arXiv:hep-ph/0509352 v2 27 Oct 2005

OUTP-04/25P FERMILAB-PUB-05-416-A

Improved Bounds on Universal Extra Dimensions and Consequences for LKP Dark Matter

Thomas Flacke^a, Dan Hooper^{b,c} and John March-Russell^{a,d}

a Rudolf Peierls Center for Theoretical Physics, 1 Keble Road, Oxford University, Oxford OX1 3NP, UK b Fermi National Accelerator Laboratory, Theoretical Astrophysics Center, Batavia, IL 60510, USA c Astrophysics Department, Oxford University, Oxford OX1 3RH, UK d Department of Physics, University of California, Davis, CA 95616, USA

Abstract

We study constraints on models with a flat “Universal” Extra Dimension in which all Standard Model fields propagate in the bulk. A significantly improved constraint on the compactification scale is obtained from the extended set of electroweak precision observables accurately measured at LEP1 and LEP2. We find a lower bound of M_c ≡ R^{−1} > 700 (800) GeV at the 99% (95%) confidence level. We also discuss the implications of thisconstraint on the prospects for the direct and indirect detection of Kaluza-Klein dark matter in this model.

1

I. INTRODUCTION

Models with flat “Universal” Extra Dimensions (UED) in which all fields propagate in the extra dimensional bulk have received a much recent attention [1] (for pre-dating ideas closely related to UED models see Refs.[2]). They are of phenomenological interest for two primary reasons. First, among all extra-dimensional models with Standard Model (SM) charged fields propagating in the bulk, the mass scale of the compactification is most weakly constrained [1],[3] - [10], this mass scale being well within the reach of future collider experiments. Moreover the collider signatures of Kaluza-Klein (KK) particle production in UED models are easily confused with those of superpartner production in some supersymmetric models [11]. Second, UED models provide a viable dark matter candidate – the lightest Kaluza-Klein particle (LKP) – which is stable by virtue of a conserved discrete quantum number intrinsic to the model. Electroweak radiative corrections imply that the LKP is neutral [12] with a thermal relic density consistent with observation for the mass range allowed by collider bounds [13, 14].

Both of these features result from the existence of a conserved Z_2 KK parity. Models in which all fields propagate in the extra dimensional bulk allow conservation of a discrete (due to the finite volume) subgroup of translation invariance, implying that the momentum in the extra dimension(s), p_i, remains a conserved discrete quantity. In terms of the 4D effective theory, this translates into the conservation of KK mode number. However, in order to obtain chiral fermions in the 4D effective theory, the extra dimension(s) have to be compactified on an orbifold, which inevitably breaks translation invariance and hence induces KK-number violation, but still preserves KK-parity as a conserved Z_2 quantum number. This KK-parity implies processes with a single first KK excitation and Standard Model particles only are forbidden, and the lightest KK-particle is stable.

Specializing to the case of one extra dimension, the bound on the compactification scale M_c ≡ 1/R from direct non-detection is M_c >∼ 300 GeV [1, 5] being a factor of 2 lower than the naïve estimate for models without KK parity conservation. Comparable bounds have been derived from the analysis of Electro-Weak Precision Tests (EWPT) [1, 3], the improvement of which is a primary focus of this paper. The bound from the Z → bb branching ratio is of order M_c >∼ 200 GeV [1] (the bounds from the Z → bb left-right asymmetry, and from the muon anomalous magenetic moment, are significantly weaker), while b → sγ leads to M_c >∼ 280 GeV [5] and constraints from FCNC processes [9, 10] are of the order of M_c >∼ 250 GeV. Concerning current and future experiments, Run II at the Tevatron will be able to detect KK-particles if M_c <∼ 600 GeV while the LHC will reach M_c ∼ 3 TeV [6, 7], well beyond the currently excluded compactification scale.

In this paper, we will extend the analysis of constraints from EWPT to arrive at a significantly more stringent bound on the compactification scale. Within the remaining allowed parameter space, we then investigate the direct and indirect detection prospects of the LKP dark matter candidate.

Specifically, in Section 2 we briefly review UED models, following Refs.[1, 3]. In Sections 3 and 4, the constraints from EWPT are investigated including the full LEP2 data set following the general analysis of [15]. As has been shown in [15], this a priori requires an extended set of EWPT parameters, and we calculate the contributions from universal extra dimension models to this extended set. A fit to the LEP1 and LEP2 data set leads to significantly improved bounds on M_c as a function of the unknown Higgs mass m_H . We emphasize that the two-loop Standard Model Higgs contributions to the EWPT parameters are included in this fit following the simple accurate numerical interpolation of [15]. In Section 5 we discuss the implications of this improved bound for KK dark matter, particularly the prospects of direct and indirect detection. Finally Section 6 contains our conclusions while an appendix examines, in an improved version of naïve dimensional analysis, the maximum scale of applicability of the 5-dimensional UED theory with which we calculate.

II. THE UED MODEL

We consider the 5-dimensional extension of the single Higgs doublet Standard Model with all fields propagating in the extra dimension. The 5D Lagrangian is

L_{5D} = − 1 4 G^A_{M N} G^{AM N} − 1 4 W^I_{M N} W^{IM N} − 1 4 B_{M N} B^{M N} + (D_M H)^†(D^M H) + μ^2H^†H − 1 2 λ(H^†H)^2 + iψγ^M D_M ψ (1) + ( λ̂_E LEH + λ̂_U QUH̃ + λ̂_DQDH + h.c. ) + . . . where G_{M N} , W_{M N} , B_{M N} are the 5D SU(3)_C × SU(2)_W × U(1)_Y gauge field strengths, the covariant derivatives are defined as D_M = ∂_M + iĝ_3G^A_M T^A + iĝ_2W^I_M T^I + iĝ_1Y B_M , where ĝ_i are the 5D gauge couplings, with engineering dimension m^{−1/2}. The ellipses in Eq.(1) denote higherdimension operators whose effect we discuss below and in the appendix. For compactification on S^1, the 5D matter fermions ψ = (Q, U, D, L, E) contain in 4D language both left-handed and right-handed chirality zero modes, eg, Q = (Q_L, Q_R). The 5D Higgs scalar H is in the representation (1, 2)_{1/2} and H̃ = iσ_2H^∗, and for simplicity the family indicies on the fields and 5D Yukawa couplings, λ̂, are suppressed.

Chiral fermions are obtained at the KK zero mode level by compactifying the extra dimension on the orbifold S^1/Z_2. The length of the orbifold is πR and the associated KK mass scale M_c ≡ 1/R. By integrating out the extra dimension, every 5D field yields an infinite tower of effective 4D Kaluza-Klein modes. For compactification on S^1, the theory would be translation invariant in the extra dimension, implying conservation of 5-momentum and therefore KK mode number k ( ∑ i k_i = 0) in every vertex, however, for compactification on an orbifold, the orbifold boundaries break translation invariance and therefore 5-momentum conservation. In the KK picture, this corresponds to the existence of KK number violating operators (which are induced at loop-level even if not included in the bare 5D Lagrangian). By definition of the S^1/Z_2 orbifold, the 5D theory however still has a symmetry under reflection in the extra dimension y → −y. In terms of KK-modes this translates into the conservation of KK-parity: ∑ i k_i = 0 mod 2. (2)

Choosing even boundary conditions for all gauge fields and H as well as the chiral fermion components Q_L, U_R, D_R, L_L, and E_R (but not their would-be mirror partners), the resulting

KK-zero modes are identical to the SM fields. At tree-level, the parameters in Eq.(1) are defined in terms of the SM couplings and R via ĝ^2_i ≡ πRg^2_i and λ̂^2_i ≡ πRλ^2_i . At tree-level the mass of the j-th KK-mode is given by m^{(j)}_i = √ (M_c)^2 + m^2_i for fermions and gauge bosons with the first KK-excitation of the photon being the lightest KK-particle. Due to KK-parity conservation, the LKP is stable, providing a dark matter candidate. The KK-interaction vertices for the UED model are given in Refs.[1, 8, 9].

III. CONSTRAINTS FROM PRECISION MEASUREMENTS AT LEP1 AND LEP2

Even below the KK-particle production threshold ∼ 2M_c, KK-particles enter experimental constraints via virtual effects in radiative corrections. At one-loop level and at LEP energies, vertex corrections and box diagrams are suppressed compared to self-energy contributions [3]. Higgs-KK mode contributions to vertices and box diagrams are suppressed by small Yukawa couplings because no top pair can be produced at LEP energies, while KK-gauge boson contributions are parametrically suppressed by a factor of (m_W /M_c)^2. Thus the UED radiative corrections are approximately oblique, i.e. flavor independent. Oblique corrections are traditionally parameterized by the Peskin-Takeuchi Ŝ, T̂ , Û parameters [16] or equivalently by the EWPT parameters ϵ_{1,2,3} [17], both of which are defined in terms of the gauge-boson self-energies.

Using an effective field theory approach, it has been shown in [15] that Ŝ, T̂ , and Û do not form a complete parameterization of relevant corrections to the Standard Model, where the only significant deviations from the SM reside in the self-energies of the vector bosons. (We will call these corrections oblique as opposed to universal as is done in [15] to avoid confusion.) If the scale of new physics is above LEP2 energies then the new physics contributions to the transverse gauge boson self energies are analytic in q^2 and can be power series expanded. The full independent set of electroweak precision observables (EWPO) that are well-determined by the LEP1 and LEP2 data sets can be defined by^1 T̂ ≡ 1 m^2_W

(Π_{W3W3} (0) − Π_W +_W − (0)) Ŝ ≡ g g^′ Π^′_{W3B}(0)

Û ≡ Π^′_{W +W −} (0) − Π^′_{W3W3} (0) X ≡ m^2_W 2 Π^{′′}_{W3B}(0) (3) Y ≡ m^2_W 2 Π^{′′}_{BB}(0) W ≡ m^2_W 2 Π^{′′}_{W3W3} (0)

where Π denote the new-physics contributions to the transverse gauge boson vacuum polarization amplitudes, with Π^′(0) = dΠ(q^2)/dq^2|_q2_{=0}, etc. A priori, four more parameters are needed

1 The observables defined in (3) differ by factors of g and g^′ compared to [15] as we employ canonical normalizations for the gauge bosons.

in addition to S, T, U in order to parameterize the full freedom in the electroweak gauge boson self energy corrections up to order (q^2)^2, but only X, Y and W are well-determined by the LEP data sets.

A convenient way of expressing the Z-pole LEP1 experimental constraints on the electroweak precision observables is in terms of the ϵ_1, ϵ_2, ϵ_3 parameters whose determination are independent of the unknown mass of the Higgs. The experimental constraints from LEP1 determine:

ϵ_1 = +(5.0 ± 1.1)10^{−3} ϵ_2 = −(8.8 ± 1.2)10^{−3} ϵ_3 = +(4.8 ± 1.0)10^{−3} with correlation matrix ρ =

1 0.66 0.88 0.66 1 0.46 0.88 0.46 1 (4)

These observables are related to the Ŝ, T̂ , Û , X, Y and W parameters by [15]

ϵ_1 = ϵ_{1,SM} + T̂ − W + 2X sin θ_W cos θ_W − Y sin^2 θ_W cos^2 θ_W

ϵ_2 = ϵ_{2,SM} + Û − W + 2X sin θ_W cos θ_W (5) ϵ_3 = ϵ_{3,SM} + Ŝ − W + X sin θ_W cos θ_W − Y. where ϵ_{i,SM} denote the Higgs-dependent contributions to the electroweak gauge boson radiative corrections, which by definition are not included in Ŝ, T̂ , Û, X, Y and W . The full Higgsdependent corrections ϵ_{i,SM} have been calculated to 2-loop order [18, 19] and implemented in precision electroweak codes such as as TopaZ0 [20, 21]. The authors of Ref.[15] give a simple but accurate numerical interpolation to these full 2-loop order results, as shown in Figure 1.^2 ϵ_{1,SM} = ( +6.0 − 0.86 ln m_H m_Z ) 10^{−3} ϵ_{2,SM} = ( −7.5 + 0.17 ln m_H m_Z ) 10^{−3} (6) ϵ_{3,SM} = ( +5.2 + 0.54 ln m_H m_Z ) 10^{−3}.

Similarly the full LEP2 data set at center-of-mass energies varying from 189 GeV to 207 GeV lead to the following determination of the X, Y, W parameters [15]

X = (−2.3 ± 3.5)10^{−3} Y = (+4.2 ± 4.9)10^{−3} W = (−2.7 ± 2.0)10^{−3} with correlations ρ =

1 −0.96 +0.84 −0.96 1 −0.92 +0.84 −0.92 1 . (7)

The EWPO Ŝ, T̂ , Y and W break different parts of SU(2)_L × SU(2)custodial. Without knowing the specific high energy completion there is no physical reason for a hierarchy between

2 We thank the authors of Ref.[15] for communications regarding this interpolation, and especially Alessandro Strumia for generating Figure 1 for us.

FIG. 1: Comparison of the 2-loop order Higgs-dependent contributions to the electroweak gauge boson radiative corrections as implemented in the TopaZ0 code (solid lines) with the simple numerical interpolations (dashed lines) given in Eq.(6).

them whereas Û and X correspond to higher derivative operators with the same symmetry properties as T̂ and Ŝ respectively. Thus if M is the scale of new physics, the expectation is that new physics contributions to Û and X will be suppressed by powers of (m_W /M)^2 compared to the new physics contributions to Ŝ, T̂ , Y and W . However for the purpose of investigating the bounds on new physics, such as the KK mass scale M_c, it is not correct to restrict the analysis to Ŝ, T̂ , Y, W , and exclude Û and X. Even though the new physics contributions to Û and X are expected to be suppressed from an effective theory point of view, this is not reflected in the experimental constraints on these EWPO. For example the LEP2 data determine X = (−2.3 ± 3.5)10^{−3} with a similar accuracy as the “dominant” parameters. The fact that the experimentally preferred value is not suppressed ought to be included in the analysis. We therefore keep the full parameter set.

IV. CONSTRAINTS ON UED MODELS FROM EWPO

In this section we calculate the contributions to the extended set of EWPO from UED models and obtain an improved constraint on 1/R by performing a χ^2-fit to the experimental values given in Eqs.(4-7). We note in passing that the consequences of the combined LEP1 and LEP2 constraints have so far been explored in 5D models with gauge bosons in the extra dimension and Higgsless models [15], for supersymmetry [22] and for Little Higgs Models [15, 23].

Concerning UED models, for low Higgs mass, the dominant constraint on 1/R is expected from the measurement of T rather than S while U is further suppressed. For large m_H however, the one-loop Standard Model contribution to T can compensate for the KK-contribution such that a combined S, T analysis is necessary. In [3], one-loop KK contributions to the S and T parameters are fitted to the experimentally determined values of S, T from LEP1, yielding

PSfrag replacements

FIG. 2: The contribution to T̂ from the first three KK levels (dashed lines) for M_c = 400 GeV as a function of Higgs mass in the range 100 to 800 GeV, as well as the sum over the first 10 KK modes (solid line) and the numerically-interpolated Higgs-dependent correction (dotted line) arising from ϵ_{1,SM} .

a constraint on the (1/R, m_H ) parameter space (see Figure 3 of Ref.[3]). The lowest allowed compactification scale is 1/R ∼ 300 GeV at high m_H ∼ 800 GeV as a result of this cancellation in the T parameter. Due to the significant dependence of the current limit on the cancellation in contributions to T at large m_H where higher terms in the loop expansion for the Higgs-dependent contributions are becoming large, it is important to include the two-loop SM contributions to test if this cancellation is stable. We show below that the 2-loop Higgs contributions destroy the cancellation resulting in an improved constraint on M_c = 1/R. A further improvement results from the inclusion of LEP2 data, specifically the measurements of the X, Y, W parameters.

We have calculated the one-loop KK contributions to the full set of electro-weak precision observables Ŝ, T̂ , Û, X, Y and W . These contributions, which for one extra dimension δ = 1 are functions of 1/R and m_H are in general extremely complicated and rather unilluminating in their explicit form.

As an example of the KK contributions, Figure 2 shows the Standard Model contribution to ϵ_1 and the first three KK-modes of T̂ as well as the sum over the first 10 KK modes at 1/R = 400 GeV. Similar behavior occurs for the other EWPO. In all cases the sum over KKmodes converges sufficiently fast such that in our further analysis we approximate the UED contributions to the EWPO by the sum over the first 10 modes.

Using the expressions for Ŝ, T̂ , Û, X, Y, W we have derived from the UED model we have performed a χ^2 fit to the LEP1 and LEP2 experimental data encapsulated in Eqs.(4-7). Figure 3 shows the resulting constraints on the 1/R, m_H parameter space.

We find that the lower bound on the mass of the first KK level is improved to M_c ≡ R^{−1} > 700(800) GeV at the 99% (95%) confidence level. There are two origins for the improvement of the bound compared to [3]. First, when taking two-loop Standard Model contributions to the

PSfrag replacements

FIG. 3: The 95% (dashed line) and 99% (dotted line) confidence limit exclusion zones for the UED model, as a function of Higgs mass in the range 115 GeV to 400 GeV, and mass M_1 = 1/R of the lightest KK excitation in the range 500 GeV to 1 TeV. The excluded regions are towards the bottom right of the figure.

electroweak precision parameters into account, the KK-contributions to the T̂ parameter no longer cancel against Higgs-dependent contributions in the heavy-Higgs-mass limit. This differs from the situation of Ref.[3] where only one-loop Higgs-dependent contributions were taken in to account. This lack of cancellation is the reason for elimination of the heavy-Higgs-mass and low M_c region. Second, the inclusion of LEP2 data into the analysis necessitated the use of an extended set of well-determined electroweak precision observables as shown in Ref.[15]. These new EWPO provide additional constraints, further lifting the bound on M_c.

V. KK DARK MATTER

In recent years, the Lightest KK Particle (LKP) in UED models has become a rather popular candidate for the dark matter of our Universe [13, 14]. In this section, we will review the phenomenology of KK dark matter in this scenario, and discuss the detection prospects for such a particle in light of the new electroweak precision constraints presented in this article.

As stated earlier, the most natural choice for the LKP in UED models is the first KK excitation of the hypercharge gauge boson, B^{(1)}. Such a state, being electrically neutral and colorless, can serve as a viable candidate for dark matter. One attractive feature of this candidate is that its thermal relic abundance is naturally near the measured quantity of cold dark matter for M_c ≡ R^{−1} ∼ TeV.

The number density of the LKP evolves according to the Boltzman equation

dn_B(1) dt + 3Hn_B(1) = − < σv > [ (n_B(1) )^2 − (n^{eq}_{B(1)} )^2 ] , (8)

where H is the Hubble rate, n^{eq}_{B(1)} denotes the equlibrium number density of the LKP, and < σv > is the LKP’s self-annihilation cross section, given by^3 < σv >≃ 95g^4_1 324πm^2_{B(1)}

. (9)

Numerical solutions of the Boltzman equation yield a relic density of

Ω_B(1) h^2 ≈

1.04 × 10^9x_F M_{Pl} √ g^∗(a + 3b/x_F )

, (10)

where x_F = m_B(1) /T_F , T_F is the relic freeze-out temperature, g^∗ is the number of relativistic degrees of freedom available at freeze out (g^∗ ≃ 92 for the case at hand), and a and b are terms in the partial wave expansion of the annihilation cross section, σv = a + bv^2 + ϑ(v^4). Note that in this simple case with only the LKP participating in the freeze-out process, b can safely be neglected. Evaluation of x_F leads to

x_F = ln [ c(c + 2) √ 45 8 gm_B(1) M_{Pl}(a + 6b/x_F ) 2π^3 √ g^∗x_F ] , (11)

where c is an order 1 parameter determined numerically and g is the number of degrees of freedom of the LKP. Note that since x_F appears in the logarithm as well as on the left hand side of the equation, this expression must be solved by iteration. WIMPs generically freeze-out at temperatures in the range of approximately x_F ≈ 20 to 30.

When the cross section of Eq.(9) is inserted into Eqs.(10) and (11), a relic abundance within the range of the cold dark matter density measured by WMAP (0.095 < Ωh^2 < 0.129) [25] can be attained for m_B(1) approximately in the range of 850 to 950 GeV. This conclusion can be substantially modified if other KK modes contribute to the freeze-out process, however.

To include the effects of other KK modes in the freeze-out process, we adopt the following formalism. In Eqs.(10) and (11), we replace the cross section (σ, denoting the appropriate combinations of a and b) with an effective quantity which accounts for all particle species involved σ_{eff} = ∑ i,j σ_{i,j} g_ig_j g^2_{eff}

(1 + Δ_i)^{3/2} (1 + Δ_j )^{3/2} e^{−x(Δi+Δj )}. (12)

3 The LKP self-annihilation cross section may be enhanced by processes involving the resonant s-channel exchange of second level KK modes, particularly if the mass of the higgs boson is somewhat large [24].

Similarly, we replace the number of degrees of freedom, g, with the effective quantity

g_{eff} = ∑ i g_i (1 + Δ_i)^{3/2}e^{−xΔi} . (13)

In these expressions, the sums are over KK species, σ_{i,j} denotes the coannihilation cross section between species i and j and the Δ’s denote the fractional mass splitting between that state and the LKP.

To illustrate how the presence of multiple KK species can affect the freeze-out process, we will describe two example cases. First, consider a case in which the coannihilation cross section between the two species, σ_{1,2}, is large compared to the LKP’s self-annihilation cross section, σ_{1,1}. If the second state is not much heavier than the LKP (Δ_2 is small), then σ_{eff} may be considerably larger than σ_{1,1}, and thus the residual relic density of the LKP will be reduced. Physically, this case represents a second particle species depleting the WIMP’s density through coannihilations. This effect is often found in the case of supersymmetry models in which coannihilations between the lightest neutralino and another superpartner, such as a chargino, stau, stop, gluino or heavier neutralino, can substantially reduce the abundance of neutralino dark matter.

The second illustrative case is quite different. If σ_{1,2} is comparatively small, then the effective cross section tends toward σ_{eff} ≈ σ_{1,1} g^2_1 /(g_1 +g_2)^2 +σ_{2,2} g^2 /(g_1 +g_2)^2. If σ_{2,2} is not too large, σ_{eff} may be smaller than the LKP’s self-annihilation cross section alone. Physically, this scenario corresponds to two species freezing out quasi-independently, followed by the heavier species decaying into the LKP, thus enhancing its relic density. Although this second case does not often apply to neutralinos, KK dark matter particles may behave in this way for some possible arrangements of the KK spectra.

Very recently, the LKP freeze-out calculation has been performed, including all coannihilation channels, by two independent groups [26, 27]. We will summarize their conclusions briefly here.

As expected, the effects of coannihilation on the LKP relic abundance depend critically on the KK spectrum considered. If strongly interacting KK states are less than roughly ∼ 10% more heavy than the LKP mass, the effective LKP annihilation cross section can be considerably enhanced, thus reducing the relic abundance. KK quarks which are between 5% and 1% more massive than the LKP lead to an LKP with the measured dark matter abundance over the range of masses, m_B(1) ≈ 1500 to 2000 GeV. If KK gluons are also present with similar masses, m_B(1) as heavy as 2100 to 2700 GeV is required to generate the observed relic abundance. We thus conclude that if KK quarks or KK gluons are not much more massive than the LKP, the new constraints presented in this article do not reach the mass range consistent with the observed abundance of cold dark matter.

On the other hand, it is possible that all of the strongly interacting KK modes may be considerably more heavy than the LKP. In this circumstance, other KK states may still affect the LKP’s relic abundance. If, for example, all three families of KK leptons are each 1% more massive than the LKP, the observed relic abundance is generated only for m_B(1) between approximately 550 and 650 GeV. This range is excluded by the constraints presented in this article. If the KK leptons are instead 5% more massive than the LKP, the observed abundance is found for m_B(1) ≈ 670 to 730 GeV, which is excluded at around the 99% confidence level.

We thus conclude that electroweak precision measurements are not consistent with dark matter in this model if KK leptons are within approximately 5% of the LKP mass, unless other KK states are also quasi-degenerate.

The constraints put forth here can have a substantial impact on the prospects for the direct and indirect detection of KK dark matter. Firstly, direct detection experiments benefit from the larger elastic scattering cross sections found for smaller values of m_B(1) . Spin-dependent scattering of the LKP scales with 1/m^4_{B(1)} , while the spin-independent cross section goes like 1/(m^2_{B(1)} − m^2_{q(1)} )^2 [28]. In either case, the largest scattering rates are expected for the lightest LKPs. Furthermore, heavier WIMPs have a smaller local number density, and thus a smaller scattering rate in direct detection experiments.

Even if the new constraints presented here are not taken into account, the prospects for the direct detection of KK dark matter is somewhat poor. Cross sections are expected to be smaller than roughly 10^{−9} pb and 10^{−4} pb for spin-independent and dependent scattering, respectively [28], both of which are well beyond the reach of existing experiments. Next generation experiments may be able to reach this level of sensitivity, however.

The situation is rather different for the case of indirect detection. The annihilation cross section of LKPs is proportional to 1/m^2_{B(1)} , and thus a heavier LKP corresponds to a lower rate of annihilation products being generated in regions such as the galactic center, the local halo, external galaxies and in local substructure. For dark matter searches using gamma-rays from regions such as the galactic center [29], this is probably of marginal consequence, considering the very large astrophysical uncertainties involved. The annihilation rate of LKPs in the local halo, however, has less associated astrophysical uncertainty. LKP annihilations in the galactic halo to anti-matter particles [30], positrons in particular, may be potentially observable if the LKP annihilation cross section is large enough, i.e. if the LKP is sufficiently light. It has been shown [31] that the cosmic positron excess observed by the HEAT experiment [32] could have been generated through the annihilations of LKPs in the surrounding few kiloparsecs of our galaxy. This, however, requires m_B(1) to be in the range of approximately 300 to 400 GeV^4, which is strongly excluded by the results presented in this article. Even if the HEAT excess is not a product of dark matter annihilations, the presence of KK dark matter in the local halo will possibly be within the reach of future cosmic positron measurements, particularly those of the AMS-02 experiment [33]. Assuming a modest degree of local inhomogenity, LKP masses up to m_B(1) ≈ 900 GeV should be within the reach of AMS-02 [34].

Indirect detection of dark matter using neutrino telescopes, on the other hand, relies on WIMPs being efficiently captured in the Sun, where they then annihilate and generate highenergy neutrinos. KK dark matter becomes captured in the Sun most efficiently through its spin-dependent scattering off of protons. Since this cross section scales with 1/m^4_{B(1)} , the constraints presented in this article somewhat limit the rates which might be observed by next generation high-energy neutrino telescopes, such as IceCube [35]. In particular, a 800 GeV LKP could generate approximately 20 or 3 events per year at IceCube for KK quark masses 10% or 20% larger than the LKP mass, respectively [36]. Over several years of observation, a rate in this range could potentially be distinguished from the atmospheric neutrino background.

4 A large degree of local dark matter substructure, if present, may potentially enable this mass range to be extended to considerably higher values.

Larger volume experiments (multi-cubic kilometer) would be needed to detect an LKP which was significantly heavier than ∼ TeV.

VI. CONCLUSIONS

In this paper we have re-investigated the bounds on the compactification scale of Universal Extra Dimension extension arising from electroweak precision observables measured at LEP1 and LEP2. The lower bound is improved to be M_c ≡ R^{−1} > 700 (800) GeV at the 99% (95%) confidence level. There are two origins for the improvement of the bound compared to [3]. First, when taking two-loop Standard Model contributions to the electroweak precision parameters into account, the KK-contributions to the T̂ parameter no longer cancel against Higgs-dependent contributions in the heavy-Higgs-mass limit. This differs from the situation of Ref.[3] where only one-loop Higgs-dependent contributions were taken in to account. This lack of cancellation is the reason for elimination of the heavy-Higgs-mass and low M_c region. Second, the inclusion of LEP2 data into the analysis necessitated the use of an extended set of well-determined electroweak precision observables as shown in Ref.[15]. These new EWPO provide additional constraints, further lifting the bound on M_c.

The new constraint presented in this article can have a significant impact on the phenomenology of Kaluza-Klein dark matter. Indirect detection techniques often rely on the efficient annihilation of dark matter particles in the galactic center, galactic halo, or in dark substructure. The models with the highest annihilation rates of Kaluza-Klein dark matter are those with a low compactification scale, and are thus excluded by the results of this study. The prospects for direct detection are also somewhat reduced by this constraint.

VII. ACKNOWLEDGEMENTS

We are grateful to Riccardo Rattazzi and Alessandro Strumia for helpful communications. JMR and TF would especially like to thank the Department of Physics of the University of California, Davis, where much of this work was done, for their kind hospitality and for support from the HEFTI visitors program. The work of TF was supported by “Evangelisches Studienwerk Villigst e.V.” and PPARC Grant No. PPA/S/S/2002/03540A. DH is supported by the US Department of Energy and by NASA grant NAG5-10842. This work was also supported by the ‘Quest for Unification’ network, MRTN 2004-503369.

APPENDIX A: NDA FOR UNIVERSAL EXTRA DIMENSIONS

Here we outline the naïve dimensional analysis (NDA) of the UED contributions to the EWPO. The 4D effective action of a universal EW theory is [15] L_{4ef f} = − 1 4 b_{μν} b^{μν} − 1 4 w^I_{μν} w^{Iμν} + (D_μh)^†D^μh + 1 v^2 (c_{wb}O_{wb} + c_hO_h + c_{ww} O_{ww} + c_{bb}O_{bb}) + ..., (A1) where the lower case fields denote the 4D effective fields, v = 174 GeV is the Higgs VEV, the operators O are defined below and the parentheses contain Higgs potential and Yukawa terms. O_{wb}, O_h, O_{ww} , O_{bb} form a basis of the universal dimension 6 operators [15, 37]. All other universal dimension 6 operators are equivalent to the ones given via the equations of motion.

Starting from the 5D theory and KK-expanding the fields, the only operators which in the 4D effective theory lead to dimension 6 operators which solely depend on light fields (zero-modes) are the 5D analogues of the operators O_{wb}, O_h, O_{ww} , O_{bb} O_{W B} ≡ H^†T^I HW^I_{M N} B^{M N} O_H ≡ |H^†D_M H|^2 O_{BB} ≡ 1 2 (∂_RB_{M N} )^2 (A2) O_{W W} ≡ 1 2 (D_RW_{M N} )^2

and operators which are equivalent to them via the 5D equations of motion. The parameters Ŝ, T̂ , Y, W are related to the operator coefficients by [15]

Ŝ = 2 tan θ_w c_{wb} T̂ = −c_h W = −g^2c_{ww} (A3) Y = −g^2c_{bb}. Naïve dimensional analysis of the 5D action yields^5

L_{5D} =^{Λ5 πR}_{24π2} [ −^1_{4Λ2} B_{M N} B^{M N} −^1_{4Λ2} W^I_{M N} W^{IM N} +^1_{Λ2} (D_M H)^†D^M H

+^1_{Λ2} O_{W B} +^1_{Λ2} O_H +^1_{Λ4} O_{W W} +^1_{Λ4} O_{BB} ] + . . . , (A4)

5 Note that NDA numerical factor differs [38] from the usually quoted 24π^3 of Ref.[39] for a 5D theory. We thank Riccardo Rattazzi for discussions on this point.

where here Λ is the strong coupling scale of the 5D theory. After evaluating this action on the zero modes, integrating over the extra dimension, and then canonically normalizing the fields, the 4D effective action for the light fields reads L_{4ef f} = − 1 4 b_{μν} b^{μν} + (D_μh)^†D^μ h − 1 4 w^I_{μν} w^{Iμν} + 24π^2 πRΛ^3 O_{wb} + 24π^2 πRΛ^3 O_h + 1 Λ^2 O_{ww} + 1 Λ^2

O_{bb} + . . . , (A5)

together with the NDA expression for the largest gauge coupling of the theory – the QCD coupling g_3 (a related expression holds for the largest Yukawa coupling if it becomes strong at the same scale Λ) g^2_3 ∼

24π^2 πRΛ . (A6)

Further, matching the NDA action Eq.(A5) to Eq.(A1) and using Eq.(A3) leads to the NDA estimates for the contributions to the leading EWPO Ŝ ∼ 48πv^2 tan θ_wRΛ^3 T̂ ∼ 24πv^2 RΛ^3 W ∼ g^2v^2 Λ^2

(A7) Y ∼ g^2v^2 Λ^2 . Given the measured size of the QCD coupling at m_Z , the NDA expression for the largest gauge coupling Eq.(A6) leads to a limit on the ratio of the cutoff Λ to the KK mass scale M_c = 1/R given by RΛ <∼ 48 (A8) If we assume this estimate of the bound on the cutoff scale is saturated then from the NDA estimates of the EWPO, we expect W ∼ Y ∼ 0.1T̂ ∼ 0.03Ŝ ∼ 10^{−4}(vR)^2

[1] T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64 (2001) 035002 [arXiv:hep-ph/0012100].

[2] I. Antoniadis, Phys. Lett. B 246 (1990) 377;

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436 (1998) 257 [arXiv:hep-ph/9804398];

K. R. Dienes, E. Dudas and T. Gherghetta, Nucl. Phys. B 537 (1999) 47 [arXiv:hep-ph/9806292]. [3] T. Appelquist and H. U. Yee, Phys. Rev. D 67 (2003) 055002 [arXiv:hep-ph/0211023]. [4] T. Appelquist and B. A. Dobrescu, Phys. Lett. B 516, 85 (2001) [arXiv:hep-ph/0106140]. [5] K. Agashe, N. G. Deshpande and G. H. Wu, Phys. Lett. B 514 (2001) 309 [arXiv:hep-ph/0105084].

[6] T. G. Rizzo, Phys. Rev. D 64 (2001) 095010 [arXiv:hep-ph/0106336].

[7] C. Macesanu, C. D. McMullen and S. Nandi, Phys. Rev. D 66 (2002) 015009 [arXiv:hep-ph/0201300].

[8] F. J. Petriello, JHEP 0205 (2002) 003 [arXiv:hep-ph/0204067].

[9] A. J. Buras, M. Spranger and A. Weiler, Nucl. Phys. B 660 (2003) 225 [arXiv:hep-ph/0212143]. [10] A. J. Buras, A. Poschenrieder, M. Spranger and A. Weiler, Nucl. Phys. B 678 (2004) 455 [arXiv:hep-ph/0306158].

[11] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66 (2002) 056006 [arXiv:hep-ph/0205314];

M. Battaglia, A. Datta, A. De Roeck, K. Kong and K. T. Matchev, JHEP 0507, 033 (2005) [arXiv:hep-ph/0502041];

J. M. Smillie and B. R. Webber, arXiv:hep-ph/0507170.

[12] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66 (2002) 036005 [arXiv:hep-ph/0204342].

[13] H. C. Cheng, J. L. Feng and K. T. Matchev, Phys. Rev. Lett. 89, 211301 (2002) [arXiv:hep-ph/0207125].

[14] G. Servant and T. M. P. Tait, Nucl. Phys. B 650 (2003) 391 [arXiv:hep-ph/0206071]. [15] R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Nucl. Phys. B 703 (2004) 127 [arXiv:hep-ph/0405040].

[16] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990);

See also B. Holdom and J. Terning, Phys. Lett. B 247, 88 (1990). [17] G. Altarelli and R. Barbieri, Phys. Lett. B 253, 161 (1991).

[18] G. Degrassi, P. Gambino and A. Sirlin, Phys. Lett. B 394, 188 (1997) [arXiv:hep-ph/9611363]. [19] G. Degrassi, P. Gambino and A. Vicini, Phys. Lett. B 383, 219 (1996) [arXiv:hep-ph/9603374]. [20] G. Montagna, F. Piccinini, O. Nicrosini, G. Passarino and R. Pittau, Comput. Phys. Commun.

76, 328 (1993).

[21] G. Montagna, O. Nicrosini, F. Piccinini and G. Passarino, Comput. Phys. Commun. 117, 278 (1999) [arXiv:hep-ph/9804211].

[22] G. Marandella, C. Schappacher and A. Strumia, Nucl. Phys. B 715 (2005) 173 [arXiv:hep-ph/0502095].

[23] G. Marandella, C. Schappacher and A. Strumia, arXiv:hep-ph/0502096. [24] M. Kakizaki, S. Matsumoto, Y. Sato and M. Senami, arXiv:hep-ph/0508283; M. Kakizaki, S. Matsumoto, Y. Sato and M. Senami, Phys. Rev. D 71, 123522 (2005) [arXiv:hep-ph/0502059].

[25] C. L. Bennett et al., Astrophys. J. Suppl. 148, 1 (2003) [arXiv:astro-ph/0302207]. [26] F. Burnell and G. D. Kribs, arXiv:hep-ph/0509118. [27] K. Kong and K. T. Matchev, arXiv:hep-ph/0509119.

[28] G. Servant and T. M. P. Tait, New J. Phys. 4, 99 (2002) [arXiv:hep-ph/0209262]; D. Majumdar, Phys. Rev. D 67, 095010 (2003) [arXiv:hep-ph/0209277].

[29] G. Bertone, G. Servant and G. Sigl, Phys. Rev. D 68, 044008 (2003) [arXiv:hep-ph/0211342];

L. Bergstrom, T. Bringmann, M. Eriksson and M. Gustafsson, Phys. Rev. Lett. 94, 131301 (2005) [arXiv:astro-ph/0410359]; L. Bergstrom, T. Bringmann, M. Eriksson and M. Gustafsson, JCAP 0504, 004 (2005) [arXiv:hep-ph/0412001].

[30] T. Bringmann, JCAP 0508, 006 (2005) [arXiv:astro-ph/0506219]; E. A. Baltz and D. Hooper,

JCAP 0507, 001 (2005) [arXiv:hep-ph/0411053].

[31] D. Hooper and G. D. Kribs, Phys. Rev. D 70, 115004 (2004) [arXiv:hep-ph/0406026]. [32] S. W. Barwick et al. [HEAT Collaboration], Astrophys. J. 482, L191 (1997) [arXiv:astro-ph/9703192]; S. Coutu et al., Astropart. Phys. 11, 429 (1999) [arXiv:astro-ph/9902162].

[33] F. Barao [AMS-02 Collaboration], Nucl. Instrum. Meth. A 535, 134 (2004). [34] D. Hooper and J. Silk, Phys. Rev. D 71, 083503 (2005) [arXiv:hep-ph/0409104]. [35] J. Ahrens et al. [The IceCube Collaboration], Nucl. Phys. Proc. Suppl. 118, 388 (2003) [arXiv:astro-ph/0209556].

[36] D. Hooper and G. D. Kribs, Phys. Rev. D 67, 055003 (2003) [arXiv:hep-ph/0208261]. [37] R. Barbieri and A. Strumia, Phys. Lett. B 462 (1999) 144 [arXiv:hep-ph/9905281]. [38] M. Papucci, arXiv:hep-ph/0408058.

[39] Z. Chacko, M. A. Luty and E. Ponton, JHEP 0007, 036 (2000) [arXiv:hep-ph/9909248].