Published by Institute of Physics Publishing for SISSA/ISAS Received: January 29, 2004 Accepted: March 3, 2004

Two graviton production at e^+e^− and hadron hadron colliders in the Randall-Sundrum model

Pankaj Jain and Sukanta Panda

Physics Department IIT, Kanpur, India 208016 E-mail: pkjain@iitk.ac.in, panda@iitk.ac.in

Abstract: We compute the pair production cross section of two Kaluza Klein modes in the Randall-Sundrum model at e^+e^− and hadron hadron colliders. These processes are interesting because they get dominant contribution from the graviton interaction at next to leading order. Hence they provide a nontrivial test of the low scale gravity models. All the Feynman rules at next to leading order are also presented. These rules may be useful for many phenomenological applications including the computation of higher order loop corrections.

Keywords: Extra Large Dimensions, Models of Quantum Gravity.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep032004011 /jhep032004011 .pdf

Contents

1. Introduction 1

2. Interaction lagrangian 2

3. Two graviton production 5

4. Conclusions 8

A. Coupling to matter fields 10 A.1 Coupling to scalar bosons 10 A.2 Couplings to fermions 11 A.3 Coupling to gauge fields 12

B. Triple graviton vertex 15

C. Cross section for two graviton production through fermion anti-fermion annihilation 15

1. Introduction

The proposed existence of large extra dimensions [1, 2] might provide a solution to the hierarchy problem since it can considerably lower the scale of quantum gravity. In this model the standard model fields are assumed to be confined on a 3 + 1 dimensional hypersurface or a brane in a higher dimensional space-time [3]. In this low scale gravity model, which is generally refered to as the ADD model, gravity may become strong even at TeV scale which is far below the Planck scale 10^{19} GeV. The two scales are related via gauss law given by M^2_{pl} = M^{2+n}_D V_n, where V_n is volume of n extra dimensional space. If we take M_D ∼ TeV then the size of the extra dimension lies in the range 1 mm–10 fm for n = 2– 6. However by doing so we introduce a new hierarchy between the compactification scale and the fundamental scale in the theory. An alternative low scale gravity model (the RS model) [4] involves the existence of a single extra dimension in a warped geometry. In this case the scale of quantum gravity can be as small as 1 TeV without requiring the existence of very large extra dimensions. These low scale gravity models are reviewed in ref. [5, 6]. The leading order Feynman rules for the ADD model are given in Lykken et al [7] and Giudice et al [8].

Phenomenologically the RS model [9] is very different from ADD model because of the presence of very massive KK modes which produce observable signatures in a collider experiment. In the case of ADD model we instead have large number closely spaced KK modes with the mass of the lightest mode governed by the size of the large extra dimension.

– 1 –

These modes cannot be observed directly due to their small coupling to matter and hence the production of these modes gives rise to missing energy signatures. However in the RS model the first few modes produced can decay into observable particles. The center of mass energy required to produce these resonances are well within the energies available in the next generation of colliders such as the LHC, NLC. Non-observation of these processes in experiments constrain the parameters of this theory. Several phenomenological studies have been carried out to study these resonances in e^+e^− colliders [10]–[13] and in hadron colliders [14]–[18].

In the present paper we study the process of two graviton production in the RS model in e^+e^− and hadron hadron colliders. This process gets contribution at next to leading order in the gravitational coupling. Hence we derive the required Feynman rules at this order. This process may not be very important in case of ADD model because these modes just escape through the detector undetected. However our calculation can be easily generalized for this case also.

The plan of the rest of the paper is as follows. In the section 2 we briefly review the derivation of lowest order interaction lagrangian. We then extend the calculation to next order in coupling and find the corresponding interaction lagrangian. Section 3 describes all processes related to emission of two lowest massive graviton modes. Here we also present our results for the cross section of two graviton emission at e^+e^− and hadron hadron colliders. Section 4 gives our conclusions. In appendix A we present all the Feynman rules involving vertex of matter fields with two gravitons at next to leading order in coupling. In appendix B, we derive the Feynman rule for three graviton vertex which also contributes to the process under consideration.

2. Interaction lagrangian

The RS model assumes a five dimensional non-factorizable geometry where two 3−branes, with opposite tensions, reside at S^1/Z_2 orbifold fixed points. In this framework solution to 5-dimensional Einstein equations is given by

ds^2 = e^{−σ(ϕ)}η_{μν} dx^μdx^ν + r^2_c dϕ^2 , (2.1) where ϕ is the angular coordinate parameterizing the extra dimension, σ(ϕ) = kr_c|ϕ| with r_c being the compactification radius of the extra dimension, and 0 ≤ |ϕ| ≤ π. Starting from the 5-D action, after integrating over extra coordinate ϕ, we obtain the reduced effective 4-D planck scale given by the relation

M^2_{P l} =

M^3 k (1 − e^{−2krcπ}) . (2.2)

Setting visible brane at ϕ = π, where our standard model fields live, it is found that any mass parameter m̃ on the visible 3-brane in the fundamental higher-dimensional theory will correspond to a physical mass m = e^{−krcπ}m̃ . Hence TeV mass scales can be generated on the 3-brane at ϕ = π due to exponential factor present in the metric if we assume kr_c ≈ 12.

– 2 –

A small perturbation h_{μν} of the metric, such that e^{−2σ(ϕ)}η_{μν} → e^{−2σ(ϕ)}(η_{μν} + h_{μν} ), can be expanded as, h_{μν} (x, ϕ) = ∞∑ n=0 h^{(n)}_{μν} χ^{(n)}(ϕ) √ r_c . (2.3)

After solving the linearised equation of motion of graviton field and working in gauge

∂^μh^{(n)}_{μρ} = h^{μ(n)}_μ = 0 ,

one obtains the solution for χ^{(n)}(ϕ),

χ^{(n)}(ϕ) = e^{2σ(ϕ)} N_n J_2 ( M_n k e^{σ(ϕ)} ) + α_nY_2 ( M_n k e^{σ(ϕ)} ) . (2.4)

The exact expression for α_n is given in ref. [9]. The masses of the KK modes, M_n, are given by [9, 19] M_n = x_nke^{−krcπ} , (2.5) where x_ns are the solution of the equation J_1(x_n) = 0. We also define the mass parameter m_0 = M_n/x_n. As we see from eq. (2.5), masses of the graviton KK excitations are dependent on the roots of J_1 and are not equally spaced. In the following, we formulate the interaction of physical KK modes to the Standard Model fields which reside on the brane at ϕ = π.

To start with, let us first consider the minimal gravitational coupling of the general scalar S, vector V and fermion F, ∫ d^4x √ −ĝL(ĝ, S, V, F ) , (2.6) where the induced metric ĝ on the brane can be decomposed as, ĝ_{μν} = η_{μν} + κh_{μν} . By expanding the interaction lagrangian upto O(κ^2), we get ∫ d^4x ∫ dϕ √ −ĝL(ĝ) = ∫ d^4x ∫ dϕδ(ϕ−π) [[ L(ĝ)|_{ĝ=η} − κ 2 h^{μν} T_{μν} ] + + κ^2 [ AL(ĝ)|_{ĝ=η} − B^{μν} δL δĝ^{μν} |_{ĝ=η} ] + (2.7)

+ κ^2h^{μν} (x, ϕ) [ 1 2 ∫ d^4y δ^2L δĝ^{μν} δĝ^{ρσ} |_{ĝ=η}h^{ρσ}(y, ϕ) ]] , where we have used

ĝ^{μν} = η^{μν} − κh^{μν} + κ^2h^{μρ}h^ν_ρ (2.8) √ −ĝ = 1 + κ 2 h + κ^2 ( 1 8 h^2 − 1 4 h_{ρσ}h^{ρσ} ) . (2.9)

– 3 –

Several coefficients that appears in eq. (2.7) are given by, A = 1 8 h^2 − 1 4 h_{ρσ}h^{ρσ} , (2.10) B^{μν} = 1 2 hh^{μν} − h^{μλ}h^ν_λ , (2.11) h = h^μ = h^{μν} η_{μν} . (2.12)

Interaction lagrangian upto O(κ) is given by − κ 2 h^{μν} (x, ϕ = π)T_{μν} = − 1 M^{3/2} h^{μν} (x, ϕ = π)T_{μν} , where κ =^2_{M 3/2} . With the help of eq. (2.2) we can express the above interaction lagrangian in terms of KK modes as, − 1 M_{P l} h^{μν,0}T_{μν} − 1 Λ_π ∞∑ n=1 h^{μν,n}T_{μν} , (2.13) where T_{μν} , the energy-momentum tensor of the matter field confined on the brane, is given by, T_{μν} = −η_{μν} L(ĝ)|_{ĝ=η} + 2 δL δĝ^{μν} |_{ĝ=η} (2.14) and Λ_π = M_{P l}e^{−krcπ} . Now we are interested in finding out the O(κ^2) Feynman rules for the gravitational interaction with matter confined on the D_3 brane embedded in the RS bulk.

The κ^2 part of the lagrangian that resembles the gravitational interactions with matter involving two gravitons, is given by

L_2 = 4 M^3 [_∞ ∑ n=0 ∞∑ m=0 h^{μλ,n}χ^n(ϕ = π)h^{ν,m}_λ χ^m(ϕ = π) δL δĝ^{μν} | | ĝ=η −

− ( 1 2 )_∞∑ n=0 ∞∑ m=0 h^nχ^n(ϕ = π)h^{μν,m}χ^m(ϕ = π) δL δĝ^{μν} | | |_{ĝ=η} + + ( 1 8 )_∞∑ n=0 ∞∑ m=0 h^nχ^n(ϕ = π)h^mχ^m(ϕ = π) L(ĝ)|_{ĝ=η} −

− ( 1 4 )_∞∑ n=0 ∞∑ m=0 h^n_{ρσ}χ^n(ϕ = π)h^{ρσ,m}χ^m(ϕ = π) L(ĝ)|_{ĝ=η} +

+ ( 1 2 )_∞∑ n=0 ∞∑ m=0 h^{μν,n}χ^n(ϕ = π) δ^2L δĝ^{μν} δĝ^{ρσ} | | ĝ=η h^{ρσ,m}χ^m(ϕ = π) ] . (2.15)

After substituting the expression of χ^n in the above equation and using the relation given in eq. (2.2), we finally get L_2 = L^{00}_2 + 2L_2^{0n} + L^{nm}_2 , (2.16)

– 4 – where the L^{nm}_2 part of the lagrangian is given by

L^{nm}_2 = 4 Λ^2_π ∞∑ n=1 ∞∑ m=1 [ h^{μλ,n}h^{ν,m}_λ δL δĝ^{μν} | | |_{ĝ=η} − ( 1 2 ) h^nh^{μν,m} δL δĝ^{μν} | | |_{ĝ=η} + ( 1 8 ) h^nh^m L(ĝ)|_{ĝ=η} −

− ( 1 4 ) h^n_{ρσ} h^{ρσ,m} L(ĝ)|_{ĝ=η} + ( 1 2 ) h^{μν,n} δ^2L δĝ^{μν} δĝ^{ρσ} | | |_{ĝ=η} h^{ρσ,m} ] . (2.17)

The L^{00}_2 part of the lagrangian is obtained by setting n = m = 0 and by replacing the coefficient Λ^2_π by M^2_{P l} in L^{nm}_2 . Due to the large suppression factor 1/M^2_{P l} the contribution of this lagrangian as well as that of L_2^{0n} is negligible. By using the interaction lagrangian, we can derive the feynman rules for two graviton interacting with matter fields which are given in appendix A of this paper. Also the feynman rules for three graviton vertex are presented in appendix B. The triple graviton vertex has also been studied in ref. [20].

3. Two graviton production

We next consider the production of two gravitons at e^+e^−, pp̄ and pp colliders. We first consider the process fermion anti-fermion annihilation into two gravitons. There are four feynman diagrams contributing to this which are shown in figure 1. The differential cross section for e^+e^− → GG is given in eq. (C.1) in appendix C. The cross section also gets contribution from the s-channel diagram which involves a graviton propagator. This gets contribution from all the Kaluza-Klein modes. By summing over all the contributions the propagator takes the form D(s) = 32πc^2_0 m^2_0 ∑ n 1 s − M^2_n + iΓ_nM_n = 32πc^2_0 m^4_0 λ_s(x_s) , (3.1)

where x_s = √ s m_0 and c0 = k/Mpl. By taking into account all decay channels, Γn can be

written as Γ_n = c^2_0m_0x^3_nΔ(M_n) . (3.2)

Figure 1: All possible tree level Feynman diagrams which contribute to two graviton emission due to fermion anti-fermion annihilation. The solid and dotted lines represent the fermions and the gravitons respectively.

– 5 –

Figure 2: The graviton propagator factor λ_s as a function of x_s = √ s/m_0. Here we have fixed the parameters m_0 = 100 GeV and c_0 = .01.

Here Δ is a complicated function of M_n. We calculate the λ_s(x_s) numerically and it’s behaviour is shown in figure 2.

In figure 3 we show the s dependence of the production cross section of the two lightest KK modes of mass M_1 = 3.83m_0 in e^+e^− collisions. The resonance peaks which arise due to the s-channel graviton exchange (diagram 1d) are clearly visible in a certain range of parameter space. The peaks tend to disappear for large values of the parameter c_0 = k/M_{pl}. We expect that the first few peaks will be identifiable if the parameter c_0 is sufficiently small. For values of c_0 larger than approximately 0.6 even the first resonance may not be clearly identifiable [13]. The maximum value of the parameter m_0 that can be explored with this process is given by √ s < 2M_1 = 7.66m_0. In figure 4, we show the angular dependence of differential cross section for pair production of the first graviton mode with mass M_1 = 3.83m_0, where m_0 has been chosen to be 150 GeV.

We see from figure 3 that, as expected, the cross section rises very rapidly with s. The perturbation theory is applicable only if s ≪ Λ^2_π. In our calculations we have chosen the parameter space such that this condition is respected and perturbative predictions can be trusted. Perturbation theory breaks down for values of c_0 much larger than those chosen in figure 3 for the corresponding values of m_0. In this region it is not possible to compute this process reliably with our current understanding of quantum gravity.

The hadron-hadron crosss section gets contributions both from quarks and gluons. In the case of quark anti-quark annihilation the contributing diagrams are same as listed in figure 1. The diagrams contributing to gluon gluon fusion are also the same as those given in figure 1 with the quark lines replaced by gluons. The results for the pair production of the lightest KK mode with mass M_1 = 3.83m_0 is given in figures 5, 6 and 7. The center of mass energy √ s of the hadron hadron system is taken to be the LHC energy, i.e. 14 TeV.

In figure 5 we show the W^2 dependence of the cross section, where W^2 = τs = x_1x_2s is the invariant mass of the final state and x_1 and x_2 are the longitudinal momentum fractions

– 6 –

Figure 3: The two graviton production cross section in e^+e^− collisions as a function of the center of mass energy squared s (TeV^2) for several different values of the parameters (c_0, m_0), where m_0 is given in GeV.

Figure 4: The differential cross section for √ s = 2 TeV as a function of cos θ for the production of the first KK mode in e^+e^− collisions. Here θ is the center of mass scattering angle and we have fixed c_0 = 0.01, m_0 = 150 GeV.

of the two initial state partons. We see from this figure that, as expected, LHC can probe a considerable range of parameters of the RS model through this process. In figures 6 and 7 we show the cos θ and the rapidity y =^1_2 log(x_1/x_2) dependence of the cross section respectively. Here θ is the center of mass scattering angle in the parton subsystem. In figures 8, 9 and 10 we show the corresponding results for the proton anti-proton system at center of mass energy √ s = 2 TeV, relevant for the Tevatron.

Each of the two gravitons produced in the final state eventually decay into either two jets, a lepton pair or a vector boson pair. Therefore one possible experimental signature of this process involves a four jet event such that the invariant mass of the two pairs of jets

– 7 –

Figure 5: The invariant mass W^2 dependence of the two graviton production cross section in proton proton collisions at √ s = 14 TeV for several different values of the parameters (c_0, m_0), where m_0 is given in GeV. Here W^2 = τs is the invariant mass of the two graviton final state.

Figure 6: The cos θ dependence of the two graviton production cross section in proton proton collisions at √ s = 14 TeV. Here θ is the center of mass scattering angle of the partonic subsystem.

is equal to the mass of the graviton. There will be considerable QCD background which may limit the parameter space that can be explored with this process. We postpone the detailed study of experimental signatures to future research.

4. Conclusions

We have computed the pair production cross section of Kaluza Klein modes in the RS model in e^+e^− and hadron hadron colliders at leading order in the gravitational coupling κ. The leading order calculation requires the Feynman rules at order κ^2. This process displays a resonance structure due to the contribution from the s-channel KK mode exchange. For a large range of the parameter space this resonance structure is visible in the two graviton

– 8 –

Figure 7: The rapidity dependence of the two graviton production cross section in proton proton collisions at √ s = 14 TeV.

Figure 8: The invariant mass W^2 dependence of the two graviton production cross section in proton anti-proton collisions at √ s = 2 TeV for several different values of the parameters (c_0, m_0), where m_0 is given in GeV. Here W^2 = τs is the invariant mass of the two graviton final state.

production channel. The gravitons in the final state can be identified through their decay products which include a pair of jets, a lepton pair or a vector boson pair. We find that LHC can study a fairly large range of the parameter space of the RS model with this process. The process provides a nontrivial test of the RS model since its calculation requires the next to leading order Feynman rules.

Acknowledgments

We are very grateful to Prasanta Das and Sreerup Raychaudhuri who collaborated with us during the initial stages of this work and made considerable contributions. We also thank Sreerup Raychaudhuri and Santosh Rai for help in the numerical work.

– 9 –

Figure 9: The cos θ dependence of the two graviton production cross section in proton anti-proton collisions at √ s = 2 TeV. Here θ is the center of mass scattering angle in the partonic subsystem.

Figure 10: The rapidity dependence of the two graviton production cross section in proton antiproton collisions at √ s = 2 TeV.

A. Coupling to matter fields

A.1 Coupling to scalar bosons

For a general complex scalar field Φ,we have

L_s(g) = g^{ρσ} D_ρΦ^†D_σΦ − m^2_ΦΦ^†Φ (A.1) δL_s δĝ^{μν} | | | ĝ=η = 1 2 (D_μΦ^†D_ν Φ + D_ν Φ^†D_μΦ) (A.2)

δ^2L_s δĝ^{μν} δĝ^{ρσ} | | |_{ĝ=η} = 0 , (A.3)

– 10 – where the gauge covariant derivative is defined as D_μ = ∂_μ + igA^a_μT^a (A.4) with g the coupling, A^a_μ the gauge fields and T^a the Lie algebra generators.

Substituting the expressions as given in eq. (A.1)–(A.3) in the lagrangian given in eq. (2.17), we finally have the Feynman rule for the vertex involving two gravitons, and two scalars as follows:

h^{(n)}_{μν} h^{(m)}_{ρσ} ΦΦ : i 1 Λ^2_π

[[η_{σν} (k_{1μ}k_{2ρ} +k_{1ρ}k_{2μ}) + η_{μσ}(k_{1ρ}k_{2ν} +k_{1ν} k_{2ρ}) + η_{νρ}(k_{1μ}k_{2σ} +k_{1σ}k_{2μ})]+ + [η_{μρ}(k_{1σ} k_{2ν} +k_{1ν} k_{2σ})+η_{μν} (k_{1ρ}k_{2σ} +k_{1σ}k_{2ρ})−η_{ρσ} (k_{1μ}k_{2ν} +k_{1ν} k_{2μ})]− − [(η_{μρ}η_{νσ} +η_{νρ}η_{μσ} −η_{μν} η_{ρσ})(k_1.k_2 − m^2_Φ)]] . (A.5) This can be rearranged in the following simplified manner, i 1 Λ^2_π ( C_{μν,ρσ}m^2_Φ + C_{μν, ρσ}|_{λη}k^λ_1 k^η_2 ) , (A.6)

where k_1, k_2 are the four-momenta of the scalars, C_{μν,ρσ} = η_{μρ}η_{νσ} + η_{μσ}η_{νρ} − η_{μν} η_{ρσ} and C_{μν,ρσ} |_{λη} = 1 2 [η_{μλ}C_{ρσ, νη} + η_{σλ}C_{μν, ρη} + η_{ρλ}C_{μν, ση} + η_{νλ}C_{μη, ρσ} − η_{λη}C_{μν, ρσ} + (λ ↔ η)] . Similarly, one can obtain the Feynman rules for the vertices involving two gravitons, two scalars and one gauge bosons(and two gauge bosons) as follows:

h^{(n)}_{μν} h^{(m)}_{ρσ} A^a_λΦΦ : − ig Λ^2_π

C_{μν, ρσ}|_{λη} (k_1 + k_2)^ηT^a_{MN} (A.7)

h^{(n)}_{μν} h^{(m)}_{ρσ} A^a_ηA^b_λΦΦ : − ig^2 Λ^2_π C_{μν, ρσ}|_{λη}{T^a, T^b}_{MN} . (A.8) A.2 Couplings to fermions Vierbein formalism is required in order to incorporate fermions in the gravitation theory. The Fermion lagrangian is given by L_ψ(ĝ) = ψiγ^ρD_ρψ − m_ψψψ = 1 2 (ψiγ^ρD_ρψ − D_ρψiγ^ρψ) − m_ψψψ . (A.9) The covariant derivative D_ρψ is given by, D_μψ = ( D_μ + 1 2 w^{ab}_μ σ_{ab} ) ψ . (A.10)

The spin connection, w^{ab}_μ can be written as, w_{μab} = 1 2 (∂_μe_{bν} − ∂_ν e_{bμ}) e^ν_a − 1 2 (∂_μe_{aν} − ∂_ν e_{aμ}) e^ν_b − 1 2 e^ρ_ae^σ_b (∂_ρe_{cσ} − ∂_σe_{cρ}) e^c_μ , (A.11)

– 11 – where e^a_μe^b_ν η_{ab} = g_{μν} , γ^μ = e^μ_a γ^a, e^μ_a e_{bμ} = η_{ab} and σ_{ab} =^1_4 [γ_a, γ_b] . The conserved energymomentum tensor of the fermion field is given by, T^ψ_{μν} = −η_{μν} (ψiγ^σD_σψ − m_ψψψ) + i 2 [ (ψγ_μD_ν ψ + ψγ_ν D_μψ) ] + i 2 η_{μν} ∂_σ(ψγ^σψ) − − i 4 [ ∂_μ(ψγ_ν ψ) + ∂_ν (ψγ_μψ) ] . (A.12)

Now taking the functional derivative of L_ψ(ĝ) successively, one finds that δ^2L_ψ δĝ^{μν} δĝ^{ρσ} | | ĝ=η = − 1 128 [η_{μρ}∂^α(ψϵ_{νσατ} γ^τ γ^5ψ) + η_{μσ} ∂^α(ψϵ_{νρατ} γ^τ γ^5ψ) + + η_{νσ}∂^α(ψϵ_{μρατ} γ^τ γ^5ψ) + η_{νρ}∂^α(ψϵ_{μσατ} γ^τ γ^5ψ)] . (A.13) After substituting eq. (A.9), (A.12) and (A.13) in the expression of L^{mn}_2 (eq. (2.17)), we get the Feynman rule for the vertex involving two fermions and two gravitons as follows, h^{(n)}_{μν} h^{(m)}_{ρσ} ψψ : i 4Λ^2_π δ_{MN} [[η_{σμ}(γ_ρ(p_1 + p_2)_ν + γ_ν (p_1 + p_2)_ρ − 2η_{ρν} (p_1/ + p_2/ − 2m_ψ))] +

+ [η_{ρμ}(γ_σ(p_1 + p_2)_ν + γ_ν (p_1 + p_2)_σ − 2η_{σν} (p_1/ + p_2/ − 2m_ψ))] + + [η_{νρ}(γ_μ(p_1 + p_2)_σ + γ_σ(p_1 + p_2)_μ − 2η_{μσ} (p_1/ + p_2/ − 2m_ψ))] + + [η_{νσ}(γ_μ(p_1 + p_2)_ρ + γ_ρ(p_1 + p_2)_μ − 2η_{μρ}(p_1/ + p_2/ − 2m_ψ))] − − [η_{μν} (γ_ρ(p_1 + p_2)_σ + γ_σ(p_1 + p_2)_ρ − 2η_{ρσ} (p_1/ + p_2/ − 2m_ψ))] − − [η_{ρσ}(γ_μ(p_1 + p_2)_ν + γ_ν (p_1 + p_2)_μ − 2η_{μν} (p_1/ + p_2/ − 2m_ψ))] + + 2C_{μν, ρσ}[(p/_1 + p_2/ − 2m_ψ)] + + 1 2 [η_{μρ}ϵ_{νσλτ} γ^τ γ^5(p_1 − p_2)^λ + η_{μσ}ϵ_{νρλτ} γ^τ γ^5(p_1 − p_2)^λ +

+ η_{νσ}ϵ_{μρλτ} γ^τ γ^5(p_1 − p_2)^λ + η_{νρ}ϵ_{μσλτ} γ^τ γ^5(p_1 − p_2)^λ]] , (A.14) where γ^5 = γ^0γ^1γ^2γ^3 and δ_{MN} is defined in the flavour basis (M, N are the flavour indices) and p_1, p_2 are the four momenta of the two fermions.

Similarly the Feynman rules for the vertices involving two gravitons, two fermions and one gauge particle is, h^{(n)}_{μν} h^{(m)}_{ρσ} A^a_λψψ : ig Λ^2_π T^a_{MN} [γ^η [η_{νσ}(C_{μρ, λη} − η_{μρ}η_{λη}) + (ν ↔ μ)] + + γ^η [{η_{νρ}(C_{μσ, λη} − η_{μσ} η_{λη}) + (ν ↔ μ)}] + + γ^η [η_{σρ}(C_{μν, λη} − η_{μν} η_{λη}) + η_{μν} (C_{ρσ, λη} − η_{ρσ}η_{λη})] − − γ^η [η_{λη}(C_{μν, ρσ})]] (A.15) A.3 Coupling to gauge fields The lagrangian and conserved energy-momentum tensor for the gauge field are given by,

L_A(ĝ) = − 1 4 F^{τ η}F_{τ η} + 1 2 m_A^2A^τ A_τ − 1 2ξ (∂_τ A^τ + Γ^τ_λA^λ)^2 (A.16) T_{μν} = η_{μν} [ 1 4 F^{τ η}F_{τ η} − 1 2 m_A^2A^τ A_τ ] − [ F^τ_μ F_{ντ} − m^2_AA_μA_ν ] + + 1 ξ [∂_μ∂^τ A_τ A_ν + ∂_ν ∂^τ A_τ A_μ] − − 1 ξ η_{μν} [ ∂_η∂^τ A_τ A^η + 1 2 (∂^τ A_τ )^2 ] . (A.17)

– 12 –

After successive functional differentiation, one obtain,

δ^2L_ψ δĝ^{μν} δĝ^{ρσ} | | ĝ=η = − 1 4 [F_{μσ} F_{νρ} + F_{μρ}F_{νσ}]_{ĝ=η} + 1 4ξ [∂_ρ∂_μA_ν A_σ + ∂_ρ∂_ν A_μA_σ] + + 1 4ξ [∂_σ∂_μA_ν A_ρ + ∂_σ∂_ν A_μA_ρ] − 1 4ξ η_{ρσ} [(∂_μA_ν + ∂_ν A_μ)∂_ηA^η ] − − 1 4ξ η_{ρσ} [(∂_η ∂_μA_ν A^η + ∂_η∂_ν A_μA^η)] + + 1 4ξ C_{μν,ρσ} [ (∂_τ ∂_η A^ηA^τ + (∂_τ A^τ )^2 ] . (A.18)

The sets of eq. (A.16), (A.17) and (A.18) together when substituted in eq. (2.17), gives us the Feynman rule for the vertex involving two gravitons and two gauge fields as follows:

h^{(n)}_{μν} h^{(m)}_{ρσ} A^a_τ A^b_η : : i Λ^2_π δ^{ab} [ [ η_{σμ}(C_{ρν, τ η}(k_1.k_2 + m^2_A) + D_{ρν, τ η}(k_1, k_2) + ξ^{−1}E_{ρν, τ η}) + (ρ ↔ σ) ] + + [ η_{νρ}(C_{σμ, τ η}(k_1.k_2 + m^2_A) + D_{σμ, τ η}(k_1, k_2) + ξ^{−1}E_{σμ, τ η}) + (ρ ↔ σ) ] − − [ η_{μν} (C_{ρσ,τ η} (k_1.k_2 + m^2_A)+D_{ρσ,τ η} (k_1, k_2)+ξ^{−1}E_{ρσ,τ η})+(μ ↔ ρ, ν ↔ σ) ] + + C_{μν, ρσ} [ (k_1.k_2 + m^2_A)η_{τ η} − (k_{1η}k_{2τ} − ξ^{−1}k_{1τ} k_{2η} ) ] + + [(η_{ρτ} η_{ση} k_{1ν} k_{2μ} +η_{ρη}η_{τ σ}k_{1μ}k_{2ν} )−(η_{ρτ} η_{μη} k_{1ν} k_{2σ} +η_{ρη}η_{τ μ}k_{1σ}k_{2ν} )+(ρ ↔ σ)] + + [(η_{ντ} η_{μη} k_{1ρ}k_{2σ} +η_{νη}η_{τ μ}k_{1σ}k_{2ρ})−(η_{ντ} η_{ση} k_{1ρ}k_{2μ} +η_{νη}η_{τ σ}k_{1μ}k_{2ρ})+(ρ ↔ σ)] − − 1 ξ [η_{ντ} η_{ση}(k_{1μ}k_{1ρ} + k_{2μ}k_{2ρ}) + (μ ↔ ν)] − − 1 ξ [η_{ντ} η_{ρη}(k_{1μ}k_{1σ} + k_{2μ}k_{2σ} ) + (μ ↔ ν)] + + 1 ξ [η_{ντ} η_{ρσ}(k_{1η} k_{2μ} + k_{1μ}k_{2η} ) + (μ ↔ ν)] + + 1 ξ [η_{ντ} η_{ρσ}(k_{1η} k_{1μ} + k_{2μ}k_{2η} ) + (μ ↔ ν)] − − 1 ξ [C_{μν, ρσ}(k_{1η} k_{1τ} + k_{2τ} k_{2η} ) + (μ ↔ ν)] − 1 ξ [2C_{μν, ρσ}(k_{1τ} k_{2η} )] ] , (A.19)

where k_1 and k_2 are the four-momenta of the gauge fields A_τ and A_η.

Proceeding in the same way, one also finds the Feynman rules for the vertices involving two gravitons, three gauge bosons and two gravitons, four gauge bosons [ h^{(n)}_{μν} h^{(m)}_{ρσ} A^a_λ(k_1)A^b_η(k_2)A^c_δ(k_3) ]

as follows, − ig Λ^2_π f^{abc}[[{η_{σν} C_{μρ, λη}(k_1 − k_2)_δ + η_{σν} C_{μρ, λδ}(k_3 − k_1)_η +

+ η_{σν} C_{μρ, ηδ} (k_2 − k_3)_λ + (μ ↔ ν)} + {(ρ ↔ σ)}] + + {η_{σν} F_{μρ, ληδ}(k_1, k_2, k_3) + η_{σμ}F_{νρ, ληδ} (k_1, k_2, k_3) + (ρ ↔ σ)} −

– 13 –

− η_{ρσ}C_{μν, λη}(k_1 − k_2)_δ − η_{ρσ}C_{μν, λδ}(k_3 − k_1)_η − η_{ρσ}C_{μν, ηδ}(k_2 − k_3)_λ − − η_{μν} C_{ρσ, λη}(k_1 − k_2)_δ − η_{μν} C_{ρσ, λδ}(k_3 − k_1)_η − η_{μν} C_{ρσ, ηδ}(k_2 − k_3)_λ − − η_{ρσ}F_{μν, ληδ} (k_1, k_2, k_3) − η_{μν} F_{ρσ, ληδ} (k_1, k_2, k_3) + + C_{μν, ρσ}(η_{λη}(k_1 − k_2)_δ + η_{ηδ}(k_2 − k_3)_λ + η_{λδ}(k_3 − k_1)_η ) − − [{(k_{3μ}η_{δσ} − k_{3σ} η_{μδ})(η_{ρη} η_{νλ} − η_{νη}η_{ρλ}) + η_{νδ}(η_{ση} η_{ρλ}k_{2μ} − η_{ρη}η_{σλ}k_{1μ} + η_{ρη} η_{μλ}k_{1σ} − η_{ρλ}η_{μη}k_{2σ} ) + + η_{ρδ}(η_{σλ}η_{νη}k_{2μ} − η_{ση}η_{νλ}k_{1μ} + η_{μη} η_{νλ}k_{1σ} − η_{μλ}η_{νη}k_{2σ}) + (ρ ↔ σ)} − − (ν ↔ μ, ρ ↔ σ)]] (A.20)

Finally the Feynman rule for the vertex involving two gravitons and four gauge bosons [ h^{(n)}_{μν} h^{(m)}_{ρσ} A^a_λ(k_1)A^b_η(k_2)A^c_δ (k_3)A^d_τ (k_4) ]

is given by, ig^2 Λ^2_π [ {η_{σν} (f^{eac}f^{ebd}G_{μρ, ληδτ} + f^{eab}f^{ecd}G_{μρ, λδητ} + f^{ead}f^{ebc}G_{μρ, λητ δ} ) + (μ ↔ ν)} + + {η_{νρ}(f^{eac}f^{ebd}G_{μσ, ληδτ} + f^{eab}f^{ecd}G_{μσ, λδητ} + f^{ead}f^{ebc}G_{μσ, λητ δ} ) + (μ ↔ ν)} − − η_{ρσ}(f^{eac}f^{ebd}G_{μν, ληδτ} + f^{eab}f^{ecd}G_{μν, λδητ} + f^{ead}f^{ebc}G_{μν, λητ δ} ) − − η_{μν} (f^{eac}f^{ebd}G_{ρσ, ληδτ} + f^{eab}f^{ecd}G_{ρσ, λδητ} + f^{ead}f^{ebc}G_{ρσ, λητ δ} ) − − C_{μν, ρσ}{f^{eac}f^{ebd}(η_{λη} η_{δτ} − η_{λτ} η_{δη} ) + f^{eab}f^{ecd}(η_{λδ} η_{ητ} − η_{λτ} η_{δη}) + + f^{ead}f^{ebc}(η_{λη}η_{τ δ} − η_{λδ}η_{τ η})} − − [{f^{eab}f^{ecd}(η_{νη}η_{σλ}η_{ρδ} − η_{ρδ}η_{νλ}η_{ση} ) + f^{eca}f^{ebd}(η_{ρη}η_{νλ}η_{δσ} − η_{ρη} η_{νδ}η_{σλ}) + + f^{ebc}f^{eda}(η_{ρλ}η_{νη}η_{δσ} − η_{ρλ}η_{ση}η_{νδ})}η_{μτ} + {f^{eab}f^{ecd}(η_{μδ} η_{νλ}η_{ση} − η_{μδ}η_{νη}η_{σλ}) + + f^{eca}f^{ebd}(η_{νδ} η_{μη}η_{σλ} − η_{μη} η_{νλ}η_{δσ} ) + f^{ebc}f^{eda}(η_{μλ}η_{νη}η_{δσ} − η_{μλ}η_{ση}η_{νδ})}η_{ρτ} + + {f^{eab}f^{ecd}(η_{δσ} η_{μη}η_{ρλ} − η_{δσ} η_{μλ}η_{ρη}) + f^{eca}f^{ebd}(η_{ρδ} η_{μλ}η_{ση} − η_{μδ} η_{ρλ}η_{ση}) + + f^{ebc}f^{eda}(η_{ρδ} η_{μη}η_{σλ} − η_{μδ}η_{ρη}η_{σλ})}η_{ντ} + + {f^{eab}f^{ecd}(η_{νδ}η_{μλ}η_{ρη} − η_{νδ}η_{μη} η_{ρλ}) + f^{eca}f^{ebd}(η_{μδ} η_{ρλ}η_{νη} − η_{ρδ} η_{μλ}η_{νη} ) + + f^{ebc}f^{eda}(η_{μδ} η_{ρη}η_{νλ} − η_{ρδ}η_{μη} η_{νλ})}η_{τ δ} + {ρ ↔ σ}] ] , (A.21)

where,

D_{μν, ρσ(k1 ,k2)} = η_{μν} k_{1σ} k_{2ρ} − [η_{μσ} k_{1ν} k_{2ρ} + η_{μρ}k_{1σ} k_{2ν} − η_{ρσ}k_{1μ}k_{2ν} + (μ ↔ ν)] E_{μν, ρσ(k1 ,k2)} = η_{μν} (k_{1ρ}k_{1σ} + k_{2ρ}k_{2σ} + k_{1ρ}k_{2σ}) − [η_{νσ}k_{1μ}k_{1ρ} + η_{νρ}k_{2μ}k_{2σ} + (μ ↔ ν)] F_{μν, ρσλ(k1 ,k2,k3)} = η_{μρ}η_{σλ}(k_2 − k_3)_ν + η_{μσ} η_{ρλ}(k_3 − k_1)_ν + η_{μλ}η_{ρσ}(k_1 − k_2)_ν + (μ ↔ ν) G_{μν, ρσλδ} = η_{μν} (η_{ρσ} η_{λδ} − η_{ρδ}η_{σλ}) + + [η_{μρ}η_{νδ}η_{λσ} + η_{μλ}η_{νσ}η_{ρδ} − η_{μρ}η_{νσ}η_{λδ} − η_{μλ}η_{νδ}η_{ρσ} ] + [μ ↔ ν] .

– 14 –

B. Triple graviton vertex

To find the feynman rules for three graviton vertex we expand the pure gravity lagrangian upto next order in weak field approximation. In this approximation

L_g = 1 κ^2 √ gR = L_0 + κL_1 + · · · = 1 4 ( ∂^μh^{νρ}∂_μh_{νρ} − ∂^μh^ν ∂_μh^ρ − ∂^μh^ν_μ∂_ρh^{ρν} + 2∂_μh^{μν} ∂_ν h^ρ ) − − κ 4 [ h^{μν} ∂_μh^{αβ} ∂_ν h_{αβ} − 1 2 h^{μν} ∂_μh^{αα}∂_ν h_{ββ} ] − − κ 4 [ 2h^{μν} ∂^β h_{μα}∂^αh_{νβ} + h^{μν} ∂_αh^{ββ} ∂^αh_{μν} − 2h^{μν} ∂_αh_{μβ} ∂^αh^β_ν ] + · · · . (B.1)

From the expression given in L_1, feynman rule for three graviton vertex reads κ 8 [(k_{2μ}k_{3ν} + k_{2ν} k_{3μ})F_{ρλkσ} + (k_{1ρ}k_{3σ} + k_{1σ} k_{3ρ})F_{μλkν} + (k_{1λ}k_{2k} + k_{1k}k_{2λ})F_{μρσν} ] − − κ 8 [(k_{2μ}k_{3ν} + k_{2ν} k_{3μ})η_{λk}η_{ρσ} + η_{μν} η_{λk}(k_{1ρ}k_{3σ} + k_{1σ}k_{3ρ})] − − κ 8 [η_{μν} η_{ρσ}(k_{1λ}k_{2k} + k_{1k}k_{2λ})] + + κ 8 [F_{μρλν} k_{2k}k_{3σ} + F_{μρkν} k_{2λ}k_{3σ} + F_{μσλν} k_{2k}k_{3ρ} + F_{μσkν} k_{2λ}k_{3ρ}] + + κ 8 [F_{μρσλ}k_{1k}k_{3ν} + F_{μρσk} k_{1λ}k_{3ν} + F_{νρσλ}k_{1k}k_{3μ} + F_{νρσk}k_{1λ}k_{3μ}] + + κ 8 [F_{μλkρ}k_{1σ} k_{2ν} + F_{μλkσ} k_{1ρ}k_{2ν} + F_{νλkρ}k_{1σ} k_{2ν} + F_{νλkσ}k_{1ρ}k_{2μ}] + + κ 8 [G_{μνρλσk} k_1.k_2 + G_{ρσμλνk}k_2.k_3 + G_{μνλρkσ} k_1.k_3] − − κ 8 [I_{μνρσλk}(k_1.k_2 + k_2.k_3 + k_3.k_1)] , (B.2)

where F, G and I are defined by the following relations F_{μνρσ} = η_{μν} η_{ρσ} + η_{μρ}η_{νσ} (B.3) G_{μνρλσk} = η_{μν} F_{ρλkσ} + η_{ρσ}F_{μλkν} (B.4) I_{μνρσλk} = η_{μρ}F_{νλkσ} + η_{μσ} F_{νλkρ} + η_{νρ}F_{μλkσ} + η_{νσ}F_{μλkρ} (B.5)

C. Cross section for two graviton production through fermion anti-fer-mion annihilation

In this appendix we give the detailed form of the cross section for two graviton production by fermion anti-fermion annihilation. The differential cross section for this process is given by. dσ d(cosθ) = 1 32πs √ 1 − 4M^2_n s (T_{11} +T_{22} +T_{33} +T_{12} +T_{23} +T_{13} +T_{44} +T_{14} +T_{24} +T_{34}) , (C.1)

– 15 –

Figure 11: A typical triple graviton vertex.

where the terms T_{ij} inside bracket are given by,

T_{11} = π^2c^4_0 m^4_0 ( −2 ( M_n^2 − t

)_4 ( 9M_n^8 − 4t^3u + 12M_n^2t^2 (t + u) − M_n^4t (20t + 9u) ) 9M_n^8t^2 ) (C.2)

T_{22} = π^2c^4_0 m^4_0 ( −2 ( M_n^2 − u

)_4 ( 9M_n^8 − 4tu^3 + 12M_n^2u^2 (t + u) − M_n^4u (9t + 20u) ) 9M_n^8u^2 )

(C.3)

T_{33} = π^2c^4_0 m^4_0 ( 2 ( 1092M_n^{12} − 1230M_n^{10} (t + u) ) + 16t(t − u)^2u(t + u)^2 9M_n^8 ) −

− π^2c^4_0 m^4_0 ( 7M_n^6 (t + u) ( 25t^2 + 52tu + 25u^2 ) 9M_n^8 ) +

+ π^2c^4_0 m^4_0 ( 4M_n^8 ( 113t^2 + 299tu + 113u^2 ) 9M_n^8 ) −

− π^2c^4_0 m^4_0 ( M_n^2 (t + u) ( 15t^4 + 62t^3u − 34t^2u^2 + 62tu^3 + 15u^4 ) 9M_n^8 ) +

+ π^2c^4_0 m^4_0 ( M_n^4 ( 56t^4 + 370t^3u + 84t^2u^2 + 370tu^3 + 56u^4 ) 9M_n^8 ) (C.4)

T_{12} = π^2c^4_0 m^4_0 (( 2M_n^2 − t − u ) ( 88M_n^{14} − 62M_n^{12} (t + u) − 4t^3u^3 (t + u) ) 9M^8_ntu ) −

− π^2c^4_0 m^4_0 (( 2M_n^2 − t − u ) ( 10M_n^{10} ( 7t^2 + 19tu + 7u^2 )) 9M^8_ntu ) −

− π^2c^4_0 m^4_0 (( 2M_n^2 − t − u ) 2M_n^2t^2u^2 ( 9t^2 + 14tu + 9u^2 ) 9M^8_ntu ) −

− π^2c^4_0 m^4_0 (( 2M_n^2 − t − u ) ( M_n^4tu (t + u) ( 26t^2 + 47tu + 26u^2 )) 9M^8_ntu ) +

– 16 –

+ π^2c^4_0 m^4_0 (( 2M_n^2 − t − u ) ( M_n^8 (t + u) ( 62t^2 + 41tu + 62u^2 )) 9M^8_ntu ) +

+ π^2c^4_0 m^4_0 (( 2M_n^2 − t − u ) ( M_n^6 ( −12t^4 + 64t^3u + 202t^2u^2 + 64tu^3 − 12u^4 )) 9M_n^8tu ) (C.5)

T_{13} = π^2c^4_0 m^4_0 ( 8 ( −99M_n^{14} + 2t^4 (t − u) u (t + u) + M_n^{12} (96t + 63u) ) 9M_n^8t ) +

+ π^2c^4_0 m^4_0 ( 8 ( M_n^{10} ( 5t^2 + 70tu − 9u^2 ) − M_n^8t ( 3t^2 + 92tu + 55u^2 )) 9M_n^8t ) −

− π^2c^4_0 m^4_0 ( 8 ( M_n^2t^3 ( 3t^3 +12t^2u−5tu^2 +2u^3 ) +M_n^6t ( −18t^3 −40t^2u+tu^2 +6u^3 )) 9M_n^8t ) +

+ π^2c^4_0 m^4_0 ( 8 ( M_n^4t^2 ( 13t^3 + 36t^2u + 31tu^2 + 7u^3 )) 9M_n^8t ) (C.6)

T_{23} = π^2c^4_0 m^4_0 ( 8 ( −99M_n^{14} − 2t (t − u) u^4 (t + u) + M_n^{12} (63t + 96u) ) 9M_n^8u ) −

− π^2c^4_0 m^4_0 ( 8 ( M_n^8u ( 55t^2 + 92tu + 3u^2 ) + M_n^{10} ( −9t^2 + 70tu + 5u^2 )) 9M_n^8u ) +

+ π^2c^4_0 m^4_0 ( 8 ( M_n^6u ( 6t^3 +t^2u−40tu^2 −18u^3 ) −M_n^2u^3 ( 2t^3 −5t^2u+12tu^2 +3u^3 )) 9M_n^8u ) +

+ π^2c^4_0 m^4_0 ( 8 ( M_n^4u^2 ( 7t^3 + 31t^2u + 36tu^2 + 13u^3 )) 9M_n^8u ) (C.7)

T_{44} = λ^2_sc^4_0 512m^8_0 ( 8688M_n^{16} − 9720M_n^{14} (t + u) + 9t(t − u)^2u(t + u)^4 9M_n^8 ) +

+ λ^2_sc^4_0 512m^8_0 ( 20M_n^{10} (t + u) ( 85t^2 + 52tu + 85u^2 ) 9M_n^8 ) +

+ λ^2_sc^4_0 512m^8_0 ( M_n^{12} ( 428t^2 + 5048tu + 428u^2 ) 9M_n^8 ) −

− λ^2_sc^4_0 512m^8_0 ( 12M_n^2(t + u)^3 ( t^4 + 8t^3u − 10t^2u^2 + 8tu^3 + u^4 ) 9M_n^8 ) +

+ λ^2_sc^4_0 512m^8_0 ( 4M_n^8 ( 17t^4 + 403t^3u + 24t^2u^2 + 403tu^3 + 17u^4 ) 9M_n^8 ) −

− λ^2_sc^4_0 512m^8_0 ( 4M_n^6 (t + u) ( 117t^4 + 482t^3u + 410t^2u^2 + 482tu^3 + 117u^4 ) 9M_n^8 ) +

+ λ^2_sc^4_0 512m^8_0 ( M_n^4(t + u)^2 ( 135t^4 + 604t^3u + 58t^2u^2 + 604tu^3 + 135u^4 ) 9M_n^8 ) (C.8)

– 17 –

T_{14} = − πc^4_0λ_s 4m^6_0 ( 864M_n^{16} + 3t^4 (t − u) u(t + u)^2 9M_n^8t ) +

+ πc^4_0λ_s 4m^6_0 ( 2M_n^2t^4 (3t − u) (t + u) (t + 5u) 9M_n^8t ) +

+ πc^4_0λ_s 4m^6_0 ( 12M_n^{14} (80t + 63u) + M_n^{12} ( −79t^2 − 404tu + 207u^2 ) 9M_n^8t ) −

− πc^4_0λ_s 4m^6_0 ( M_n^8t ( 39t^3 − 49t^2u − 323tu^2 − 171u^3 ) 9M_n^8t ) −

− πc^4_0λ_s 4m^6_0 ( 2M_n^{10} ( 153t^3 + 593t^2u + 331tu^2 − 9u^3 ) 9M_n^8t ) +

+ πc^4_0λ_s 4m^6_0 ( 2M_n^6t ( 67t^4 + 201t^3u + 175t^2u^2 + 37tu^3 − 6u^4 ) 9M_n^8t ) −

− πc^4_0λ_s 4m^6_0 ( M_n^4t^2 ( 51t^4 + 186t^3u + 143t^2u^2 + 94tu^3 + 18u^4 ) 9M_n^8t ) (C.9)

T_{24} = − πc^4_0λ_s 4m^6_0 ( 864M_n^{16} − 3t (t − u) u^4(t + u)^2 ) 9M_n^8u +

+ πc^4_0λ_s 4m^6_0 ( 2M_n^2 (t − 3u) u^4 (t + u) (5t + u) 9M_n^8u ) +

+ πc^4_0λ_s 4m^6_0 ( 12M_n^{14} (63t + 80u) + M_n^{12} ( 207t^2 − 404tu − 79u^2 ) 9M_n^8u ) −

− πc^4_0λ_s 4m^6_0 ( M_n^8u ( −171t^3 − 323t^2u − 49tu^2 + 39u^3 ) 9M_n^8u ) −

− πc^4_0λ_s 4m^6_0 ( M_n^{10} ( −18t^3 + 662t^2u + 1186tu^2 + 306u^3 ) 9M_n^8u ) −

− πc^4_0λ_s 4m^6_0 ( M_n^4u^2 ( 18t^4 + 94t^3u + 143t^2u^2 + 186tu^3 + 51u^4 ) 9M_n^8u ) +

+ πc^4_0λ_s 4m^6_0 ( 2M_n^6u ( −6t^4 + 37t^3u + 175t^2u^2 + 201tu^3 + 67u^4 ) ) 9M_n^8u ) (C.10)

T_{34} = πc^4_0λ_s 32m^6_0 ( 16 ( −588M_n^{14} + 630M_n^{12} (t + u) ) 9M_n^8 ) +

+ πc^4_0λ_s 32m^6_0 ( 3t(t − u)^2u(t + u)^3

9M_n^8 ) −

− πc^4_0λ_s 32m^6_0 ( M_n^8 (t + u) ( 5t^2 − 124tu + 5u^2 ) 9M_n^8 ) −

– 18 –

− πc^4_0λ_s 32m^6_0 ( 2M_n^{10} ( 43t^2 + 244tu + 43u^2 ) 9M_n^8 ) −

− πc^4_0λ_s 32m^6_0 ( M_n^2(t + u)^2 ( 3t^4 + 22t^3u − 26t^2u^2 + 22tu^3 + 3u^4 ) 9M_n^8 ) −

− πc^4_0λ_s 32m^6_0 ( 4M_n^6 ( 8t^4 + 61t^3u + 30t^2u^2 + 61tu^3 + 8u^4 ) 9M_n^8 ) +

+ πc^4_0λ_s 32m^6_0 ( M_n^4 (t + u) ( 21t^4 + 92t^3u + 38t^2u^2 + 92tu^3 + 21u^4 ) 9M_n^8 ) . (C.11)

Here s, t and u are the Mandelstam variables.

References

[1] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315].

[2] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a millimeter to a Fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398].

[3] K. Akama, An early proposal of ”brane world”, Lect. Notes Phys. 176 (1982) 267;

V.A. Rubakov and M.E. Shaposhnikov, Do we live inside a domain wall?, Phys. Lett. B 125 (1983) 136;

A.T. Barnaveli and O.V. Kancheli, The world as a membrane in a space of higher dimensionality, Sov. J. Nucl. Phys. 51 (1990) 573;

I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377; I. Antoniadis, C. Muñoz and M. Quiros, Dynamical supersymmetry breaking with a large internal dimension, Nucl. Phys. B 397 (1993) 515 [hep-ph/9211309]; I. Antoniadis, K. Benakli and M. Quiros, Production of Kaluza-Klein states at future colliders, Phys. Lett. B 331 (1994) 313 [hep-ph/9403290].

[4] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.

Rev. Lett. 83 (1999) 3370 [hep-ph/9905221]; An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[5] Y.A. Kubyshin, Models with extra dimensions and their phenomenology, hep-ph/0111027.

[6] J. Hewett and M. Spiropulu, Particle physics probes of extra spacetime dimensions, Ann.

Rev. Nucl. Part. Sci. 52 (2002) 397.

[7] T. Han, J.D. Lykken and R.J. Zhang, On Kaluza-Klein states from large extra dimensions, Phys. Rev. D 59 (1999) 105006 [hep-ph/9811350].

[8] G.F. Giudice, R. Rattazzi and J.D. Wells, Quantum gravity and extra dimensions at high-energy colliders, Nucl. Phys. B 544 (1999) 3 [hep-ph/9811291].

[9] H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Phenomenology of the Randall-Sundrum gauge hierarchy model, Phys. Rev. Lett. 84 (2000) 2080 [hep-ph/9909255].

[10] T.G. Rizzo, Unique graviton exchange signatures at linear colliders, hep-ph/0209065; Extra dimensional signatures at clic, eConf C010630 (2001) P301 [hep-ph/0108235].

– 19 –

[11] P. Das, S. Raychaudhuri and S. Sarkar, HERA constraint on warped quantum gravity, J. High Energy Phys. 07 (2000) 050 [hep-ph/0002079].

[12] D.K. Ghosh and S. Raychaudhuri, Testing the Randall-Sundrum model at a high-energy e^−e^− collider, Phys. Lett. B 495 (2000) 114 [hep-ph/0007354].

[13] S.K. Rai and S. Raychaudhuri, Single photon signals for warped quantum gravity at a linear e^+e^− collider, J. High Energy Phys. 10 (2003) 020 [hep-ph/0307096].

[14] B.C. Allanach, K. Odagiri, M.A. Parker and B.R. Webber, Searching for narrow graviton resonances with the atlas detector at the large hadron collider, J. High Energy Phys. 09 (2000) 019 [hep-ph/0006114].

[15] J. Bijnens, P. Eerola, M. Maul, A. Mansson and T. Sjostrand, QCD signatures of narrow graviton resonances in hadron colliders, Phys. Lett. B 503 (2001) 341 [hep-ph/0101316].

[16] B.C. Allanach et al., Exploring small extra dimensions at the large hadron collider, J. High Energy Phys. 12 (2002) 039 [hep-ph/0211205].

[17] P. Traczyk and G. Wrochna, Search for Randall-Sundrum graviton excitations in the CMS experiment, hep-ex/0207061.

[18] E. Dvergsnes, P. Osland and N. Ozturk, Graviton-induced bremsstrahlung, Phys. Rev. D 67 (2003) 074003 [hep-ph/0207221].

[19] W.D. Goldberger and M.B. Wise, Bulk fields in the Randall-Sundrum compactification scenario, Phys. Rev. D 60 (1999) 107505 [hep-ph/9907218].

[20] H. Davoudiasl and T.G. Rizzo, Bulk physics at a graviton factory, Phys. Lett. B 512 (2001) 100 [hep-ph/0104199].

– 20 –