Published by Institute of Physics Publishing for SISSA Received: May 13, 2005 Revised: June 21, 2005 Accepted: June 29, 2005 Published: July 26, 2005

Aspects of the Stueckelberg extension

Boris Körs

II. Institut für Theoretische Physik, Universität Hamburg Luruper Chaussee 149, 22761 Hamburg, Germany, and Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology Cambridge, Massachusetts 02139, U.S.A. E-mail: kors@lns.mit.edu

Pran Nath

Department of Physics, Northeastern University Boston, Massachusetts 02115, U.S.A. E-mail: nath@neu.edu

Abstract: A detailed analysis of a Stueckelberg extension of the electro-weak gauge group with an extra abelian U(1)_X factor is presented for the Standard Model as well as for the MSSM. The extra gauge boson gets massive through a Stueckelberg type coupling to a pseudo-scalar, instead of a Higgs effect. This new massive neutral gauge boson Z^′ has vector and axial vector couplings uniquely different from those of conventional extra abelian gauge bosons, such as appear e.g. in GUT models. The extended MSSM furthermore contains two extra neutralinos and one extra neutral CP-even scalar, the latter with a mass larger than that of the Z^′. One interesting scenario that emerges is an LSP that is dominantly composed out of the new neutralinos, leading to a possible new superweak candidate for dark matter. We investigate signatures of the Stueckelberg extension at a linear collider and discuss techniques for the detection of the expected sharp Z^′ resonance. It turns out that the substantially modified forward-backward asymmetry around the Z^′ pole provides an important signal. Furthermore, we also elaborate on generalizations of the minimal Stueckelberg extension to an arbitrary number of extra U(1) gauge factors.

Keywords: Supersymmetry Phenomenology, Supersymmetric Standard Model, Beyond Standard Model.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep072005069 /jhep072005069 .pdf

Contents

1. Introduction 2 1.1 The Stueckelberg lagrangian 2 1.2 Stueckelberg in string theory and compactification 3 1.3 Overview and summary 5

2. Stueckelberg extension of the standard model 6 2.1 Masses for the neutral vector bosons 7 2.2 Couplings to fermions 9

3. The Stueckelberg extension of MSSM 11 3.1 Adding soft supersymmetry breaking terms 13 3.2 Adding Fayet-Illiopoulos terms 14

4. Implications and predictions 14 4.1 Comparison to the standard model 14 4.1.1 Neutral current interactions: ρ parameters 15 4.1.2 Visible width and branching ratios of Z^′ 16 4.2 The bosonic sector of the extended MSSM 17 4.2.1 The scalar Higgs fields and the Stueckelberg scalar ρ 17 4.2.2 Stueckelberg corrections to sfermion masses 19 4.3 The fermionic sector of the extended MSSM 20 4.4 Coupling of gauge bosons to the hidden sector 23 4.5 Corrections to g_μ − 2 24

5. Stueckelberg at a linear collider 24 5.1 Cross-sections including the Z^′ pole 25 5.2 Forward-backward asymmetry near the Z^′ pole 27

6. Detection of a sharp Z^′ resonance 31

7. Stueckelberg extension with many extra U(1) 33

8. Conclusion 35

– 1 –

1. Introduction

The Stueckelberg lagrangian [1] is a gauge invariant kinetic term for a massive abelian vector field, that utilizes a non-linear representation of the gauge transformation. The mass term is made gauge invariant by coupling a massless gauge boson to a real pseudo-scalar, which then transforms non-linearly, and in unitary gauge is absorbed as the longitudinal mode of the massive vector. As we shall point out below, gauge boson masses through Stueckelberg couplings are ubiquitous in compactifications of higher-dimensional string theory, supergravity, or even pure gauge theory. From a model building perspective, the relevance of the Stueckelberg mechanism lies in the fact that it provides an opportunity alternative to the Higgs mechanism [2] to achieve gauge symmetry breaking without spoiling renormalizability [3]. Since the minimal version of the Stueckelberg mechanism only needs a single real scalar, which is absorbed by the gauge boson with no other degrees of freedom left, it is already clear that the Stueckelberg and the Higgs mechanism are physically distinct. The main purpose of this paper is to discuss the most simple extensions of the electro-weak sector of the Standard Model (SM) [4], and its supersymmetric generalizations (SSM or MSSM). The work presented here is a more detailed exposition and extension of of two previous publications, where the Stueckelberg extension was first achieved [5 – 7]. In particular, an analysis of the possibility of observation of Stueckelberg phenomena at linear colliders is also given.

1.1 The Stueckelberg lagrangian

The prototype Stueckelberg lagrangian couples one abelian vector boson A_μ to one pseudoscalar σ in the following way,^1

L = − 1 4 F_{μν} F^{μν} − 1 2 (mA_μ + ∂_μ σ)(mA^μ + ∂^μ σ) . (1.1)

It is gauge invariant if σ transforms together with A_μ according to

δA_μ = ∂_μ ϵ , δσ = −mϵ . (1.2)

Fixing the gauge by adding

L_{gf} = − 1 2ξ (∂_μ A^μ + ξmσ)^2 , (1.3)

the total lagrangian reads

L + L_{int} + L_{gf} = − 1 4 F_{μν} F^{μν} − m^2 2 A_μ A^μ − 1 2ξ (∂_μ A^μ )^2 − 1 2 ∂_μ σ∂^μ σ − ξ m^2 2 σ^2 (1.4)

1As is well known, the Stueckelberg mechanism can actually be recovered in a rather singular limit of the Higgs mechanism [3], and it is useful to keep the comparison in mind as we discuss the models based on the Stueckelberg mechanism. This similarity, however, is not so easily realized in the case of the supersymmetric Stueckelberg extension of the MSSM.

– 2 – where the two fields have been decoupled, and renormalizability and unitarity are manifest. To add interactions with fermions, one may couple the vector field to a conserved current, adding the interaction L_{int} = gA_μ J^μ (1.5)

with ∂_μ J^μ = 0.

Let us mention here that regarding the extension of this mechanism to non-abelian gauge theories, according to [8], a non-abelian extension of the Stueckelberg lagrangian leads to violation of unitarity already at the tree-level, because the longitudinal components of the vector fields cannot be decoupled from the physical Hilbert space. The renormalizability of the theory is then spoiled as well. Therefore, the Higgs of the SM cannot be replaced by a Stueckelberg type of symmetry breaking. Instead we will consider extensions of the SM or the MSSM which involve extra U(1) gauge factors beyond the SU(3)_C × SU(2)_L × U(1)_Y gauge symmetry of the SM, which will then be assumed to couple to pseudo-scalars in the way of Stueckelberg.

1.2 Stueckelberg in string theory and compactification

One immediate way to see that Stueckelberg couplings appear in dimensional reduction of supergravity from higher dimensions, and in particular string theory, is to consider the reduction of the ten-dimensional N = 1 supergravity coupled to supersymmetric Yang- Mills gauge fields [9], in the presence of internal gauge fluxes. The ten-dimensional kinetic term for the anti-symmetric 2-tensor B_{IJ} involves a coupling to the Yang-Mills Chern- Simons form, schematically ∂_{[I} B_{JK]} + A_{[I} F_{JK]} +^2_3 A_{[I} A_J A_{K]}, in proper units. Dimensional reduction with a vacuum expectation value for the internal gauge field strength, ⟨F_{ij} ⟩ ≠ 0, leads to

∂_μ B_{ij} + A_μ F_{ij} ∼ ∂_μ σ + mA_μ , (1.6)

after identifying the internal components B_{ij} with the scalar σ and the value of the gauge field strength with the mass parameter m. Thus, A_μ and σ have a Stueckelberg coupling of the form A_μ ∂^μ σ. These couplings play an important role in the Green-Schwarz anomaly cancellation mechanism. In a four-dimensional theory abelian gauge symmetries can have a triangle ABJ anomaly, if tr Q ≠ 0 or tr Q^3 ≠ 0. In a consistent string compactification, this ABJ anomaly is cancelled by Green-Schwarz type contributions involving the two terms mA^μ ∂_μ σ +c σF_{μν} F̃^{μν} in the lagrangian and the anomalous 3-point function is proportional to the product of the two couplings, m · c, while the mass parameter in the Stueckelberg coupling is only m. Therefore, any anomalous U(1) will always get massive through the Stueckelberg mechanism, since m · c ≠ 0, but a non-anomalous U(1) can do so as well, if m ≠ 0, c = 0. Since we do not want to deal with anomalous gauge symmetries here, we shall always assume that m ≠ 0, c = 0. The mass scale that determines m within models that derive from string theory can, at leading order, also be derived from dimensional reduction. It turns out to be proportional to the string or compactification scale in many cases [10], but can in principle also be independent [11].

– 3 –

The fact that an abelian gauge symmetry, anomalous or non-anomalous, may decouple from the low energy theory via Stueckelberg couplings was actually of great importance in the construction of D-brane models with gauge group and spectrum close to that of the SM [12]. Roughly speaking, these D-brane constructions start with a number of unitary gauge group factors U(N), which are then usually broken to their subgroups SU(N) via Stueckelberg couplings,

U(3) × U(2) × U(1)^{2 Stueckelberg}−→ SU(3)_C × SU(2)_L × U(1)_Y . (1.7)

The mass matrix for the abelian gauge bosons is then block-diagonal, and only the SM survives. In order to ensure this pattern, one has to impose a condition on the Stueckelberg mass parameters, namely that the hyper charge gauge boson does not couple to any axionic scalar and remains massless [12]. In the language of these D-brane models, we will here relax this extra condition, and explore the consequences of letting the hyper charge gauge boson mix with other abelian gauge factors beyond the SM gauge group, which seems a very natural extension of the SM in this frame work.

In a much simpler framework, in the dimensional compactification of abelian gauge theory on a circle, one can also demonstrate that the higher Kaluza-Klein excitations of the vector field gain their mass through a Stueckelberg mechanism. For this purpose we consider a five-dimensional abelian gauge field A_I , using coordinates x_I = (x_μ , y). The gauge kinetic energy including a gauge fixing term is

L_{5d} = − 1 4 F_{IJ} (z)F^{IJ} − 1 2ξ (∂_I A^I )^2 . (1.8)

We compactify the fifth dimension on a half circle S^1 of radius R and expand the fivedimensional gauge field A_I (x_I ) = (A_μ (x_I ), σ(x_I )) in harmonics on the compactified dimension,

A_μ (x_I ) = ∞� n=0 A^{(n)}_μ (x_μ )ξ_n(y) , σ(x_I ) = ∞� n=0 σ^{(n)}(x_μ )η_n(y) , (1.9)

where ξ_n(y) and η_n(y) are harmonic functions on the interval (0, 2πR) with appropriate periodicity conditions. The effective lagrangian in four dimensions is obtained by integration over the fifth dimension,

L_{4d} = ∞� n=0 � − 1 4 F^{(n)}_{μν} F^{μν(n)} − 1 2 n^2(MA^{(n)}_μ + n∂_μ σ^{(n)})^2 − − 1 2ξ � (∂_μ A^{(n)μ} )^2 + 2nM∂_μ A^{(n)μ} σ^{(n)} + M^2(σ^{(n)})^2 � , (1.10)

where M = 1/R is the inverse of the compactification radius. The Stueckelberg mechanism is now manifest in the first line of eq. (1.10). Choosing the gauge ξ = 1 one finds that the bilinear terms involving A^{(n)}_μ and σ^{(n)} form a total divergence which can be discarded, and the scalar fields σ^{(n)} decouple from the vector fields. One is thus left with one massless vector field and an infinite tower of massive vector fields all of which gain masses by the Stueckelberg mechanism. There is no Higgs phenomenon involved in the generation of their masses.

– 4 –

1.3 Overview and summary

The rest of the paper is devoted to further development of the Stueckelberg extension of the SM and of the MSSM, and applications to a number of phenomena which have the possibility of being tested in current and future experiment. The outline is as follows: In section 2 we give a detailed discussion of the extension of the SM electro-weak gauge group SU(2)_L×U(1)_Y to SU(2)_L×U(1)_Y ×U(1)_X . We show that the Stueckelberg extension allows one to retain a massless mode which is identified with the photon, while the remaining two vector bosons become massive and correspond to the gauge bosons Z and Z^′. Several useful results relating the mass parameters and the mixing angles are deduced and general formulae for the neutral current couplings to fermions are deduced. In section 3 we give a full analysis of the extension of MSSM to include a Stueckelberg U(1)_X gauge group, where in addition to a gauge vector multiplet for the U(1)_X one also has a chiral multiplet that involves the Stueckelberg pseudo-scalar. The Stueckelberg extension here reproduces the vector boson sector of the Stueckelberg extension of the SM and in addition contains new states and interactions including an additional spin zero state, an extra neutral gaugino and an extra neutral chiral fermion. In this section we also discuss the implications of including Fayet-Illiopoulos D-terms in the analysis.

In section 4 we discuss the implications and predictions of the Stueckelberg extensions. We work out in detail the deviations from the SM couplings in the neutral current sector and estimate the size of the parameters in the mixing of the Stueckelberg sector with the SM. Consistency with current data translates into bounds on these parameters. However, refined experiments should be able to discern deviations from the SM, such as the presence of a sharp Z^′ resonance. A careful scanning of data will be needed to discern such a resonance. An explicit analysis of the modifications of the Z boson couplings and of the couplings of the Z^′ boson to SM fermions shows that the Z^′ has decay signatures which are very distinct from the Z, and the observation of such signatures should uniquely identify the Z^′ boson. In this section we also discuss the mixing of the CP-even spin zero state from the Stueckelberg chiral multiplet with the two CP-even Higgs of the SM producing a 3 × 3 CP-even Higgs mass matrix. In the neutralino sector there are now two more neutral states arising from the Stueckelberg sector, which mix with the four neutralino states from the MSSM producing a 6 × 6 neutralino mass matrix. There exists a region of the parameter space where one of the Stueckelberg fermions is the LSP. This would have a drastic influence on collider signals for supersymmetry. Similarly, the dark matter relic abundance will be affected. Additional topics discussed in section 4 include the decay of Z^′ into the hidden sector fermions which tend to give it a significantly larger decay width than what is allowed by the decays into the visible sector, and the modification of the correction to g_μ − 2 by inclusion of the Z^′ boson exchange.

In section 5 a detailed investigation for testing the Stueckelberg scenario at a linear collider is performed. We analyze the e^+e^− cross section into leptons and quarks and also the forward-backward asymmetry A_{fb}. It is shown that in the vicinity of the Z^′ resonance it deviates significantly from the SM prediction and hence will be a good indicator for discerning such a resonance. In section 6 we discuss briefly the technique that may be

– 5 – used for the detection of an expected sharp resonance for the Z^′. In section 7 we include a generalization of the minimal Stueckelberg extension with just one extra U(1) to an arbitrary number of extra abelian factors. Section 8 is devoted to conclusions.

2. Stueckelberg extension of the standard model

We now turn to the main subject of this paper, the minimal extensions of the SM and the MSSM which involve Stueckelberg type couplings, and their experimental signatures. We start naturally with the SM, then discuss the supersymmetrized version for the MSSM, and afterward discuss the observable consequences. In any case, since the Stueckelberg is only compatible with abelian gauge symmetries, the minimal model that carries nontrivial structure is obtained by adding an abelian gauge group factor U(1)_X to the SM gauge group, extending it to SU(3)_C ×SU(2)_L ×U(1)_Y ×U(1)_X .^2 Then, all the abelian factors, i.e. hyper charge and U(1)_X , can couple to a real pseudo-scalar σ in the way of the Stueckelberg mechanism.^3 We call this model the StSM (or StMSSM for the supersymmetric version). In greater generality, one can of course add any number of abelian factors to the SM, and have all the abelian gauge bosons couple to any number of pseudo-scalars. In many string theoretic models based on D-branes and orientifolds, there is indeed a number of such gauge factors and scalars present, the maximum multiplicity being restricted by topological properties of the compactification space. We will come back to this option in section 7.

To start with the StSM [6], let A^a_μ , a = 1, 2, 3, be the vector fields in the adjoint of SU(2)_L, with field strength F^a_{μν} , B_μ the hyper charge vector with field strength B_{μν} , and Φ be the Higgs doublet.^4 Then the relevant part of the SM lagrangian is given by

L_{SM} = − 1 4 tr F_{μν} F^{μν} − 1 4 B_{μν} B^{μν} + g_2A^a_μ J^{aμ}_2 + g_Y B_μ J^μ_Y − D_μ Φ^†D^μ Φ − V (Φ^†Φ) , (2.1)

where D_μ Φ is the gauge covariant derivative. For the minimal Stueckelberg extension of this lagrangian, we add the degrees of freedom of one more abelian vector field C_μ for the U(1)_X , with field strength C_{μν} , and one pseudo-scalar σ. For the scalar field σ we assume that it will have Stueckelberg couplings to all the abelian gauge bosons, B_μ and C_μ . For the Higgs scalar Φ we assume that it is neutral under the U(1)_X , which just means that C_μ does not appear in D_μ Φ. This is an assumption somehow “orthogonal” to the starting point of most models with so-called U(1)^′ gauge symmetries beyond the SM [15]. There, the gauge symmetry of the extra factor is broken by an extended Higgs effect. In our model, all non-trivial modification of the SM results from the Stueckelberg coupling and is mediated by the axion σ. Thus, the lagrangian of eq. (2.1) is extended to the StSM by

L_{StSM} = L_{SM} + L_{St} (2.2)

2In principle, one could also just consider a Stueckelberg coupling for only the hyper charge gauge boson, but this would ultimately give a non-vanishing mass to the photon, which is unacceptable.

3We frequently call this scalar an axionic scalar because of its pseudo-scalar nature, which does not imply that it couples to QCD gauge fields in the way of the usual QCD axion.

4The color SU(3)C factor of the gauge group will be irrelevant for most of what we have to say.

– 6 – with

L_{St} = − 1 4 C_{μν} C^{μν} + g_X C_μ J^μ_X − 1 2 (∂_μ σ + M_1C_μ + M_2B_μ )^2 . (2.3)

Up to this point, we have not specified the charges of the SM fermions, which in principle could carry charges under U(1)_X . Later, we will, however, abandon this possibility. Furthermore, there may also be a sector that is hidden with respect to the SM gauge symmetries, i.e. neutral with respect to SU(2)_L × U(1)_Y , but charged under U(1)_X , and thus enters J^μ_X . In such a case, the Stueckelberg coupling would be the only way to communicate to the hidden sector. The extended non-linear gauge invariance now reads

δ_Y B_μ = ∂_μ λ_Y , δ_Y σ = −M_2λ_Y , (2.4)

for the hyper charge, and

δ_X C_μ = ∂_μ λ_X , δ_X σ = −M_1λ_X . (2.5)

for U(1)_X . To decouple the two abelian gauge bosons from σ, one has to add a similar gauge fixing term as in the previous section with only one vector field. Furthermore, one has to add the standard gauge fixing terms for the charged gauge bosons to decouple from the Higgs.

2.1 Masses for the neutral vector bosons After spontaneous electro-weak symmetry breaking the mass terms, with mass-squared matrix M^{[1]2}_{ab} (upper index [1] for spin 1) for the neutral vector bosons V_{μa} = (C_μ , B_μ , A^3_μ )_a, take the form − 1 2 3� a,b=1

V_{μa} M^{[1]2}_{ab} V^μ_b , (2.6)

where

M^{[1]2}_{ab} = � � M^2_1 M_1M_2 0 M_1M_2 M^2_2 +^1_4 g^2_Y v^2 −^1_4 g_Y g_2v^2 0 −^1_4 g_Y g_2v^{2 1}_4 g^2 v^2

� � (2.7)

where g_2 and g_Y are the SU(2)_L and U(1)_Y gauge coupling constants, and are normalized so that M^2_W = g^2 v^2/4. From det(M^{[1]2}_{ab} ) = 0 it is easily seen that one eigenvalue is zero, whose eigenvector we identify with the photon A^γ_μ ,^5 and the remaining two eigenvalues are the roots

M^2_± = 1 2 � M^2_1 + M^2_2 + 1 4 g^2_Y v^2 + 1 4 g^2 v^2 ± (2.8)

± � M^2_1 + M^2_2 + 1 4 g^2_Y v^2 + 1 4 g^2 v^2

�_2 − � M^2_1 (g^2_Y + g^2 )v^2 + g^2 M^2_2 v^2

�^12 � . 5Note that we succeeded in obtaining a massless photon, while previous attempts to obtain a Stueckelberg extension of the SM failed in this respect [13]. The basic reason for the difficulty in keeping the photon massless arose because there was an extra axion field which allowed the photon to generate a tiny mass. In our analysis we have an extra axion field σ and two gauge bosons, B μ and Cμ . Thus, after absorption of the axion we are indeed left with a strictly massless photon field.

– 7 –

Obviously,

M^2_+ = M^2_1 + M^2_2 + O(v^2) , M^2_− = O(v^2) . (2.9)

We, therefore, identify the mass eigenstate with mass squared M^2_− with the Z-boson, and call the mass eigenstate with eigenvalue M^2_+ the Z^′-boson. The diagonal matrix of eigenvalues E^{[1]} and the three eigenstates E^{[1]}_μ are denoted

E^{[1]} = diag(M^2_Z′ , M^2_Z, 0) = diag(M^2_+, M^2_− , 0) , E^{[1]}_μ = (Z^′_μ , Z_μ , A^γ_μ )^T . (2.10)

Thus, we have V_{μa} = 3� b=1 O^{[1]}_{ab} E^{[1]}_{μb} , 3� b,c=1

O^{[1]}_{ba} M^{[1]2}_{bc} O^{[1]}_{cd} = E^{[1]}_{ad} , (2.11)

for some orthogonal transformation matrix O^{[1]}_{ab} . One can actually solve for it explicitly. We use the parametrization

O^{[1]} = � � cos ψ cos ϕ − sin θ sin ϕ sin ψ − sin ψ cos ϕ − sin θ sin ϕ cos ψ − cos θ sin ϕ cos ψ sin ϕ + sin θ cos ϕ sin ψ − sin ψ sin ϕ + sin θ cos ϕ cos ψ cos θ cos ϕ − cos θ sin ψ − cos θ cos ψ sin θ

� �

Inverting the relation, one finds immediately

tan(ϕ) =

M_2 M_1

= δ , tan(θ) = g_Y g_2 cos(ϕ) = tan(θ_W ) cos(ϕ) . (2.12)

Expressing tan(ψ) is a bit more tedious, and we use

tan(ψ) = tan(θ) tan(ϕ)M^2_W cos(θ)(M^2_{Z′} − M^2_W(1 + tan^2(θ)))

, (2.13)

where M_W = g_2v/2, tan(θ_W ) = g_Y /g_2. One can define the two independent parameters to describe the StSM extension, δ = M_2 M_1

, M^2 = M^2_1 + M^2_2 . (2.14)

Effectively, M is the overall mass scale of the new physics, and δ the parameter that measures the strength of its coupling to the SM. In the limit δ → 0, where the SM and a decoupled abelian vector boson C_μ with mass M are recovered, one has

tan(ϕ) , tan(ψ) −→ 0 , tan(θ) −→ tan(θ_W) , (2.15)

i.e. θ becomes the weak angle, and the other angles vanish. In this limit the mass M_− takes the standard expression for the mass of the Z-boson,

M^2_Z′ −→ M^2 , M^2_Z −→ 1 4 v^2(g^2 + g^2_Y ) , (2.16)

– 8 – the mass squared matrix being block-diagonal. Remarkably, in the limit v/M → 0, with δ fixed, which corresponds to a large overall mass scale compared to the electro-weak scale set by the Higgs expectation value, only one of the angles vanishes,

tan(ψ) −→ 0 . (2.17)

The other two parameters are independent of v^2. No matter how high the scale would be, at which the additional couplings are generated, the low energy parameters tan(ϕ) and tan(θ) can deviate from SM expressions, since deviations are not suppressed by the high scale.

For the purpose of obtaining a more physical parametrization, it is useful to replace the parameters v, vg_2, vg_Y , M_1, M_2 of the Stueckelberg extended model with those of the SM lagrangian, and fix them through measured quantities, up to the mass scale M. Defining

M^2_Y = 1 4 g^2_Y v^2 = 1 4 (ev)^2M^2_W M^2_W −^1_4 (ev)^2

, (2.18)

where v = ( √ 2G_F )^{−1/2} , we can express M_1 and M_2, or δ and M, in terms of M_Z, M_Z′ , M_W, M_Y via

M^2_1 =

M^2_Z′ (M^2_Z − M^2_W) + M^2_W(M^2_W + M^2_Y − M^2_Z) M^2_Y , M^2_2 =

(M^2_Z′ − M^2_W − M^2_Y )(M^2_Z − M^2_W − M^2_Y )) M^2_Y , M^2_2 M^2_1

= δ^2 =

(M^2_Z − M^2_W − M^2_Y )(M^2_Z′ − M^2_W − M^2_Y ) M^2_{Z′} (M^2_Z − M^2_W) + M^2_W(M^2_W + M^2_Y − M^2_Z)

. (2.19)

Now the Stueckelberg lagrangian is fixed by adjusting the parameters to fit the experimental parameters. This requires global fits to the electro-weak data which is outside the scope of this work. If implemented, it should determine the full allowed range of the Stueckelberg parameter space in M_1, M_2. To illustrate the typical values, one convenient choice is to pick M_Z′ and δ. Once these are fixed, one can compute the three angles, θ, ϕ, ψ. For instance, for δ = 0.029 , M_Z′ = 250 GeV (2.20)

we find

tan(ϕ) = 0.029 , tan(ψ) = 0.002 , tan(θ) = 0.546 . (2.21)

Note that characteristically, |ψ| ∼^1_{10} |ϕ| and θ equals θ_W up to less than a percent.

2.2 Couplings to fermions Defining a vector of neutral currents J^μ_a = (g_X J^μ_X , g_Y J^μ_Y , g_2J^{3μ}_2 ), the couplings to the fermions are easily found by inserting the mass eigenstates into the neutral current (NC) interaction lagrangian

L_{NC} = g_2A^3_μ J^{3μ}_2 + g_Y B_μ J^μ_Y + g_X C_μ J^μ_X = 3� a=1 V_{μa} J^μ_a = 3� a,b=1

E^{[1]}_{μa} O^{[1]}_{ba} J^μ_b . (2.22)

– 9 –

The three components of this interaction product are easily expressed through the angle parameters,

3� b=1 O^{[1]}_{ba} J^μ_b =

� � � � � � � � � �

sin(ψ)

√_{g2 +g2Y cos2(ϕ)} � cos^2(ϕ)g^2_Y J^μ_Y − g^2 J^{3μ}_2 −^1_2 sin(2ϕ)g_X g_Y J^μ_X � + cos(ψ)(sin(ϕ)g_Y J^μ_Y + cos(ϕ)g_X J^μ_X )

cos(ψ)

√_{g2 +g2Y cos2(ϕ)} � cos^2(ϕ)g^2_Y J^μ_Y − g^2 J^{3μ}_2 −^1_2 sin(2ϕ)g_X g_Y J^μ_X � − sin(ψ)(sin(ϕ)g_Y J^μ_Y + cos(ϕ)g_X J^μ_X )

g_2g_Y cos(ϕ)

√_{g2 +g2Y cos2(ϕ)} � J^μ_Y + J^{3μ}_2 −^{gX}_{gY} tan(ϕ)J^μ_X �

� � � � � � � � � �

. (2.23)

The first line couples to Z^′, the second to Z, and the third line is the modified electromagnetic current.

The modification of the current that couples to the photon leads to two effects: First the electric charges of the fields of the SM would get modified. For instance, the charge of the up and the down quark are

Q_u = 2 3 − g_X g_Y tan(ϕ)Q_X (u) , Q_d = − 1 3 − g_X g_Y tan(ϕ)Q_X (d) . (2.24)

However, the charge neutrality of the neutron requires that Q_u + 2Q_d = 0 to very high precision. This, and similar relations for all other fields of the SM, can only be satisfied if the U(1)_X charges were proportional to their electric charges or vanishing. We, therefore, make the assumption that all fields of the SM itself are neutral under the extra U(1)_X gauge symmetry, setting Q_X (SM) = 0. This means that the couplings of C_μ with visible matter are strictly forbidden, in order to maintain the charge cancellation between quarks or leptons. On the other hand, there is a priori no such restriction on the matter in the hidden sector to which C_μ can couple. This implies that the masses of charged matter fields in the hidden sector have to be safely outside the current limits of direct detection.

Second, there still is a modification of the electric charge e, the coupling that appears in the term

eA^γ_μ J^μ_{em} = eA^γ_μ (J^μ_Y + J^{3μ}_2 ) , (2.25)

which is now defined by e = g_2g_Y cos(ϕ) � g^2 + g^2_Y cos^2(ϕ)

. (2.26)

Thus, the Stueckelberg mechanism effectively changes g_Y to g_Y cos(ϕ). All these modifications, of course, go away, when one takes the SM limit δ → 0, when cos(ϕ) → 1. Similarly, the standard coupling of the Z-boson,

Z_μ g_{NC}J^μ_{NC} −→ Z_μ 1 � g^2 + g^2_Y � g^2_Y J^μ_Y − g^2 J^μ_2 � (2.27)

– 10 – is recovered in this limit. One can also read off that the angle ψ takes the role of mixing the couplings of Z and Z^′. An important feature of this interaction lagrangian is that the coupling constants of the extra gauge boson are not arbitrary parameters, but uniquely defined through δ and M, the only new parameters of the model (aside from g_X , which we always assume to be of the same order as g_Y or g_2). We postpone a discussion of more experimental properties and concrete signatures of the StSM for later, when we treat the supersymmetric and the ordinary Stueckelberg extension in a combined fashion.

3. The Stueckelberg extension of MSSM

In this section we give the Stueckelberg extension of the minimal supersymmetric standard model (MSSM) [6] which may be labelled the StMSSM. The gauge symmetry is again extended by a single abelian factor U(1)_X , and only the neutral interactions are affected by the Stueckelberg mechanism. As argued above, we now assume that the fields of the MSSM are neutral under the new U(1)_X . Since supersymmetry requires the extra fields to fall into proper multiplets, we add one chiral (or linear) and one vectorsupermultiplet to the MSSM, which combine into a massive spin one multiplet and mix with the other massive vector multiplets after the condensation of the Higgs boson. Beyond the Stueckelberg chiral and vector superfields we in principle also allow for the existence of a hidden sector.

In setting up the supersymmetric extension (using standard superspace notation [14]) we consider the following action for the Stueckelberg chiral multiplet S = (ρ + iσ, χ, F_S )

L_{St} = � d^2θd^2θ̄(M_1C + M_2B + S + S̄)^2 , (3.1)

where C = (C_μ , λ_C , D_C ) is the gauge vectormultiplet for U(1)_X , B that for the hyper charge. The supersymmetrized gauge transformations under the new U(1)_X are

δ_Y B = Λ_Y + Λ̄_Y , δ_Y S = −M_2Λ_Y , (3.2)

and for the hyper charge

δ_X C = Λ_X + Λ̄_X , δ_X S = −M_1Λ_X . (3.3)

Although S transforms under the abelian gauge symmetries, it is somewhat misleading to think of it as a charged field in the standard sense of a charged chiral multiplet. To be slightly more specific on our notation, we denote C by

C = −θσ^μ θ̄C_μ + iθθθ̄λ̄_C − i θ̄θ̄θλ_C + 1 2 θθθ̄θ̄D_C . (3.4)

Similarly for B with B_μ , λ_B and D_B , and S is given by S = 1 2 (ρ + iσ) + θχ + iθσ^μθ̄ 1 2 (∂_μ ρ + i∂_μ σ) + θθF_S + i 2 θθθ̄σ̄^μ ∂_μ χ + 1 8 θθθ̄θ̄(□ρ + i□σ) . (3.5)

Its scalar component contains the scalar ρ and the axionic pseudo-scalar σ. This leads to [16, 17]

L_{St} = − 1 2 (M_1C_μ + M_2B_μ + ∂_μ σ)^2 − 1 2 (∂_μ ρ)^2 − iχσ^μ ∂_μχ̄ + 2|F_S |^2 + +ρ(M_1D_C + M_2D_B ) + [χ(M_1λ_C + M_2λ_B ) + h.c.] . (3.6)

– 11 –

For the gauge fields we add the standard kinetic terms

L_{gkin} = − 1 4 C_{μν} C^{μν} − 1 4 B_{μν} B^{μν} − iλ_B σ^μ ∂_μ λ̄_B − iλ_C σ^μ ∂_μ λ̄_C + 1 2 D^2_C + 1 2 D^2_B .

For the matter fields, chiral superfields Φ_i and Φ_{hid,i} are introduced. The fermions (quarks q_i, leptons l_i, Higgsinos h̃_i) of the MSSM will be collectively denoted as f_i, hidden sector fermions as f_{hid,i}. The scalars (sfermions q̃_i, sleptons l̃_i and the two Higgs fields h_i) are summarized as z_i and z_{hid,i}.^6 The lagrangian reads

L_{matt} = � d^2θd^2θ̄ � � i Φ̄_ie^{2g}Y^QY^{B+2g}X^QX^C Φ_i + � i Φ̄_{hid,i}e^{2g}Y^QY^{B+2g}X^QX^C Φ_{hid,i} � . where Q_Y = Y/2, and where Y is the hyper charge so that Q = T_3 + Y/2. As mentioned already, the SM matter fields do not carry any charge under the hidden gauge group, i.e. Q_X Φ_i = 0. Thus we have

L_{matt,i} = −|D_μ z_i|^2 − if_iσ^μ ∂_μ f̄_i + |F_i|^2 + g_Y B_μ J^μ_{Y i} + g_X C_μ J^μ_{Xi} − − √ 2[ig_Y Q_Y z_if̄_iλ̄_B + ig_X Q_X z_if̄_iλ̄_C + h.c.] + +g_Y D_B (z̄_iQ_Y z_i) + g_X D_C (z̄_iQ_X z_i) , (3.7)

where D_μ = ∂_μ + ig_Y Q_Y B_μ + ig_X Q_X C_μ , and

J^μ_{Y i} = f_iQ_Y σ^μ f̄_i , J^μ_{Xi} = f_iQ_X σ^μ f̄_i . (3.8)

The above uses standard notation with Weyl spinors. It is convenient before passing to mass eigenstates to define now Majorana spinors in the form

ψ_S = � χ_α χ̄^{α̇} � , λ_X = � λ_{Cα} λ̄α̇_C � , λ_Y = � λ_{Bα} λ̄α̇_B � . (3.9)

Thus the Stueckelberg extension introduces two new Majorana spinors in the system, i.e. ψ_S and λ_X . We also rewrite the matter fermions in terms of Majorana fields, but still use the same symbols f_i here, as before for the Weyl fermions. One has for instance the following identities

χλ_C +χ̄ λ̄_C = ψ̄_S λ_X , χλ_C −χ̄ λ̄_C = ψ̄_S γ_5λ_X , χσ^μ ∂_μχ̄ − (∂_μ χ)σ^μχ̄ = ψ̄_S γ^μ ∂_μ ψ_S . (3.10)

We may then write the total lagrangian (by substituting back in the values for D_B and D_C ) in the form

L_{St} + L_{gkin} + L_{matt,i} = − 1 2 (M_1C_μ + M_2B_μ + ∂_μ σ)^2 − 1 2 (∂_μ ρ)^2 − 1 2 (M^2_1 + M^2_2 )ρ^2 −

6The matter chiral multiplets are defined exactly according to the conventions of [14], while S carries some extra factors for convenience.

– 12 –

− i 2 ψ̄_S γ^μ ∂_μ ψ_S − 1 4 B_{μν} B^{μν} − 1 4 C_{μν} C^{μν} − i 2 λ̄_Y γ^μ ∂_μ λ_Y − − i 2 λ̄_X γ^μ ∂_μ λ_X − |D_μ z_i|^2 − i 2 f̄_iγ^μ ∂_μ f_i + 1 2 g_Y B_μ f̄_iγ^μ Q_Y f_i + + 1 2 g_X C_μ f̄_iγ^μ Q_X f_i + M_1ψ̄_S λ_X + M_2ψ̄_S λ_Y − − √ 2g_X [iz_iQ_Xf̄_iλ_X + h.c.] − ρ(g_Y M_2(z̄_iQ_Y z_i)+g_X M_1(z̄_iQ_X z_i)) − − 1 2 � � i z̄_ig_Y Q_Y z_i

�_2 − 1 2 � � i z̄_ig_X Q_X z_i

�_2 . (3.11)

Of course, one has to add the hidden sector fields and sum over i when appropriate. We have already pointed out that the MSSM itself is neutral under the new gauge symmetry U(1)_X , but the hidden sector fields may well be charged under it. In order to get a model that represents the pure Stueckelberg effect, we further let the hidden sector be neutral under the gauge group of the SM, i.e. we really demand it to be hidden with respect to the SM gauge interactions.

The modifications that are introduced by the Stueckelberg extension are now completely evident: We have added the degrees of freedom of one abelian gauge vector multiplet, the vector field C_μ and its gaugino λ_X , as well as the chiral multiplet with the complex scalar ρ + ia and the fermion ψ_S . There are three channels for the new sector to communicate to the SM fields: i) the mixing of neutral gauge bosons through the non-diagonal vector boson mass matrix, just as in the Stueckelberg extension of the SM, ii) the mixing of neutralinos through the fermion mass matrix with the off-diagonal terms involving the gauginos and ψ_S , iii) the cubic couplings of ρ with the scalar partners of SM fermions and the Higgs bosons.

Through the Stueckelberg coupling, a combination of the vector fields B_μ and C_μ gets a mass, and absorbs the axionic component σ as its longitudinal mode. The real part ρ gets a mass M. We shall see that mass eigenstates that combine out of the two gauginos and ψ_S will just form a massive fermion of identical mass as the vector and the scalar. Thus, out of the massless two vector and one chiral multiplet, one massive spin one (out of a vector, a Dirac fermion and a scalar) and one massless vector multiplet are combined. When the Higgs condensate is introduced, the massless vector multiplet will mix with the 3-component of the adjoint SU(2)_L gauge boson multiplet.

3.1 Adding soft supersymmetry breaking terms

Including soft supersymmetry breaking terms will finally break up the mass degeneracy of the spectrum. The soft breaking terms relevant for the further discussion are

L_{soft} = − 1 2 m^2_ρρ^2 − 1 2 m̃_Y λ̄_Y λ_Y − 1 2 m̃_Xλ̄_X λ_X −m^2_1|h_1|^2 −m^2|h_2|^2 −m^2_3(h_1 ·h_2 + h.c. ) , (3.12)

with m^2_1 = m^2_{h1} + |μ|^2, m^2 = m^2_{h2} + |μ|^2, m^2_3 = |μB|, where μ is the Higgs mixing parameter (which is not really soft but part of the superpotential) and B is the soft bilinear coupling. Note that there is no soft mass for the chiral fermion ψ_S .

– 13 –

3.2 Adding Fayet-Illiopoulos terms

The above analysis was so far without the Fayet-Illiopoulos (FI) terms. In the present case it means that one has the freedom to introduce two terms in the lagrangian of the form

L_{FI} = ξ_B D_B + ξ_C D_C . (3.13)

For the contribution of ξ_B we make the usual assumption that it is subdominant and can be neglected in the Higgs potential that drives spontaneous gauge symmetry breaking. This remains true for the modified field

−D_B = ξ_B + M_2ρ + g_Y � i z̄_iQ_Y z_i , (3.14)

as it will turn out that the modification M_2ρ will be very small. For the FI-term with ξ_C one finds on eliminating the auxiliary field D_C

−D_C = ξ_C + M_1ρ + g_X � i z̄_iQ_X z_i . (3.15)

The modification of eq. (3.11) in the presence of FI terms is implemented by the replacement � i z̄_ig_Y Q_Y z_i → ξ_B + � i z̄_ig_Y Q_Y z_i , � i z̄_ig_X Q_X z_i → ξ_C + � i z̄_ig_X Q_X z_i (3.16)

in eq. (3.11). Since we assume that the charges Q_X of the MSSM fields are all vanishing, this will not have any impact on the visible sector mass or quartic couplings. Depending on the charges of the hidden sector field, such a FI-term may be able to drive a spontaneous breaking of the U(1)_X gauge symmetry, which would result in a mass term for the photon mass eigenstate, and thus has to be excluded.

4. Implications and predictions

Here we now discuss the consequences of the extensions of the SM or MSSM with an extra U(1)_X that couples to a pseudo-scalar σ, together with the hyper charge gauge boson multiplet, in the way of the Stueckelberg mechanism. First, we shall go through the modifications of the SM. They all refer to the non-diagonal mass squared matrix of the neutral gauge bosons, and the effects of their mixing. These effects will also be reproduced in the MSSM without any modification, which then contains further signatures through the modified neutral scalar and neutral fermion sectors.

4.1 Comparison to the standard model

Some of the implications of the extended model have already been explained above. Roughly speaking, diagonalizing the mass squared matrix of the neutral gauge bosons introduces a mixing of all three vector fields, and of the currents they couple to. For the

– 14 – photon this implies that the coupling constant to the electromagnetic current is modified, and that it may couple to hidden sector matter charged under U(1)_X . The latter is a very interesting phenomenon, since it may give indirect evidence of hidden sector matter, which is otherwise invisible to gauge interactions. However, the couplings to the hidden sector are highly model dependent and could even be completely suppressed as discussed at the end of section 7. For the neutral current interactions, the mixing also implies a change of coupling constants and currents, and a coupling to hidden matter. The latter may not be so dramatic here, since the interactions are only short-ranged.

4.1.1 Neutral current interactions: ρ parameters A useful parameter to study the neutral current interactions is the conventional ρ parameter which is defined as the ratio in the effective low energy lagrangian of the neutral and the charged current interactions.^7 For the SM at the tree level this ratio is

ρ_{SM} =

M_W cos(θ_W )M_Z

, (4.1)

and there are small deviation from unity due to radiative corrections. For the model at hand this issue is more complicated, and the neutral and charged current interactions can no longer be compared with just one ratio, because there are now two neutral massive gauge bosons. To see this, we can eliminate Z- and Z^′-bosons at low energy to obtain an effective neutral current interaction, which we can write as follows

L_{NC−eff} =

4G_F √ 2 2 � ρ_Z(J^μ_3 − sin^2(θ_Z)J^μ_{em})(J_{3μ} − sin^2(θ_Z)J_{emμ} ) +

+ ρ_Z′ (J^μ_3 − sin^2(θ_Z′ )J^μ_{em})(J_{3μ} − sin^2(θ_Z′ )J_{emμ} ) � , (4.2)

while the charged effective current-current lagrangian is unchanged

L_{CC−eff} =

4G_F √ 2 J^+_μ J^{−μ} . (4.3)

Above, we have defined ρ_Z and ρ_Z′ by

ρ_Z =

M^2_Wf^2_Z M^2_Z cos(θ)

, ρ_Z′ =

M^2_Wf^2_Z′ M^2_{Z′} cos(θ)

(4.4)

and the effective decay constants f_Z and f_Z′ by

f_Z = cos(ψ) + sin(θ) tan(ϕ) sin(ψ) , f_Z′ = sin(ψ) + sin(θ) tan(ϕ) cos(ψ) . (4.5)

Finally θ_Z and θ_Z′ are defined by

sin^2(θ_Z) = sin^2(θ) − sin(θ) tan(ϕ) tan(ψ) 1 + sin(θ) tan(ϕ) tan(ψ) , sin^2(θ_Z′ ) = sin^2(θ) tan(ψ) + sin(θ) tan(ϕ) tan(ψ) + sin(θ) tan(ϕ)

. (4.6)

7The ρ parameters discussed here should not be confused with the scalar field ρ that appears in the Stueckelberg extension of the MSSM.

– 15 –

Further we can also define a parameter ρ analogous to the conventional parameter in the SM so that ρ = M_W/(M_Z cos(θ)). Even at the tree-level ρ_Z, ρ_Z′ , and ρ are all different. Further, eq. (4.2) shows that in the present model different combinations of ρ_Z and ρ_Z′ appear for the operators J^3_2 · J^3_2 , J_{em} · J_{em}, and J^3_2 · J_{em}. Thus the relevant ratio of charged and neutral interaction strength will depend on the process. In the limit that M_2 = 0 one has ρ_Z′ = 0 and ρ_Z = ρ = ρ_{SM}.

Currently, there are stringent constraints on the neutral current processes and the data is consistent with the SM. However, the error corridor in the experimental measurements allow the possibility of new physics including the possibility of new Z^′ bosons and this topic has been investigated extensively in the literature. This possibility also applies to the current model if the contribution of the new sector is sufficiently small to be consistent with the experimental error corridor. Thus, for example, for ψ ∼ 1^0, ϕ ∼ 1^0, and setting sin^2(θ) = sin^2(θ_W ) = 0.23 one finds, sin^2(θ_Z) = 0.2298, and 1 − ρ_Z/ρ_{SM} = 0.0001, while ρ_Z′ /ρ_{SM} = 0.025 × M^2_Z/M^2_Z′ , which gives ρ_Z′ /ρ_{SM} ∼ 0.0025 for M_Z′ /M_Z = 3. These are consistent with the current error corridors on ρ, of the order of 0.005.

4.1.2 Visible width and branching ratios of Z^′ In greater detail, one can write the couplings of the first generation as follows

L_{Zl}¯_l = − 1 2 � �− g^2 − cos^2(ϕ)g^{2Y} � g^2 + cos^2(ϕ)g^2_Y cos ψ − sin(ϕ) sin(ψ)g_Y � �ē_Lγ^μ e_LZ_μ −

− � � cos^2(ϕ)g^{2Y} � g^2 + cos^2(ϕ)g^2_Y cos(ψ) − sin(ϕ) sin(ψ)g_Y � �ē_Rγ^μ e_RZ_μ −

− 1 2 � g^2 + cos^2(ϕ)g^2_Y cos(ψ) − sin(ϕ) sin(ψ)g_Y � ν̄_eγ^μ ν_eZ_μ −

− 1 2 � �− g^2 − cos^2(ϕ)g^{2Y} � g^2 + cos^2(ϕ)g^2_Y sin(ψ) + sin(ϕ) cos(ψ)g_Y � �ē_Lγ^μ e_LZ^′_μ −

− � � cos^2(ϕ)g^{2Y} � g^2 + cos^2(ϕ)g^2_Y sin(ψ) + sin(ϕ) cos(ψ)g_Y � �ē_Rγ^μ e_RZ^′_μ −

− 1 2 � g^2 + cos^2(ϕ)g^2_Y sin(ψ) + sin(ϕ) cos(ψ)g_Y � ν̄_eγ^μ ν_eZ^′_μ . (4.7)

And the couplings of Z and Z^′ with quarks are given by

L_{Zqq̄} = − � g^2 + cos^2(ϕ)g^2_Y × (4.8) × � Z_μ � J^μ_3 − sin^2(θ)J^μ_{em} � cos(ψ) + Z_μ (J^μ_{em} − J^μ_3 ) sin(θ) tan(ϕ) sin(ψ) +

+ Z^′_μ (J^μ_3 − sin^2(θ)J^μ_{em}) sin(ψ) − Z^′_μ (J^μ_{em} − J^μ_3 ) sin(θ) tan(ϕ) cos(ψ) � . In addition to the new couplings of the quarks to the Z^′_μ boson the couplings of Z_μ with quarks are also affected. Below we give a comparison of the decay branching ratios for the

– 16 –

Ratio of branching ratios Z decay Z^′ decay ll̄/νν̄ 0.5 5 bb̄/ττ̄ (3 − 4s^2_W +^8_3 s^4_W )/(1 − 4s^2_W + 8s^4_W )^1_3 uū/d d̄ (3 − 8s^2_W +^{32}_3 s^4_W )/(3 − 4s^2_W +^8_3 s^4_W )^{17}_5

Table 1: A comparison of the ratio of branching ratios into quarks and leptons Z^′ versus Z (s_W = sin(θ_W )).

decay of the Z^′ into quarks and leptons versus the branching ratios for the decay of the Z into quarks and leptons. We display the results for |ψ| ≪ |ϕ| in table 1.

In the same approximation the total decay width of Z^′ into the visible sector quarks and leptons is given by Γ � Z^′ → � i f_if̄_i � ≃ M_Z′ g^2_Y sin^2(ϕ) ×

�_{103}

288π for MZ^′ < 2mt 5 12π for M_Z′ > 2m_t

(4.9)

The decay signatures of the Z^′ boson are very different from those of the Z boson of the SM. The reason for this difference arises from the fact that the Z^′ dominantly decays via the couplings proportional to g_Y as can be seen by making the approximation |ψ| ≪ |ϕ| ≪ 1 in eq. (4.7) and eq. (4.8).

4.2 The bosonic sector of the extended MSSM

The bosonic sector of the StMSSM consists of the neutral vector bosons, the Stueckelberg scalar ρ, the Higgs fields and the sfermions of the MSSM. The Stueckelberg axion σ is decoupled after gauge fixing, and is absorbed by the gauge bosons. The analysis of the mass matrix of the vector bosons remains unchanged from that of the SM as discussed in section 2 and we do not have to repeat it here.

We have already mentioned the assumptions that go into the definitions of the model. We take all the matter fields of the MSSM and the two Higgs multiplets to be neutral under the U(1)_X , and we also demand that there is no charged scalar condensate formed in the hidden sector, e.g. no vacuum expectation value ⟨z̄_iQ_X z_i⟩ ≠ 0. This would add another term to the mass matrix (2.7) and finally give a mass to the photon eigenstate. We, therefore, impose ⟨z_i⟩ = 0 for all hidden scalars z_i that carry charge under U(1)_X , which are the only ones relevant for us.

Under these assumptions, the subsector of the StMSSM which contains the neutral vector bosons, and their couplings to the conserved currents is just identical to the StSM. We are left in the bosonic sector with the extra neutral scalar ρ, that mixes with the neutral components of the Higgs doublets.

4.2.1 The scalar Higgs fields and the Stueckelberg scalar ρ

The scalar potential for the two Higgs-doublets of the MSSM plus the Stueckelberg scalar ρ involves a non-diagonal mass squared matrix, similar to the mixing of neutral gauge bosons. As explained in the previous section, the Higgs fields are neutral under U(1)_X ,

– 17 – hidden sector fields are neutral under hyper charge, and there are no condensates charged under U(1)_X . Then we get

V(h_1, h_2, ρ) = � m^2_1 − 1 2 ρg_Y M_2 � |h_1|^2 + � m^2 + 1 2 ρg_Y M_2 � |h_2|^2 + m^2_3(h_1 · h_2 + h.c. ) + + g^2 + g^2_Y 8 |h_1|^4 + g^2 + g^2_Y 8 |h_2|^4 + g^2 − g^2_Y 4 |h_1|^2|h_2|^2 − g^2 2 |h_1 · h_2|^2 + + 1 2 (M^2_1 + M^2_2 + m^2_ρ)ρ^2 . (4.10)

The Higgs doublets are defined h_1 = (h^0_1, h^−_1 )^T , h_2 = (h^+_2 , h^0_2)^T , and h_1 · h_2 = h^0_1h^0_2 − h^−_1 h^+_2 . For the Higgs scalars h^0_1, h^0_2, and for ρ we make replacements

h^0_1 → 1 √ 2 (v_1 + h^0_1) , h^0_2 → 1 √ 2 (v_2 + h^0_2) , ρ → v_ρ + ρ , (4.11)

where v_i and v_ρ are the vacuum expectation values, and assumed to be real. As usual, they are parameterized by

v_1 = v cos(β) , v_2 = v sin(β) . (4.12)

For ρ one has

v_ρ =

2g_Y M^2_WM_2 g^2 M^2_ρ cos(2β) , (4.13)

where M^2_ρ = M^2 + m^2_ρ = M^2_1 + M^2_2 + m^2_ρ. To give a rough estimate for large tan(β), one has |g_Y M_2v_ρ| ∼ 10^{−5} M^2_W.

Substituting v_ρ back into the potential adds an extra contribution to the Higgs potential. The minimization of the effective potential with respect to the h^0_1 and h^0_2 gives two conditions and one combination of these is affected by ρ, and one has 1 2 M^2_0 = m^2_1 − m^2 tan^2(β) tan^2(β) − 1 + g_Y M_2v_ρ 2 cos(2β)

. (4.14)

where M^2_0 = (g^2 +g^2_Y )v^2/4, so that M_0 coincides with the Standard Model tree level prediction in the limit when the Stueckelberg effects vanish. In the absence of the Stueckelberg effect on has v_ρ = 0 and one recovers the well known result of radiative breaking of the electro-weak symmetry in SUGRA models [18]. We see now that the Stueckelberg effect modifies the equation that determines M^2_0 ∼ M^2_Z, but only by a tiny correction.

Inserting the vacuum expectation values back into the potential, we compute now the mass matrix for the neutral Higgs fields. The CP-odd neutral Higgs is not affected by the Stueckelberg extension. However, in the CP-even sector one has three states, i.e. ϕ_1 = Re(h^0_1), ϕ_2 = Re(h^0_2), and ρ, which mix. The coupling of the h^0_i to ρ adds off-diagonal bilinear interactions h_iρ. In terms of the basis S_a = (ϕ_1, ϕ_2, ρ)^T_a for the CP-even neutral scalars, the mass term reads − 1 2 3� a,b=1

S_aM^{[0]2}_{ab} S_b (4.15)

– 18 – with the following mass matrix (using the upper index [0] for spin 0)

M^{[0]2}_{ab} = � � M^2_0 c^2_β + m^2_As^2_β −(M^2_0 + m^2_A)s_β c_β −^1_2 g_Y M_2vc_β −(M^2_0 + m^2_A)s_β c_β M^2_0 s^2_β + m^2_Ac^2_β^1_2 g_Y M_2vs_β −^1_2 g_Y M_2vc_β^1_2 g_Y M_2vs_β M^2_ρ

� � ab , (4.16)

where (s_β , c_β ) = (sin(β), cos(β)). The eigenstates we denote by

E^{[0]}_a = (H^0_1 , H^0_2 , H^0_3 )^T_a , (4.17)

and arrange them so that

E^{[0]}_a −→ (H^0, h^0, ρ)^T_a , (4.18)

when δ → 0. Then h^0 is the light neutral Higgs of the MSSM and H^0 is the heavy one. Instead of two, we now have three neutral Higgs states, all of which are CP-even states in resonant production in the qq̄ channel. In CP-violating channels the number of states will increase to four, since the above three CP-even states will mix with the CP-odd state A^0. The effect of the mixing on the mass eigenvalues of h^0 and H^0 is governed roughly by the ratios g_Y M_2v/m^2_i , for m_i = M_0, M_ρ, m_A, and is model-dependent. The correction on the lightest Higgs boson mass could be either positive or negative. For example, it turns out negative when tan(β) is large and M_ρ > M_0. The size of the correction could be as large as a few GeV but is significantly smaller than the loop corrections. A quantitative analysis requires a global fit to the electro-weak data and is beyond the scope of the present work.

The new state that appears above is H^0_3 which has the quantum numbers J^{CP} = 0^+. This state is mostly the ρ state and its decay into visible sector will be dominantly into tt̄, provided m_H0_3 > 2m_t, or otherwise into bb̄. We expect the size of the relevant mixing parameter to be O(M_2/M_1) ∼ 0.01 and thus the decay width will be in the range of MeV or less. The production of such a resonance in e^+e^− colliders will be difficult since the couplings of this state to fermions is proportional to the mass and in addition there are suppression factors. A possible production mechanism is at hadron colliders via the Drell-Yan process using the qq̄H_3 vertex, where the largest contributions will arise when q = (b, t).

4.2.2 Stueckelberg corrections to sfermion masses The Stueckelberg effect modifies the D-term correction to squark and slepton masses. This can be seen by examining the effective lagrangian after elimination of D_B and D_C . The effective potential then is

V(q̃_i, l̃_i, ρ) = 1 2 � � i z̄_i g_Y Y 2 z_i

�_2

+ ρM_2 � i � z̄_i g_Y Y 2 z_i � . (4.19)

The D-term correction to the mass of the sfermion z_i is

Δm̃^2_{zi} =

Y_i 2 v_ρg_Y M_2 +

Y_i 2 sin^2(θ_W ) cos(2β)M^2_0 . (4.20)

– 19 –

Of course, to the above we must add the D-term correction from SU(2)_L sector. Finally, we note that an interesting sum rule results in the case when M_2/M_1 ≪ 1 relating the ρ mass and the Z^′ mass. In this limit one finds from eq. (2.8) and eq. (4.16) the following approximate sum rule

M^2_ρ ≃ M^2_Z′ + m^2_ρ . (4.21)

Clearly, M_ρ ≥ M_Z′ , the additional spin zero state is heavier than the Z^′ boson.

4.3 The fermionic sector of the extended MSSM

We discuss now the fermionic sector of the theory. For the neutral fermions instead of four neutral Majorana fields in the MSSM, we have a set of six fields. These consist of the three gauginos, the two Higgsinos h̃_i, and the extra Stueckelberg fermions ψ_S . We order the six neutral fields into a vector ψ

ψ_a = (ψ_S , λ_X , λ_Y , λ_3, h̃_1, h̃_2)^T_a (4.22)

and write the mass term as (upper index [1/2] for spin 1/2) − 1 2 6� a,b=1

ψ̄_aM^{[1/2]}_{ab} ψ_b . (4.23)

From the Stueckelberg correction to the MSSM lagrangian, the only correction is due to the coupling of ψ_S to gauginos, because the triliniear coupling with the scalars z_i does not induce bilinear fermion interactions, as ⟨z_i⟩ = 0. After spontaneous breaking of the electro-weak symmetry the neutralino mass matrix in the above basis is given by

M^{[1/2]}_{ab} =

� � � � � �

0 M_1 M_2 0 0 0 M_1 m̃_S 0 0 0 0 M_2 0 m̃_1 0 −c_β s_W M_0 s_β s_W M_0 0 0 0 m̃_2 c_β c_W M_0 −s_β c_W M_0 0 0 −c_β s_W M_0 c_β c_W M_0 0 −μ 0 0 s_β s_W M_0 −s_β c_W M_0 −μ 0

� � � � � � ab

, (4.24)

We note that the zero entry in the upper left hand corner arises due to the Weyl fermions not acquiring soft masses. The above gives rise to six Majorana mass eigenstates which we label as follows

E^{[1/2]}_a = (χ^0_1, χ^0_2, χ^0_3, χ^0_4, χ^0_5, χ^0_6)^T_a . (4.25)

The two additional Majorana eigenstates χ^0_5, χ^0_6 are due to the Stueckelberg extension. To get an idea of the effect of the Stueckelberg sector, we exhibit the eigenvalues in the limit when M_Z is negligible relative to all other mass parameters in the mass matrix. In this case the spectrum consists of

m_χ 0_i (i = 1−4) , m_χ 0_5 = � M^2_1 + 1 4 m̃^2_S + 1 2 m̃_S , m_χ 0_6 = � M^2_1 + 1 4 m̃^2_S − 1 2 m̃_S (4.26)

– 20 –

Figure 1: Plot of the neutralino mass spectrum as a function of M (left), for values tan(β) = 3, μ = 500, m_2 = 400, m_1 = 300, m_S = 500, δ = 0.029 and of the (squared) components of the LSP also as a function of M (right).

where m_χ 0_i (i = 1 − 4) are the four eigenvalues that arise from diagonalization of the 4 × 4 mass matrix in the lower right hand corner. These are the usual eigenvalues that one has in the MSSM. The eigenvalues m_χ 0_5 and m_χ 0_6 correspond to the heavy and light additional states which we christen as Stueckelberginos. For the case when m_χ 0_{5,6} > m_χ 0_1 not much will change, and the analysis of dark matter will essentially remain unchanged. However, for the case when the light Stueckelbergino is lighter than the lightest of m_χ 0_i (i = 1 − 4), then the situation is drastically changed. In this case the lightest supersymmetric particle (LSP) is no longer a neutralino, i.e. of the set m_χ 0_i (i = 1 − 4), but rather the Stueckelbergino χ^0_{St} = χ^0_6.

We illustrate the above phenomena in figure 1. In the left part of this figure the masses of the six neutralinos are plotted as a function of M for the inputs given there. For values of M above around 500 GeV the LSP is the usual MSSM neutralino and its mass is essentially unaffected by M. However, as we move to values of M below 500 GeV, one finds that there is a sudden transition and the LSP becomes mostly a Stueckelberg fermion and its mass then varies rapidly with M. The same phenomenon is illustrated in the figure to the right where the square of the magnitudes of the components of the LSP in spectral decomposition are plotted, i.e. one writes the LSP (χ^0) as follows

χ^0 = C_S ψ_S + C_X λ_X + C_Y λ_Y + C_3λ_3 + C_1h̃_1 + C_2h̃_2 . (4.27)

Thus, on the right hand side figure 1 below M = 500 GeV the upper curve is |C_S |^2 and the lower curve is |C_X |^2 while the other components are too small to be visible. Above M = 500 GeV, the upper curve is |C_Y |^2 while the next lower curve is |C_3|^2 etc. Again in this figure we see a rather sudden transition from the LSP being an almost pure MSSM particle above M = 500 GeV to being an almost Stueckelberg fermion below M = 500 GeV. Another view of the same phenomenon is given in figure 2 in a plot showing the LSP mass along the vertical axis versus values of M and δ along the horizontal axes. It displays the very weak dependence of the mass of the lightest neutralino eigenstate on δ over basically the whole range of allowed parameters, while there is a significant bending at around M = 500 GeV in the dependence on M.

– 21 –

Figure 2: The mass of the LSP as function of M and δ. Plot of the lowest eigenvalues of the neutralino mass matrix for values tan(β) = 3, μ = 500, m_2 = 400, m_1 = 300, m_S = 500 as a function of M and δ.

If indeed χ^0_{St} is the LSP then aside from the issue of a re-analysis of dark matter, the supersymmetric signals would be drastically modified. The usual missing energy signals where the lightest neutralino χ^0_1 is the LSP do not apply. Indeed if χ^0_{St} lies lower than χ^0_1, then χ^0_1 will be unstable and will decay into χ^0_{St} by a variety of decays channels such as

χ^0_1 → q_iq̄_iχ^0_{St} , l_il̄_iχ^0_{St} , Zχ^0_{St} . (4.28)

We estimate the lifetime for this decay to lie in the range 10^{−19±2} sec. Thus χ^0_1 will decay in the detection chamber. In this case the detection signals will change drastically. Thus, for example, the decay of the chargino χ^−_1 → l^− + {χ^0_1 + ν_l } will be changed into χ^−_1 → l^−_1 l^−_2 l^+_2 + {χ^0_{St} + ν_l }. Similarly the decay of the slepton will lead also to a possible three lepton final state, i.e. l̃^− → l^− l^−_1 l^+_1 + {χ^0_{St} + ν_l } while the well known decay of the off-shell W, i.e. W^∗ → χ^−_1 χ^0_2, which in SUGRA models gives a trileptonic signal [19], in the present context can give rise to final states with three, five and seven leptons. Thus, we see that in this case there will be quite a significant change in the analysis of the phenomenology in search for supersymmetry. However, if the mass difference between χ^0_1 and χ^0_{St} is not substantial, then the q_iq̄_i and l_il̄_i produced in the decay of the χ^0_1 may be too soft to be detected. In this case there would be no substantial change in the SUSY signatures.

Also of interest is the status of dark matter in the Stueckelberg extension. As noted above there are now six neutral fermionic states compared with four for the case of the MSSM. The parameter space of the model is now also larger involving in addition to the MSSM parameters also the parameters of the Stueckelberg sector. It is known that in mSUGRA model over a significant part of the parameter space the lightest MSSM neutralino is also the LSP and thus a candidate for cold dark matter (CDM). This is also the case in the Stueckelberg extension. There exists a significant part of the parameters space where the lightest MSSM neutralino is the LSP. In this case the lightest MSSM

– 22 – neutralino will still be the cold dark matter candidate and essentially all of the analysis on dark matter in supergravity models will go through. However, there exists a part of the parameter space of the Stueckelberg extension, where the Stueckelberg fermion can become the LSP as discussed above. In this case, the analysis of dark matter will change drastically. A detailed analysis of the relic density is outside the scope of the present work and requires a separate analysis.

4.4 Coupling of gauge bosons to the hidden sector

While the couplings of the Z^′ boson to the visible sector quarks and leptons are suppressed because of small mixing angles, this is not the case for the couplings of the Z^′ boson to the hidden sector fields. Thus, for example, the couplings of Z^′ to the hidden sector current J^μ_X is given by

L_Z′_{·hid} = [ cos(ψ) cos(ϕ) − sin(θ) sin(ϕ) sin(ψ)] Z^′_μ g_X J^μ_X (4.29)

which we can rewrite into chiral components, using

g_X J^μ_X = � i � g^i_Lf̄_{hid,i}γ^μ (1 − γ_5)f_{hid,i} + g^i_Rf̄_{hid,i}γ^μ (1 + γ_5)f_{hid,i} � . (4.30)

Using the above the decay width of Z^′ into hidden sector fermions is given by

Γ(Z^′ → f_{hid}f̄_{hid}) =

M_Z′ 6π [ cos(ψ) cos(ϕ) − sin(θ) sin(ϕ) sin(ψ)]^2 � i ((g^i_L)^2 + (g^i_R)^2) . (4.31)

To get an estimate of the Z^′ decay width into the hidden sector matter, we set (g^i_L)^2/4π = (g^i_R)^2/4π ∼ 10^{−2} and M_Z′ = 250 GeV, which gives Γ(Z^′ → f_{hid}f̄_{hid}) ≲ 3 GeV. This is to be compared with the decay width of the Z^′ into visible sector quarks which lies in the MeV range. Thus we see that the decay of the Z^′ into hidden sector matter is much larger compared to the decay width of the Z^′ into visible sector matter. This is to be expected due to the fact that Z^′ is dominantly composed of C_μ which couples with normal strength to the hidden sector matter.

Another implication of the Stueckelberg extension is that it implies the photon couples with the hidden sector, if such a sector exists, with a small typically irrational charge. Thus one may write this coupling in the form

L_Aγ_{·hid} = e^′A^γ_μ J^μ_X (4.32)

where e^′ = −g_X cos(θ) sin(ϕ). We note that similar mini-charges arise in models with kinetic energy mixings [20], where there are stringent limits on the size of these charges. These limits depend critically on the masses of the mini-charged particles [21, 22]. Although the mechanism by which the mini-charges arise in the Stueckelberg model discussed here is very different, one expects similar constraints on the charges of such particles. However, as discussed at the end of section 7, the size of the mini-charge with which the photon couples with the hidden sector is highly model-dependent. Of course, having a hidden sector is optional and one may eliminate it altogether by setting J^μ_X = 0.

– 23 –

4.5 Corrections to g_μ − 2

Since the Z interactions are modified in the Stueckelberg extension, there is a modification of the Z exchange contribution to g_μ − 2. Further, there is an additional contribution to g_μ − 2 from the Z^′ exchange. We now compute these corrections. For the Z exchange contribution we find

Δg^Z_μ = m^2_μ G_F 12π^2 √ 2 [(3 − 4 cos^2 θ_W )^2β^2_v − 5β^2_a ] , (4.33)

where

β_v = � g^2 + g^2_Y −g^2 + 3g^2_Y � �−g^2 + 3 cos^2 ϕg^{2Y} � g^2 + cos ϕg^2_Y cos ψ − 3g_Y sin ϕ sin ψ � � ,

β_a = � g^2 + cos^2 ϕg^2_Y g^2 + g^2_Y

�^1_2 � �cos ψ − g^Y � g^2 + cos^2 ϕg^2_Y sin ϕ sin ψ � � , (4.34)

where G_F = (g^2 + g^2_Y )/(4 √ 2M^2_Z ). For the Z^′ exchange contribution we find

Δg^{Z′}_μ = m^2_μ G_F M^2_Z 12π^2 √ 2M^2_{Z′}

[(3 − 4 cos^2 θ_W )^2γ^2_v − 5γ^2_a ] , (4.35)

where

γ_v = � g^2 + g^2_Y −g^2 + 3g^2_Y � �−g^2 + 3 cos^2 ϕg^{2Y} � g^2 + cos ϕg^2_Y sin ψ + 3g_Y sin ϕ cos ψ � � ,

γ_a = � g^2 + cos^2 ϕg^2_Y g^2 + g^2_Y

�^1_2 � �sin ψ + g^Y � g^2 + cos^2 ϕg^2_Y sin ϕ cos ψ � � . (4.36)

The SM limit is ϕ = 0 = ψ, or β_v = 1 = β_a, γ_v = 0 = γ_a, and eq. (4.33) gives the well known result of the Z exchange contribution in the SM. Numerically, the deviations from the SM are significantly smaller than the SM Z contribution and thus not discernible at the current level of hadronic error [23, 24] and experimental accuracy [25] in the determination of g_μ − 2.

5. Stueckelberg at a linear collider

There is a general consensus that the high energy collider to be built after the Large Hadron Collider (LHC) should be a Linear Collider [26] and may most likely be an International Linear Collider (ILC) [27]. The design energies of such a machine could be √ s = 500 GeV (NLC500) with a luminosity of as much as 50fb^{−1} yr^{−1} or even larger. In addition to being an ideal machine for detailed studies of the properties of low lying supersymmetric particles such as light chargino and and light sfermions, a linear collider is also an ideal machine for testing some features of the type of extension of the SM and of MSSM discussed here.

– 24 –

5.1 Cross-sections including the Z^′ pole In the following we investigate such phenomena, the possibility of discovering the extra Z^′ boson arising in the Stueckelberg extension. We begin by computing the scattering cross section of the process

e^+(p_1) + e^− (p_2) → μ^+(q_1) + μ^− (q_2) . (5.1)

This process can proceed via the direct channel exchange of the photon, of the Z and of the Z^′ boson. Using the lagrangian for the Stueckelberg extension, an analysis for the spin averaged differential cross section gives^8 dσ dΩ (e^+e^− → μ^+μ^− ) = πα^2 2s (1 + z^2) + α 2 √ 2 G_F M^2_Z (s − M^2_Z ) ((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) × ×(v_ev_μ (1 + z^2) + 2a_ea_μ z) +

G^2_F M^4_Z s 16π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) × ×((v^2_e + a^2_e)(v^2_μ + a^2_μ )(1 + z^2) + 8v_ea_ev_μ a_μ z) + + α 2 √ 2 G_F M^2_Z (s − M^2_Z′ ) ((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

(v^′_ev^′_μ (1 + z^2) + 2a^′_ea^′_μ z) + + G^2_F M^4_Z s 16π((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

((v^{′2}_e + a^{′2}_e )(v^{′ 2}_μ + a^{′2}_μ )(1 + z^2) +

+ 8v^′_ea^′_ev^′_μ a^′_μ z) + + G^2_F M^4_Z s(s − M^2_Z )(s − M^2_Z′ ) 8π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) ×((v_μ v^′_μ + a_μ a^′_μ )(v_ev^′_e + a_ea^′_e)(1 + z^2) +

+ 2(v_μ a^′_μ + a_μ v^′_μ )(v_ea^′_e + a_ev^′_e)z) , (5.2)

where z = cos(ϑ) with ϑ the scattering angle in the center of mass, and v_e, v_μ , etc are defined as follows

v_e = v_μ = (β_L + β_R) sin^2(θ_W ) − 1 2 β_L ,

a_e = a_μ = (β_L − β_R) sin^2(θ_W ) − 1 2 β_L ,

v^′_e = v^′_μ = (γ_L + γ_R) sin^2(θ_W ) − 1 2 γ_L ,

a^′_e = a^′_μ = (γ_L − γ_R) sin^2(θ_W ) − 1 2 γ_L , (5.3)

where

β_R = � 1 + tan^2(θ_W ) 1 + tan^2(θ_W ) cos^2(ϕ)

� 1_2 cos^2(ϕ) cos(ψ) − � 1 + tan^2(θ_W ) tan(θ_W ) sin(ϕ) sin(ψ) ,

8As is conventional we have used the Breit-Wigner parametrization of the amplitudes near the Z and Z^′ poles in the form used in the fits of the LEP and the Tevatron data.

– 25 – β_L = � 1 + tan^2(θ_W ) 1 − tan^2(θ_W ) � 1 − tan^2(θ_W ) cos^2(ϕ) � 1 + tan^2(θ_W ) cos^2(ϕ) cos(ψ) + tan(θ_W ) sin(ϕ) sin(ψ) � ,

γ_R = � 1 + tan^2(θ_W ) 1 + tan^2(θ_W ) cos^2(ϕ)

� 1_2

cos^2(ϕ) sin(ψ) + � 1 + tan^2(θ_W ) tan(θ_W ) sin(ϕ) cos(ψ) ,

γ_L = � 1 + tan^2(θ_W ) 1 − tan^2(θ_W ) � 1 − tan^2(θ_W ) cos^2(ϕ) � 1 + tan^2(θ_W ) cos^2(ϕ) sin(ψ) − tan(θ_W ) sin(ϕ) cos(ψ) � .

Eq. (5.2) contains six different type of terms. These consist of three direct channel poles corresponding to the direct s channel exchange of the photon, the Z boson and the Z^′ boson, and three interference terms which consist of the interference between the photon and the Z boson exchanges, the interference between the photon and the Z^′ boson exchanges, and the interference between the Z boson and the Z^′ boson exchanges. The entire effect of the Stueckelberg extension are contained in the parameters β_L, β_R, γ_L, and γ_R. Here β_L and β_R give the modification of the Z exchange interactions due to the Stueckelberg extension, and of course the Z^′ interactions arise exclusively from the Stueckelberg extension. Thus the SM limit corresponds to β_L = 1 = β_R, and γ_L = 0 = γ_R. We note that the Γ_Z′ can also get contributions from the decay into the hidden sector.

Also of interest is the scattering cross section of the process

e^+(p_1) + e^− (p_2) → q(q_1) +q̄(q_2) . (5.4)

Again this process can proceed via the direct channel exchange of the photon, of the Z and of the Z^′ boson. Using the lagrangian for the Stueckelberg extension, an analysis for the spin averaged differential cross section gives dσ dΩ (e^+e^− → qq̄) =

3πα^2Q^2_q 2s (1 + z^2) − − 3αQ_q 2 √ 2 G_F M^2_Z (s − M^2_Z ) ((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )

(v_ev_q(1 + z^2) + 2a_ea_qz) + + 3G^2_F M^4_Z s 16π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )

((v^2_e + a^2_e)(v^2_q + a^2_q )(1 + z^2) +

+ 8v_ea_ev_qa_qz) − − 3αQ_q 2 √ 2 G_F M^2_Z (s − M^2_Z′ ) ((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

(v^′_ev^′_q(1 + z^2) + 2a^′_ea^′_qz) + + 3G^2_F M^4_Z s 16π((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

((v^{′2}_e + a^{′2}_e )(v^{′ 2}_q + a^{′2}_q )(1 + z^2) +

+ 8v^′_ea^′_ev^′_qa^′_qz) + + 3G^2_F M^4_Z s(s − M^2_Z )(s − M^2_Z′ ) 8π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) × ×((v_qv^′_q + a_qa^′_q)(v_ev^′_e + a_ea^′_e)(1 + z^2) + + 2(v_qa^′_q + a_qv^′_q)(v_ea^′_e + a_ev^′_e)z) ,

– 26 – where 3 is the color factor, Q_u =^2_3 , Q_d = −^1_3 . In the above v_q, a_q are defined as follows

v_q = 1 2 [δ_Lτ_3 − 2 sin^2(θ_W )Q_q(δ_L + δ_R)] ,

a_q = 1 2 [δ_Lτ_3 − 2 sin^2(θ_W )Q_q(δ_L − δ_R)] , (5.5)

where τ_3 = (1, −1) for q = (u, d) and

δ_R = δ_{em} = � 1 + tan^2(θ_W ) cos^2(ϕ) sin^2(θ_W ) � 1 + tan^2(θ_W )

(sin^2(θ_W ) cos(ψ) − sin(θ) tan(ϕ) sin(ψ)) ,

δ_L = δ_3τ_3 − 2δ_{em}Q_q sin^2(θ_W ) τ_3 − 2Q_q sin^2(θ_W ) , δ_3 = � 1 + tan^2(θ_W ) cos^2(ϕ) � 1 + tan^2(θ_W )

(cos(ψ) − sin(θ) tan(ϕ) sin(ψ)) . (5.6)

Similarly, in the above v^′_q, a^′_q are defined as follows

v^′_q = 1 2 [ϵ_Lτ_3 − 2 sin^2(θ_W )Q_q(ϵ_L + ϵ_R)] ,

a^′_q = 1 2 [ϵ_Lτ_3 − 2 sin^2(θ_W )Q_q(ϵ_L − ϵ_R)] , (5.7)

where

ϵ_R = ϵ_{em} = � 1 + tan^2(θ_W ) cos^2(ϕ) sin^2(θ_W ) � 1 + tan^2(θ_W )

(sin^2(θ) sin(ψ) + cos(ψ) sin(θ) tan(ϕ)) ,

ϵ_L = ϵ_3τ_3 − 2ϵ_{em}Q_q sin^2(θ_W ) τ_3 − 2Q_q sin^2(θ_W ) , ϵ_3 = � 1 + tan^2(θ_W ) cos^2(ϕ) � 1 + tan^2(θ_W )

(sin(ψ) + cos(ψ) sin(θ) tan(ϕ)) . (5.8)

The SM limit is ϕ = 0 = ψ, θ = θ_W , or δ_3 = 1, δ_{em} = 1, ϵ_3 = 0, ϵ_{em} = 0, and

v_q = 1 2 (τ_3 − 4Q_q sin^2(θ_W )) ,

a_q = 1 2 τ_3 , v^′_q = a^′_q = 0 , (5.9)

which is correctly the SM result.

5.2 Forward-backward asymmetry near the Z^′ pole The forward-backward asymmetry is a useful tool in identifying the nature of the underlying interaction. One defines it as

A_{fb} =

�_1 0 dz^{dσ}_{dz} −

�_0 −1 dz^{dσ}_{dz} �_1 −1 dz^{dσ}_{dz}

. (5.10)

– 27 –

Figure 3: Plot of the total cross-section σ(e^+e^− → μ^+μ^− ) (left) and the forward-backward asymmetry A_{f b} in e^+e^− → μ^+μ^− (right) in the vicinity of the Z^′ resonance for M_Z′ = 250 GeV, ϕ = 0.029. The values of Γ_Z′ are 3 GeV (black line), 0.5 GeV (blue line), 0.2 GeV (green line), 0.08 GeV (red line).

Consider the case of e^+e^− → μ^+μ^− scattering. Here σ_μ +_μ − =

�_1 −1 dz^{dσ}_{dz} is given by

σ_μ +_μ − =

4πα^2 3s + 2 √ 2α 3 G_F M^2_Z (s − M^2_Z )v_ev_μ ((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) + G^2_F M^4_Z s(v^2_e + a^2_e)(v^2_μ + a^2_μ ) 6π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) + + 2 √ 2α 3 G_F M^2_Z (s − M^2_Z′ )v^′_ev^′_μ ((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + G^2_F M^4_Z s(v^{′2}_e + a^{′2}_e )(v^{′2}_μ + a^{′2}_μ ) 6π((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + + G^2_F M^4_Z s(s − M^2_Z )(s − M^2_Z′ )(v_μ v^′_μ + a_μ a^′_μ )(v_ev^′_e + a_ea^′_e) 3π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

. (5.11)

Using the above we can write the forward-backward asymmetry for this case so that

σ_μ +_μ − A^{μ +μ −}_{fb} = α √ 2 G_F M^2_Z (s − M^2_Z )a_ea_μ ((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) + G^2_F M^4_Z sv_ea_ev_μ a_μ 2π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) + + α √ 2 G_F M^2_Z (s − M^2_Z′ )a^′_ea^′_μ ((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + G^2_F M^4_Z sv^′_ea^′_ev^′_μ a^′_μ 2π((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + + G^2_F M^4_Z s(s − M^2_Z )(s − M^2_Z′ )(v_μ a^′_μ + a_μ v^′_μ )(v_ea^′_e + a_ev^′_e) 4π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

. (5.12)

We now start to discuss the numerical results for the total cross section at the Z^′ pole, including or excluding the possibility of hidden sector matter fields it couples to. At the same time, we display the modifications of the forward-backward asymmetry near the pole.

In figure 3 we give a plot of the cross-section and A_{fb} for e^+e^− → μ^+μ^− . First the largeness of the A_{fb} for the SM in this region comes from the γ−Z interference term which is large because of the the axial-vector coupling of the Z boson to fermions. When the Z^′ contribution is included one finds a vary rapid variation in the vicinity of the Z^′ pole, arising from two sources: the Z^′ pole contribution to the asymmetry and the γ − Z^′ contribution to the asymmetry. These contributions become large in the vicinity of the Z^′ pole and compete in size with the SM contribution from γ−Z and Z. In figure 3 the largest peak corresponds to the case when there is no hidden sector. The width Γ_Z′ is determined for the decay of Z^′ only into the fields of the visible sector, and approximating it by inclusion

– 28 –

Figure 4: Plot of the total cross-section σ(e^+e^− → μ^+μ^− ) (left) and the forward-backward asymmetry A_{f b} in e^+e^− → μ^+μ^− (right) in the vicinity of the Z^′ resonance for M_Z′ = 250 GeV. The values of δ are 0.1 (black line), 0.05 (blue line), 0.01 (green line), 0.001 (red line).

of only the quark and lepton final states excluding the top quark contribution. In this case we find that A_{fb} changes rapidly as we move across the Z^′ pole. Thus, an accurate dedicated measurement of A_{fb} should give a signal for this type of resonance.

One may also include a hidden sector in the analysis. This is easily done by using eq. (4.31). As indicated in the analysis following eq. (4.31), Z^′ couples with normal strength with the fields in the hidden sector and thus the decay width of the Z^′ into the hidden sector fields need not be small, and indeed estimates show it to be of size O(GeV). In figure 3 we simulate the effects of the hidden sector by assuming a set of values for Γ_Z′ lying in the range 0.08 GeV to 3 GeV. One finds, as expected, that the effect of including the hidden sector is to make the peak in A_{fb} near the Z^′ resonance less sharp. Thus the characteristics of A_{fb} in the vicinity of the Z^′ resonance do indeed carry information regarding the presence or absence of a hidden sector. In figure 3 we also give a plot of σ(e^+e^− → μ^+μ^− ) in the vicinity of the Z^′ pole. One finds that the cross-section can be much larger relative to the SM result near the Z^′ pole. In figure 4 an analysis of A_{fb} and of σ(e^+e^− → μ^+μ^− ) for various values of δ but without a hidden sector is given. As expected one finds that the shape of the curves is a very sensitive function of δ with the resonance becoming broader as δ increases. One interesting feature of figure 4 is that the peak value of σ(e^+e^− → μ^+μ^− ) is independent of δ. This is so because the peak value is essentially geometrical in nature and independent of δ as long as δ is small. This can be easily seen from eq. (6.1) by setting E = M_Z′ . In this limit one finds that ratios Γ(Z^′ → e^+e^− (μ^+μ^− ))/Γ(Z^′ → all) appear. For small values of δ these ratios are independent of δ and take on the value

σ_μ +_μ − (M_Z′ ) ≃ 12π M^2_{Z′} × � (^{15}_{103} )^2 (^1_8 )^2 = � 4.8 nb for M_Z′ < 2m_t 3.6 nb for M_Z′ > 2m_t

. (5.13)

One finds that the analysis of figure 4 is consistent with the analytic results on the peak value corresponding to the case M_Z′ < 2m_t. We further note that the drop-off in σ_μ +_μ − away from the peak is very sharply dependent on δ. Further, A_{fb} deviates significantly from the SM prediction over a reasonable domain of the energy interval and provides another signature for the discovery of the Z^′ resonance.

– 29 –

Figure 5: Plot of the total cross-section σ(e^+e^− → uū) (left) and the forward-backward asymmetry A_{f b} in e^+e^− → uū (right) in the vicinity of the Z^′ resonance for M_Z′ = 250 GeV, ϕ = 0.029. The values of Γ_Z′ are 3 GeV (black line), 0.5 GeV (blue line), 0.2 GeV (green line), 0.08 GeV (red line).

A similar analysis can be carried out for e^+e^− → qq̄. Here we have for the forwardbackward asymmetry

σ_{qq̄} A^{qq̄}_{fb} = −

3αQ_q √ 2 G_F M^2_Z (s − M^2_Z )a_ea_q ((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) + 3G^2_F M^4_Z sv_ea_ev_qa_q 2π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) − − 3αQ_q √ 2 G_F M^2_Z (s − M^2_Z′ )a^′_ea^′_q ((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + 3G^2_F M^4_Z sv^′_ea^′_ev^′_qa^′_q 2π((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + + 3G^2_F M^4_Z s(s − M^2_Z )(s − M^2_Z′ )(v_qa^′_q + a_qv^′_q)(v_ea^′_e + a_ev^′_e) 4π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

, (5.14)

where

σ_{qq̄} =

4πα^2Q^2_q s − 2 √ 2αQ_q

G_F M^2_Z (s − M^2_Z )v_ev_q ((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) + G^2_F M^4_Z s(v^2_e + a^2_e)(v^2_q + a^2_q) 2π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z ) − −2 √ 2αQ_q

G_F M^2_Z (s − M^2_Z′ )v^′_ev^′_q ((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + G^2_F M^4_Z s(v^{′2}_e + a^{′2}_e )(v^{′ 2}_q + a^{′2}_q ) 2π((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} ) + + G^2_F M^4_Z s(s − M^2_Z )(s − M^2_Z′ )(v_qv^′_q + a_qa^′_q)(v_ev^′_e + a_ea^′_e) π((s − M^2_Z )^2 + s^2Γ^2_Z M^{−2}_Z )((s − M^2_{Z′} )^2 + s^2Γ^2_{Z′} M^{−2}_{Z′} )

. (5.15)

A numerical analysis of A_{fb} for the case when the final states are uū is given in figure 5, and again one finds that the characteristics of A_{fb} in the vicinity of the Z^′ resonance are different for the cases: i) the SM, ii) the model with a Z^′ resonance but without hidden sector matter, iii) models including decays of Z^′ into the hidden sector.

An analysis of σ(e^+e^− → uū) is also given in figure 5. Here, again one finds that the cross section near the vicinity of the pole is significantly higher than the SM result and the deviation depends on the presence or absence of the possibility of decays into the hidden sector. Finally, we discuss the e^+e^− → dd̄. In figure 6 we give a plot of A_{fb} and one finds once again very significant deviations from the SM. As in previous cases the size of the deviation depends on the presence or absence of Z^′ decays into the hidden sector.

The number of events for the various channels can be estimated by noting that at the projected design characteristics of 500 GeV collider one expects an integrated luminosity

– 30 –

Figure 6: Plot of the total cross-section σ(e^+e^− → dd̄) (left) and the forward-backward asymmetry A_{f b} in e^+e^− → dd̄ (right) in the vicinity of the Z^′ resonance for M_Z′ = 250 GeV, ϕ = 0.029. The values of Γ_Z′ are 3 GeV (black line), 0.5 GeV (blue line), 0.2 GeV (green line), 0.08 GeV (red line).

of 500 fb^{−1} yr^{−1} , and the number of events using the cross sections of figures 3, 5, and 6 are clearly sizable. Finally, we note that an indication of the presence of a hidden sector to which the Z^′ can decay will be provided by the visible width versus the total width of the Z^′.

6. Detection of a sharp Z^′ resonance

As mentioned already the Z^′ is expected to be a sharp resonance, and determination of the Γ(Z^′ → e^+e^− ) is a difficult problem as is well known from the analysis of the J/Ψ resonance [28]. A technique which was useful in the determination of the width of the J/Ψ should also be valid here, and this is the technique of integrating the cross section over the resonance [28]. Thus, for example, consider the cross-section for the process e^+e^− → ff̄ in the vicinity of the resonance. In this region one can write the cross-section so that^9

σ(e^+e^− → ff̄) = 3π M^2_{Z′}

Γ(Z^′ → e^+e^− )Γ(Z^′ → ff̄) ((E − M_Z′ )^2 +^1_4 Γ^2(Z^′ → all))

, (6.1)

where E = √ s. Integration over the resonance gives � dE σ(e^+e^− → ff̄) =

6π^2 M^2_{Z′}

Γ(Z^′ → e^+e^− )

Γ(Z^′ → ff̄) Γ(Z^′ → all)

. (6.2)

For a given final state we define

A_{fin} = � dE σ(e^+e^− → fin) =

6π^2 M^2_{Z′}

Γ(Z^′ → e^+e^− )

Γ(Z^′ → fin) Γ(Z^′ → all)

, (6.3)

and A_{vis} for the sum over all visible final states. Now for the case of Stueckelberg Z^′ we have

Γ(Z^′ → e^+e^− ) ≃ α_1 8 M_Z′ tan^2(ϕ) , (6.4)

9Here we use the simplified form of the Breit-Wigner parametrization. Use of the more sophisticated form as in eq. (5.2) will give corrections to eq. (6.2) only of size O(Γ^2_Z′ /M^2_Z′ ) which are very small.

– 31 – where α_1 = g^2_1 /4π, and we have used the relation g^′_Y ≃ g_Y =

�_3

5 g_1. Further, under the assumption there is no hidden sector one has^{10}

Γ(Z^′ → vis) Γ(Z^′ → all) = �_{94} 103 for M_Z′ < 2m_t 111 120 for M_Z′ > 2m_t

. (6.5)

Let us now focus on the final state μ^+μ^− . Using eqs. (6.2) and (6.4) we find

A^{St}_μ +_μ − =

45π^2 412 α_1 tan^2(ϕ)

M_Z′

. (6.6)

For M_Z′ = 250 GeV, and δ = 0.02 one finds A^{St}_{μ +μ −} ≃ 1.1 × 10^{−2} nb-GeV. Further, we note that the integral of eq. (6.6) falls as 1/M_Z′ as M_Z′ gets large. Discovery of the Z^′ depends on the signal versus the background. In this case the background is the SM contribution. Using the analysis of eq. (5.11) and excluding the Z^′ contribution one finds that at √ s = M_Z′ , σ_μ +_μ − = 1.8 × 10^{−3} nb. If data is collected in bins of size Δ (in GeV) then the Standard Model μ^+μ^− cross-section integrated over Δ around M_Z′ gives A^{SM}_{μ +μ −} (Δ) = 1.8 × 10^{−3} Δ nb-GeV. Now for larger values of M_Z′ the SM cross section falls as 1/M^2_Z′ . Putting these factors together the ratio of the Stueckelberg contribution to the SM is given by

A^{St}_{μ +μ −} A^{SM}_{μ +μ −} (Δ) ≃ 6 Δ(GeV) � δ 0.02

�_2 M_Z′ (GeV) 250 . (6.7)

The above implies that for M_Z′ = 250 GeV, and δ = 0.02, the Stueckelberg effects will give significant enhancement over the SM result with bin sizes ranging from 1 − 20 GeV. Further, the signal to background ratio will increase as M_Z′ increases. For example, for M_Z′ = 1 TeV, there will be a further enhancement of roughly a factor of 4. The above characteristics are encouraging. Of course, the detection of such an effect will depend on the design characteristics of the machine such as the beam spread, and the design luminosity.

The result of eq. (6.7) is also encouraging for the search for a Stueckelberg Z^′ boson at the Tevatron and at the LHC. Here one would look for dilepton events in the final state via the Drell-Yan process and at the Tevatron it is the e^+e^− channel which would be the most efficient for detection.^{11} The cross-sections for the processes uū → l^+l^− and dd̄ → l^+l^− given here can be utilized for the computation of the Drell-Yan production of e^+e^− via the Stueckelberg Z^′. Our analysis for the linear colliders hints that the detection of a sharp Z^′ should also be possible at the hadron colliders. For example, at the Tevatron the energy resolution is given roughly by [29] (15%/ � E(GeV) + 1%) where E for our case would effectively be the di-muon invariant mass. Thus, for example, for E = 250 GeV one has a resolution of about 5 GeV. This resolution should allow for a search for a resonance with characteristics of the type of eq. (6.7).

10In the computation of the ratio in eq. (6.5) we have included only quark and lepton final states. Inclusion of additional states, specifically the sparticle final states if they are allowed, will modify these ratios.

11We thank Darien Wood for pointing this out to us and also for bringing ref. [29] to our attention.

– 32 –

The radiative return technique might be a useful device to look for the Stueckelberg Z^′ resonance. This is a useful procedure when the colliding beam energies have been fixed to a preassigned value and not continuously adjustable. In this case one uses initial state radiation (ISR) to reduce the effective center-of-mass energy [31]. Thus consider the process e^+e^− → γ + hadrons, where the γ is a hard photon which is emitted by one of the initial particles, and is responsible for reducing the center-of-mass energy. The method allows one to investigate the entire energy region below the highest energy down to the threshold. However, appropriate corrections must be made to account for the possibility that the photon may be emitted by the final state, i.e. one must take into account the final state radiation (FSR). One advantage of this technique is that the systematics of measurements remain unchanged in the scan as one changes the energy while in conventional energy scans systematics must be fixed at each step.

7. Stueckelberg extension with many extra U(1)

The Stueckelberg technique is, of course, extendable to more than one extra U(1) gauge symmetry. In orientifold string compactifications with D-branes the number of axions in the model is derived from the dimensional reduction of the ten-dimensional RR forms in the spectrum of the theory, and given by some topological quantity, the number of relevant homological cycles of the internal space. In principle it is an arbitrary number.^{12} For example, in the so-called intersecting D-brane models on toroidal backgrounds, it was found that four such scalars participate in the generalized Green-Schwarz mechanism, and may thus also couple to the abelian gauge fields of the model in form of the Stueckelberg lagrangian. In general, one may write the extended lagrangian with N_V abelian gauge fields and N_S axions

L_{St} = − 1 4 N_V�

i=1 (C_{μνi} C^{μν}_i + g_iC_{μi} J^μ_i ) − 1 2 N_S�

j=1 � ∂_μ σ_j +

N_V�

i=1 M_{ij} C_{μi} �2 . (7.1)

We have now summarized the hyper charge gauge boson as one among the abelian gauge fields, say for i = 1 we let B_μ = C_{μ1} . The generalized U(1)^{NV} gauge invariance is given by

δ_iC_{μi} = ∂_μ λ_i , δ_iσ_j = −M_{ij} λ_i . (7.2)

In a very similar vein one can extend the supersymmetric minimal model by many axions and many abelian gauge bosons, as in

L_{St} = � d^2θd^2θ̄

N_S�

j=1 � S_j + S̄_j +

N_V�

i=1 M_{ij}C_i

�_2 , (7.3)

where S_j and C_i are the chiral and vector multiplets that include the axions and gauge fields. One can now easily see that the effect of each axion is to give mass to exactly one gauge boson, at least generically. The mass term induced after gauge fixing is a sum of

12This is actually similar for the heterotic string, which was recently demonstrated in [32].

– 33 – squares, and each linear combination of masses M_{ij}, reading the N_S ×N_V matrix as a set of vectors in the N_V -dimensional space of abelian gauge fields, defines one massive direction. In other words, the kernel of M_{ij} defines the set of the surviving massless abelian vectors. So, generically, all axions will be eaten by vectors, and only if there are more vectors than axions (N_V > N_S), or linear relations among their couplings will there be abelian gauge symmetries surviving.^{13} If we further add the spontaneous electro-weak symmetry breaking through the Higgs mechanism, there is one more degree of freedom to be absorbed, and one more abelian vector receives a mass. Thus, if we intend to maintain an exactly massless photon in the very end, we have to make sure that the number of gauge bosons is at least two larger than the number of axions, which is exactly the situation of the minimal extensions in the StSM or StMSSM, which we introduced earlier.

In the supersymmetric extension the other degrees of freedom behave analogously. In the fermionic sector we gain a Stueckelberg chiral fermion for each S_j and a Stueckelberg gaugino for each C_i. These mix with the neutral fermions of the MSSM sector producing a neutralino mass matrix which is 4 + N_S + N_V dimensional. Model building with more than one Stueckelberg U(1) reduces the constraints on the mixing angles and thus provides a greater range of the parameter space for the discovery of new physics.

To illustrate this, let us briefly discuss the next simplest case, with two extra abelian factors, and two axions. The mass matrix for the neutral gauge fields V^T_μ = (C_{μ3} , C_{μ2} , B_μ = C_{μ1} , A^3_μ ) looks then � � � � M^2_{32} + M^2_{31} M_{32}M_{22} + M_{31}M_{21} M_{32}M_{12} + M_{31}M_{11} 0 M_{32}M_{22} + M_{31}M_{21} M^2_{22} + M^2_{21} M_{22}M_{12} + M_{21}M_{11} 0 M_{32}M_{12} + M_{31}M_{11} M_{22}M_{12} + M_{21}M_{11} M^2_{11} + M^2_{12} +^1_4 g^2_Y v^2 −^1_4 g_Y g_2v^2 0 0 −^1_4 g_Y g_2v^{2 1}_4 g^2 v^2

� � � �

where M_{ij} is the Stueckelberg coupling of C_{μi} to the axion σ_j , i = 1, 2, 3 and j = 1, 2, and C_{μ1} = B_μ . The matrix can be written as the sum of two contributions for the Stueckelberg terms and one for the Higgs effect, each one of which has only one non-vanishing eigenvalue, i.e. giving mass to one linear combination of gauge fields.

We can diagnonalize this matrix by an orthogonal transformation O^{[1]} and the eigenstates E^{[1]}_μ = O^{[1]}V_μ are arranged so that E^{[1]}_μ = (Z^{′′}_μ , Z^′_μ , Z_μ , A^γ_μ )^T . The existence of two extra U(1) factors now, for instance, relaxes the constraints on photonic couplings to the hidden sector matter fields. As another application we demonstrate that the correction to the mass of the Z boson can now stay rather small even with comparatively large offdiagonal terms in the mass matrix. In figure 7 we have plotted the mass of the Z boson, the lightest non-vanishing eigenvalue of the mass matrix above as a function of M_{11} and M_{12}.

The left plot shows clearly that there is a range of parameters, where the effect of turning on the two off-diagonal elements partly cancels out, and M_Z falls off slower than along the axes. This happens roughly along the line M_{11} = 0.6 M_{12}. In the right plot, the mass of Z is being plotted along this line, and for various overall mass scales (measured by

13This is an important constraint in the construction of string theoretic brane world models, where one has to impose extra constraints on the brane configurations to achieve this.

– 34 –

Figure 7: Plot of the mass of the Z, as a function of M_{11} and M_{12}, varying from 0 to 100 GeV in the left plot, and plotted along the variable M_{11} = 0.6 M_{12} varying from 0 to 25 GeV in the right one. The other mass parameters are chosen M_{32} = 250 λ GeV, M_{31} = 550 λ GeV, M_{22} = 350 λ GeV, M_{21} = 250 λ GeV. The value for λ is 1 in the left plot, and 1 (black line), 1.3 (red line), 1.6 (green line), and 2 (blue line) in the right plot.

λ) of the other parameters, differing by up to a factor of two. It is evident that up to values of 25 GeV the effect on the Z mass is still within some 10 − 30 MeV. The mass eigenvalues of the matrix for λ = 1 are actually {719.4, 180.8, 90.7, 0} in GeV, given the values used in figure 7. Together, this shows how Stueckelberg extensions with multiple U(1) factors have an even richer parameter space, which involves many more options to escape experimental bounds.

8. Conclusion

In this paper we have given a detailed analysis of the Stueckelberg extension of the electroweak sector of the SM and of the MSSM with an extra U(1) gauge group. This results in a new heavy gauge boson Z^′ whose couplings to leptons and quarks have vector and axial-vector couplings, which are different from those for the Z boson and of the Z^′ bosons in conventional U(1)^′ extensions [15]. Additional new features arise for the Stueckelberg U(1) extension of MSSM, where the extension involves an abelian gauge superfield and a Stueckelberg chiral superfield consisting. The imaginary part of the complex scalar is absorbed in making the U(1) gauge vector massive, leaving a spin zero scalar. It is shown that this state is heavier than the Z^′. Further, the neutral fermionic sector of the MSSM extension is also significantly extended. In addition to the four neutralino states of MSSM one has the Stueckelberg chiral fermion and the extra gaugino, which combine with the four MSSM neutral states to produce a 6 × 6 neutralino mass matrix. One interesting new possibility that arises here is the case where the LSP is mostly composed of the new fermions. In this case the lightest neutralino of the MSSM itself will be unstable leading to a possible new superweak candidate for dark matter. In the MSSM extension we also considered inclusion of the Fayet-Illiopoulos D-terms and discussed their implications.

– 35 –

A number of phenomenological implications were discussed in section 4. It was shown that the decay branching ratios of the Z^′ into quarks and leptons are significantly different from the Z boson, which could provide a signature for the Stueckelberg origin of the Z^′. We also discussed the Higgs sector of the extended MSSM model, where the mass matrix becomes a 3 × 3 matrix which mixes the residual spin zero field of the Stueckelberg chiral multiplet with the two CP-even neutral Higgs of MSSM. The mixings between the MSSM Higgs and the residual Stueckelberg spin state will produce a couplings of the latter with visible sector fermions and its main decay mode into visible fields is into the third generation quarks. We also discussed in section 4 the corrections to g_μ − 2 and to sfermion masses.

In section 5 we gave an analysis of some of the signatures of the Z^′ boson at a linear collider, such as the cross-sections σ(e^+e^− → μ^+μ^− ), σ(e^+e^− → uū), and σ(e^+e^− → dd̄). In the vicinity of the resonance they differ significantly from the SM prediction. Further, the forward-backward asymmetry for the three cases discussed above deviates sharply from the SM, again providing an interesting signal. An interesting phenomenon is the effect of a hidden sector on the analysis. Thus, if a hidden sector with sufficiently light matter exists, so that the Z^′ boson can decay into it, then the total width of the Z^′ will be broadened. This has drastic effect on σ(e^+e^− → ff̄), and on the forward-backward asymmetry.

In section 6 we discussed the technique for the detection of a sharp resonance that is characteristic of the Stueckelberg extension. Finally, we have elaborated on the Stueckelberg extension of the electro-weak sector by an arbitrary number of extra U(1) factors. An interesting property of such models is the possibility that constraints on the parameters which mix the SM gauge bosons and the extra gauge bosons can be relaxed, allowing for the possibility of a richer phenomenology.

It should be interesting to carry out global fits to the electro-weak data and to explore further the testability of the Stueckelberg extension at colliders and in non-accelerator experiments.

Acknowledgments

The authors acknowledge fruitful conversations with Tom Paul and Darien Wood on the experimental aspects of detecting a Z^′. The work of B. K. was supported by the German Science Foundation (DFG) and in part by funds provided by the U.S. Department of Energy (D.O.E.) under cooperative research agreement #DF-FC02-94ER40818. The work of P. N. was supported in part by the U.S. National Science Foundation under the grant NSF-PHY-0139967.

References

[1] E.C.G. Stueckelberg, Die Wechselwirkungskräfte in der Elektrodynamik und in der Feldtheorie der Kräfte, Helv. Phys. Acta 11 (1938) 225;

V.I. Ogievetskii and I.V. Polubarinov, A gauge invariant formulation of neutral vector field theory, Sov. Phys. JETP 14 (1962) 179.

[2] P.W. Higgs, Broken symmetries, massless particles and gauge fields, Phys. Lett. A 12 (1964) 132;

– 36 –

F. Englert and R. Brout, Broken symmetries and the masses of gauge bosons, Phys. Lett. 13 (1964) 508;

P.W. Higgs, Spontaneous symmetry breakdown without massless bosons, Phys. Rev. 145 (1966) 1156;

See also: G.S. Guralnik, C.R. Hagen and T.W.B. Kibble, Global conservation laws and massless particles, Phys. Rev. Lett. 13 (1964) 585;

F. Englert and R. Brout, Broken symmetry and the mass of gauge vector mesons, Phys. Rev. Lett. 13 (1964) 321.

[3] T.J. Allen, M.J. Bowick and A. Lahiri, Topological mass generation in (3+1)-dimensions, Mod. Phys. Lett. A 6 (1991) 559.

[4] S.L. Glashow, Partial Symmetries of Weak Interactions, Nucl. Phys. 22 (1961) 519;

S. Weinberg, A model of leptons, Phys. Rev. Lett. 19 (1967) 1264;

A. Salam, Elementary particle theory: relativistic groups and analyticity, in Nobel Symposium No. 8, N. Svatholm ed., Almqvist and Wiksell, Stockholm 1968.

[5] B. Körs and P. Nath, A Stueckelberg extension of the standard model, Phys. Lett. B 586 (2004) 366 [hep-ph/0402047].

[6] B. Körs and P. Nath, A supersymmetric stueckelberg U(1) extension of the MSSM, JHEP 12 (2004) 005 [hep-ph/0406167].

[7] B. Körs and P. Nath, How Stueckelberg extends the standard model and the MSSM,

hep-ph/0411406.

[8] J.M. Kunimasa and T. Goto, Generalization of the Stueckelberg formalism to the massive Yang-Mills field, Prog. Theor. Phys. 37 (1967) 452;

A.A. Slavnov, Ward identities in gauge theories, Theor. Math. Phys. 10 (1972) 99; M.J.G. Veltman, Perturbation theory of massive Yang-Mills fields, Nucl. Phys. B 7 (1968) 637;

L. Faddeev and A.A. Slavnov, Massless and massive Yang-Mills Field, Theor. Math. Phys. 3 (1970) 312;

A.I. Vainshtein and I.B. Khriplovich, On the zero-mass limit and renormalizability in the theory of massive Yang-Mills field, Yad. Fiz. 13 (1971) 198;

K.-i. Shizuya, Renormalization of two-dimensional massive Yang-Mills theory and nonrenormalizability of its four-dimensional version, Nucl. Phys. B 121 (1977) 125; Y.N. Kafiev, Massive Yang-Mills fields: gauge invariance and one loop counterterm, Nucl. Phys. B 201 (1982) 341;

D.Z. Freedman and P.K. Townsend, Antisymmetric tensor gauge theories and nonlinear sigma models, Nucl. Phys. B 177 (1981) 282;

D.G.C. McKeon, On using the Freedman-Townsend model to generate massive vectors, Can. J. Math. 69 (1991) 1249.

[9] A.H. Chamseddine, Interacting supergravity in ten-dimensions: the role of the six - index gauge field, Phys. Rev. D 24 (1981) 3065;

E. Witten, Dimensional reduction of superstring models, Phys. Lett. B 155 (1985) 151; C.P. Burgess, A. Font and F. Quevedo, Low-energy effective action for the superstring, Nucl. Phys. B 272 (1986) 661;

S. Ferrara, C. Kounnas and M. Porrati, General dimensional reduction of ten-dimensional supergravity and superstring, Phys. Lett. B 181 (1986) 263.

– 37 –

[10] D.M. Ghilencea, L.E. Ibáñez, N. Irges and F. Quevedo, TeV-scale Z’ bosons from D-branes, JHEP 08 (2002) 016 [hep-ph/0205083];

D.M. Ghilencea, U(1) masses in intersecting D-brane SM-like models, Nucl. Phys. B 648 (2003) 215 [hep-ph/0208205].

[11] L.E. Ibáñez, R. Rabadán and A.M. Uranga, Anomalous U(1)’s in type-I and type-IIB D = 4, N = 1 string vacua, Nucl. Phys. B 542 (1999) 112 [hep-th/9808139].

[12] L.E. Ibáñez, F. Marchesano and R. Rabadán, Getting just the standard model at intersecting branes, JHEP 11 (2001) 002 [hep-th/0105155];

R. Blumenhagen, V. Braun, B. Körs and D. Lüst, The standard model on the quintic,

hep-th/0210083.

[13] S.V. Kuzmin and D.G.C. McKeon, Stuekelberg mass in the Glashow-Weinberg-Salam model, Mod. Phys. Lett. A 16 (2001) 747.

[14] J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton University Press, Princeton 1992.

[15] For reviews see: M. Cvetič and P. Langacker, Z’ physics and supersymmetry,

hep-ph/9707451;

A. Leike, The phenomenology of extra neutral gauge bosons, Phys. Rept. 317 (1999) 143 [hep-ph/9805494];

J.L. Hewett and T.G. Rizzo, Low-energy phenomenology of superstring inspired E(6) models, Phys. Rept. 183 (1989) 193.

[16] For early history see: P. Fayet, Spontaneously broken supersymmetric theories of weak, electromagnetic and strong interactions, Phys. Lett. B 69 (1977) 489; P. Fayet and S. Ferrara, Supersymmetry, Phys. Rept. 32 (1977) 249.

[17] See also: M. Klein, Anomaly cancellation in D = 4, N = 1 orientifolds and linear/chiral multiplet duality, Nucl. Phys. B 569 (2000) 362 [hep-th/9910143];

S.V. Kuzmin and D.G.C. McKeon, The supersymmetric stueckelberg mass and overcoming the Fayet-Iliopoulos mechanism for breaking symmetry, Mod. Phys. Lett. A 17 (2002) 2605 [hep-th/0211166];

J. Louis and W. Schulgin, Massive tensor multiplets in N = 1 supersymmetry, Fortschr. Phys. 53 (2005) 235 [hep-th/0410149].

[18] A.H. Chamseddine, R. Arnowitt and P. Nath, Locally supersymmetric grand unification, Phys. Rev. Lett. 49 (1982) 970;

R. Barbieri, S. Ferrara and C.A. Savoy, Gauge models with spontaneously broken local supersymmetry, Phys. Lett. B 119 (1982) 343;

P. Nath, R. Arnowitt and A.H. Chamseddine, Gauge hierarchy in supergravity guts, Nucl. Phys. B 227 (1983) 121;

L.J. Hall, J. Lykken and S. Weinberg, Supergravity as the messenger of supersymmetry breaking, Phys. Rev. D 27 (1983) 2359.

[19] P. Nath and R. Arnowitt, Supersymmetric signals at the Tevatron, Mod. Phys. Lett. A 2 (1987) 331;

H. Baer, T. Krupovnickas and X. Tata, Reach of the fermilab Tevatron for minimal supergravity in the region of large scalar masses, JHEP 07 (2003) 020 [hep-ph/0305325].

[20] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys. Lett. B 166 (1986) 196.

– 38 –

[21] R.N. Mohapatra and I.Z. Rothstein, Astrophysical constraints on minicharged particles, Phys.

Lett. B 247 (1990) 593.

[22] H. Goldberg and L.J. Hall, A new candidate for dark matter, Phys. Lett. B 174 (1986) 151.

[23] K. Hagiwara, A.D. Martin, D. Nomura and T. Teubner, Predictions for g-2 of the muon and α_{QED}(M^2_Z ), Phys. Rev. D 69 (2004) 093003 [hep-ph/0312250].

[24] M. Davier, S. Eidelman, A. Hocker and Z. Zhang, Updated estimate of the muon magnetic moment using revised results from e^+e^− annihilation, Eur. Phys. J. C 31 (2003) 503 [hep-ph/0308213].

[25] Muon g-2 collaboration, H. Deng, Experimental results and theoretical developments of muon g-2, hep-ex/0408148.

[26] T. Behnke et.al., Tesla: the superconducting electron positron linear collider with an integrated x-ray laser laboratory. Technical design report, DESY-TESLA-2001-23; M.N. Danielson et al., Supersymmetry at the NLC, eConf C960625 (1996) SUP117; NLC collaboration, 2001 Report on the Next Linear Collider: A Report submitted to Snowmass’01, in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001), N. Graf ed., SLAC-R-571;

C.P.W. Group et al., Physics at the CLIC multi-TeV linear collider, hep-ph/0412251.

[27] ECFA/DESY LC Physics Working Group collaboration, E. Accomando et al., Physics with e^+e^− linear colliders, Phys. Rept. 299 (1998) 1 [hep-ph/9705442]; LHC/LC Study Group collaboration, G. Weiglein et al., Physics interplay of the LHC and the ILC, hep-ph/0410364.

[28] R.N. Cahn and G. Goldhaber, The experimental foundations of particle physics, Cambridge University Press, Cambridge 1989.

[29] D0 collaboration, B. Abbott et al., Measurement of the high-mass Drell-Yan cross section and limits on quark-electron compositeness scales, Phys. Rev. Lett. 82 (1999) 4769 [hep-ex/9812010].

[30] T. Behnke, J.D. Wells and P.M. Zerwas, Physics with e^+e^− linear colliders, Prog. Part. Nucl.

Phys. 48 (2002) 363.

[31] See e.g.: G. Rodrigo, H. Czyz, J.H. Kuhn and M. Szopa, Radiative return at NLO and the measurement of the hadronic cross-section in electron positron annihilation, Eur. Phys. J. C 24 (2002) 71 [hep-ph/0112184] and the references therein.

[32] R. Blumenhagen, G. Honecker and T. Weigand, Loop-corrected compactifications of the heterotic string with line bundles, hep-th/0504232.

– 39 –