arXiv:hep-ph/0103072 v5 31 Mar 2001

SNUTP 01-010

Muon anomalous magnetic moment and the stabilized Randall-Sundrum scenario

Seong Chan Park^∗ and H. S. Song^† School of Physics, Seoul National University, Seoul 151-742, Korea

Abstract

We study the effects of extra dimension on the muon anomalous magnetic moment in the stabilized Randall-Sundrum scenario. The effects of the Kaluza- Klein states heavier than the cut-off scale expected to be of order Λ_π are neglected. Contribution from the spin-2 Kaluza-Klein states dominates over that from the spin-0 radion. The recent BNL E821 results impose a strict constraint on the parameter space of the model: Λ_π ß 0.4 � 2.1 TeV with k/M_{Pl} = 0.01 � 0.1. Small k/M_{Pl} is preferred if Λ_π is TeV scale.

PACS number(s): 11.30.Pb, 11.30.Er

∗spark@fire.snu.ac.kr †hssong@physs.snu.ac.kr

Recent BNL E821 measurement of the anomalous magnetic moment of the muon [1] has drawn big interest since the result shows 2.6σ deviation from the standard model (SM) prediction and may be indeed a harbinger of the new physics at TeV scale [2] δa_μ ≡ a_μ(exp) − a_μ(SM) = 43(16) × 10^{−10} (1) where a_μ ≡ (g_μ − 2)/2 and a_μ(exp) is the world average of experimental values. Since much more data have been already obtained and statistical improvements of the experiment will be achieved, it is timely to see the implication of the advocates of the new physics on a_μ. Many supersymmetric [3] and non-supersymmetric [4] interpretations for this anomaly were already proposed, and the combined constraints with other experiments and observations were studied in the particular models [5].

In this study, we consider the implication of extra dimensional model suggested by Randall and Sundrum (RS) [6]. RS presented a 5-dimensional non-factorizable geometry, based on AdS_5 spacetime, to generate the hierarchy. In this case, the weak scale could be geometrically generated from the warp factor which arises from the well adjusted boundary conditions reconciled with four dimensional Poincaré invariance on the branes. The extra dimension is an interval with a S^1/Z_2 orbifold symmetry and two 3 branes with opposite tensions are located at fixed points at ϕ = 0 and ϕ = π where ϕ is the angular coordinate of the fifth dimension. From the four dimensional effective action in RS scenario, one can get the relation between the induced four dimensional Planck scale M_{Pl} and the fundamental quantum gravitation/string scale M_S; M^2_{Pl} =

M^3_S k (1 − e^{−2krcπ}) (2) where k is AdS_5 curvature and r_c is the radius of extra orbifold dimension. Assuming that we live on the brane with a negative tension, a field on this brane with the fundamental mass m_0 will appear to have the physical mass m = e^{−krcπ}m_0. Thus the weak scales are generated via the exponential warp factor from the Planck scale with kr_c ≃ 12. The masses of the KK graviton and their couplings to the SM fields could be determined by mode expansions and proper normalizations. For the n-th excited state the mass is given as [7], m_n = kx_ne^{−krcπ}, (3) where x_n is a root of the Bessel function of order 1, k/M_{Pl} is AdS_5 curvature in the unit of Planck scale and Λ_π = e^{−krcπ}M_{Pl} ∼ TeV is effective weak scale. It should be noted that, we impose the condition k < M_{pl} so that we trust RS solution [6]. Thus, k/M_{Pl} must be smaller than 1 and we take the value in the range of 0.01 ≤ k/M_{Pl} ≤ 1 as conservative bound. Then, the lowest KK graviton has mass slightly larger than 1 TeV for Λ_π ∼ 3 TeV and so there might be a chance to see the effects of KK graviton at near future colliders.

The interaction Lagrangians for the zeroth KK graviton mode and standard model fields are suppressed by the Planck scale. But the excited modes interact with SM field through the couplings suppressed by the TeV scale, Λ_π; L = − 1 M_{Pl}

T_{μν}(SM)h^{μν}_0 − 1 Λ_π X_{n Tμν(SM)hμνn . (4)} Here note that the mass of the KK states could become as large as Planck scale or infinity if there were no physical cut-off scale. These super massive KK states could affect the calculations of physical processes or quantities. However, since we do not perfectly know the ultimate theory of quantum gravity or the relevant string theory, their effects could not be understood by a way of fully controllable methods yet. Henceforth the interaction Lagrangian given above will be understood as an effective Lagrangian with the cut-off Λ expected to be of order Λ_π [13] so that the effects of the KK states above the cut-off scale are assumed to be integrated out in our analysis.

On the other hand, one can get the large value of kr_c ≃ 12 through the moduli stabilization mechanism proposed by Goldberger and Wise(GW) [8] without fine-tuning when the small bulk scalar mass is assumed. As a consequence, mass of the radion(m_ϕ) would be a order smaller than TeV scale because it is suppressed not only by warp factor but also by the small ratio of the bulk mass of the radion and the curvature k. For typical arrangement in GW mechanism, the mass of radion would be m_ϕ ≃ 0.06Λ_π ≤ 180 GeV for Λ_π ≤ 3 TeV [9]. Note that the mass of radion would be smaller than that of excited KK graviton. Thus the radion could provide first chance to observe RS-scenario. The radion couples to ordinary matter through the trace of the SM energy momentum tensor T^μ_μ (SM) with TeV scale suppressed coupling ; L = ϕ Λ_ϕ

T^μ_μ (SM), (5)

where Λ_ϕ = √ 6Λ_π is the vacuum expectation value for the radion field [10].

The anomalous magnetic moment of the muon is the coefficient of the operator (e/4m_μ)μ̄σ^{αβ}μF_{αβ}, where σ^{αβ} =^i_2 [γ^α, γ^β] is the Lorentz generator for spin-1/2 spinors. This term can be calculated by considering loop induced correction to μμγ vertex. The extra dimensional contribution of the RS model, to the anomalous magnetic moment δa^{RS}_μ , is dominated by one-loop diagrams with either the tower of Kaluza-Klein(KK) spin-2 graviton or radion. Since the zeroth KK-mode of graviton is just massless graviton with the Planck scale suppressed coupling, the dominant contribution would come from the KK excited states.

It is convenient to express the contribution of the KK gravitons as (See Fig.1) δa^{KK} = 1 16π^2 ( m_μ Λ_π

)^2A (6)

where A is essentially effective degree of freedom and it could be obtained by summing over all relevant contributions of all the relevant KK states in the Feynman diagrams. The muon mass is m_μ and the factor^1_{16π2} is the usual loop factor. By the gravitational Ward identity, we expect that those terms in the numerator of the graviton propagator containing two or more external momenta do not contribute to a_μ at the order ∼ O(^{mμ}_{Λπ} )^2. The sum of the partial amplitudes at the limit of (^{mμ}_{mKK} )^2 → 0 for our interest,

A ≈ 5 × N_Λ, (7)

where N_Λ denotes the number of KK states up to cut-off Λ. We can understand the factor 5 as the number of spin degrees of freedom for each massive spin-2 KK state and it is shown by explicit calculation. Since the universality of the gravitational coupling is preserved in this work, the one-loop finiteness of the gravitational coupling appears as the case for massive [11] and massless graviton [12]. This result is different from the case of [13] where the bulk gauge and fermion fields are assumed to contribute to a_μ. As was commented in [11], The KK-states exhibit non-decoupling properties since their couplings to matter are stronger at higher energies. But we get the finite contribution with finite N_Λ which is related as (k/M_{Pl})Λ_π(N_Λπ + π/4) ≈ Λ ≈ Λ_π. We use the asymptotic formula for the zeroes of the Bessel function of order 1: x_N ≈ Nπ + π/4 at large N. The whole KK contribution is given by δa^{KK} ≈ 5 16π^2 ( λ π M_{Pl} k − 1 4 )( m_μ Λ_π

)^2 (8)

with λ ≡ Λ/Λ_π ∼ O(1).

The dominant radion contribution to the muon anomaly arises from the only one diagram and δa^ϕ is given by [14] δa^ϕ = 1 4π^2 ( m_μ Λ_ϕ

)^2 Z dx x^2(2 − x) x^2 + R(1 − x) ≤ 1 16π^2 ( m_μ Λ_π

)^2, (9)

where R ≡ (^{mϕ}_{mμ} )^2 is in general free parameter. The upper bound is saturated at the limit of R → 0 and δa^ϕ decrease with larger R. Thus δa^ϕ is much smaller than δa^{KK} in the preferred parameter space of the model. It is worth noting that the bound from muon anomaly experiments are relevant only for very light radion. But we do not consider that possibility here.

Finally, the total contribution to a_μ from the both of KK-modes and the radion could be approximated as

δa^{RS}_μ ≈ δa^{KK} ≈ 8.8 × 10^{−11} × ( k M_{Pl}

)^{−1} × ( TeV Λ_π

)^2 (10)

where λ is set as π/4 to be order 1. If we ascribe the difference a_μ(exp) − a_μ(SM) to δa^{RS}, for k/M_{Pl} in the range 0.01 - 0.1, then Λ_π ≈ 0.4 − 2.1 TeV. The Fig.2 describes the allowed parameter space (Λ_π, k/M_{Pl}) for the muon anomaly. The solid line and the dotted line denotes the lower and upper bound of the experimental value, respectively. We can see that the small k/M_{Pl} is preferred with TeV scaled Λ_π. The large range of the preferred parameter space compensating δa_μ data is already disfavored from the experiments of Tevatron or LEP- II [15]. But we still don’t dispute the possibility of RS model appearing at over TeV scale. So we are eagerly waiting for the expected improved measurements which will give much more strict constraints on the model.

In summary, we have studied the effects of Kaluza-Klein tower and radion on the g − 2 factor of muon in the stabilized RS model at one loop level. We discarded the effects of the KK states heavier than the cut-off scale. The Kaluza-Klein states are shown to affect much more greatly than the radion do on the muon anomalous magnetic moment. The recently reported deviation in anomalous magnetic moment is possibly accommodated in the corresponding parameter space in the range of Λ_π ≈ 0.4 − 2.1 GeV with k/M_{Pl} = 0.01 − 0.1. Small k/M_{Pl} is preferred if Λ_π is TeV scale.

ACKNOWLEDGMENTS

We thank K. Y. Lee and Jung-Tay Yee for useful discussion, J. Song for valuable criticism. The work was supported by the BK21 program.

REFERENCES

[1] H. N. Brown et al. [Muon g-2 Collaboration], hep-ex/0102017. [2] A. Czarnecki and W. J. Marciano, hep-ph/0102122.

[3] S. Komine, T. Moroi and M. Yamaguchi, hep-ph/0102204: U. Chattopadhyay and P. Nath, hep-ph/0102157: J. L. Feng and K. T. Matchev, hep-ph/0102146: E. A. Baltz and P. Gondolo, hep-ph/0102147:L. Everett, G. L. Kane, S. Rigolin and L. Wang, hep-ph/0102145: Jihn E. Kim, Bumseok Kyae, Hyun Min Lee hep-ph/0103054: Kiwoon Choi, Kyuwan Hwang, Sin Kyu Kang, Kang Young Lee, Wan Young Song hepph/0103048.

[4] X.Calmet, H.Fritzsch,D. Holtmannspotter, hep-ph/0103012:Z. Xing, hep-ph/0102304:

A. Dedes and H. E. Haber, hep-ph/0102297: Z. Xiong and J. M. Yang, hepph/0102259:T. W. Kephart and H. Pas, hep-ph/0102243:P. Das, S. K. Rai and S. Raychaudhuri, hep-ph/0102242:. Cheung, hep-ph/0102238:S. N. Gninenko and N. V. Krasnikov, hep-ph/0102222:D. Choudhury, B. Mukhopadhyaya and S. Rakshit, hep-ph/0102199:T. Huang, Z. H. Lin, L. Y. Shan and X. Zhang, hepph/0102193:D. Chakraverty, D. Choudhury and A. Datta, hep-ph/0102180:U. Mahanta, hep-ph/0102176:Sin Kyu Kang, Kang Young Lee hep-ph/0103064:Casadio, A. Gruppuso and G. Venturi, Phys. Lett. B 495, 378 (2000) hep-th/0010065.

[5] J. Ellis, D. V. Nanopoulos and K. A. Olive, hep-ph/0102331:E. Ma and M. Raidal, hepph/0102255:U. Mahanta, hep-ph/0102211:R. Arnowitt, B. Dutta, B. Hu and Y. Santoso, hep-ph/0102344:K. Lane, hep-ph/0102131.

[6] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [hep-ph/9905221]. [7] W. D. Goldberger and M. B. Wise, Phys. Rev. D60, 107505 (1999) [hep-ph/9907218]. [8] W. D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83, 4922 (1999) [hepph/9907447],W. D. Goldberger and M. B. Wise, Phys. Lett. B475, 275 (2000) [hepph/9911457].

[9] C. Csaki, M. L. Graesser and G. D. Kribs, hep-th/0008151: S. C. Park, H. S. Song and J. Song, hep-ph/0009245 to appear in PRD.

[10] G. F. Giudice, R. Rattazzi and J. D. Wells, hep-ph/0002178, U. Mahanta and S. Rakshit, Phys. Lett. B480, 176 (2000) [hep-ph/0002049], K. Cheung, hep-ph/0009232: S. Bae, P. Ko, H. S. Lee and J. Lee, Phys. Lett. B487, 299 (2000) [hep-ph/0002224].

[11] M. L. Graesser, Phys. Rev. D 61, 074019 (2000) [hep-ph/9902310]. [12] F. A. Berends and R. Gastmans, Phys. Lett. B 55, 311 (1975) [13] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Lett. B 493, 135 (2000) [hepph/0006097].

[14] U. Mahanta and S. Rakshit, Phys. Lett. B 480, 176 (2000) [hep-ph/0002049]:J.E.Kim, B.Kyae, J.D.Park, hep-ph/0007008.

[15] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Rev. Lett. 84, 2080 (2000) [hepph/9909255].

FIGURES

FIG. 1. The Kaluza-Klein mediated 1-loop diagrams for (g-2)of the muon . The solid and wavy line denotes muon and photon on-shell. The spring-shape lines denote spin-2 Kaluza-Klein states.

FIG. 2. The allowed parameter space (Λ_π, k/M_{Pl}) to compensating recent BNL E821 result of the muon anomalous magnetic moment. The (black)solid line and the (red) dotted line denotes lower and upper limit of the muon anomaly ,respectively.