arXiv:hep-ph/0110275 v1 22 Oct 2001

OSU-HEP-01-07

Collider Implications of Kaluza-Klein Excitations of the Electroweak Gauge Bosons

C.D. McMullen^∗ and S. Nandi^†

Department of Physics, Oklahoma State University Stillwater, OK 74078, USA

Abstract

It is possible for the SM fields to propagate into one or more large extra compact dimensions. Such fields have associated KK excitations that produce additional contributions to the SM processes. We calculate the effects that these KK excitations have on cross sections for e^+e^− collider processes in a model in which the SM gauge bosons, and perhaps the Higgs, can propagate into one TeV^{−1}-size extra compact dimension. Specifically, we consider muon pair production, Bhabha scattering, dijet production, Higgs production, and single-photon production. At prospective high energy e^+e^− colliders, we find significant deviations from the SM cross sections: For example, a 600 GeV collider produces a 20% reduction in the cross section for muon pair production as compared to the SM for a compactification scale of 3.5 TeV. The effect is much smaller at LEP2 energies, where the compactification scale must be lower than 2 TeV in order to produce a 6% effect.

∗email: mcmulle@okstate.edu †email: shaown@osuunx.ucc.okstate.edu

1. Introduction

There has been a flurry of recent interest in the low-energy phenomenology of stringinspired models where the presence of large extra compact dimensions produces a string scale that is quite small compared to the usual four-dimensional Planck scale [1]. In this class of models based on the approach of Arkani-Hamed, Dimopoulos, and Dvali (ADD) [2], n large extra dimensions are compactified at the same scale R^{−1}, where the size R is related to the four-dimensional Planck scale M_P via the relation

M^2_P = M^{n+2}_⋆ R^n . (1)

This new scale M_⋆ is the fundamental (4+n)-dimensional Planck scale, which is of the same order as the string scale. It has been demonstrated that this relation (1) is phenomenologically viable [2] for n ≥ 2, that R can be as large as a sub-millimeter, and that the string scale could be as small as a few tens of TeV. In the case where all six extra dimensions from the superstring theory are compactified at the same scale, then the compactification scale 1/R is about 10 MeV.^∗ Therefore, any Standard Model (SM) fields that propagate into these extra dimensions (the bulk) have Kaluza-Klein (KK) excitations with masses at the 10 MeV scale. The present high-energy collider limit of about a TeV for such states thus implies, in these scenarios, that all SM fields are confined to a three-dimensional wall (D_3 brane) of the usual three spatial dimensions. This is characteristic of the class of models in which the compactification is symmetric, i.e., all of the extra dimensions have the same compactification radius R. By contrast, in an asymmetric scenario, SM fields can propagate into a single extra dimension with a compactification radius as large as a TeV^{−1}, for example, and thus have lowest-lying KK excitations at the TeV scale. Aside from the obvious collider implications that are just at the edge of the grasp of present high-energy colliders, the phenomenology of such a model includes an alteration in the evolution of the gauge couplings from the usual logarithmic to power law behavior [3]. The result is a unification scale that can be much smaller [3], perhaps as little as a few TeV. The simplest asymmetrical compactification scenario involves two distinct compactification scales. The recently analyzed case [4] of n extra dimensions of size R ∼ mm and m of size r ∼ TeV^{−1} was proposed as a unique model in which both the collider and gravitational [5] bounds are just beyond the reach of present experiments. In particular, the n = 1, m = 5 case was shown to satisfy all of the current astrophysical and cosmological constraints [6]. The scaling relation for this model is [4]

M^2_P = M^8 R r^5 , (2)

where M is the unification scale. As a numerical example, compactification scales of 1/R ∼ 10^{−3} eV and 1/r ∼ 1 TeV give M ∼ 100 TeV.

∗The bound is even lower if the fields propagate into fewer extra dimensions.

The majority of the analyses on the collider phenomenology of extra dimensions [7] has been on the ADD scenario in which the graviton propagates in the bulk, but where the SM fields do not. Hence, the KK excitations of the graviton are the only additional source of contributions to collider processes. While the contributions of individual KK modes, with 4D gravitational strength, to collider processes is extremely small, the compactification scale μ is so small (μ ∼ mm^{−1} ∼ 10^{−3} eV) that a very large number of such modes contribute in a TeV-scale collider process. The net result can be a significant deviation from the SM results. Studies of various collider processes typically give a bound on the string scale that is the order of a TeV [7].

In comparison, the asymmetric scenario, in which SM fields, in addition to the graviton, may propagate into one or more extra dimensions of TeV^{−1}-size, will have a more direct effect in high-energy collider processes. Originating with the suggestion by Antoniadis [8], some work has also been done for the collider phenomenology of the scenario in which the SM gauge bosons can propagate into the bulk, but where the SM fermions can not [9]. This includes the effects on EW precision measurements [10], Drell-Yan processes in hadronic colliders [11], μ^+μ^− pair production in electron-positron colliders [11], and recently multijet production in very high-energy hadronic colliders [12]. Typically, the bound on the compactification scale is 1–2 TeV. More recently, the case where all of the SM fields, including the fermions, propagate into the extra dimensions has been investigated [13, 14]. These “universal” extra dimensions result in a much lower bound on the compactification scale of a few hundred GeV. The reason is that, in this scenario, the tree-level couplings involving one KK mode and two zero modes are not allowed. Thus, the vertices involve a pair of KK modes, and the KK modes need to be pair-produced, which results in the suppression of the production cross sections.

In this work, we study the asymmetric compactification scenario proposed in Ref. [4], in which only the SM gauge bosons (and perhaps the Higgs boson) propagate into one of the TeV^{−1}-size extra dimensions.^∗ More specifically, we investigate the effects that the KK excitations of the electroweak (EW) gauge bosons have on various e^+e^− collider processes. We calculate the modifications to the SM cross sections which arise from the direct production and exchanges of KK excitations of the EW gauge bosons. Included in our study are dijet production, associated Higgs production, single-photon production, and muon pair production and Bhabha scattering. Although the compactification scale must be quite small (≲ 2 TeV) for a 6% effect to be observed at the LEP2 energies, we find substantial deviations from the SM cross sections for a future collider with √ s = 600 GeV (e.g., a compactification scale of 3.5 TeV produces an effect of 20% for muon pair, dijet, and Higgs production), and an even greater effect is predicted at higher energies. Our paper is organized as follows. We begin by discussing our formalism in Section 2. In Section 3, we consider charged lepton pair production, including Bhabha scattering and muon pair production. We

∗However, our results apply to any compactified string model in which the SM gauge bosons propagate into one such extra dimension.

investigate dijet production in Section 4. In Section 5, we study Higgs production, both for the case of SM as well as supersymmetric (SUSY) Higgs doublets. We discuss the production of a single photon with a neutrino pair in Section 6. Section 7 contains our conclusions.

2. Formalism

As it is unlikely that a significant number of lowest-lying KK excitations will be directly produced in the near future at e^+e^− colliders, we focus here on tree-level processes involving the exchanges of KK excitations of the EW gauge bosons. This necessarily restricts us to the case where the initial and final state fermions are each confined to the SM D_3 brane since otherwise, as we shall see shortly, the couplings for the processes of interest here are either zero or highly suppressed when KK number is not conserved, depending on which fields see the extra dimensions. Thus, for simplicity, we consider the case in which the EW gauge bosons can propagate into a single extra TeV^{−1}-size dimension, but where the SM fermions are restricted to lie on the SM wall (at the same location in the extra dimension). As for the Higgs boson, we also restrict it to lie on the SM D_3 brane when we investigate associated Higgs production (else there is either no effect or a suppressed effect).

The terms in the 5D Lagrangian density that involve fermion fields contain a delta function to constrain the SM fields to the usual 4 spacetime dimensions, and similarly for terms involving the Higgs field in the case in which the Higgs does not propagate in the bulk. The relevant parts of the 5D Lagrangian density can be expressed as

L_5 = [ | Ξ_M H |^2 +ig_5f̄ γ^μD_μfδ(y)] , (3)

where f is a SM fermion field, H represents the Higgs doublet(s), D_M with 5D spacetime index M ∈ 0, 1, . . . , 4 is the 5D generalization of the usual covariant derivative D_μ with 4D spacetime index μ, the factor | Ξ_M H |^2 denotes | D_M H |^2 for a Higgs propagating in the bulk and | D_μH |^2 δ(y) for a Higgs localized to the SM boundary, and the compactified extra dimension coordinate y is related to the radius of the extra dimension r by y = rϕ. We consider compactification on a S^1/Z_2 orbifold with the identification ϕ → −ϕ. In terms of the compactified dimension y, a field A_μ(x, y) can then be Fourier expanded as

A_μ(x, y) = 1 √ πr [Aμ0(x) +^√2^{∞∑}_{n=1} Aμn(x) cos(nϕ)] . (4)

The normalization for the n = 0 field A_0(x) is one-half that of the n > 0 field A_n(x). Integration over y results in a tower of A_{μn}(x) KK excitations. The n = 0 modes of the 5D photon, W^±, and the Z are identified as the SM photon, W^±, and Z. The n > 0 KK modes of these fields are represented with a star (⋆), as in γ^⋆_n. As it is convenient to refer to the n = 0 and n > 0 modes separately, unless specified otherwise, n shall henceforth imply strictly n > 0.

The detailed procedure for integrating over the fifth dimension y to obtain, in the effective 4D theory, the factors for the allowed vertices involving KK excitations of the EW gauge bosons is similar to the procedure given in Ref. [12] for the couplings of quarks and gluons to KK excitations of the gluons. The difference is that any Higgs fields confined to the boundary induce mixing terms [15] between the EW gauge bosons and their KK excitations. This causes a slight reduction in the couplings involving KK excitations compared to the case in which the Higgs fields propagate into the extra dimension; in addition, previously forbidden couplings are allowed with a suppression factor. However, because this mixing is highly suppressed (by a factor of ∼ m^2_W /μ^2), we only use the couplings given by the case in which the Higgs fields propagate into the bulk, to a good approximation. The couplings for the vertices involving KK excitations of the A^μ, B^μ, and C^μ fields are then given in terms of the corresponding couplings between SM fields by the factors given in Ref. [12]; the corresponding couplings for KK excitations of the photon, W^±, and Z are then related to the former via the usual mixing relations. In particular, there is a factor of √ 2 relative to the analogous SM coupling for a vertex involving a single KK excitation and two SM fermions confined to the SM D_3 brane, which originates from the different rescaling of the n = 0 and n > 0 modes necessary to obtain canonically normalized kinetic energy terms in the effective 4D Lagrangian density [15]. Also worth noting is that a single X^⋆_n can not couple to two (or three) Y ’s, where X, Y ∈ {γ, W^±, Z} and X^⋆_n denotes a KK excitation of gauge boson X with mode n > 0. In fact, X^⋆’s can only couple to other X^⋆’s and Y^⋆’s if the modes n_1 ,n_2 ,. . . ,n_N of these KK excitations satisfy KK number conservation:

| n_1 ± n_2 ± · · · ± n_{N −1} | = n_N . (5)

Another difference between the Feynman rules for the EW gauge bosons {X} and their KK excitations {X^⋆_n} is that the KK excitations are considerably heavier. For a compactification scale μ = 1/r, the mass of the n^{th} KK excitation is:

m_X ⋆_n = √ m^2_X + n^2μ^2 . (6)

The X^⋆_n propagator is that of a usual massive gauge boson:

−iΔ_{μν} (X^⋆_n, p^2) = −i g_{μν} −^{pμpν}_{m2X⋆n} p^2 − m^2_X ⋆_n + im_X ⋆_n Γ_X ⋆_n

. (7)

At tree-level, the W^⋆_n and Z^⋆_n have the same decay rates as the W and Z except for a factor of 2^{mW ⋆n}_{mW} for the W^⋆_n and similarly for the Z^⋆_n; also, the KK excitations are heavy enough to include the top quark in the decay rates. The γ^⋆_n decays to fermion pairs with total width^{14}_3 α(m_γ⋆_n )m_γ⋆_n .^∗ For diagrams where a X^⋆_n exchanges between two fermion pairs (e.g., in e^+e^− → tt̄), there is the usual diagram with the X propagator in addition to a tower of diagrams with X^⋆_n propagators, or, equivalently, an effective propagator given by the sum

Δ_{eff} (X, p^2) = c_{X0} Δ(X_0, p^2) + ∞∑ n=1 c_X ⋆_n Δ(X_n, p^2) . (8)

The factors {c_{Xn} } incorporate the different f_1-f_2-X and f_1-f_2-X^⋆_n vertex factors (i.e., c_{X0} = 1, c_{Xn>0} = 2). This effective propagator can be generalized to the case of arbitrary vertices via adjustment of the c_{Xn} factors (including setting c_{Xn} equal to zero when either vertex is forbidden).

3. Muon Pair Production and Bhabha Scattering

Muon pair production is among the best prospects for the indirect observation of KK excitations of the EW gauge bosons in e^+e^− processes because it can be measured with relatively high precision at present and upcoming colliders while still producing rather substantial deviations from the SM cross section in comparison with other processes. Muon pair production has already been investigated elsewhere in the literature [11] for the purpose of setting present and future e^+e^− collider bounds. We primarily include this process here as a standard by which to compare our other results for other processes, but it also serves as a check on our calculations. We keep the first 100 KK excitations in our analysis for purely direct-channel processes and 25 KK excitations for processes with both direct- and cross-channel Feynman diagrams; in addition, we consider e^+e^− collider energies from LEP2 energies to 1.5 TeV and compactification scales up to 10 TeV.

For charged lepton pair production, the KK excitations of the EW gauge bosons manifest themselves through a tower of diagrams with γ^⋆_n and Z^⋆_n propagators. The net tree-level effect of the γ^⋆_n’s and Z^⋆_n’s on charged lepton pair production is the replacement of the SM propagator by an effective KK propagator. We employ gauge invariance to drop the second term in Eq. (7) in our analysis of fermion pair production. The effective moduli-squared of the propagators for direct-channel γ^⋆_n and Z^⋆_n exchange and the corresponding direct-channel γ^⋆_n-Z^⋆_n interference are thus^†

∗We neglect the top quark mass relative to the very heavy KK excitations. †When generalizing to the case where the EW gauge bosons may propagate into more than one large extra dimension, the sum in the effective propagator is formally divergent. However, various solutions to this problem have been proposed in the literature [16].

| D_{eff} (γ, s) |^2 = 1 2 ∞∑ m,n=0 c_{γm} c_{γn} s^′_{γm} s^′_{γn} + m_{γm} Γ_{γm} m_{γn} Γ_{γn} (s^2_{γm} + m^2_{γm} Γ^2_{γm} )(s^2_{γn} + m^2_{γn} Γ^2_{γn} )

| D_{eff} (Z, s) |^2 = 1 2 ∞∑ m,n=0 c_{Zm} c_{Zn} s^′_{Zm} s^′_{Zn} + m_{Zm} Γ_{Zm} m_{Zn} Γ_{Zn} (s^2_{Zm} + m^2_{Zm} Γ^2_{Zm} )(s^2_{Zn} + m^2_{Zn} Γ^2_{Zn} ) (9) [D^∗eff (Z, s)Deff (γ, s) + Deff (γ, s)D^∗eff (Z, s)] = ∞∑ m,n=0 c_{γm} c_{γn} s^′_{γm} s^′_{Zn} + m_{γm} Γ_{γm} m_{Zn} Γ_{Zn} (s^2_{γm} + m^2_{γm} Γ^2_{γm} )(s^2_{Zn} + m^2_{Zn} Γ^2_{Zn} ) . Here s^′_{Xn} is shorthand for the subtraction of m^2_{Xn} from s (i.e., s^′_{Xn} ≡ s−m^2_{Xn} ) and c_{Xn} represents the fact that the f-f̄ -X and the f-f̄ -X^⋆_n vertex factors differ by a √ 2 (i.e., c_{X0} = 1, c_{Xn>0} = 2). (We make an exception in the effective propagator equations by including the n = 0 and n > 0 modes together for more compact notation.) The effective propagator formulae for cross-channel exchanges and interference are the same as in Eq. 9 with the replacement of the direct-channel Mandelstam variable s by the cross-channel variable t (or u). The interference between direct-channel exchanges of γ^⋆_n’s and cross-channel exchanges of Z^⋆_n’s is described by

[^{D∗}eff^{(Z, t)D}eff^{(γ, s) + D}eff^{(γ, s)D∗}eff^{(Z, t)}] = ∞∑ m,n=0 c_{γm} c_{γn} s^′_{γm} t^′_{Zn} + m_{γm} Γ_{γm} m_{Zn} Γ_{Zn} (s^2_{γm} + m^2_{γm} Γ^2_{γm} )(t^2_{Zn} + m^2_{Zn} Γ^2_{Zn} )

. (10)

Finally, the effective propagator formulae for direct-channel exchanges of Z^⋆_n’s and cross-channel exchanges of γ^⋆_n’s are identical to Eq. 10 with the replacement γ ↔ Z. For collider energies in the range 100 GeV ≤ √ s ≤ 1 TeV and compactification scales μ > 1 TeV, the sums in the effective propagators converge quite rapidly. Thus, they can be truncated after only a few terms with negligible error.

The cross section for muon (or tau) pair production is easily obtained via replacement of the usual SM propagator terms by the effective propagator terms of Eq. 9. Because the compactification scale μ is a TeV or more and feasible values of √ s for colliders in the present and not-too-distant future range up to about a TeV, the primary effect of the KK excitations of the EW gauge bosons arises from the interference of the n = 0 (SM) mode terms with the n > 0 (KK) mode terms. Since (s − m^2_{Xn>0} ) < 0 for the ranges of √ s and μ that we consider, the overall effect of the KK excitations is a reduction in the muon (or tau) pair production cross section as compared to the SM. This effect is illustrated in Fig. 1, where the ratio R ≡ σ σ_{SM} = σ_{SM} + σ_{KK}

σ_{SM}

(11)

Figure 1: The contributions of the exchanges of γ^⋆_n’s and Z^⋆_n’s to muon (or tau) pair production are illustrated as a function of the compactification scale μ for fixed values of the collider energy √ s (top), and as a function of √ s for specific choices of μ (bottom).

is plotted for variation of compactification scale μ and collider energy √ s in the ranges 1 TeV ≤ μ ≤ 10 TeV and 0.3 TeV ≤ √ s ≤ 1.5 TeV. It is clear that a very precise measurement of the cross section (≲ 6% uncertainty) is needed in order to observe a KK effect at a LEP2 collider running at √ s = 200 GeV for μ ≥ 2 TeV.

However, the effect increases significantly for larger collider energies: For example, a compactification scale of 4 TeV produces an effect of only a few percent at LEP2 energies, while it reduces the cross section by more than 30% at a TeV-scale e^+e^− high-energy collider.

Bhabha scattering involves the cross-channel exchanges of the γ and Z as well as the direct-channel exchanges of muon pair production. Again the primary effect can be attributed to the interference of the n = 0 mode with the n > 0 modes. However, although this interference causes a reduction in the direct-channel cross section (i.e., muon pair production), it has the opposite effect in the cross-channel. These competing effects lead to a smaller overall effect of the KK excitations on Bhabha scattering as compared to muon pair production. This overall enhancement of the SM cross section is depicted in Fig. 2 for the same range of parameters as in the muon case. The enlargement of the SM cross section is less than 10% for μ > 3 TeV or √ s < 900 GeV. This makes Bhabha scattering considerably less attractive for observable effects of the KK states as compared to muon production.

4. Dijet Production

The full dijet final state cross section is given by summing e^+e^− → qq̄ over all quark flavors for which s > 4m^2_q . Thus, top quark production is only included for √ s > 350 GeV. We include the standard top quark corrections in the cross section formulae, since the top quark mass is significant compared to √ s for LEP energies, but note that the top quark mass is negligible in comparison to TeV-scale KK excitations. The KK excitations result in the same effective s-channel propagator expressions as in the case of muon pair production (Eq. 9). As a result, the ratio R is virtually identical in the two cases. The KK effect on dijet final state production is plotted in Fig. 3. As for muon production, a compactification scale of 3.5 TeV results in a reduction by 50% at a TeV-scale collider, by 12% for √ s = 500 GeV.

5. Higgs Production

First, we consider the associated SM production of the Higgs boson: e^+e^− → ZH. Here, we take the Z boson to be produced on-shell. As discussed previously, the KK contribution is either zero or strongly suppressed due to KK number non-conservation unless the Higgs boson is confined to the SM three-brane. The Z-Z^⋆_n-H coupling is non-zero in this situation because the corresponding term in the 5D Lagrangian density contains a delta function to constrain the Higgs boson to the SM wall. Therefore, we focus on this scenario here. The effect of the KK excitations of the Z is described by the replacement of the SM direct-channel Z boson propagator by the effective

Figure 2: The same as Fig. 1, but for Bhabha scattering.

Figure 3: The same as Fig. 1, but for dijet production.

propagator given in Eq. 9. Although the Higgs mass is important in limiting the available collider energy range and determining the numerical value of the SM cross section, it does not affect the ratio of the total cross section given by the sum of the SM and KK contributions to the SM cross section. In fact, since there is only one diagram involved, the ratio R is given by the effective propagator from Eq. 9:

R =| D^⋆_{eff} (Z, s) |^2= 1 2 ∞∑ m,n=0 c_{Zm} c_{Zn} s^′_{Zm} s^′_{Zn} + m_{Zm} Γ_{Zm} m_{Zn} Γ_{Zn} (s^2_{Zm} + m^2_{Zm} Γ^2_{Zm} )(s^2_{Zn} + m^2_{Zn} Γ^2_{Zn} )

(12)

Thus, not only is the ratio R independent of the Higgs mass, it is also independent of the Higgs model (to the point where there are only exchanges of Z or Z^⋆_n bosons). For example, the ratio R is the same in the SUSY Higgs doublet case of e^+e^− → Ah as in the SM case of e^+e^− → ZH. However, the total cross section depends on the Higgs model, and this plays a strong role in determining if the total cross section is significant enough to observe the Higgs boson(s) (and if so, if it is large enough to see a KK effect).

The KK effect on Higgs production for processes (such as the SM and SUSY Higgs doublet cases discussed above) in which there are only exchanges of Z or Z^⋆_n bosons is shown in Fig. 4, where R is graphed as a function of the compactification scale μ and collider energy √ s for the same range of parameters as in the case of muon pair production. Although there are no photon exchanges in the Higgs case, the effect of KK excitations of the Z boson on Higgs production is almost identical to the KK effect on muon pair production. Lowest-lying KK excitations of the Z boson with masses of about 5 TeV cause a 20% reduction compared to the SM cross section for a collider energy of 1 TeV, whereas the reduction is only 5% at √ s = 500 GeV, and only 2% at the LEP2 energies. However, a compactification scale of 3.5 TeV produces at least a 10% effect at collider energies beginning at 400 GeV; the reduction is about half for a 1 TeV energy collider. This reduction in the overall cross section as compared to the SM cross section also has a significant effect on the Higgs mass bound, and this is Higgs model-dependent.

6. Neutrino Pair and Single Photon Production

We first consider the case of neutrino pair production, e^+e^− → ∑ ℓ ν_ℓν̄_ℓ. The production of muon or tau neutrino pairs only consists of direct-channel Z and Z^⋆_n exchanges described by the effective propagator modulus-squared of Eq. 9, whereas the production of electron neutrino pairs also includes the cross-channel exchanges of W ’s and W^⋆_n ’s. The modulus-squared of the effective propagator for this t-channel production involving W ’s and W^⋆_n ’s is the same as the s-channel production involving Z’s and Z^⋆_n’s with the replacements Z → W and s → t. Similarly, the s-t interference is given by Eq. 10 with the replacement γ → W .

As in the case of Bhabha scattering, the effect of the direct-channel exchanges of the Z’s and Z^⋆_n’s to reduce the cross section and the competing effect of the cross-

Figure 4: The contributions of the exchanges of Z^⋆_n’s to Higgs production are illustrated as a function of the compactification scale μ for fixed values of the collider energy √ s (top), and as a function of √ s for specific choices of μ (bottom).

channel exchanges of the W ’s and W^⋆_n ’s to increase the cross section as compared to the SM results in a considerably smaller effect than processes such as muon pair production and dijet production where there are only s-channel exchanges of the EW gauge bosons. Although the s-channel KK effect to increase the cross section is larger than the t-channel KK counter-effect percentage-wise, the SM t-channel is dominant for neutrino pair production, which causes a slight increase in the cross section as compared to the SM. This is illustrated in Fig. 5, where the same ranges of the collider energy √ s and compactification scale μ are employed as in the case of muon pair production. The KK effect is smaller for neutrino pair production than for Bhabha scattering; also, there appears to be far less dependence on the variation of the collider energy. The result is a KK effect of less than 7% even for a collider energy as high as a TeV.

Single-photon production via e^+e^− → νν̄γ is somewhat more complicated. Singlephoton production was considered in Ref. [17] in the context of Z^′ physics, where only the lowest-lying KK excitations of the W and Z bosons were included. Here, we extend their results to include the 25 lowest-lying states, but concede that the effect depends almost exclusively on the first few states, and primarily on the first. The diagrams for single-photon production are the same as for neutrino pair production with a photon radiating off the incoming electron or positron or the internal W or W^⋆_n . The effect of the KK excitations results in the same direct-channel effective propagator as the neutrino production case, and the same cross-channel effective propagator when the photon radiates off the incoming electron or positron. However, for the case where the photon radiates off the internal W or W^⋆_n , a difference arises from the coupling of the photon to W ’s and W^⋆_n ’s. The γ-W -W^⋆_n and γ-W^⋆_m-W^⋆_{n≠m} couplings are forbidden due to KK number non-conservation, as discussed in Section 2. On the other hand, the diagram with the γ-W^⋆_n -W^⋆_n coupling has two propagators with KK excitations of the W boson, which are quite massive (TeV-scale). This suppresses the KK contribution from this diagram in comparison to the contributions of the diagrams in which the photon radiates off either of the incoming particles.

The overall KK effect on single-photon production is very much similar to the KK effect on neutrino pair production. Graphically, the total KK contribution is shown in Fig. 6. Again, the enlargement of the SM cross section is very small. The single-photon and neutrino pair production KK effects are almost identical for large collider energies ∼ 1 TeV, but the single-photon case is more dependent on the collider energy, resulting in an even smaller effect for LEP energies than the neutrino pair case. Again, the compactification scale must be quite small ≲ 2 TeV in order to see even a 5% effect for a collider with very high energy (TeV-scale).

Figure 5: The contributions of the exchanges of W^⋆_n ’s and Z^⋆_n’s to neutrino pair production are illustrated as a function of the compactification scale μ for fixed values of the collider energy √ s (top), and as a function of √ s for specific choices of μ (bottom).

Figure 6: The same as Fig. 5, but for single-photon production.

7. Conclusions

We have investigated the phenomenology of the KK excitations of the EW gauge bosons for a class of string-inspired models in which the SM gauge bosons propagate into one TeV-scale compact extra dimension, but where the SM particles are confined to the usual SM three-brane. Specifically, we have examined the effects that these KK excitations have on the cross sections for various processes at present and future high energy e^+e^− colliders. Included in our study were Bhabha scattering and muon pair production, dijet production, Higgs production, and neutrino pair and singlephoton production. Exclusively direct-channel processes, namely, muon, dijet, and Higgs production, produced a considerably greater effect than processes with both direct- and cross-channel Feynman diagrams, i.e. Bhabha scattering and neutrino and single-photon production. This is due to the competing effects of the effective propagators for s-channel exchanges and t-channel exchanges: The primary effect of the KK excitations arises from the interference of the n = 0 (SM) mode exchanges with the n > 0 (KK) mode exchanges, which results in a reduction of the modulussquared of the effective propagator and thus the corresponding amplitude-squared for direct-channel exchanges, and an opposing enlargement for cross-channel exchanges and the s-t interference.

The KK excitations of the EW gauge bosons would be particularly elusive for detection at LEP2 energies, where the largest effect for the processes that we examined is below 6% for even small compactification scales such as ∼ 2 TeV and below 3% for compactification scales of ∼ 3.5 TeV. Thus, quite precise measurements as well as very low compactification scales would be necessary for hints of KK excitations of the EW gauge bosons at LEP energies. However, the effects are considerably greater for prospective high energy colliders. For example, a 500 GeV collider can see about a 20% reduction in the cross section for muon pair production compared to the SM if the lowest-lying KK excitations have masses of ∼ 3 TeV, and a 10% reduction for KK masses starting at ∼ 4 TeV. A very high energy (TeV) collider could probe compactification scales up to 5 TeV and find a 20% effect, and up to 7 TeV with a 10% effect; meanwhile, a smaller compactification scale of 3 TeV reduces the cross section by half compared to the SM background.

We found that the KK excitations of the EW gauge bosons could play an important role on the discovery of the Higgs by enhancing the Higgs production cross section significantly. This is true for a Higgs boson that is confined to the SM three-brane, else the coupling of the Higgs to a single KK excitation of a gauge boson is zero.

Here we address the differences between KK excitations and other new physics that might produce a similar collider signal. In particular, W^′ and Z^′ physics produce the same effects as the lowest-lying KK excitations of the W and the Z, except that the couplings of the W^′ and Z^′ to fermions can be different, and there are no restrictions on how many W^′’s and/or Z^′’s can couple to SM gauge bosons. Although the KK case involves an infinite tower of W^⋆_n ’s and Z^⋆_n’s, the primary effect arises from the interference between the n = 0 (SM) and n = 1 (KK) modes, which is exactly the effect of the W^′ and Z^′. In the case of multiple Z^′’s, for example, if the various Z^′’s have masses that are not integral multiples of the smallest Z^′ mass, then this would clearly be different from the KK tower formed by a SM Z boson that propagates into one extra dimension. Also, there has been abundant interest in Z^′ models with restricted couplings to fermions, such as leptophobic Z^′’s that couple to quarks but not to leptons, which seek to explain discrepancies between SM theoretical predictions and experimental measurements for particular processes without destroying fine agreement with processes such as charged lepton production at the Z pole. In these cases, the couplings are different from the KK model that we consider here, where the KK excitations couple to all fermions with a √ 2 relative to the SM couplings. However, it is also possible to construct models in which some fermions see extra dimensions while others do not. For example, if the leptons see an extra dimension while the quarks are confined to the usual SM wall, then the situation will mimic the behavior of leptophobic Z^′ physics for e^+e^− processes.^∗ Finally, we considered a model in which all of the EW gauge bosons propagate into the same extra dimension. In this case, if there is a Z^⋆_1 with a mass of 3 TeV, then there are also γ^⋆_1 ’s and W^⋆_1 ’s with masses that are approximately 3 TeV as well. However, it is also possible that the various EW gauge bosons propagate into different extra dimensions with different compactification scales, or that some do not see extra dimensions at all. All in all, there is are several differences between the KK and Z^′ effects that can be calculated for various processes, but the general behavior is quite similar. The chief test would come from very high energy colliders. If a Z^′ or Z^⋆ is detected, then a search at twice that scale that fails to find a Z^⋆_n would clearly reveal that it is a Z^′ and not a Z^⋆, and a search that finds a Z^⋆_2 at the correct scale only leaves a small probability that this is coincidentally a second Z^′ with twice the mass of the first (in which case a search at three times the first scale could reduce this probability even further or decide in favor of the Z^′).

We are grateful to K.S. Babu, D.A. Dicus, J.D. Lykken, and J.D. Wells for useful discussions. This work was supported in part by the U.S. Department of Energy Grant Numbers DE-FG03-98ER41076 and DE-FG02-01ER45684.

∗For this KK case, the eq → Z^⋆_n → eq cross-channel process does not vanish, whereas a Z^′ can not couple to the leptons.

References

[1] E. Witten, Nucl. Phys. B471, 135 (1996); J. Lykken, Phys. Rev. D54, 3693 (1996).

[2] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429, 263 (1998);

Phys. Rev. D59, 086004 (1999); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436, 257 (1998).

[3] K.P. Dienes, E. Dudas and T. Gherghetta, Phys. Lett. B436, 55 (1998); Nucl.

Phys. B537, 47 (1999); T. Taylor and G Veneziano, Phys. Lett. B212 147 (1988); D. Ghilencia and G.G. Ross, Phys. Lett. B442 165 (1998); Nucl. Phys. B569, 391 (2000); C. Carone, Phys. Lett. B454 70 (1999); P.H. Frampton and A. Rasin, Phys. Lett. B460, 313 (1999); A. Delgado and M. Quirós, Nucl. Phys. B559, 235 (1999); A. Perez-Lorenzana and R.N. Mohapatra, Nucl. Phys. B559, 255 (1999); Z. Kakushadze and T. R. Taylor, Nucl. Phys. B562, 78 (1999); D. Dumitru and S. Nandi, Phys. Rev. D62, 046006 (2000); K. Huitu and T. Kobayashi, Phys. Lett. B470, 90 (1999); H. Cheng, B.A. Dobrescu and C.T. Hill, Nucl. Phys. B573, 597 (2000).

[4] J. Lykken and S. Nandi, Phys. Lett. B485, 224 (2000).

[5] J.C. Long, H.W. Chan and J.C. Price, Nucl. Phys. B539, 23 (1999) and the references contained therein. See also J.C. Long, A.B. Churnside and J.C. Price, hep-ph/0009062; A. Kehagias and K. Sfetsos, Phys. Lett. B472, 39 (2000); C.D. Hoyle et al., hep-ph/0011014; M. Bordag, B. Geyer, G.L. Klimchitskaya and V.M. Mostepanenko, Phys. Rev. D62, 011701 (2000).

[6] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. D59, 086004 (1999); V. Barger, T. Han, C. Kao and R.J. Zhang, Phys. Lett. B461, 34 (1999); S. Cullen and M. Perelstein, Phys. Rev. Lett. 83, 268, 1999; L.J. Hall and D. Smith, Phys. Rev. D60, 085008 (1999); S.C. Kappadath et. al., BAAS 30 926 (1998); Ph.D. Thesis, available at http://wwwgro.sr.unh.edu/users/ckappada/ckappada.html; M. Biesiada, astroph/0109545; K.A. Milton, R. Kantowski, C. Kao and Y. Wang, hep-ph/0105250; S. Hannestad, G. Raffelt, hep-ph/0103201; M. Fairbairn, Phys. Lett. B508, 335 (2001).

[7] See, for example: E.A. Mirabelli, M. Perelstein, and M.E. Peskin, Phys. Rev.

Lett. 82, 2236 (1999); G.F. Giudice, R. Rattazzi, and J.D. Wells, Nucl. Phys. B554, 3 (1999); T. Han, J.D. Lykken, and R.-J. Zhang, Phys. Rev. D59, 105006 (1999); J.E. Hewett, Phys. Rev. Lett. 82, 4765 (1999); G. Shiu and S.H.H. Tye, Phys. Rev. D58, 106007 (1998); T. Banks, A. Nelson, and M. Dine, J. High Energy Phys. 06, 014 (1999); P. Mathews, S. Raychaudhuri, and S. Sridhar, Phys.

Lett. B450, 343 (1999); JHEP 0007, 008 (2000); T.G. Rizzo, Phys. Rev. D59, 115010 (1999); C. Balazs, H.-J. He, W.W. Repko, C.-P. Yan, and D.A. Dicus, Phys. Rev. Lett. 83, 2112 (1999); I. Antoniadis, K. Benakli, and M. Quirós, Phys. Lett. B360, 176 (1999); P. Nath, Y. Yamada, and M. Yamaguchi, ibid. 466, 100 (1999); W.J. Marciano, Phys. Rev. D60, 09006 (1999); T. Han, D. Rainwater, and D. Zepenfield, Phys. Lett. B463, 93 (1999); K. Aghase and N.G. Deshpande, ibid. 456, 60 (1999); G. Shiu, R. Shrock, and S.H.H. Tye, ibid. 458, 274 (1999); K. Cheung and Y. Keung, Phys. Rev. D60, 112003 (1999); L. Vacavant and I. Hinchliffe, J. Phys. G27, 1839 (2001); T.G. Rizzo, hep-ph/0108234; B. Olivier, hep-ex/0108015; O.J.P. Eboli, M.B. Magno, P. Mathews, and P.G. Mercadante, Phys. Rev. D64, 035005 (2001); T. Ferbel, hep-ex/0103009.

[8] I. Antoniadis, Phys. Lett. B246 377 (1990).

[9] E. Accomando, I. Antoniadis, and K. Benakli, Nucl. Phys. B579, 3 (2000); A.

Datta, P.J. O’Donnell, Z.H. Lin, X. Zhang, and T. Huang, Phys. Lett. B483, 203 (2000).

[10] T.G. Rizzo and J.D. Wells, Phys. Rev. D61, 016007 (2000); C.D. Carone, Phys.

Rev. D61 015008,2000.

[11] M. Masip and A. Pomarol, Phys. Rev. D60, 096005 (1999); P. Nath, Y. Yamada and M. Yamaguchi, Phys. Lett. B466, 100 (1999); T.G. Rizzo and J.D. Wells, Phys. Rev. D61, 016007 (2000).

[12] D.A. Dicus, C.D. McMullen and S. Nandi, hep-ph/0012259.

[13] T. Appelquist, H.C. Cheng and B.A. Dobrescu, hep-ph/0012100.

[14] T. Appelquist and B.A. Dobrescu, Phys. Lett. B516, 85 (2001); K. Agashe, N.G.

Desphande, and G.H. Hu, Phys. Lett. B514, 309 (2001); T.G. Rizzo, Phys. Rev. D64, 095010 (2001).

[15] A. Delgado, A. Pomarol and M. Quirós, Phys. Rev. D60, 095008 (1999); JHEP 0001, 030 (2000); A. Pomarol and M. Quirós, Phys. Lett. B438, 255 (1998); E. Dudas, Class. Quant. Grav. 17, R41 (2000); see also the first reference in [11].

[16] G.K. Leontaris and N.D. Tracas, Phys. Lett. B454, 53 (1999); Phys. Lett. B470, 84 (1999); M. Bando et al., Phys. Rev. Lett. 83, 3601 (1999); I. Antoniadis, K. Benakli, and M. Quirós, Phys. Lett. B460, 176 (1999); T.G. Rizzo, Phys. Rev. D61, 055005 (2000); see also Ref. [3]

[17] S. Godfrey, P. Kalyniak and B. Kamal, Phys. Rev. D61, 113009 (2000).