arXiv:1212.4858v4 [hep-ph] 24 Jun 2013

IFT-UAM/CSIC-12-102

Prepared for submission to JHEP

Discovering Minimal Universal Extra Dimensions (MUED) at the LHC

Alexander Belyaev^{a,b} Matthew Brown^a Jesús M. Moreno^c Chloé Papineau^c aSchool of Physics and Astronomy, University of Southampton Highfield, Southampton, SO17 1BJ, UK bParticle Physics Department, Rutherford Appleton Laboratory Chilton, Didcot, Oxon, OX11 0QX, UK cInstituto de Física Teórica, IFT-UAM/CSIC Nicolas Cabrera 15, UAM, Cantoblanco, 28049 Madrid, Spain E-mail: a.belyaev@soton.ac.uk, m.s.brown@soton.ac.uk,

jesus.moreno@csic.es, chloe.papineau@gmail.com

Abstract: In this work we discuss our consistent implementation of the minimal model of Universal Extra Dimensions in CalcHEP. We pay special attention to the gauge invariance issues that arise due to the incorporation of 5D quantum corrections. After validating the implementation we perform a complete study of the tri-lepton signature, including a realistic estimate of the backgrounds, for the present LHC energy and luminosity. We also derive the expected LHC discovery reach for different luminosities, both at √ s = 7 TeV and 8 TeV.

ArXiv ePrint: 1212.4858

Contents

1 Introduction 1

2 Theoretical framework 4 2.1 The MUED model at tree level 4 2.1.1 Decomposition of the fields 4 2.1.2 The MUED Lagrangian 5 2.2 MUED at one loop: mass corrections and gauge invariance 6 2.2.1 The case of a scalar field 7 2.2.2 The MUED Lagrangian at one loop 8 2.2.3 Comments on the bulk corrections 12 2.3 Detailed analysis of the spectrum 13

3 Model implementation 15 3.1 Implementation details and notation 15 3.2 Consistency checks 19

4 Phenomenology 20 4.1 MUED parameter space, signal rates and signature under study 20 4.2 Signal-versus-background analysis 27 4.3 LHC discovery reach 33

5 Conclusions 36

A Towards MUED at one loop: the case of U(1)×U(1) 38 A.1 Gauge boson mixing 39 A.2 Scalar mixing 39 A.3 Derivative coupling 40 A.4 Diagonalised Lagrangian 41

B Splitting of four-gluon vertices in CalcHEP/CompHEP 42 B.1 Tensorial splitting 42 B.2 Vectorial splitting 43

1 Introduction

Many beyond the Standard Model (SM) theories rely on the existence of extra spatial dimensions. For instance, the best candidate to unify gravity and gauge interactions, string theory [1], is only consistent in a ten dimensional space-time. On the other

– 1 – hand, the presence of extra dimensions could also have an impact on scales much lower than the Planck mass [2] (and this can be consistent with string theory [3]). In particular, extra dimensions provide a new perspective from which to address issues such as the nature of electroweak symmetry breaking, the origin of the number of fermion generations [4] and their mass hierarchy [5], and the supersymmetry breaking mechanism [6]. In any case, the underlying physics will depend on several facts such as the size and the shape of the extra dimensions, the existence of space-time subspaces in which the different fields propagate, the presence of background fields, etc. Let us concentrate on the size of these extra dimensions. Although present data constraint them, they could be as large as O(TeV)^{−1}. In this case they would be accessible at the Large Hadron Collider (LHC), which is already probing this scale. Furthermore, since this is also the typical mass of a weak interacting massive particle (WIMP), such models could be relevant for dark matter purposes.

The simplest of these models is the Universal Extra Dimension (UED) scenario, which was proposed a decade ago by Appelquist, Cheng and Dobrescu [7]. In this model, the geometry consists of the ordinary flat 4D space-time and an additional fifth dimension compactified on a circle of radius R. In its minimal version (MUED, defined in ref. [8]), the SM particles are promoted to 5D fields which propagate in the whole space-time. Notice that since gauge couplings are not dimensionless, the model is non-renormalisable. Therefore it should be regarded as an effective theory valid up to some cut-off Λ, above which new degrees of freedom that complete the theory have to be incorporated. Since the extra dimension is compact, for small values of the radius R the theory may be reduced to an effective four-dimensional theory whose light spectrum contains the SM. The precise SM spectrum is obtained by imposing a Z_2 symmetry that breaks the translational invariance along the fifth dimension and projects out half of the 4D fermions, allowing for chirality. This symmetry does not break Kaluza-Klein (KK) parity, a discrete symmetry that ensures the stability of the Lightest KK Particle (LKP), the potential dark matter candidate of the model.

The spectrum is organised in towers of KK modes that get a common mass contribution proportional to their KK number. The degeneracy of these KK masses is lifted by the breaking of the electroweak symmetry and by the breaking of 5D Lorentz invariance caused by the compactification. It is possible in principle to introduce explicitly Lorentz-violating terms to the Lagrangian (such as terms localised at the boundaries of the compact dimension, or terms that are non-local in the compact coordinate). However, in MUED [8], these terms are assumed to vanish at the theory’s cuttoff scale. Even so, such terms will be induced again at lower scales by 5D quantum corrections.

In fact, a detailed evaluation of the 4D spectrum is crucial to explore the phenomenology of the model. From one side, it determines the sequence and the kinematics of the KK chain decays that will be produced at the LHC. On the other side, it enters in the evaluation of the LKP cosmological abundance [9], in which coannihilation processes are expected to play an important role.

– 2 –

It is then important to deal simultaneously with the breaking of both gauge and space-time symmetries and to understand their interplay with quantum corrections. This question has been addressed in several works. In particular, analytic expressions for the mass spectrum without including radiative corrections were obtained in ref. [10]. The effect of 5D quantum corrections was first evaluated in ref. [11] in an approximation such that the effects which involve both electro-weak symmetry breaking and radiative corrections were ignored. Since these terms are not gauge invariant, these approach is not fully satisfactory. A further step along this lines was made in ref. [12], where the 5D corrections (both bulk and brane) were incorporated as a series of wave function renormalisation factors in the 4D expansion before considering the electroweak symmetry breaking. The consistency of this procedure has to be analysed since some of these terms cannot be derived from a local 5D Lagrangian.

The aim of this work is to provide a consistent description of MUED, implement it in CalcHEP (a software package [13] for calculating cross-sections and generating events) and explore the signatures of this model to study its discovery potential at the LHC.

We have documented our implementation, collecting all the expressions (complete Lagrangian terms, masses and mixing values after EWSB, etc.) and provided detailed tables describing the notation used for all particles and parameters. We have also made the model publicly available at the High Energy Model DataBase (HEP- MDB) in both Feynman-’t Hooft and unitary gauges at https://hepmdb.soton.ac.uk/ under the name “MUED-BBMP” and have used the power of HEPMDB to perform scans over the MUED parameter space. Using this setup we have studied the LHC potential to explore the MUED parameter space using a tri-lepton signature, which we found to be one of the most promising signatures sensitive to MUED. There are several reasons for this. One is related to the compressed spectrum of MUED which leads to soft particles in the final state, among which the leptons are the most convenient objects to be identified and dealt with. Another reason for the advantage of the leptonic signatures, including the tri-lepton one, is the specific mass hierarchy of the KK particles in MUED which provides a large branching ratio of leptonic decays from initial KK states; we demonstrate this below. Finally, the tri-lepton signature has quite a high signal-to-background ratio. In addition, we have identified optimal kinematical cuts that further enhance the statistical significance of the signal. The results obtained are discussed in this article and compared with the previous studies [14–18] devoted to the MUED collider phenomenology. The analysis is done in the region compatible with present indirect constraints (electroweak precision measurements [19], Higgs boson production and decay data [20, 21] and Dark Matter [12]).

The detailed content of the paper is the following: in section 2 we present our theoretical framework and provide the detailed MUED Lagrangian including the 5D quantum corrections. We also describe the spectrum for two benchmark points. In

– 3 – section 3 we deal with the CalcHEP model implementation and its validation. The phenomenology of the model is presented in section 4. We study in detail there the tri-lepton signature, paying special attention to the background evaluation, and make a realistic estimate of the LHC discovery reach. In section 5 we summarise our results. In appendix A we give the explicit relations for masses and mixings in the neutral bosonic sector, while in appendix B we describe the implementation of four gluon vertices in CalcHEP.

2 Theoretical framework

In this section, we start by reviewing the most important features of the MUED model [7, 8]. We then explain our formalism in detail and show that it reconciles gauge invariance, electroweak symmetry breaking and 5D loop corrections.

2.1 The MUED model at tree level

In the MUED Model, all SM particles are promoted to 5D fields which propagate in the bulk of an S^1/Z_2 orbifold^1 with length πR. Because of the periodicity of S^1, the fields can be expanded in Fourier modes exp (_{iny} R ) with n an integer. However, half of these states are projected out under the action of the orbifold. This procedure allows for fermion chirality. At the end of the day, the y-independent n = 0 modes reproduce the 4D SM particle content while in turn each SM particle is associated to a tower of Kaluza-Klein (KK) partners.

2.1.1 Decomposition of the fields Under a Z_2-transformation, a scalar field ϕ can be even or odd, i.e ϕ (−y) = ±ϕ (y), because its kinetic term contains two derivatives. Therefore its expansion in KK modes is either ϕ (x, y) = 1 √ πR [ ϕ^{(0)}(x) + √ 2 ∑ n≥1 ϕ^{(n)}(x) cos ny R ] if ϕ is even,

or ϕ (x, y) = √ 2 πR ∑ n≥1 ϕ^{(n)}(x) sin ny R if ϕ is odd. (2.1)

We see that an odd scalar does not have a zero mode and hence is not suitable to represent the Higgs field. Furthermore, the zero mode ϕ^{(0)} of an even scalar field comes accompanied by the infinite tower of ϕ^{(n)} states. We note that the factor 1/ √ πR accounts for the dimensionality of the field in 5D and ensures that the KK fields are canonically normalised in 4D.

The decomposition of a fermion can be deduced from its kinetic term ψ̄γ^M ∂_M ψ, which contains ψ̄γ^5∂_5ψ. This term is invariant under Z_2 if ψ(−y) = ±γ^5ψ(y). If

1We denote the extra dimension by y or x^5 and the 4D coordinates by x^μ. The metric is diag(+, −, −, −, −). Under a Z_2-transformation, y → −y.

– 4 – the sign is + (resp. −), then the zero mode of the fermion is right-handed (resp. left-handed).

ψ_R = 1 √ πR [ ψ^{(0)}_R (x) + √ 2 ∑ n≥1 ( P_Rψ^{(n)}_R (x) cos ny R + P_Lψ^{(n)}_R (x) sin ny R ) ] (2.2)

ψ_L = 1 √ πR [ ψ^{(0)}_L (x) + √ 2 ∑ n≥1 ( P_Lψ^{(n)}_L (x) cos ny R + P_Rψ^{(n)}_L (x) sin ny R ) ] (2.3)

where the subscript L, R refers to the zero mode chirality, and P_{L,R} =^{1±γ5}_2 . Note that all the ψ^{(n)}_{L,R} are Dirac fermions while the zero mode is chiral. Thus, there are four chiralities per KK level : ψ^{(n)}_{LL} , ψ^{(n)}_{LR} , ψ^{(n)}_{RL} and ψ^{(n)}_{RR} . Only when necessary will we specify these chiralities. Otherwise, it should be understood that ψ^{(n)}_{L, R} with n ≥ 1 stands for a Dirac fermion.

Finally, a gauge boson A_M , M = (μ, 5), couples to a fermion via the term ψ̄γM D_M ψ ⊃ ψ̄γM A_M ψ. Consequently, A_μ is even while A_5 is odd

A_μ (x, y) = 1 √ πR [ A^{(0)}_μ (x) + √ 2 ∑ n≥1 A^{(n)}_μ cos ny R ] ,

A_5 (x, y) = √ 2 πR ∑ n≥1 A^{(n)}_5 (x) sin ny R . (2.4)

2.1.2 The MUED Lagrangian It is simply obtained by embedding the SM Lagrangian into the 5D geometry:

L_5 = − 1 4 G^a_{MN} G^{a MN} − 1 4 B_{MN} B^{MN} − 1 4 W^i_{MN} W^{i MN} + (D_M H)^† ( D^M H ) +i QΓ^M D_M Q + i LΓ^M D_M L + i uΓ^M D_M u + i dΓ^M D_M d + i eΓ^M D_M e +μ^2H^†H − λ_H ( H^†H )_2 − ( y_uQu ~H + y_dQdH + y_eLeH + h.c. ) , (2.5)

where G, W and B are the gauge bosons of respectively SU(3), SU(2) and U(1); H is the Higgs field; Q and L are the quark and lepton doublets; and u, d and e are the up-type quarks, down-type quarks and electron-like singlets. All fields should have an understood (x^μ, y) dependence and there is an implicit sum over fermion generations. The Lagrangian is defined at the cutoff scale, where Lorentz-violating terms are assumed to vanish.

The Dirac matrices are Γ^M = (γ^μ, iγ^5) and the covariant derivative is

D_M = ∂_M − i Y g^{(5)}_1 B_M − i g^{(5)}_2 σ^i 2 W^i_M − i g^{(5)}_3 t^aG^a_M ,

with Y the hypercharge, σ^i the Pauli matrices, t^a the Gell-Mann matrices and where the 5D gauge couplings are related to the 4D ones by g^{(5)}_i = g_i √ πR. Finally, the factors y_u, y_d and y_e are the Yukawa matrices and ~H = iσ^2H^∗.

– 5 –

In principle, since the compactification explicitly breaks Lorentz invariance, one could introduce Lorentz-violating, yet gauge-invariant, terms into the above Lagrangian. This could be in the form of terms localised on the boundaries of the compact extra dimension (brane terms) or terms involving Wilson loops that are non-local in the y coordinate (bulk terms). In the minimal model of UED [8] these brane and bulk terms are assumed to be zero at the cutoff scale.

It is relatively straightforward to expand the various fields into KK modes and integrate the Lagrangian (2.5) over the compact extra dimension in order to study the effective 4D theory: L_4 = ∫_{πR} 0 L_5(y)dy. Due to the kinetic terms along the fifth dimension, the KK particles receive a geometrical contribution to their mass

m^2_n = m^2_0 + n^2 R^2

(2.6)

where m_0 stands for the mass of the corresponding zero mode, that is, the SM mass. This expression is modified when quantum corrections are included.

2.2 MUED at one loop: mass corrections and gauge invariance

According to (2.6), the lightest KK modes are the n = 1 photon and gluon, which have the same mass. Other degenerate states are the two KK Dirac fermions associated with each quark or lepton. In fact, when the compactification scale R^{−1} is much larger than the Higgs vev v, the entire spectrum at a given KK level is approximately degenerate. Under these circumstances, one expects radiative corrections to play an important role when studying the phenomenology of models with a small compact extra dimension^2.

Quantum corrections to the KK masses arise from the breaking of the 5D Lorentz invariance. They have been studied [11, 23–25] in detail in the v ≪ R^{−1} limit. There are two types of quantum corrections to the KK masses: the so-called bulk and brane contributions. The first ones are generic in a compactified theory since 5D Lorentz invariance is broken at long distances by the compactification. These corrections are intrinsically non-local (in 5D), modify only the gauge boson masses and are independent of the KK level.

The second ones [23] have their origin in the breaking of the translational symmetry at the orbifold fixed points. Brane corrections are divergent in the cutoff scale Λ and require brane-localised counter-terms to renormalise the action. In the effective 4D theory, these corrections are proportional to the usual Kaluza-Klein mass^n_R and depend logarithmically on Λ.

Summing both bulk and brane contributions, one has

δm^2_{vector (n)} = a_v n^2 R^2

+ b_v ,

δm_{fermion (n)} = a_f n R , 2The importance of quantum corrections in this context was first pointed out by Hosotani [22].

– 6 – δm^2_{scalar (n)} = a_s n^2 R^2

, (2.7)

for n ≥ 1, where the factors a_v, a_f , a_s, b_v are dictated by the quantum numbers of the particle (see [11] for the complete set of corrections). The first terms represent the brane corrections, while the constants b_v stand for the bulk corrections. For example, for the quarks doublets, one has

a_f = 1 16π^2 ( 3g^2_3 + 27 16 g^2 + 1 16 g^2_1 ) ln Λ^2 μ^2

where the g_i are the gauge couplings for the different SM gauge groups, Λ is the UV cutoff, and μ is the running scale. Comparatively, the bulk corrections for the U(1) gauge boson B are

b_v = − 39 2 ζ (3) g^2_1 16π^4 1 R^2 .

As mentioned in the Introduction, adding these corrected mass terms to the Lagrangian (2.5) explicitly breaks gauge invariance in 5D. In the remainder of this section, we model the brane corrections with wave-function normalisation factors as described in [12], and proceed with the compactification. The strategy is to focus on the quadratic part of the Lagrangian in order to identify the mass eigenstates, the Goldstone bosons and Fadeev-Popov ghosts. Note that the quadratic part of the 5D Lagrangian is diagonal in the Kaluza-Klein basis, see e.g [10]. We comment on the bulk corrections at the end of this section.

2.2.1 The case of a scalar field Before turning to the full MUED Lagrangian at one loop, let us consider a scalar field Φ in 5D. The key point of our setup is to recognise that the brane corrections are proportional to the KK mass^{n2}_{R2} and hence can be incorporated into the kinetic term along the fifth dimension. We introduce normalisation functions by splitting the 5D part from the 4D part in the Lagrangian

L_5 = 1 2 |∂_μΦ|^2 − 1 2 Z_Φ |∂_5Φ|^2 + m^2_0 |Φ|^2 . (2.8)

Following section 2.1, we decompose the field in KK modes and integrate over the fifth dimension, L_4 = ∫_{πR} 0 L_5 (y) dy. In 4D, the spectrum consists in a tower of KK scalar fields ϕ^{(n)} with masses m^2_n = m^2_0 + Z_Φ^{n2}_{R2} . It is straightforward to identify Z_Φ = 1 + a_s so that the total mass matches the tree-level mass (2.6) plus the brane correction (2.7).

Let us comment on this procedure. First of all, the Lagrangian (2.8) is not Lorentz covariant. However, since the orbifold breaks translational invariance in 5D, we emphasise that this Lagrangian is phenomenologically relevant as far as brane

– 7 – corrections go^3. Also, in principle, loop diagrams of the “brane” type yield KKnumber violating mass mixings since p_5 is not conserved in these processes (see [11], eq. (34)). This means that in the 4D effective theory, the KK states are no longer the mass eigenstates. One should then diagonalise the infinite mass matrix. However, the off-diagonal KK-mixing terms in this matrix are small compared to the diagonal mass terms and so, to a very good approximation, we can disregard them and retain only KK-number preserving mass corrections. In 5D, this approximation manifests itself through the fact that our Z_Φ function is independent on the extra dimension, and hence KK number is conserved. In other words, instead of considering branelocalised counter-terms, we have effectively spread them throughout the compact dimension.

2.2.2 The MUED Lagrangian at one loop The same idea of splitting the fifth direction from the Minkowski 4D can be applied to the whole Lagrangian (2.5). Whenever there is a contraction of Lorentz indices, that is for all the kinetic terms, we introduce a Z function.

This procedure preserves gauge invariance. For instance, consider a field strength F^{a MN} F^a_{MN} . It is gauge invariant in 5D by construction. Due to its antisymmetry, it reduces to F^a_{μν} F^{a μν} + 2F^a_{μ5}F^{a μ5}. Each of these two terms is clearly gauge invariant on its own, therefore splitting them explicitly in the Lagrangian and adding a factor Z to the second one does not affect gauge invariance in 5D. The same applies to the Higgs and the fermion kinetic terms.

We are now ready to write our 5D MUED Lagrangian and analyse it:

L_5 = − 1 4 G^a_{μν} G^{a μν} − 1 4 B_{μν} B^{μν} − 1 4 W^i_{μν} W^{i μν} + (D_μH)^† (D^μH) + Z_G 2 G^a_{μ5}G^{a μ}_5 + Z_B 2 B_{μ5}B^μ_5 + Z_W 2 W^i_{μ5}W^{i μ}_5 − Z_H (D_5H)^† (D_5H) +i Qγ^μD_μQ + i Lγ^μD_μL + i uγ^μD_μu + i dγ^μD_μd + i eγ^μD_μe −Z_Q Qγ^5D_5Q − Z_L Lγ^5D_5L − Z_u uγ^5D_5u − Z_d dγ^5D_5d − Z_e eγ^5D_5e +μ^2H^†H − λ_H ( H^†H )_2 − ( y_uQu ~H + y_dQdH + y_eLeH + h.c. ) . (2.9)

In Ref. [11], expressions are given for brane mass corrections (ignoring electroweak symmetry breaking) in their equation (44). The Z functions in the above Lagrangian can be found by simply matching

m^2_{boson(n)} = ( n R )_2

+ δm^2_{boson(n)} = Z n^2 R^2 for bosons and m_{fermion(n)} = n R + δm_{fermion(n)} = Z n R 3Alternatively, this is equivalent to rescaling R → R/ √ Z_Φ.

– 8 – for fermions (neglecting bulk corrections), which results in the following:

Z_Q = 1 + ( 3 g^2_3 16π^2 + 27 16 g^2 16π^2 + 1 16 g^2_1 16π^2 ) ln Λ^2 μ^2

Z_u = 1 + ( 3 g^2_3 16π^2 + g^2_1 16π^2 ) ln Λ^2 μ^2

Z_d = 1 + ( 3 g^2_3 16π^2 + 1 4 g^2_1 16π^2 ) ln Λ^2 μ^2 , Z_L = 1 + ( 27 16 g^2 16π^2 + 9 16 g^2_1 16π^2 ) ln Λ^2 μ^2 , Z_e = 1 + 9 4 g^2_1 16π^2 ln Λ^2 μ^2 , Z_B = 1 + ( − 1 6 ) g^2_1 16π^2 ln Λ^2 μ^2 , Z_W = 1 + 15 2 g^2 16π^2 ln Λ^2 μ^2 , Z_G = 1 + 23 2 g^2_3 16π^2 ln Λ^2 μ^2 , Z_H = 1 + ( 3 2 g^2 + 3 4 g^2_1 − m^2_H v^2 ) 1 16π^2 ln Λ^2 μ^2 ,

(2.10)

where Λ is the 5D momentum cutoff (typically taken to be around 20R^{−1}) and μ is the renormalisation scale.

We will focus on the quadratic part of the Lagrangian in order to identify the mass eigenstates of the 4D theory. Also note that the quadratic part of the Lagrangian is diagonal in the KK indices. Therefore, the strategy is the same as for MUED at tree level, see [10]: we KK expand the fields and perform the compactification. We then diagonalise the quadratic part of the Lagrangian in 4D for a given level n. After identifying the Goldstone bosons, we perform the gauge fixing and incorporate the Fadeev-Popov Lagrangian.

The bosonic sector

For the reader interested in the details of the computation, an example of diagonalisation of the Lagrangian (2.9) is presented in appendix A where we consider the subgroup U(1)×U(1) spontaneously broken by the Higgs. As shown therein, the identification of the Goldstone bosons is tedious, though not conceptually difficult, and the gauge fixing proceeds as usual. We list here the key results of the diagonalisation procedure.

Once the Higgs field acquires a vev, the bosons B and W^3 mix. However, the KK states B^{(n)} and W^{3 (n)} mix with an angle that depends on n, Z_B and Z_W . Consequently, the n ≥ 1 mass eigenstates cannot be identified with a KK photon or a KK Z-boson. We call the mass eigenstates P^{(n)}μ and V^{(n)}μ and their masses are m^2_{{P,V }(n)} = 1 2 [ v^2 4 ( g^2_1 + g^2 ) + n^2 R^2

(Z_B + Z_W )

– 9 –

∓ √( v^2 4 (g^2 − g^2_1 ) + n^2 R^2

(Z_W − Z_B)

)_2 + 1 4 g^2_1 g^2v^4

. (2.11)

Likewise, the fifth components B^{(n)}_5 , W^{3 (n)}_5 and the Higgs pseudo-scalar χ^{3 (n)} also mix. Two of the mass eigenstates are the Goldstone bosons associated with P^{(n)}μ and V^{(n)}μ . The third scalar mass eigenstate is a Higgs neutral field a^{(n)}_0 which mass is

m^2_{a0(n)} = Z_H [ n^2 R^2 + v^2 4 ( g^2_1 Z_B + g^2 Z_W ) ] . (2.12)

On the other hand, the gauge bosons W^1_M and W^2_M give rise to a tower of KK states W^{± (n)}μ since they are orthogonal to the breaking of SU(2). Their mass is simply m^2_{W (n)} = m^2_W + Z_W n^2 R^2

. (2.13)

The associated Goldstone boson G^{± (n)}_W is a combination of their fifth component W^{± (n)}_5 with the Higgs pseudo-scalars χ^{1 (n)} and χ^{2 (n)}. The other linear combination is a physical charged Higgs scalar a^{(n)}_± whose mass is

m^2_{a(n)} = Z_H Z_W m^2_{W (n)} . (2.14)

The only remaining degree of freedom of the Higgs, which we call H^{(n)}, acquires a mass m^2_{H(n)} = m^2_H + Z_H n^2 R^2

. (2.15)

Its zero mode corresponds to the SM Higgs boson.

Finally, the gluon has a KK tower G^{a (n)}μ with mass

m^2_{G(n)} = Z_G n^2 R^2

, (2.16)

and its associated Goldstone bosons are the fifth components G^{a (n)}_5 .

Therefore, at the n^{th} KK level, there are five gauge bosons: G^{(n)}μ , P^{(n)}μ , V^{(n)}μ , W^{± (n)}μ ; and four scalars: the Higgs H^{(n)} and the three scalars a^{(n)}_0 and a^{(n)}_± . We point out that among the scalars, only the Higgs field possesses a zero mode.

Once we have identified the Goldstone bosons of the theory, the gauge-fixing Lagrangian is determined very easily, see for example the end of appendix A. The next step is to include the ghosts fields. As an illustrative example, let us focus on the SU(3) sector. The 4D gauge-fixing Lagrangian

L^{(n)}_{GF} = − 1 2ξ ( ∂^μG^{a (n)}_μ − ξZ_G∂_5G^{a (n)}_5

)_2

can be promoted to a 5D Lagrangian L_{GF} = − 1 2ξ ( ∂^μG^a_μ − ξZ_G∂_5G^a_5

)_2 = − 1 2ξ F^a_GF^a_G , (2.17)

– 10 – where we have introduced the gauge-fixing functions F^a_G. Because this Lagrangian is quadratic, it cannot give rise to any KK-number mixing. The next step is to introduce the 5D ghosts fields c^a and c^a, which are Z_2-even. The Fadeev-Popov Lagrangian is L_{F P} = −c^a δF^a_G δα^b c^b where α^a is the parameter of the gauge transformation. We find L_{F P} = c^a [ −∂^μ∂_μ + ξZ_G∂^2_5 ] c^a − g^{(5)}_3 f^{abc}∂^μc^aG^c_μc^b + g^{(5)}_3 ξZ_Gf^{abc}∂_5c^aG^c_5c^b .

For the SU(2)×U(1) sector of the theory, particular care has to be taken since the symmetry is spontaneously broken. We emphasise however that the Fadeev-Popov procedure in this case does not bring any additional complication compared to the SM. The fermionic sector

We now proceed to the diagonalisation of the fermionic sector of the theory. The left and right fermions do not receive the same corrections since they are respectively doublets and singlets of SU(2). Recall that each fermion of the SM has two associated infinite towers of KK Dirac fermions ψ^{(n)}_R and ψ^{(n)}_L . After electroweak symmetry breaking, they mix with the following matrix −Z_R^n_R m_ψ m_ψ Z_L^n_R (2.18)

where m_ψ is the zero-mode mass and we labelled the left and right radiative corrections as Z_{L, R}. At the n^{th} KK level, the mixing is ψ^{(n)}_R ψ^{(n)}_L = −γ^5 cos α_{ψ(n)} sin α_{ψ(n)}

γ^5 sin α_{ψ(n)} cos α_{ψ(n)} ψ^{(n)}_1

ψ^{(n)}_2

, (2.19)

with tan ( 2α_{ψ(n)} ) = 2m_ψ (Z_L + Z_R) n/R , for n ≥ 1 , (2.20)

and where ψ^{(n)}_i are the mass eigenstates after EWSB, with masses

m_{{1, 2}(n)} = 1 2 [ Z_L + Z_R cos ( 2α_{ψ(n)} ) ∓ (Z_L − Z_R) ] n R . (2.21)

The same applies to all fermions except for the neutrinos.

Let us briefly comment on the corrections to the top quark mass. Because the Yukawa coupling is large, the top receives an additional correction through the Higgs, see [11]. These corrections can be included as extra contributions to the wave-function normalisation. However, because of gauge invariance, the left-handed

– 11 – bottom quark also receives a Higgs-induced correction. The corresponding terms in the Lagrangian are

− Z_{T L} T γ^5D_5T − Z_{tR} tγ^5D_5t − Z_d bγ^5D_5b ,

where Z_d is the common correction for right-handed quarks, and Z_{T L} and Z_{tR} contain the new contributions. Consequently, the bottom masses depend on Z_{T L} instead of the naive expectation (Z_Q).

In summary, at the n^{th} KK level, there are two Dirac fermions labelled by an index (1 or 2). Their masses are given by (2.21) and depend on the left and right corrections.

2.2.3 Comments on the bulk corrections As mentioned at the beginning of this section, the bulk mass corrections arise when one of the internal lines of the 5D loop diagram winds around the extra dimension. They affect only the gauge boson masses and are independent of the KK number, that is, they shift the entire tower of KK states except for the zero mode. Interestingly, the bulk corrections computed in [11, 24] seem to be independent of the regularisation scheme [26–29]. For instance, in latticised (or deconstructed) versions of 5D theories [30–32], which are often considered UV complete, the same results were found.

Because they do not depend on the KK number, the bulk corrections cannot be incorporated within a wave-normalisation function in the manner of the previous paragraphs. As it turns out^4, they can be modelled by non-local operators (Wilson lines) in 5D. The reason is that since one internal line winds around the fifth dimension, such loops cannot be shrunk to a point and hence they are non-local from the 5D point of view (but local in the effective 4D theory). Even though we believe that this issue deserves further attention, it goes beyond the scope of this work to consider non-local operators.

Quantitatively, the bulk corrections are negligible. The results derived in [11] are δm^2_{B (n)} = − 39 2 ζ (3) g^2_1 16π^4 1 R^2 δm^2_{W (n)} = − 5 2 ζ (3) g^2 16π^4 1 R^2 for n ≠ 0 .

δm^2_{G (n)} = − 3 2 ζ (3) g^2_3 16π^4 1 R^2 Numerically, for all n ≥ 1 and for phenomenologically acceptable values of R (∼ 1 TeV), the bulk corrections are very small compared to the brane ones with the only exception of the B^{(1)} boson. However, because g_1 is so small, it turns out that both brane and bulk corrections are in any case negligible compared to the tree-level mass 1/R^2 for B^{(1)}. Therefore, in our implementation and phenomenological studies, we have disregarded the bulk corrections.

4We warmly thank A. Pomarol for very valuable discussion on this matter.

– 12 –

2.3 Detailed analysis of the spectrum

Armed with the masses computed in section 2.2, we are ready to plot the spectrum and analyse its features. For each 5D field, the Z function is matched with the results obtained in [11]. In order to efficiently compare our results with the existing literature, we fix the cutoff Λ = 20R^{−1} and the running scale μ = R^{−1}. Furthermore, we choose two benchmark values for the compactification scale R^{−1} = 800 GeV and R^{−1} = 1500 GeV. As we will explain in section 4, these points are close to the edge of the allowed region. The spectrum of the first KK level is shown in figures 1 and 2 for a Higgs mass m_H = 120 GeV and these two values of R^{−1}.

Figure 1: The first KK level of the MUED spectrum for R^{−1} = 800 GeV, m_H = 120 GeV, ΛR = 20 and μR = 1, at tree level (left) and one loop (right).

Figure 2: The first KK level of the MUED spectrum for R^{−1} = 1500 GeV, m_H = 120 GeV, ΛR = 20 and μR = 1, at tree level (left) and one loop (right).

First of all, the degeneracy of the tree-level spectrum is significantly lifted once we include corrections. As expected, the lightest KK particle (LKP) is the gauge boson P^{(1)} which is at 99% composed of the B^{(1)} boson because the electroweak scale is much smaller than the radius. It is stable and hence is a good dark matter candidate. The next-to-lightest KK particle (NLKP) for the parameters of figure 1 is a charged KK lepton, while as seen in figure 2, the KK lepton and the scalar a_0 are

– 13 – almost degenerate. Also note that the V^{(1)} boson consists essentially of the W^{3 (1)} boson and hence the three SU(2) bosons are still degenerate at one loop.

The heaviest KK state is the gluon because g_3 is large and the brane corrections are positive. This is also the reason why the quark masses are lifted by a greater amount than the leptons. The LHC being a hadron collider, as KK quarks and gluons are produced we expect them to decay into the several lighter KK species plus SM particles. Notice however that the corrections in the top quark masses by the Higgs are negative and proportional to the top Yukawa coupling thus pushing these masses down. Remarkably, for R^{−1} = 1500 GeV there is just enough gap for the second top t^{(1)}_2 to decay into a SM top plus P^{(1)} while at R^{−1} = 800 GeV this decay is forbidden.

Figure 3: Evolution of the n = 1 masses with the cutoff ΛR at fixed R^{−1} = 800 GeV and μR = 1.

It is interesting to study the dependence of the n = 1 spectrum on the external parameters of the model, namely the cutoff Λ and the radius R. In figure 3, we show the logarithmic evolution of the rescaled masses M(Λ) × R with the cutoff ΛR for a fixed R^{−1} = 800 GeV and μR = 1. Because the corrections scale with the gauge couplings the gluon mass varies over 20% from ΛR = 5 to 40 while the P mass is almost independent on Λ. Notice that there are some crossings in the spectrum. This means that depending on which value we choose for the cutoff, some decay channels may appear that do not exist otherwise. Let us emphasise again that the cutoff dependence cannot be subtracted from the theory since the MUED model is non-renormalisable. Therefore, there is no theoretical motivation for choosing one value of Λ over another.

In figure 4, we plot the rescaled masses M(R) × R as functions of R^{−1} for a fixed ratio Λ/μ = 20. Because we incorporated the quantum corrections in a gauge invariant way, we see that the rescaled masses exhibit some dependence on R, whereas

– 14 –

Figure 4: Evolution of the n = 1 masses with the compactification scale R^{−1} at fixed Λ/μ = 20.

there wouldn’t be any had we added the corrections δm^2 by hand. Most notably it is the electroweak sector of the theory, the Higgs, the W bosons, the tops and the scalars a_0 and a_±, that acquires the strongest dependence. When R^{−1} is close to the electroweak scale, the interplay between loop corrections and symmetry breaking is considerable and leads to some crossing in the spectrum. For much larger values of R^{−1}, both scales decouple, the spectrum flattens and we recover the behaviour found in [11].

3 Model implementation

3.1 Implementation details and notation

We have implemented the MUED model presented in section 2.2 into the LanHEP package for automatic evaluation of Feynman rules [33]. Its output files are compatible with the CalcHEP/CompHEP matrix element generator [13]. To date, there exist two public implementations of the MUED model corrected at one loop but none of them contains a KK Higgs sector. The first one is realised as a FeynRules model file [34], while the other consists in a CalcHEP input file created manually in the unitary gauge [35]. The LanHEP package was updated in [36] in order to treat extra-dimensional models. Consequently, we were able to implement the model directly in 5D and have LanHEP integrate out the extra dimension automatically. Our model file contains three main parts: the declaration of parameters, variables and fields, the reconstruction of the 5D fields in terms of the mass eigenstates and finally the 5D Lagrangian.

The first step is to declare the external variables of our model, which we list in table 3.1. Except for the compactification scale R^{−1}, the cutoff Λ and the running

– 15 – scale μ, the rest of the parameters are those of the SM. These parameters can be modified in LanHEP, or directly within CalcHEP once the file has been compiled. The values given for the parameters in table 3.1 are the ones which were used to generate the cross-sections of table 3.5 as we will explain later on.

Parameter Value Comment e 0.31343 Electromagnetic coupling constant (α(M_Z ) ≡1/128) g_s 1.21978 Strong coupling constant (Z point) (PDG-2010) sin θ_W 0.48094 sine of the Weinberg angle (PDG-2010) R^{−1} 800 Inverse radius of the fifth dimension ΛR 20 UV cutoff multiplied by R μR 1 running scale multiplied by R m_Z 91.1876 mass of the Z-boson m_e 0.000511 mass of the electron m_μ 0.10566 mass of the muon m_τ 1.77682 mass of the tau-lepton m_u 0.0025 mass of the u-quark m_d 0.00495 mass of the d-quark m_c 1.27 mass of the c-quark m_s 0.101 mass of the s-quark m_{top} 172 mass of the t-quark m_b 4.67 mass of the b-quark m_H 120 mass of the Higgs

Table 3.1: Parameters of our MUED implementation. Mass scales are in GeV.

We next define the variables that are functions of the fundamental parameters of the model. For example, the vev of the Higgs is defined as a function of the Z-boson mass, the Weinberg angle and the electric charge. The first main set of 5D variables are the wave-function normalisation factors Z_i introduced in section 2.2 and which are chosen to match the results of [11]. They depend on the gauge couplings g_i, R^{−1}, Λ and μ. From these functions, we can declare the different mixing angles found in section 2.2 and appendix A. For the B^{(n)}-W^{3 (n)} as well as the B^{(n)}_5 -W^{3 (n)}_5 -χ^{(n)} mixings, we also declare the mixing matrix entries of eq.(A.5) and (A.9). These sets of variables are crucial to reconstruct the 5D fields in terms of the mass eigenstates.

Once all the parameters are defined, we can declare the particles of the model (after compactification of the extra dimension) by their type (vector, spinor or scalar), name, mass and colour charge. Our file contains up to the second KK level. The reason is that, even though only the first KK level is expected to be within LHC reach, n = 2 KK particles can appear as virtual particles in the processes. Particles with n > 2 cannot appear in tree-level diagrams involving n = 0, 1 particles in the external state, so long as there are no more than five n = 1 external particles, but they would need to be considered if one wished to go to higher loop order or to

– 16 – consider higher KK modes in the external states. In general, if the model included KK particles up to KK number n_{max}, one could safely consider tree-level processes with any number of external particles, so long as the simple sum of the external particles’ KK numbers did not exceed 2n_{max} + 1.^5

In tables 3.2, 3.3 and 3.4, we list the names given to the mass eigenstates in the file.

Name Common name Particle Mass

G G Gluon -
A γ, A Photon -
Z Z Z boson MZ
W+/W- W^+/W^− W^± bosons MW
e1, e2, e3 e, μ, τ Electron, Muon, Tau Me, Mmu, Mtau
n1, n2, n3 ν_e, ν_μ, ν_τ Neutrinos -
u, d, c, s, t, b u, d, c, s, t, b Quarks Mu, Md, Mc, Ms, Mb, Mtop
H H Higgs boson MH

Table 3.2: The zero-mode (SM) particle names of our MUED implementation.

Name Common name Particle Mass ∼G 1 G^{(1)} Gluon MG1 ∼P 1 P^{(1)} P boson MP1 ∼V 1 V^{(1)} V boson MV1 ∼W+ 1/∼W- 1 W^{+(1)}/W^{−(1)} W^± bosons MW1 ∼e1 1, ∼e2 1 e^{(1)}_1 , e^{(1)}_2 Electron 1 & 2 Me11, Me21 ∼mu1 1, ∼mu2 1 μ^{(1)}_1 , μ^{(1)}_2 Muon 1 & 2 Mmu11, Mmu21 ∼tau1 1, ∼tau2 1 τ^{(1)}_1 , τ^{(1)}_2 Tau 1 & 2 Mtau11, Mtau21 ∼n1 1, ∼n2 1, ∼n3 1 ν^{(1)}e , ν^{(1)}μ , ν^{(1)}τ Neutrinos MneL1, MnmL1, MntL1 ∼u1 1, ∼u2 1 u^{(1)}_1 , u^{(1)}_2 Up 1 & 2 Mu11, Mu21 ∼d1 1, ∼d2 1 d^{(1)}_1 , d^{(1)}_2 Down 1 & 2 Md11, Md21 ∼H 1 H^{(1)} Higgs boson MH1 ∼a0 1 a^{0(1)} a^0 scalar Ma1 ∼a+ 1/∼a- 1 a^{+(1)}/a^{−(1)} a^± scalars Mac1

Table 3.3: First KK level particle names of our MUED implementation. The second and third generation of quarks are declared likewise by replacing u → c, t and d → s, b. The notation with “∼” for the first KK level is standard for dark matter studies.

5A version of our model including up to the fourth KK level is available upon request, but the publicly available n_{max} = 2 model should suffice for all conceivable LHC processes.

– 17 –

Name Common name Particle Mass

G 2 G^{(2)} Gluon MG2
P 2 P^{(2)} P boson MP2
V 2 V^{(2)} V boson MV2
W+ 2/W- 2 W^{+(2)}/W^{−(2)} W^± bosons MW2
e1 2, e2 2 e^{(2)}_1 , e^{(2)}_2 Electron 1 & 2 Me12, Me22
mu1 2, mu2 2 μ^{(2)}_1 , μ^{(2)}_2 Muon 1 & 2 Mmu12, Mmu22
tau1 2, tau2 2 τ^{(2)}_1 , τ^{(2)}_2 Tau 1 & 2 Mtau12, Mtau22
n1 2, n2 2, n3 2 ν^{(2)}e , ν^{(2)}μ , ν^{(2)}τ Neutrinos MneL2, MnmL2, MntL2
u1 2, u2 2 u^{(2)}_1 , u^{(2)}_2 Up 1 & 2 Mu12, Mu22
d1 2, d2 2 d^{(2)}_1 , d^{(2)}_2 Down 1 & 2 Md12, Md22
H 2 H^{(2)} Higgs boson MH2
a0 2 a^{0(2)} a^0 scalar Ma2
a+ 2/a- 2 a^{+(2)}/a^{−(2)} a^± scalars Mac2

Table 3.4: Second KK level particle names of our MUED implementation.

Having defined the 4D particles of the theory, we reconstruct the 5D interacting fields simply by inverting the several mixing matrices presented in section 2.2 and appendix A. We can then implement the Lagrangian exactly as it is written in (2.9). Upon compilation, the program integrates over the extra dimension and calculates the masses and vertices of the theory for the particles that were defined. Needless to say, that the Lagrangian is implemented in a 5D way ensures that gauge invariance is preserved through compactification.

Let us comment on the gauge-fixing and Fadeev-Popov ghost terms in the Lagrangian. LanHEP allows us to write a model in both unitary and Feynman-’t Hooft gauges by adding an option “gauge” to the declaration of the gauge bosons. The Goldstone boson and ghost of a given field A are implicitly defined in the program as A.f and A.c respectively. In order to implement the gauge fixing and ghost Lagrangian terms, the simplest way is to reconstruct the 5D Goldstone bosons and ghosts of the fundamental G, B and W^i fields out of these “.f” and “.c”. For instance, one may use ∼P 1.f, ∼V 1.f and ∼a0 1 in order to reconstruct B^{(1)}_5 (see appendix A). The full 5D gauge-fixed Lagrangian with Fadeev-Popov ghosts is then easily written in the fundamental basis.

Finally, let us mention that we have taken particular care of the important fourpoint vertices involving KK gluons. Indeed, neither LanHEP nor CalcHEP recognise the colour structure of these interactions. The common trick is to split the fourpoint vertices and introduce non-physical auxiliary fields [35, 37]. The splitting implemented in the DKM model only works for the SM gluons: it is incorrect for the KK gluons. We have derived a correct form of the splitting for all four-point gluon vertices (see appendix B for details) and incorporated it into our model.

– 18 –

3.2 Consistency checks

At the LanHEP level, a first important validation is that of the masses: an error is generated if the masses declared within the model (when particles are declared) differ from those calculated after integration. This step ensures that the whole diagonalisation procedure is correct. Furthermore, within CalcHEP, we have checked that our model is gauge invariant by calculating several dozen 2 → 2 and 2 → 3 processes in both unitary and Feynman-’t Hooft gauges.

Let us now compare some cross-sections produced within the model described in [35] which we denote by DKM, and our implementation (BBMP). In table 3.5, we list processes involving KK gauge bosons. The parameters used are given in table 3.1 and the centre-of-mass energy is √ s = 2 TeV. We also require the transverse momenta of the final state particles to each be greater than 100 GeV in order to remove possible infrared divergences. The DKM model by default includes bulk corrections to the KK masses, which we neglect in our BBMP model. Therefore, for the purposes of comparison in table 3.5, we set the variable zeta3 equal to zero in the DKM model file in order to remove the bulk corrections (which are all proportional to ζ(3)).

Although the processes shown in the table are unrealistic for phenomenology, they are useful to understand the differences between the two models. For instance, since the Higgs sector is modified, so are the gauge boson eigenstates. Instead of the KK-photon γ^{(n)} and the KK Z^{(n)}-boson, our model contains the gauge bosons P^{(n)} and V^{(n)} introduced in section 2.2. Whenever there is an ambiguity concerning the initial states, we replace γ^{(1)} → P^{(1)} and Z^{(1)} → V^{(1)}. If the ambiguity is over the final states, we simply sum over all possible combinations.

As we can see, the two implementations are in good agreement for all processes considered. There are however some slight differences, marked with asterisks. First, processes 1 and 2 that involve both the SM and the first KK gluons give the same cross-sections, while process 3, with four G^{(1)} bosons, disagrees. This is due to the way the four-gluon vertices are split, as explained at the end of the last subsection and in detail in appendix B: when a second KK level is present in the theory, the splitting cannot be the same as in the DKM implementation. Processes 4–7 involve KK gauge bosons into SM quark pairs. The differences are due to electroweak symmetry breaking not being implemented for KK particles in the DKM model. Processes 4 and 5 proceed only by exchange of KK quarks. In the DKM model, these quarks are purely left- and right-handed but in our BBMP model the chiralities mix after electroweak symmetry breaking. For processes 6 and 7 there is an additional difference: in our model a (SM) Higgs can be exchanged as well.

The remaining processes 8–18 considered in table 3.5 involve only SU(2)×U(1) gauge bosons. The differences observed are again easily explained by the exchange of Higgs bosons H, H^{(1)} or a^{0(1)}. Conversely, the processes which agree perfectly are those containing a SM photon simply because no Higgses can be exchanged at tree level.

Another consequence of the missing KK Higgs sector in the DKM implementation

– 19 –

Process DKM σ [pb] BBMP σ [pb] 1 G^{(1)} G^{(1)} → G G 3.952×10^1 3.952×10^1 2 G^{(1)} G → G^{(1)} G 7.600×10^3 7.600×10^3 * 3 G^{(1)} G^{(1)} → G^{(1)} G^{(1)} 8.619×10^3 8.600×10^3 * 4 G^{(1)} Z^{(1)} → c c̄ 2.132×10^{−1} 2.037×10^{−1} * 5 G^{(1)} γ^{(1)} → b b̄ 3.651×10^{−2} 3.249×10^{−2} * 6 γ^{(1)} γ^{(1)} → t t̄ 2.641×10^{−2} 2.758×10^{−2} * 7 Z^{(1)} Z^{(1)} → d d̄ 9.098×10^{−2} 9.165×10^{−2} * 8 Z^{(1)} Z^{(1)} → W^+ W^− 9.293×10^0 9.288×10^0 * 9 W^{+ (1)} W^{− (1)} → Z Z 2.744×10^0 2.761×10^0 10 W^{+ (1)} W^{− (1)} → Z γ 1.653×10^0 1.653×10^0 *11 W^{+ (1)} W^{− (1)} → W^+ W^− 3.152×10^0 3.081×10^0 12 W^{+ (1)} W^{− (1)} → γ γ 2.489×10^{−1} 2.489×10^{−1} 13 Z γ → W^{+ (1)} W^{− (1)} 1.028×10^0 1.028×10^0 *14 Z^{(1)} Z^{(1)} → W^{+ (1)} W^{− (1)} 7.240×10^2 7.210×10^2 *15 Z Z^{(1)} → W^+ W^{− (1)} 2.045×10^2 2.029×10^2 *16 W^{+ (1)} W^{− (1)} → W^{+ (1)} W^{− (1)} 3.663×10^2 3.661×10^2

17 W^+ W^{− (1)} → Z^{(1)} γ 5.290×10^1

P^{(1)} 1.016×10^{−1} V^{(1)} 5.280×10^1 total 5.290×10^1

*18 W^+ W^{− (1)} → Z^{(1)} Z 2.041×10^2

P^{(1)} 3.940×10^{−1} V^{(1)} 2.026×10^2 total 2.029×10^2

Table 3.5: Sample of processes with two gauge bosons for cross-section comparison (in pb) between previous implementation ([35], DKM) and our implementation (BBMP) for partonic √ s = 2 TeV. All final state particles are required to have transverse momenta greater than 100 GeV. Cross-sections are accurate to the number of significant figures shown. Asterisks highlight cross-sections that differ between models; differences are explained in the text.

is that scattering of gauge bosons will not respect unitary if KK modes are involved. With our implementation of the KK Higgs sector, unitarity is preserved. In figure 5, the scattering cross-section for W^+W^− → W^{+(1)}W^{−(1)} and W^+W^− → W^{+(2)}W^{−(2)} is plotted as a function of centre of mass energy √ s, demonstrating the improved unitary behaviour of our model.

4 Phenomenology

4.1 MUED parameter space, signal rates and signature under study

Neglecting the weak dependence on the cutoff Λ of the theory, the parameter space of MUED is unambiguously defined by the inverse compactification radius R^{−1} and the

– 20 –

Figure 5: Cross-section for W^+W^− → W^{+(1)}W^{−(1)} (left) and W^+W^− → W^{+(2)}W^{−(2)} (right) scattering as a function of centre of mass energy √ s for our model implementation and the DKM [35] implementation, demonstrating improved unitary behaviour. All parameters are as in table 3.1.

Higgs boson mass m_H . Moreover, this parameter space is constrained by experiment. Cosmological measurements of the density of dark matter limit R^{−1} (related to the mass of the lightest Kaluza Klein particle) to be below about 1.6 TeV [12]. In addition, tests of the Higgs sector provide a very powerful constraint on MUED. In cosmology, for example, the Higgs boson mass is bound from above by the requirement that the dark matter candidate should be neutral [12]. This limits the Higgs mass to be below 230 GeV.

Constraints on the MUED parameter space also come from collider experiments. As we know, the discovery of a Higgs-like particle was claimed on 4th of July 2012, based on data released by the CMS [38] and ATLAS [39] collaborations. With detailed information on individual Higgs boson production and decay processes provided by the CMS and ATLAS experiments, one can understand much better the nature of the Higgs boson, interpret it within MUED and set limits on the model. In [20, 21], which established such limits, it was stressed that the signals from the Higgs boson from MUED are always enhanced as compared to those of the SM. Therefore, the LHC sensitivity to the SM Higgs boson would lead to even better sensitivity to the Higgs boson within the MUED scenario.

One should also mention that universal extra dimensions can be limited via precision electroweak constraints. Using results for the MUED contribution to the oblique S, T and U parameters from [19] and recent the electroweak fit of the Standard Model after the discovery of the Higgs-like boson at the LHC [40] (S_{|U=0} = 0.05 ± 0.09 and T_{|U=0} = 0.08 ± 0.07 with a correlation coefficient of +0.91) in figure 6 we present the S-T parameter space allowed by experimental constraints at 95% confidence level

– 21 –

Figure 6: Left: S-T parameter space allowed by experimental constraints at 95% CL (using S_{|U=0} = 0.05 ± 0.09, T_{|U=0} = 0.8 ± 0.07 and S-T correlation +0.91). Right: 95% CL for m_H − R^{−1} parameter space.

(CL) (left) as well as 95% CL for the m_H –R^{−1} parameter space (right).

The combined effect of all the constraints mentioned above is shown in figure 7 including constraints from measurements of dark matter relic density (taken directly from ref. [12]), electroweak precision tests (described in the previous paragraph) and limits from the Higgs boson search (taken from ref. [21]). This figure also demonstrates how fast constraints are evolving from the LHC side from the Higgs search: compare 1 fb^{−1} (left) to 5 fb^{−1} (right) of data.

Figure 7: Combination of Higgs constraints from 1 fb^{−1} (left) and 5 fb^{−1} (right) of LHC Higgs data [21], electroweak precision (from figure 6) and dark matter relic density [12] limits on the MUED parameter space.

In this paper we explore the LHC potential of directly testing MUED through production of KK-particles. Because of the small mass split of MUED KK-particles,

– 22 – which is below about 30% of R^{−1} (as illustrated in figures 2 and 3), the main signal will come from strongly produced particles – KK-gluons and KK-quarks. In figure 8 we present the principal decay chains of the n = 1 KK-gluon for R^{−1} = 800 GeV (top) and R^{−1} = 1500 GeV (bottom).

One can see that for sufficiently large R^{−1} (e.g. R^{−1} = 1500 GeV as compared to R^{−1} = 800 GeV) the additional decay channel of G^{(1)} → tt^{(1)}_1 opens up due to increased mass split between G^{(1)} and t^{(1)}_1 . This channel, followed by the t^{(1)}_1 → ta^{(1)}_± → tℓν decay chain, would lead to a quite striking signature of four top quarks, two leptons and missing transverse momentum (remembering that G^{(1)} is pair produced).

A generic feature of MUED is the high lepton multiplicity in KK quark and gluon decays, which can be even higher than the quark multiplicity. This can be seen by looking at the decay products of KK quarks and gluons in figure 8 which are dominated by orange colour, indicating the lepton decay channels. The reason for this pattern is in the specific mass hierarchy:

m_q(1)_{1,2} > m_W (1) , m_V (1) > m_ℓ(1)_{1,2} , m_ν(1) (4.1)

m_q(1)_{1,2} > m_W (1)_{,V} (1) > m_{ν(1),ℓ}(1)_{1,2} (4.2)

which is defined by the MUED radiative corrections.

The mass hierarchy noted in Eq. (4.1) tells us that the W^{(1)}_± and V^{(1)} bosons will always decay to leptons (SM or KK) and never to quarks. This happens because decays of W^{±(1)} and V^{(1)} to real W^± and Z bosons are either forbidden, due to the insufficient mass split between W^{±(1)}, V^{(1)} and P^{(1)}, or—when W^{±(1)} → W^±P^{(1)} or V^{(1)} → ZP^{(1)} are kinematically allowed (for large values R^{−1} ≳ 1.4 TeV)—they are suppressed by the phase space and the small P^{(1)}–V^{(1)} mixing which governs this decay.

This is a very specific and unique pattern for MUED contrary to, for example, SUSY GUT theories. In those theories, sleptons are typically heavier than gauginos and therefore gauginos primarily decay to quarks because of the high SM W^± and Z boson branching ratios to quarks.

The lepton multiplicity in MUED can be easily as large as four (from the pair production of KK gluons or quarks). In principle, it can be as large as eight, but the probability of this is very low since such a process would involve rare decays of KK leptons into KK Higgs bosons. Moreover, leptons produced in this way will be quite soft because of the very small mass difference between ℓ^{(1)}_2 and a^{0(1)} and so they are unlikely to pass the experimental lepton selection cuts which we discuss below.

It should also be stressed that the small mass split (by up to about 40% relative to the LKP mass) of the MUED mass spectrum, and its specific pattern, unambiguously defines the dominant production channel of MUED particles at the LHC and therefore dictates the search strategy: looking for evidence of MUED in the form of strongly produced KK quarks and gluons. The production rate of KK-gluons

– 23 –

Figure 8: The principal decay channels of the n = 1 KK gluon as well as decay channels of its subsequent decay products for R^{−1} = 800 GeV (top) and R^{−1} = 1500 GeV (bottom).

– 24 – and quarks is determined by their masses which are functions of the R^{−1} and Λ parameters.

Figure 9: Cross section of strongly produced KK quarks and gluons: left – for √ s = 7 TeV with the decomposed contribution from G^{(1)}G^{(1)}, G^{(1)}q^{(1)} and q^{(1)}q^{(1)} production; right – the total G^{(1)}G^{(1)} + G^{(1)}q^{(1)} + q^{(1)}q^{(1)} production cross section for √ s = 7, 8 and 14 TeV collider energies. The CTE6L PDF was used, with QCD scale Q = R^{−1}. Λ = 20R^{−1}.

Figure 9 presents the cross sections for the G^{(1)}G^{(1)}, G^{(1)}q^{(1)} and q^{(1)}q^{(1)} processes. (Here, q^{(1)} represents all n = 1 KK quarks, remembering that there are two KK quarks for each SM quark at each KK level.) One can see that q^{(1)}q^{(1)} plays a dominant role because it receives contributions from the multiple KK-quark flavours. The G^{(1)}q^{(1)} production cross section is about factor 2–10 below the q^{(1)}q^{(1)} one, while the G^{(1)}G^{(1)} is below the G^{(1)}q^{(1)} by another factor 5–20. In our analysis we sum over all three subprocesses. The calculation of the total cross section has been done at tree-level, so our conclusions on the LHC potential to explore MUED are on the conservative side since one would expect the NLO and NLL K-factors to be of the order of 2 and above, similar to the SUSY case studied in [41–44]. In our estimates we are using CTE6L parton density functions (PDF) evaluated at the QCD scale equal to R^{−1} while Λ was chosen to be 20R^{−1}.

We will show below that the LHC is sensitive to the process pp → G^{(1)}G^{(1)} + G^{(1)}q^{(1)} + q^{(1)}q^{(1)} in the tri-lepton channel if it has a cross-section as large as around 100 fb. It can be seen from figure 9 that this sensitivity is reached for R^{−1} below about 1 TeV, 1.1 TeV and 1.8 TeV for the LHC with √ s = 7, 8 and 14 TeV respectively.

In this paper we have focused on √ s = 7, 8 TeV studies relevant to present LHC energies; however, we would like to stress that the 14 TeV LHC will significantly extend the limit on R^{−1}, thus completely covering the MUED parameter space [45] in combination with the Dark Matter relic density constraints.

In figure 10 we present the charged lepton multiplicity distributions (calculated in CalcHEP using our MUED model implementation) for signal sub-processes pp → G^{(1)}G^{(1)}/G^{(1)}q^{(1)}/q^{(1)}q^{(1)} and their sum for √ s = 7 (left frames) and √ s = 8 (right

– 25 –

Figure 10: Lepton multiplicity distribution in MUED for production and subsequent decay of KK quarks and gluons for √ s = 7 (left), 8 (right) TeV, before (top) and after (bottom) acceptance and isolation cuts. R^{−1}=800 GeV and Λ = 20R^{−1}. The cut of P^{ℓ1}_T > 20 GeV on the most energetic lepton was required for all distributions.

frames) TeV after the following P^{ℓ1}_T cut for the most energetic lepton:

P^{ℓ1}_T > 20 GeV. (4.3)

The top and bottom frames of figure 10 present results respectively before and after the following acceptance and selection cuts:

P^{ℓ1}_T > 20 GeV, P^ℓ_T (all) > 10 GeV, |η_ℓ| < 2.5, ΔR_{ℓj} = √ Δϕ^2_{ℓj} + Δη^2_{ℓj} > 0.5, (4.4) where ℓ = e^±, μ^±, which we have summed together.

For the chosen benchmark R^{−1} = 800 GeV, Λ = 20R^{−1}, the mass of the KK gluon is 978 GeV while mass of the different KK quarks is in the range 904–925 GeV, depending on quark flavour. The tree-level cross sections are given in Table 4.1. One can see that the total cross section doubles with the collider energy increase from 7 to 8 TeV.

– 26 –

Cross section (fb) Process √ s = 7 TeV √ s = 8 TeV pp → q^{(1)}q^{(1)} 523 1000 pp → G^{(1)}q^{(1)} 205 493 pp → G^{(1)}G^{(1)} 15.8 45.2 Total 744 1538

Table 4.1: Tree-level cross sections for pp → G^{(1)}G^{(1)}/G^{(1)}q^{(1)}/q^{(1)}q^{(1)} production for √ s = 7 and 8 TeV.

It is worth stressing that jets and leptons are quite soft because of the small mass split of the KK spectrum, so one should try to keep the P_T selection cuts as moderate as possible. The lepton cuts can certainly be kept much softer than those for jets – this is related to both identification and trigger cuts. Even after quite moderate acceptance/selection cuts, as one can see from figure 10, the lepton multiplicity does not go beyond 4.

In this paper we restrict ourselves to only analysis of the tri-lepton signature for several reasons: 1) it is a clean signature with a comparatively low background level as we demonstrate below; 2) the signal rate is quite high for this signature in the range of R^{−1} that we have focused on; 3) in this paper we restrict ourselves to parton-level analysis which is actually is quite reliable for this signature – this is especially important for the background estimation.

Although we restrict ourself to parton-level analysis, we do take into account realistic electromagnetic energy resolution, using a value of 0.15/ √ E(GeV), which is typical for the ATLAS and CMS detectors, as well as their typical hadronic energy resolution of 0.5/ √ E(GeV), and perform the respective Gaussian smearing for lepton and quarks.

4.2 Signal-versus-background analysis

We consider the following backgrounds, ordered according to their relative contribution to the tri-lepton signature under study.

1. Di-boson production (V V , V = W^±, Z) where we took into account the offshellness of one of the bosons decaying into lepton pairs; we have also included V V +jet production with P^j_T > 30 GeV to take into account the leading-log QCD corrections and correct lepton P_T spectrum.

2. tt̄ production when both top-quarks decay leptonically, while the third jet could come from the semi-leptonic B-meson decays. The probability of this is quite low (we found it to be of the order of 10^{−3}) since the lepton from B-meson decays tends not to be isolated from hadrons coming from the same decay because of the large momentum of the b-quark

3. tt̄ℓℓ̄ and tt̄ℓν̄(tt̄ℓ̄ν) production

– 27 –

4. triple gauge boson production processes (V V V )

5. tt̄V V production

6. background coming from 4-gauge boson production V V V V .

Figure 11: Lepton multiplicity distribution for main backgrounds contributing to the tri-lepton signature.

The lepton multiplicity of backgrounds contributing to the tri-lepton signature is presented in figure 11 after applying the cuts given in (4.3)–(4.4) for √ s = 7 (left) and 8 TeV (right). As for the signals, we calculated these backgrounds in CalcHEP, using our MUED model implementation. One can see that indeed the V V (j) background is the dominant one. Its contribution to the tri-lepton signature is about one order of magnitude above the tt̄, tt̄ℓℓ and tt̄ℓν which in turn are bigger than the background from V V V production. The tt̄V V and V V V V backgrounds are virtually negligible.

In figure 12 we present the lepton multiplicity for the total background and the signal after the cuts in (4.3)–(4.4) for √ s = 7 (left) and 8 TeV (right). One can see that after basic cuts the number of signal events is about a factor of 20 below the background level for the chosen benchmark of R^{−1} = 800 GeV and Λ = 20R^{−1}: for √ s = 7 TeV and 5 fb^{−1} integrated luminosity one expects about 60 signal versus 1200 background events in tri-lepton channel, while for √ s = 8 TeV and 20 fb^{−1} integrated luminosity one expects about 400 signal versus 8000 background events.

Our task now is to explore kinematical variables in order to suppress background while leaving the signal intact. One of them is the invariant mass M_ℓ¯_ℓ of the most energetic opposite-sign leptons, presented in figure 13 for signal and background. In this and following figure we present cases for R^{−1} = 800 GeV and R^{−1} = 1200 GeV. For each case we present results for Λ = 20R^{−1} and 40R^{−1} to give the reader an idea of how distributions evolve with Λ. One can see that increase of Λ slightly hardens the M_ℓ¯_ℓ spectrum since the absolute values of KK particle masses as well as the mass split among them increases as Λ increases; this was shown above in figure 3. One

– 28 –

Figure 12: Lepton multiplicity distribution for background versus signal after the initial cuts (4.3)–(4.4), using R^{−1} = 800 GeV and Λ = 20R^{−1}.

Figure 13: Invariant mass of the two most energetic (highest P_T ) opposite-sign leptons.

can clearly see that the background receives a substantial contribution from the real Z-boson while signal does not. We thus veto M_ℓ¯_ℓ around m_Z with the cut

|m_Z − M_ℓ¯_ℓ| > 10 GeV. (4.5)

In figure 14 we present the lepton multiplicity distribution for signal and background after cuts (4.3)–(4.5). The background for the tri-lepton signature is reduced by a factor of about 20 down to around the level of the signal for R^{−1} = 800 GeV.

For the next step we analyse the missing transverse momentum distributions P̸_T for signal and background which are presented in figure 15. One can see that the maximum P̸_T takes place at a smaller value of P̸_T for the background than for signal. We find that the cut P̸_T > 50 GeV (4.6) is quite safe for the signal while helping to further reduce the background.

– 29 –

Figure 14: Lepton multiplicity distribution for background and signal after (4.3)–(4.5) cuts.

Figure 15: Missing transverse momentum P̸_T distribution for background versus signal after (4.3)–(4.5) cuts.

To further increase the signal significance we use the properties of the transverse momentum of leptons ℓ_1, ℓ_2, ℓ_3 with the first-, second- and third-highest values of P_T respectively in each event. In figure 16 we plot the signal and background P_T distributions for each of these leptons, P^{ℓ1}_T , P^{ℓ2}_T and P^{ℓ3}_T .

Leptons are clearly softer in signal events so the following set of the upper cuts on the leptons’ transverse momenta help us further:

P^{ℓ1}_T < 100 GeV; P^{ℓ2}_T < 70 GeV; P^{ℓ3}_T < 50 GeV. (4.7)

We also make use of the effective mass M_{eff} =P̸_T + ∑ ℓ,j P_T distribution (the sum is over all final-state leptons and jets) presented in figure 17 and apply the empirical cut M_{eff} > R^{−1}/5 (4.8)

– 30 –

Figure 16: Transverse momentum of the leptons with the first, second and the third highest P_T , after cuts in (4.3)–(4.5), for the background and signal.

as our final selection. The effective mass M_{eff} is correlated with the mass of the final state particles, so it is harder for the MUED signal than for the background. This

– 31 –

Figure 17: Effective mass distribution for signal and background after (4.3)–(4.7) cuts.

distribution is probably the most sensitive to the value of ΛR and could be further used for determination of the MUED parameter space in the case that we observe the signal. This cut is especially important for optimisation of the search for large values of R^{−1} – it allows us to suppress the background by a further factor of 2 or 3, leaving the signal almost intact.

Finally, in figure 18 we present lepton multiplicity distributions after application of all the cuts – (4.3), (4.4), (4.5), (4.6), (4.7) and (4.8) – together. One can see that, after all the cuts, the number of signal events for R^{−1} = 800 GeV in case of the tri-lepton signature is about a factor of 4 above the background for the √ s = 7 TeV case (≈ 40 signal events vs ten background events for 5 fb^{−1}) and about a factor of 5 above the background for √ s = 8 TeV (≈ 150 signal events versus 30 background events for 20 fb^{−1}). For the R^{−1} = 1200 GeV case, the signal is at about the singleevent level versus six background events for √ s = 7 TeV, 5 fb^{−1} and at about the six-event level versus 15 background events for √ s = 8 TeV, 20 fb^{−1}.

We should point out that for larger R^{−1} (above around 1200 GeV) the sensitivity of number of events to variations in ΛR increases. This is because the cross-section for producing the strongly-interacting KK particles falls off increasingly rapidly with mass due to PDF suppression, so small changes in the mass caused by varying ΛR lead to large changes in the production cross-section.

Another remark is in order. Looking at figure 18 one could get the impression that the di-lepton signature is a much more promising signal for MUED, but this is not necessarily true. Here we have explored and presented only the complete set of backgrounds relevant for signatures with three or more leptons. In the case of the di-lepton signature, one should go beyond parton-level simulations, and beyond backgrounds such as W/Z + jets, W W/W Z/ZZ + jets, and explore the so-called “QCD backgrounds”. These come from, for example, W → ℓν + jets production, where the second lepton is faked in the detector by jets (different flavours will have different fake probabilities) and/or photon conversion. Such study requires simu-

– 32 –

Figure 18: Lepton multiplicity distribution for background versus signal after all cuts – (4.3), (4.4), (4.5), (4.6), (4.7) and (4.8) – for LHC @ 7 TeV (left) and LHC @ 8 TeV (right).

lation probably even beyond the “fast detector simulation” level and so is outside the scope of the present paper. The previous study on the LHC phenomenology of MUED [17] has actually shown that the LHC reach for the tri-lepton signature in MUED is comparable to, or even better than, the di-lepton signature. We should stress that, in comparison with ref. [17] (the results of which we have reproduced quite closely for the tri-lepton signature when applying the same cuts to the same set of backgrounds) we suggest a more sophisticated and optimal set of selection cuts and consider a more complete set of backgrounds. We comment on previous studies in more detail at the end of the next subsection.

4.3 LHC discovery reach

Now we are in a position to produce results for the LHC reach. We have performed a Monte Carlo signal simulation for the grid in the (R^{−1}, ΛR) plane using the power of the High Energy Physics Model Database (HEPMDB)

– 33 –

[http://hepmdb.soton.ac.uk/][46] and have applied the combined set of cuts (4.3)– (4.8) described above.

Figure 19: LHC @ 7 TeV (left) and LHC @ 8 TeV (right) exclusion and discovery potential for MUED for different luminosities.

Figure 20: Constant mass contours for n = 1 KK gluons (left) and KK quarks (right), the latter using u^{(1)}_{1,2} for illustration. (KK indices are suppressed.)

The results are shown in figure 19 in terms of exclusion (at 95% CL) and disovery (5σ) contours for √ s = 7 and 8 TeV and different luminosities. For both criteria, exclusion and discovery, we define the statistical signal significance α as α = N_S √ N_B + N_S

(4.9)

and require α ≥ 2 for exclusion region and α ≥ 5 for the discovery region. The N_{S(B)} = σ_{S(B)}L denotes the number of signal (background) events for an integrated

– 34 – luminosity L. The region on the left-hand side of the blue contour is excluded at 95% CL, while the region on the left-hand side of the red contour is discoverable at the LHC.

It is worth commenting on the shape of these contours. For the low values of ΛR, the LHC sensitivity contours bend to the left for low R^{−1} values as one can see by observing red discovery contours for √ s = 7 for all quoted luminosities, and also the red discovery contour for √ s = 8 for the 5 fb^{−1} luminosity. This behaviour is related to the fact that for low values of ΛR the mass split of the KK particles is quite small, especially for low R^{−1} values, as one can see in figure 3. The decrease of this mass split is correlated with the softness of the final state leptons which, in turn, is correlated with lower cut efficiency and respective LHC sensitivity. On the other hand, one can see that the LHC sensitivity contours start bending to the right in the larger R^{−1} region, even for low values of ΛR. This happens because an increase in R^{−1} leads to a large-enough mass split to make the leptons efficiently pass the selection cuts.

One can also see that, for large values of ΛR, LHC sensitivity also drops (i.e. the contours bend to the left). This is related to the fact that as ΛR increases the KK spectrum hardens which leads to a drop in the signal production rates, especially for large values of R^{−1}.

For a total integrated luminosity of 20 fb^{−1} at √ s = 8 TeV, which was reached at the end of 2012, the best sensitivity of the LHC is actually for lower values of ΛR. We would like to stress that this is a new finding that was not noticed in previous studies, which generically state that there is a decrease of sensitivity in the lower ΛR region.

In fact, the shape of LHC sensitivity contours – governed mainly by the values of the signal cross section for large values of R^{−1} and L – is quite consistent with the shape of contours of constant mass of KK gluons and KK quarks: these contours are shown in figure 20 in the same plane of parameters.

To conclude, we have found that the √ s = 8 TeV LHC with 20 fb^{−1} of data can discover MUED in the tri-lepton mode with R^{−1} ≤ 1050 GeV and exclude the region with R^{−1} ≲ 1200 GeV at 95%CL with ΛR in the whole range under study.

Using this approach, we estimate optimal LHC limits for present and near-future energies and luminosities within a consistent model of MUED.

We would like to comment here on the results of previous studies. First of all, the closest phenomenological analysis to ours was performed in ref. [17]. We have improved it by adding additional backgrounds (most importantly tt̄ℓℓ̄ and tt̄ℓν̄(tt̄ℓ̄ν)) as well as suggesting a more optimal set of selection cuts which include the following: relaxation of the upper cut on the leptons’ transverse momentum; application of an upper cut for the transverse momentum of the third lepton; and the addition of a final R^{−1}-dependent M_{eff} cut. These steps allow us to extend the LHC limit further than in ref. [17]. For example, at the 7 TeV LHC with an integrated luminosity of L = 2 fb^{−1} and ΛR = 20, the expected lower limit on R^{−1} from our studies is about

– 35 –

750 GeV, versus about 700 GeV from ref. [17]. For higher energies and luminosities the improvement due to the cuts we have suggested is even bigger.

We should also mention the results of ref. [18], which explored the potential of using the MT 2 variable for the leptons+jets + E̸_T signature. This method definitely improved on the results of the previous study of the same signature [14], which used conventional cuts and observables. The authors of ref. [18] also demonstrated the advantage of their method over the four-lepton signature with conventional cuts. We would like to note that the tri-lepton signature that we use in our study also has a clear advantage over the four-lepton signature (which has a lower rate by about one order of magnitude). Moreover, as one can see from our results, the tri-lepton signature is also more powerful than the leptons + jets + E̸_T signature with MT 2 variable in ref. [18], which predicts the LHC lower limit on R^{−1} to be less than 500 GeV for L = 2 fb^{−1} and ΛR = 20 at the 7 TeV LHC.

In the most recent study of MUED collider phenomenology [16] the authors successfully used so-called R_T and α shape variables, which take into account the topology of the of jets + E̸_T signature (there are necessarily at least two quarks and two LKP particles in the final state at the parton level). This study has greatly optimised the LHC sensitivity to MUED for the jets + E̸_T signature. For example, the authors showed that the 7 TeV LHC can exclude R^{−1} up to 700 GeV with L = 2 fb^{−1}. On the other hand, the overall cut efficiency is as low as 10^{−3}, which leaves the tri-lepton signature as the best for setting limits on – or discovering – MUED. For example, using the tri-lepton signature and cuts that we suggest, for the same LHC energy and luminosity as above the LHC can exclude R^{−1} up to 850 GeV; this can be seen from figure 19.

Finally, we mention ref. [15] which has studied the MUED signal using the topquarks signature. This channel, although not being ‘number one’ for discovery, could be very useful for understanding if the properties of the underlying theory are consistent with MUED.

5 Conclusions

In this paper we have first worked out a consistent model of Minimal Universal Extra Dimensions and have implemented it in CalcHEP. The model is available at the High Energy Model DataBase (HEPMDB) in both Feynman-’t Hooft and unitary gauges at https://hepmdb.soton.ac.uk/ under the name “MUED-BBMP”. It has been validated against other models for the sectors consistent with our approach [35] and has been demonstrated to predict different results for the Higgs sector (which was not complete in the previous implementations). The first part of this article, along with the appendices, is a self-contained review of the model and can be used as comprehensive documentation for the code implementation.

In the second part of this paper we have focussed on possible signatures of the model at the LHC. The special MUED mass pattern (relatively compressed,

– 36 – as compared e.g. to typical SUSY models) provides an enhancement of the lepton signals that can be used as a model “fingerprint”. Taking advantage of this, we have performed a phenomenologically-realistic study of the MUED tri-lepton signature at the LHC. Several comments are in order. In contrast with the previous analysis, we have taken into account the complete set of backgrounds relevant to the signature under the study. We have also worked out a comprehensive set of cuts (4.4)–(4.8) which lead to higher signal-to-background ratio and signal significance.

The main results of our the study are given in figure 19. In the left-hand plot we show the first estimation of the LHC sensitivity to MUED using the tri-lepton signature for the present LHC energy and luminosity. In the right-hand plot the LHC sensitivity to MUED using the tri-lepton signature is presented, which in particular tells us that the √ s = 8 TeV LHC with 20 fb^{−1} of data can discover MUED in the tri-lepton mode with R^{−1} ≤ 1050 GeV and exclude the region with R^{−1} ≲ 1200 GeV at 95% CL.

Experimentalists have already started to analyse events with three leptons and missing transverse momentum, searching for production of neutralinos and charginos [47, 48]. We would like to encourage them to extend their analysis and interpret their results in the MUED framework (using our proposed strategy to optimise the cuts) to establish limits on direct production of KK quarks and KK gluons. It is worth mentioning that our preliminary estimations [45] show that the tri-lepton signature would make it possible to close the whole MUED parameter space at the 14 TeV LHC, which is exciting news.

Acknowledgments

The authors thank Beatriz de Carlos for initiating this collaboration at the early stages of this work as well as enlightening discussions. Thanks also to Steven West for useful comments. The authors acknowledge support from Royal Society grant JP090146. AB acknowledges partial support from the STFC Consolidated ST/J000396/1. This work has been partially supported by the MICINN, Spain, under contract FPA2010-17747; Consolider-Ingenio Multi-Dark CSD2009-00064, CPAN CSD2007-00042. We thank as well the Comunidad de Madrid through Proyecto HEPHACOS S2009/ESP-1473 and the European Commission under contract PITN- GA-2009-237920.

– 37 –

A Towards MUED at one loop: the case of U(1)×U(1)

In this appendix, we focus on the example of two decoupled U(1)s and a Higgs field Φ which acquires a vacuum expectation value v. We perform in detail the diagonalisation and gauge fixing of the Lagrangian. The starting action is gauge invariant but not 5D Lorentz covariant.

L_5 = − 1 4 F^{μν} F_{μν} + Z_B 2 F^μ_5F_{μ 5} − 1 4 F^{′ μν} F^′_{μν} + Z_W 2 F^{′ μ}_5 F^′_{μ 5} +|D_μΦ|^2 −Z_H |D_5Φ|^2 −V (Φ) , (A.1) where F and F^′ are the field-strengths of the two gauge bosons B and W respectively. Once again, the Z functions are intended to model the mass corrections in a gaugeinvariant way. The covariant derivative is

D_M Φ = ∂_M − i g^{(5)}_1 2 B_M + i g^{(5)}_2 2 W_M Φ for M = μ, 5 , (A.2)

where we have chosen the normalisation of the second U(1) so as to reproduce the SM mixing.

The Higgs field is expanded about its vev as Φ = (v + h + iχ), with h and χ even under Z_2. At the n^{th} KK level the quadratic 4D Lagrangian is

L^{(n)}_4 = − 1 4 F^{(n) 2} − 1 4 F^{′ (n) 2} + 1 2 ( ∂h^{(n)} )_2 + 1 2 ( ∂χ^{(n)} )_2 + Z_B 2 ( ∂B^{(n)}_5

)_2 + Z_W 2 ( ∂W^{(n)}_5

)_2

+ 1 2 [ Z_B n^2 R^2 + 1 4 g^2_1 v^2 ] B^{(n) 2}_μ + 1 2 [ Z_W n^2 R^2 + 1 4 g^2 v^2 ] W^{(n) 2}_μ − 1 2 g_1g_2v^2B^{(n)}_μ W^{μ (n)} − Z_H 2 [ − n R χ^{(n)} − g_1v 2 B^{(n)}_5 + g_2v 2 W^{(n)}_5

]_2 − 1 2 Z_H n^2 R^2 ( h^{(n)} )_2 (A.3)

+B^{(n)}_μ ∂^μ (g_1v 2 χ^{(n)} + n R Z_B B^{(n)}_5 ) + W^{(n)}_μ ∂^μ ( − g_2v 2 χ^{(n)} + n R Z_W W^{(n)}_5 ) . The first line of the Lagrangian lists the kinetic terms. The second and third line are mass mixings. The last line is the usual derivative coupling between gauge and would-be Goldstone bosons.

In order for all the fields to be canonically normalised, we perform a rescaling B^{(n)}_5 → Z^{−1/2}_B B^{(n)}_5 and W^{(n)}_5 → Z^{−1/2}_W W^{(n)}_5 :

L^{(n)}_4 = − 1 4 F^{(n) 2} − 1 4 F^{′ (n) 2} + 1 2 ( ∂h^{(n)} )_2 + 1 2 ( ∂χ^{(n)} )_2 + 1 2 ( ∂B^{(n)}_5

)_2 + 1 2 ( ∂W^{(n)}_5

)_2

+ 1 2 [ Z_B n^2 R^2 + 1 4 g^2_1 v^2 ] B^{(n) 2}_μ + 1 2 [ Z_W n^2 R^2 + 1 4 g^2 v^2 ] W^{(n) 2}_μ − 1 2 g_1g_2v^2B^{(n)}_μ W^{μ (n)} − Z_H 2 [ − n R χ^{(n)} − g_1v 2 √ Z_B B^{(n)}_5 + g_2v 2 √ Z_W W^{(n)}_5

]_2 − 1 2 Z_H n^2 R^2 ( h^{(n)} )_2

(A.4)

+B^{(n)}_μ ∂^μ (g_1v 2 χ^{(n)} + n R √ Z_BB^{(n)}_5 ) + W^{(n)}_μ ∂^μ ( − g_2v 2 χ^{(n)} + n R √ Z_W W^{(n)}_5 ) . We now proceed with the diagonalisation.

– 38 –

A.1 Gauge boson mixing

The mass matrix of the vectors,

M^2_v =

Z_B^{n2}_{R2} +^1_4 g^2_1 v^2 −^1_4 g_1g_2v^2

−^1_4 g_1g_2v^2 Z_W^{n2}_{R2} +^1_4 g^2 v^2

, (A.5)

is diagonalised by

O_v = cos θ_v − sin θ_v

sin θ_v cos θ_v with tan 2θ_v =^{12} g^1g^2v^2 v^2/4 (g^2 − g^2_1) + n^2/R^2 (Z_W − Z_B) . (A.6) We call P^{(n)}μ and V^{(n)}μ the mass eigenstates given by

P^{(n)}μ

V^{(n)}μ = cos θ_v sin θ_v

− sin θ_v cos θ_v B^{(n)}μ W^{(n)}μ

, (A.7)

with masses m^2_{{P,V }(n)} = 1 2 [ v^2 4 ( g^2_1 + g^2 ) + n^2 R^2

(Z_B + Z_W )

∓ √( v^2 4 (g^2 − g^2_1 ) + n^2 R^2

(Z_W − Z_B)

)_2 + 1 4 g^2_1 g^2v^4

. (A.8)

A.2 Scalar mixing

The scalar mass matrix is

M^2_s = Z_H

n^2 R^2 − g_1v 2 √ Z_B n R g_2v 2 √ Z_W n R −^{g1v}_2^√_{ZB}^n_R^{g21 v2}_{4ZB} −^{g1g2v2}_4^√_{ZB ZW}

g_2v 2 √ Z_W n R −^{g1g2v2} 4 √ Z_B Z_W g^2 v^2 4Z_W

(A.9)

in the ( χ^{(n)}, B^{(n)}_5 , W^{(n)}_5 ) basis. This matrix has a zero determinant which confirms that at least one of the eigenstates is a Goldstone boson.

It is diagonalised by two rotations. We choose them to be

O_{23} =

1 0 0

0 cos θ_{23} − sin θ_{23}

0 sin θ_{23} cos θ_{23} with tan 2θ_{23} =

2g_1g_2/ √ Z_B Z_W g^2 /Z_W − g^2_1 /Z_B

, (A.10)

– 39 – and

O_{13} = cos θ_{13} 0 sin θ_{13}

0 1 0

− sin θ_{13} 0 cos θ_{13} with tan 2θ_{13} = 2 n R v 2 √_{g21}

Z_B + g^2 Z_W v^2 4 (_{g21}

Z_B + g^2 Z_W ) −^{n2}_{R2}

, (A.11)

We call G^{(n)}_1 , G^{(n)}_2 and a^{(n)} these mass states. It turns out that both G^{(n)}_{1, 2} are massless, while a^{(n)} has a mass

m^2_{a(n)} = Z_H [ n^2 R^2 + v^2 4 ( g^2_1 Z_B + g^2 Z_W ) ] . (A.12)

and the diagonal mass matrix is ~M^2_s = O^{−1}_{13} O^{−1}_{23} M^2_s O_{23} O_{13} =

0 0 0

0 0 0

0 0 m^2_{a(n)} .

A.3 Derivative coupling In a gauge theory with Goldstone bosons, the derivative coupling has the form mA^μ∂_μG with m the mass of the boson and G the Goldstone boson. This coupling is uniquely determined by gauge invariance. The gauge fixing Lagrangian cancels out the derivative coupling and gives a mass m_G = √ ξ m to the Goldstone boson in the R_ξ-gauge.

In our case, the derivative couplings are B^{μ (n)}∂_μ (g_1v 2 χ^{(n)} + n R √ Z_B B^{(n)}_5 ) + W^{μ (n)}∂_μ ( − g_2v 2 χ^{(n)} + n R √ Z_W W^{(n)}_5 ) (A.13)

which after diagonalisation of the scalars reads B^{μ (n)}∂_μ ( a G^{(n)}_1 + b G^{(n)}_2 ) + W^{μ (n)}∂_μ ( c G^{(n)}_1 + d G^{(n)}_2 ) (A.14)

with some lengthy a, b, c, d. The rotation matrix O_G

G^{(n)}_1

G^{(n)}_2 = cos θ_G − sin θ_G

sin θ_G cos θ_G G^{(n)}_P G^{(n)}_Q that diagonalises the coupling (A.14) is determined by gauge invariance. We have introduced G^{(n)}_P and G^{(n)}_Q which are the diagonal Goldstone bosons of P^{(n)}μ and Q^{(n)}μ .

If we call D the initial coupling matrix, which has rank 2 × 3, the diagonalisation yields

( B^{(n)}μ W^{(n)}μ ) · D · χ^{(n)} B^{(n)}_5

W^{(n)}_5 = ( P^{(n)}μ V^{(n)}μ ) · [ O^T_v · D · O_{23}O_{13}O_G ] · G^{(n)}_P G^{(n)}_V a^{(n)} .

– 40 –

The mass condition

D_{diag} ≡ O^T_v · D · O_{23}O_{13}O_G = m_{P (n)} 0 0

0 m_{V (n)} 0

allows us to uniquely determine the rotation angle

θ_G = arctan ( b cos θ_v + d sin θ_v a cos θ_v + c sin θ_v ) , (A.15)

where a, b, c, d were defined in (A.14).

In this way, the gauge fixing Lagrangian is valid in any basis, as it should be. Indeed, the equality D_{diag} · D^T_{diag} = ~M^2_v ≡ O^{−1}_v M^2_v O_v reduces to D · D^T = M^2_v . It is easy to check, from (A.13) and (A.5), that this equality indeed holds.

A.4 Diagonalised Lagrangian

We are now ready to proceed with the gauge fixing and write our final Lagrangian. The mass eigenstates are the two massive gauge bosons P^{(n)} and V^{(n)} ; two massless unphysical scalars G^{(n)}_P , G^{(n)}_V which are the Goldstone bosons ; two scalars h^{(n)} and a^{(n)}. In this basis, the Lagrangian reduces to

L^{(n)}_4 = − 1 4 ( F^{(n)}_{μ ν} )_2 − 1 4 ( F^{′ (n)}_{μ ν} )_2 + 1 2 ( ∂_μa^{(n)} )_2 + 1 2 ( ∂_μh^{(n)} )_2 + 1 2 m^2_{P (n)} ( P^{(n)}_μ

)_2 + 1 2 m^2_{V (n)} ( V^{(n)}_μ

)_2 − 1 2 m^2_{a(n)} ( a^{(n)} )_2 − 1 2 m^2_{h(n)} ( h^{(n)} )_2

+m_{P (n)}P^{(n)}_μ ∂^μG^{(n)}_P + m_{V (n)}V^{(n)}_μ ∂^μG^{(n)}_V , (A.16)

where m_{P (n)}, m_{V (n)} and m_{a(n)} are given in equations (A.8) and (A.12), and m_{h(n)} = √ Z_H^n_R .

The gauge fixing Lagrangian in the R_ξ gauge is meant to cancel out the last line of the above Lagrangian

L^{(n)}_{GF} = − 1 2ξ [ ( ∂^μP^{(n)}_μ − ξm_{P (n)}G^{(n)}_P

)_2 + ( ∂^μV^{(n)}_μ − ξm_{V (n)}G^{(n)}_V

)_2 ]

. (A.17)

The total Lagrangian is then

L^{(n)}_4 + L^{(n)}_{GF} = − 1 4 ( F^{(n)}_{μ ν} )_2 − 1 4 ( F^{′ (n)}_{μ ν} )_2 + 1 2 m^2_{P (n)} ( P^{(n)}_μ

)_2 + 1 2 m^2_{V (n)} ( V^{(n)}_μ

)_2 + 1 2 ( ∂_μa^{(n)} )_2 + 1 2 ( ∂_μh^{(n)} )_2 − 1 2 m^2_{a(n)} ( a^{(n)} )_2 − 1 2 m^2_{h(n)} ( h^{(n)} )_2

− ξ 2 m^2_{P (n)}G^{(n)}_P − ξ 2 m^2_{V (n)}G^{(n)}_V . (A.18)

In the unitary gauge, ξ → ∞, the Goldstone bosons decouple while in the Feynman-’t Hooft gauge, ξ = 1, they have the same mass as the gauge bosons.

– 41 –

B Splitting of four-gluon vertices in CalcHEP/CompHEP

In CalcHEP, it is important to take care of the vertices involving four gluons because of their colour structure. It was shown in [37] how to solve this issue by introducing Lagrange multipliers. The kinetic term F_{μν} F^{μν} of SU(3) contains L = − 1 4 g^2_3f^{abc}f^{ade}G^b_μG^c_ν G^{μ d}G^{μ e} . (B.1)

The trick is to replace it by L = − 1 2 t^a_{μν} t^{a μν} + i √ 2 g_3 f^{abc} t^{a μν} G^b_μG^c_ν (B.2)

which reduces to (B.1) once the equations of motion for the tensor t^a_{μν} are solved and plugged back into (B.2).

In the case of MUED at one-loop with two KK modes, the 5D Lagrangian is

L_5 = − 1 4 g^{(5) 2}_3 f^{abc}f^{ade}G^b_μG^c_ν G^{μ d}G^{ν e} + Z_G 2 g^{(5) 2}_3 f^{abc}f^{ade}G^b_μG^c_5G^{μ d}G^e_5 . (B.3)

B.1 Tensorial splitting

We focus on the first term of (B.3). The expansion in KK modes and compactification yields

L_4 = − g^2_3 4 f^{abc}f^{ade} [ G^{b (0)}_μ G^{c (0)}_ν G^{μ d (0)}G^{ν e (0)} + ∑ n ≥ 1 σ_4 ( G^{b (n)}_μ G^{c (n)}_ν G^{μ d (0)}G^{ν e (0)} )

+ 1 √ 2 ∑ k, l, m ≥ 1 Δ^1_{klm} σ_4 ( G^{b (0)}_μ G^{c (k)}_ν G^{μ d (l)}G^{ν e (m)} )

+ 1 2 ∑ k, l, m, n ≥ 1 Δ^2_{klmn} G^{b (k)}_μ G^{c (l)}_ν G^{μ d (m)}G^{ν e (n} ] , (B.4)

where Δ^1_{klm} and Δ^2_{klmn} are sums of Kronecker deltas arising from the integration of various cosines, see Appendix B in [35].

The function σ_4 denotes permutations over the KK index. For example

σ_4 ( G^{b (0)}_μ G^{c (k)}_ν G^{μ d (l)}G^{ν e (m)} ) = G^{b (0)}_μ G^{c (k)}_ν G^{μ d (l)}G^{ν e (m)} + G^{b (k)}_μ G^{c (0)}_ν G^{μ d (l)}G^{ν e (m)} + G^{b (k)}_μ G^{c (l)}_ν G^{μ d (0)}G^{ν e (m)} + G^{b (k)}_μ G^{c (l)}_ν G^{μ d (m)}G^{ν e (0)} .

We now truncate the tower and consider two KK levels. The Lagrangian (B.4) becomes

L_4 = − g^2_3 4 f^{abc}f^{ade} [ G^{b (0)}_μ G^{c (0)}_ν G^{μ d (0)}G^{ν e (0)} + ∑ n = 1, 2

σ_4 ( G^{b (n)}_μ G^{c (n)}_ν G^{μ d (0)}G^{ν e (0)} )

+ 3 2 ( G^{b (1)}_μ G^{c (1)}_ν G^{μ d (1)}G^{ν e (1)} + G^{b (2)}_μ G^{c (2)}_ν G^{μ d (2)}G^{ν e (2)} )

– 42 –

+ 1 √ 2 σ_4 ( G^{b (0)}_μ G^{c (1)}_ν G^{μ d (1)}G^{ν e (2)} + G^{b (1)}_μ G^{c (1)}_ν G^{μ d (2)}G^{ν e (2)} )] . It turns out that the following five auxiliary tensors are needed s^a_{μν} = i √ 2 g_3 f^{abc} ( G^{b (0)}_μ G^{c (0)}_ν + G^{b (1)}_μ G^{c (1)}_ν + G^{b (2)}_μ G^{c (2)}_ν )

t^a_{μν} = i √ 2 g_3 f^{abc} ( G^{b (0)}_μ G^{c (1)}_ν + G^{b (1)}_μ G^{c (0)}_ν + 1 √ 2 G^{b (1)}_μ G^{c (2)}_ν + 1 √ 2 G^{b (2)}_μ G^{c (1)}_ν )

u^a_{μν} = i √ 2 g_3 f^{abc} ( G^{b (0)}_μ G^{c (2)}_ν + G^{b (2)}_μ G^{c (0)}_ν + 1 √ 2 G^{b (1)}_μ G^{c (1)}_ν ) (B.5) v^a_{μν} = i √ 2 g_3 f^{abc} ( 1 √ 2 G^{b (1)}_μ G^{c (2)}_ν + 1 √ 2 G^{b (2)}_μ G^{c (1)}_ν )

w^a_{μν} = i √ 2 g_3 f^{abc} ( + 1 √ 2 G^{b (2)}_μ G^{c (2)}_ν )

B.2 Vectorial splitting

We now turn to the second term in (B.3). The expansion in KK modes and com-

pactification yield

L_4 = Z_G 2 g^2_3 f^{abc}f^{ade} [ ∑ n ≥ 1 G^{b (0)}_μ G^{c (n)}_5 G^{μ d (0)}G^{e (n)}_5 + 1 √ 2 ∑ k, l, m ≥ 1 Δ^4_{klm} G^{b (0)}_μ G^{c (k)}_5 G^{μ d (l)}G^{e (m)}_5 + 1 √ 2 ∑ k, l, m ≥ 1 Δ^4_{klm} G^{b (k)}_μ G^{c (l)}_5 G^{μ d (0)}G^{e (m)}_5

+ 1 2 ∑ k, l, m, n ≥ 1 Δ^5_{klmn} G^{b (k)}_μ G^{c (l)}_5 G^{μ d (m)}G^{e (n)}_5 ] , (B.6)

where again Δ^4_{klm} and Δ^5_{klmn} are combinations of deltas. With two KK levels, the

Lagrangian (B.6) becomes

L_4 = Z_G 2 g^2_3f^{abc}f^{ade} [ ∑ n = 1, 2 ( G^{b (0)}_μ G^{c (n)}_5 G^{μ d (0)}G^{e (n)}_5 ) (B.7) + 1 2 ( G^{b (1)}_μ G^{c (1)}_5 G^{μ d (1)}G^{e (1)}_5 + G^{b (2)}_μ G^{c (2)}_5 G^{μ d (2)}G^{e (2)}_5 ) + G^{b (1)}_μ G^{c (2)}_5 G^{μ d (1)}G^{e (2)}_5 + G^{b (2)}_μ G^{c (1)}_5 G^{μ d (2)}G^{e (1)}_5 + 1 √ 2 ( G^{b (0)}_μ G^{c (1)}_5 G^{μ d (1)}G^{e (2)}_5 + G^{b (1)}_μ G^{c (2)}_5 G^{μ d (0)}G^{e (1)}_5 + G^{b (1)}_μ G^{c (1)}_5 G^{μ d (0)}G^{e (2)}_5

+ G^{b (0)}_μ G^{c (2)}_5 G^{μ d (1)}G^{e (1)}_5 − G^{b (0)}_μ G^{c (1)}_5 G^{μ d (2)}G^{e (1)}_5 − G^{b (2)}_μ G^{c (1)}_5 G^{μ d (0)}G^{e (1)}_5 )] . In this case we will need vectorial auxiliary fields with the following kind of

Lagrangian L = − 1 2 V^a_μ V^{a μ} + Z_G g_3 f^{abc} V^{a μ} G^{b (n)}_μ G^{c (m)}_5 . (B.8)

– 43 –

We need four auxiliary vectors

S^a_μ = Z_G g_3 f^{abc} ( G^{b (0)}_μ G^{c (1)}_5 + 1 √ 2 G^{b (1)}_μ G^{c (2)}_5 − 1 √ 2 G^{b (2)}_μ G^{c (1)}_5 )

T^a_μ = Z_G g_3 f^{abc} ( G^{b (0)}_μ G^{c (2)}_5 + 1 √ 2 G^{b (1)}_μ G^{c (1)}_5 )

U^a_μ = Z_G g_3 f^{abc} ( 1 √ 2 G^{b (2)}_μ G^{c (2)}_5 ) (B.9)

V^a_μ = Z_G g_3 f^{abc} ( 1 √ 2 G^{b (1)}_μ G^{c (2)}_5 + 1 √ 2 G^{b (2)}_μ G^{c (1)}_5 )

which, once replaced into (B.8) and eliminated, reproduce the Lagrangian (B.7).

References

[1] M. B. Green, J. H. Schwarz and E. Witten, Superstring theory. Cambridge monographs on mathematical physics. Cambridge Univ. Press, New York, NY, 1987.

[2] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, The Hierarchy problem and new dimensions at a millimeter, Phys.Lett. B429 (1998) 263–272 [hep-ph/9803315].

[3] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, New dimensions at a millimeter to a Fermi and superstrings at a TeV, Phys.Lett. B436 (1998) 257–263 [hep-ph/9804398].

[4] B. A. Dobrescu and E. Poppitz, Number of fermion generations derived from anomaly cancellation, Phys. Rev. Lett. 87 (2001) 031801 [hep-ph/0102010].

[5] N. Arkani-Hamed and M. Schmaltz, Hierarchies without symmetries from extra dimensions, Phys.Rev. D61 (2000) 033005 [hep-ph/9903417].

[6] N. Arkani-Hamed, L. J. Hall, D. Tucker-Smith and N. Weiner, Exponentially small supersymmetry breaking from extra dimensions, Phys.Rev. D63 (2001) 056003 [hep-ph/9911421].

[7] T. Appelquist, H.-C. Cheng and B. A. Dobrescu, Bounds on universal extra dimensions, Phys.Rev. D64 (2001) 035002 [hep-ph/0012100].

[8] H.-C. Cheng, K. T. Matchev and M. Schmaltz, Bosonic supersymmetry? Getting fooled at the CERN LHC, Phys. Rev. D66 (2002) 056006 [hep-ph/0205314].

[9] G. Servant and T. M. Tait, Is the lightest Kaluza-Klein particle a viable dark matter candidate?, Nucl.Phys. B650 (2003) 391–419 [hep-ph/0206071].

[10] A. Muck, A. Pilaftsis and R. Ruckl, Minimal higher dimensional extensions of the standard model and electroweak observables, Phys.Rev. D65 (2002) 085037 [hep-ph/0110391].

[11] H.-C. Cheng, K. T. Matchev and M. Schmaltz, Radiative corrections to Kaluza-Klein masses, Phys.Rev. D66 (2002) 036005 [hep-ph/0204342].

[12] G. Belanger, M. Kakizaki and A. Pukhov, Dark matter in UED: The Role of the second KK level, JCAP 1102 (2011) 009 [1012.2577].

– 44 –

[13] A. Belyaev, N. D. Christensen and A. Pukhov, CalcHEP 3.4 for collider physics within and beyond the Standard Model, 1207.6082.

[14] G. Bhattacharyya, A. Datta, S. K. Majee and A. Raychaudhuri, Exploring the Universal Extra Dimension at the LHC, Nucl.Phys. B821 (2009) 48–64 [0904.0937].

[15] D. Choudhury, A. Datta and K. Ghosh, Deciphering Universal Extra Dimension from the top quark signals at the CERN LHC, JHEP 1008 (2010) 051 [0911.4064].

[16] A. Datta, A. Datta and S. Poddar, Enriching the exploration of the mUED model with event shape variables at the CERN LHC, Phys.Lett. B712 (2012) 219–225 [1111.2912].

[17] B. Bhattacherjee and K. Ghosh, Search for the minimal universal extra dimension model at the LHC with √ s=7 TeV, Phys.Rev. D83 (2011) 034003 [1006.3043].

[18] H. Murayama, M. M. Nojiri and K. Tobioka, Improved discovery of a nearly degenerate model: MUED using MT2 at the LHC, Phys.Rev. D84 (2011) 094015 [1107.3369].

[19] I. Gogoladze and C. Macesanu, Precision electroweak constraints on Universal Extra Dimensions revisited, Phys.Rev. D74 (2006) 093012 [hep-ph/0605207].

[20] K. Nishiwaki, K.-y. Oda, N. Okuda and R. Watanabe, A bound on Universal Extra Dimension Models from up to 2fb^{−1} of LHC Data at 7TeV, Phys.Lett. B707 (2012) 506–511 [1108.1764].

[21] G. Belanger, A. Belyaev, M. Brown, M. Kakizaki and A. Pukhov, Testing Minimal Universal Extra Dimensions Using Higgs Boson Searches at the LHC, 1207.0798.

[22] Y. Hosotani, Dynamical Mass Generation by Compact Extra Dimensions, Phys.Lett.

B126 (1983) 309.

[23] H. Georgi, A. K. Grant and G. Hailu, Brane couplings from bulk loops, Phys.Lett.

B506 (2001) 207–214 [hep-ph/0012379].

[24] G. von Gersdorff, N. Irges and M. Quiros, Bulk and brane radiative effects in gauge theories on orbifolds, Nucl.Phys. B635 (2002) 127–157 [hep-th/0204223].

[25] M. Puchwein and Z. Kunszt, Radiative corrections with 5-D mixed position / momentum space propagators, Annals Phys. 311 (2004) 288–313 [hep-th/0309069].

[26] H. Gies, Renormalizability of gauge theories in extra dimensions, Phys.Rev. D68 (2003) 085015 [hep-th/0305208].

[27] E. Alvarez and A. F. Faedo, Renormalized masses of heavy Kaluza-Klein states, Phys.Rev. D74 (2006) 124029 [hep-th/0606267].

[28] S. Bauman and K. R. Dienes, New Regulators for Quantum Field Theories with Compactified Extra Dimensions. Part I. Fundamentals, Phys.Rev. D77 (2008) 125005 [0712.3532].

[29] S. Bauman and K. R. Dienes, New Regulators for Quantum Field Theories with Compactified Extra Dimensions. Part II. Ultraviolet Finiteness and Effective Field Theory Implementation, Phys.Rev. D77 (2008) 125006 [0801.4110].

– 45 –

[30] C. T. Hill, S. Pokorski and J. Wang, Gauge invariant effective Lagrangian for Kaluza-Klein modes, Phys.Rev. D64 (2001) 105005 [hep-th/0104035].

[31] A. Falkowski, C. Grojean and S. Pokorski, Loop corrections in higher dimensions via deconstruction, Phys.Lett. B581 (2004) 236–247 [hep-ph/0310201].

[32] Z. Kunszt, A. Nyffeler and M. Puchwein, Deconstructing nonAbelian gauge theories at one loop, JHEP 0403 (2004) 061 [hep-ph/0402269].

[33] A. Semenov, LanHEP: A Package for the automatic generation of Feynman rules in field theory. Version 3.0, Comput.Phys.Commun. 180 (2009) 431–454 [0805.0555].

[34] N. D. Christensen, P. de Aquino, C. Degrande, C. Duhr, B. Fuks et. al., A Comprehensive approach to new physics simulations, Eur.Phys.J. C71 (2011) 1541 [0906.2474].

[35] A. Datta, K. Kong and K. T. Matchev, Minimal Universal Extra Dimensions in CalcHEP/CompHEP, New J.Phys. 12 (2010) 075017 [1002.4624].

[36] A. Semenov, LanHEP - a package for automatic generation of Feynman rules from the Lagrangian. Updated version 3.1, 1005.1909.

[37] A. Belyaev, C. Leroy, R. Mehdiyev and A. Pukhov, Leptoquark single and pair production at LHC with CalcHEP/CompHEP in the complete model, JHEP 0509 (2005) 005 [hep-ph/0502067].

[38] CMS Collaboration, S. Chatrchyan et. al., Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC, Phys.Lett. B716 (2012) 30–61 [1207.7235].

[39] ATLAS Collaboration, G. Aad et. al., Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC, Phys.Lett. B716 (2012) 1–29 [1207.7214].

[40] M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy et. al., The Electroweak Fit of the Standard Model after the Discovery of a New Boson at the LHC, Eur.Phys.J. C72 (2012) 2205 [1209.2716].

[41] W. Beenakker, R. Hopker, M. Spira and P. Zerwas, Squark and gluino production at hadron colliders, Nucl.Phys. B492 (1997) 51–103 [hep-ph/9610490].

[42] A. Kulesza and L. Motyka, Soft gluon resummation for the production of gluino-gluino and squark-antisquark pairs at the LHC, Phys.Rev. D80 (2009) 095004 [0905.4749].

[43] W. Beenakker, S. Brensing, M. Kramer, A. Kulesza, E. Laenen et. al., Soft-gluon resummation for squark and gluino hadroproduction, JHEP 0912 (2009) 041 [0909.4418].

[44] W. Beenakker, S. Brensing, M. Kramer, A. Kulesza, E. Laenen et. al., Squark and Gluino Hadroproduction, Int.J.Mod.Phys. A26 (2011) 2637–2664 [1105.1110].

[45] A. Belyaev, M. Brown, J. Moreno and P. Svantesson, Exploring Minimal Universal Extra Dimensions at the 14 TeV LHC, in preparation.

[46] G. Brooijmans, B. Gripaios, F. Moortgat, J. Santiago, P. Skands et. al., Les Houches

– 46 –

2011: Physics at TeV Colliders New Physics Working Group Report, 1203.1488. [47] CMS Collaboration Collaboration, S. Chatrchyan et. al., Search for electroweak production of charginos and neutralinos using leptonic final states in pp collisions at √ s = 7 TeV, JHEP 1211 (2012) 147 [1209.6620].

[48] ATLAS Collaboration Collaboration, G. Aad et. al., Search for direct production of charginos and neutralinos in events with three leptons and missing transverse momentum in √ s = 7 TeV pp collisions with the ATLAS detector, 1208.3144.

– 47 –