair differential cross-section and a sizable leftright polarization asymmetry (P_{LR}). This asymmetry is much larger than in the SM due to very different couplings of the KK gluon to RH and LH top quarks. We discussed how a cut on transverse momentum of top quarks reduces background compared to the signal and how it might be possible to further improve the signal to background ratio by imposing cuts on the boost of the top center of mass frame in the laboratory frame and forwardness of top pairs in the parton center of mass frame. We briefly discussed the EW sector which requires more study. Its detection is similarly challenging due to suppressed couplings to the proton’s constituents – in fact, it has lower production rate than for the KK gluon – and suppression of decays to leptons (“golden” decay modes).

Finally, we emphasize that, via the AdS/CFT duality [2], the RS framework should be viewed as a tool to study

4D strong dynamics. In fact, the idea of a composite, pseudo-Goldstone boson (PGB), Higgs in 4D has been studied in the RS framework (called “holographic” PGB Higgs) [26] It is therefore likely that our results apply (in general) to 4D TeV-scale strong dynamics responsible for EWSB. In particular, our analysis with regards to the LHC signals leads to the following observation about other frameworks which address the little hierarchy problem and rely on UV completion via strong dynamics (i.e., little Higgs and some flat extra dimensional models). According to the belief that the RS1 framework can be used to obtain intuition about such models^{12}, our studies suggest that these models might be characterized by LHC signals which are somewhat different from those usually emphasized in the literature. The reason is that the couplings between the extended electroweak sector and the light (heavy) SM particles may be actually highly suppressed (enhanced), unlike what is typically assumed in other LHC studies.^{13} Generically, the new particles will be broad, with small production rates and non-leptonic decay channels. As such, these models may face similar challenges as that for the KK gluon, in the detection of new states.

Acknowledgements. K. A. and G. P. thank the Aspen Center for Physics for their hospitality. We thank Marco Battaglia, Tao Han, Beate Heinemann, Ian Hinchliffe, Ayana Holloway, Hitoshi Murayama, Frank Paige, Michele Papucci, Frank Petriello, Marjorie Shapiro and George Sterman for discussions. We thank the Sherpa team, especially Tanju Gleisberg, for implementing an RS1 model in the MC event generator. The work of A.B. was supported by the US National Science Foundation under award PHY-0555545. The work of T.K. was supported by DOE Grant No. DE-AC02-98CH10886.

12 In fact, see reference [27] for UV completion of the Littest Higgs model using RS framework.

13 References [28] do mention, in the context of LHC signals, that suppressed couplings of light fermions to Z^′, W^′ are motivated in order to satisfy electroweak precison tests. However, most of these studies still assume universal fermionic couplings so that couplings to top quark are also suppressed in this case. Whereas, we emphasize that top quark couplings to the new states are likely to be enhanced, leading to difficulties in detection of new states.

[1] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221].

[2] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200]; S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109]; E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998) [arXiv:hep-th/9802150].

[3] N. Arkani-Hamed, M. Porrati and L. Randall, JHEP 0108, 017 (2001) [arXiv:hep-th/0012148]; R. Rattazzi and A. Zaffaroni, JHEP 0104, 021 (2001) [arXiv:hep-th/0012248].

[4] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Lett.

B 473, 43 (2000) [arXiv:hep-ph/9911262]; A. Pomarol, Phys. Lett. B 486, 153 (2000) [arXiv:hep-ph/9911294].

[5] Y. Grossman and M. Neubert, Phys. Lett. B 474, 361 (2000) [arXiv:hep-ph/9912408].

[6] T. Gherghetta and A. Pomarol, Nucl. Phys. B 586, 141 (2000) [arXiv:hep-ph/0003129].

[7] S. J. Huber and Q. Shafi, Phys. Lett. B 498, 256 (2001) [arXiv:hep-ph/0010195].

[8] K. Agashe, G. Perez and A. Soni, Phys. Rev. Lett. 93, 201804 (2004) arXiv:hep-ph/0406101]; Phys. Rev. D 71, 016002 (2005) [arXiv:hep-ph/0408134].

[9] Z. Ligeti, M. Papucci and G. Perez, Phys. Rev.

Lett. 97, 101801 (2006) [arXiv:hep-ph/0604112]; K. Agashe, M. Papucci, G. Perez and D. Pirjol, arXiv:hep-ph/0509117; K. Agashe, G. Perez and A. Soni, arXiv:hep-ph/0606293.

[10] K. Agashe et. al, JHEP 0308, 050 (2003) [arXiv:hep-ph/0308036].

[11] K. Agashe, R. Contino, L. Da Rold and A. Pomarol, Phys. Lett. B 641, 62 (2006) [arXiv:hep-ph/0605341].

[12] M. Carena, E. Ponton, J. Santiago and C. E. M. Wagner, Nucl. Phys. B 759, 202 (2006) [arXiv:hep-ph/0607106].

[13] See, for example, L. March, E. Ros and B. Salvachúa, ATL-PHYS-PUB-2006-002, ATL-COM-PHYS-2005-032; L. March, E. Ros and S.G.d.l. Hoz, ATL-COM-PHYS- 2006-031, ATL-PHYS-CONF-2006-007;

[14] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys.

Rev. D 63, 075004 (2001) [arXiv:hep-ph/0006041]; D. Dannheim, arXiv:hep-ex/0611005; D. A. Dicus, C. D. McMullen and S. Nandi, Phys. Rev. D 65, 076007 (2002) [arXiv:hep-ph/0012259]; B. C. Allanach et al. [Beyond the Standard Model Working Group], arXiv:hep-ph/0402295.

[15] A. Pukhov, arXiv:hep-ph/0412191.

[16] T. Gleisberg et al., JHEP 0402 (2004) 056 [arXiv:hep-ph/0311263].

[17] See e.g.: I. Borjanovic et al., Eur. Phys. J. C 39S2, 63 (2005) [arXiv:hep-ex/0403021]; A. Gomes, M. David, A. Maio and A. De Angelis, Prepared for 20th Physics in Collision Conference (PIC 00), Lisbon, Portugal, 29 Jun - 1 Jul 2000; S. R. Slabospitsky [CMS Collaboration], Czech. J. Phys. 55 (2005) B569; A. Giammanco, CERN-CMS-CR-2005-026, Prepared for Hadron Collider Physics Symposium 2005, Les Diablerets, Switzerland, 4-9 Jul 2005; G. Davatz, A. S. Giolo- Nicollerat and M. Zanetti, PoS TOP2006, 027 (2006) [arXiv:hep-ex/0604041].

[18] M. Beneke et al., arXiv:hep-ph/0003033;

D. Chakraborty, J. Konigsberg and D. L. Rainwater, Ann. Rev. Nucl. Part. Sci. 53, 301 (2003) [arXiv:hep-ph/0303092]; I. I. Y. Bigi, Y. L. Dokshitzer, V. A. Khoze, J. H. Kuhn and P. M. Zerwas, Phys. Lett. B 181, 157 (1986); E. Malkawi and C. P. Yuan, Phys. Rev. D 50, 4462 (1994) [arXiv:hep-ph/9405322]; A. H. Hoang, PoS TOP2006, 032 (2006) [arXiv:hep-ph/0604185]; I. W. Stewart, AIP Conf. Proc. 618, 395 (2002) [arXiv:hep-ph/0201180]; P. Igo-Kemenes, M. Martinez,

R. Miquel and S. Orteu, Prepared for 2nd International Workshop on Physics and Experiments with Linear e^+e^− Colliders, Waikoloa, Hawaii, 26-30 April (93); S. f. Su and M. B. Wise, Phys. Lett. B 510, 205 (2001) [arXiv:hep-ph/0104169]; A. H. Hoang, A. V. Manohar, I. W. Stewart and T. Teubner, Phys. Rev. Lett. 86, 1951 (2001) [arXiv:hep-ph/0011254]; Y. Kiyo, Nucl. Phys. Proc. Suppl. 157, 221 (2006) [arXiv:hep-ph/0602064]; A. Pineda and J. Soto, Nucl. Phys. Proc. Suppl. 64, 428 (1998) [arXiv:hep-ph/9707481]; M. E. Luke, A. V. Manohar and I. Z. Rothstein, Phys. Rev. D 61, 074025 (2000) [arXiv:hep-ph/9910209]; J. H. Kuhn, A. Scharf and P. Uwer, arXiv:hep-ph/0610335; W. Bernreuther, M. Fuecker and Z. G. Si, arXiv:hep-ph/0610334;

[19] T. Krupovnickas, G. Perez and J. Virzi, in progress. [20] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. Nadolsky and W. K. Tung, JHEP 0207 (2002) 012 [arXiv:hep-ph/0201195]; W. T. Giele, S. A. Keller and D. A. Kosower, arXiv:hep-ph/0104052. M. C. Kumar, P. Mathews and V. Ravindran, arXiv:hep-ph/0604135; M. Dittmar et al., arXiv:hep-ph/0511119; R. S. Thorne, A. D. Martin, R. G. Roberts and W. J. Stirling, AIP Conf. Proc. 792, 365 (2005) [arXiv:hep-ph/0507015].

[21] J.E. Huth et al., Proceedings of Research Directions For The Decade: Snowmass Accord 1990.

[22] F. Hubaut, E. Monnier, P. Pralavorio, K. Smolek and V. Simak, Eur. Phys. J. C 44S2, 13 (2005) [arXiv:hep-ex/0508061]; M. Baarmand, H. Mermerkaya and I. Vodopianov, CERN-CMS-NOTE-2006-111.

[23] ATLAS Detector and physics performance technical design report, Volume 1 (1999), CERN-LHCC-99-14.

[24] W. Bernreuther, J. P. Ma and T. Schroder, Phys. Lett.

B 297, 318 (1992); S. Choi, FERMILAB-THESIS-1999- 07; K. A. Johns [D0 Collaboration], Int. J. Mod. Phys.

A 16S1A (2001) 366; W. Bernreuther, A. Brandenburg, Z. G. Si and P. Uwer, Phys. Lett. B 509, 53 (2001) [arXiv:hep-ph/0104096]; B. Abbott et al. [D0 Collaboration], Phys. Rev. Lett. 85, 256 (2000) [arXiv:hep-ex/0002058]; T. Torma, JHEP 0111, 055 (2001) [arXiv:hep-ph/9912281]; V. D. Barger, J. Ohnemus and R. J. N. Phillips, Int. J. Mod. Phys. A 4, 617 (1989); G. L. Kane, G. A. Ladinsky and C. P. Yuan, Phys. Rev. D 45, 124 (1992); G. Mahlon and S. J. Parke, Phys. Rev. D 53, 4886 (1996) [arXiv:hep-ph/9512264]; D. Atwood, A. Aeppli and A. Soni, Phys. Rev. Lett. 69, 2754 (1992); D. Atwood, S. Bar-Shalom, G. Eilam and A. Soni, Phys. Rept. 347, 1 (2001) [arXiv:hep-ph/0006032]; M. Arai, N. Okada, K. Smolek and V. Simak, Phys. Rev. D 70, 115015 (2004) [arXiv:hep-ph/0409273].

[25] See e.g.: T. Han, arXiv:hep-ph/0508097; P. Langacker, R. W. Robinett and J. L. Rosner, Phys. Rev. D 30, 1470 (1984); V. D. Barger, N. G. Deshpande, J. L. Rosner and K. Whisnant, Phys. Rev. D 35, 2893 (1987); J. L. Rosner, Phys. Rev. D 54, 1078 (1996) [arXiv:hep-ph/9512299]; T. Han, H. E. Logan and L. T. Wang, JHEP 0601, 099 (2006) [arXiv:hep-ph/0506313].

[26] R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys.

B 671, 148 (2003) [arXiv:hep-ph/0306259]; K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719, 165 (2005) [arXiv:hep-ph/0412089].

[27] J. Thaler and I. Yavin, JHEP 0508, 022 (2005) [arXiv:hep-ph/0501036].

[28] M. Perelstein, M. E. Peskin and A. Pierce, Phys. Rev.

D 69, 075002 (2004) [arXiv:hep-ph/0310039]; T. Han, H. E. Logan and L. T. Wang, JHEP 0601, 099 (2006) [arXiv:hep-ph/0506313]. R. Rattazzi, PoS HEP2005, 399 (2006) [arXiv:hep-ph/0607058].