arXiv:hep-ph/0307130 v1 9 Jul 2003

Effective Description of a Gauge Field and a Tower of Massive Vector Resonances

Alfonso R. Zerwekh^1

Departamento de Física, Universidad Técnica Federico Santa María, Casilla 110-V, Valparaíso, Chile

Abstract

In this work we develop an effective description of the interaction of a gauge field with a tower of massive vector fields. Additionally, we show how to couple the vector resonances with fermions. We find that the method can be useful in order to describe the low energy phenomenology of scenarios like Kaluza-Klein resonances of usual gauge bosons or technicolor vector resonances. Other scenarios like topcolor or models with vector dark matter can also be treated

1alfonso.zerwekh@fis.utfsm.cl

1 Introduction

There are some physical scenarios where gauge bosons interact and mix with massive vector bosons. Perhaps the best known example is the case of the photon, the rho and the omega (if isospin violation is allowed) in hadron physics. In fact, this is the original motivation for the development of the Vector Meson Dominance Hypothesis (VMD)(for a review see [1]). On the other hand, some extensions of the Standard Model include massive vector fields which mix with vector gauge bosons. In Technicolor models, for example, we find the technirho and the techniomega, which mix with the photon and the Z, and the color octet technirho, which mixes with the gluon. In topcolor assisted Technicolor models the gluon mixes with four color octet technirhos and the so called colorons (see, for example [2]). Another important case is the interaction of the usual gauge bosons (for example the gluon) with their Kaluza-Klein resonances in models with extra dimensions. The expectation of finding these resonances at the LHC has strongly motivated the question about how to describe them in the context of a four-dimensional phenomenological model[3]. The answer given by many authors is what is now called “Deconstruction Theory” [3, 4]. In this kind of models, a set of “hidden local symmetries” is introduced. Its breaking is described by a nonlinear sigma model and the massive gauge fields associated with the “hidden symmetries” are identified with the Kaluza-Klein resonances.

In this letter we build a general method for describing the interaction of a gauge field with a set of massive vector resonances based on the observed low energy local symmetries. This method can be useful as a first effective approach for studying new vector resonances if they are found at LHC.

We have organized this work as follow. In section 2 we present the basic Lagrangian and its properties (including the coupling of the resonances with fermions). Section 3 is devoted to show some examples and applications. Finally, some conclusions are presented.

2 The Lagrangian

In order to fix ideas, let us consider an extension of QCD defined by a Lagrangian of the form: L = − 1 4 F̃^a_{iμν}F̃^{aμν}_i + 1 2 A^a_{iμ}M^2_{ij} A^{aμ}_j (1) with F̃^a_{iμν} = ∂_μA^a_{iν} − ∂_ν A^a_{iμ} − g̃_if^{abc}A^b_{iμ}A^c_{iν} (2) where a is a group index and i = 1 . . . N is the “flavor” of the vector field. We assume that all the vector fields transform under the same group SU(3) as follow: δA^a_i = −f^{abc}A^b_i Λ^c − 1 g̃_i ∂Λ^a (3)

From equations (1) and (3) we find that the variation of the Lagrangian is : δL = A^a_{iμ}M^2_{ij} 1 g̃_j ∂^μΛ^a (4)

Evidently, δL must vanish independently of the fields, so the following equation must be satisfied: M^2_{ij} 1 g̃_j = 0 (5)

We can solve equation (5) for the diagonal term and we obtain :

M^2_i ≡ M^2_{ii} = −g̃_i ∑ j≠i M^2_{ij} 1 g̃_j (6) 2.1 Transformation of the Physical Fields

Equation (5) shows us that the vector

v_1 = 1 √∑ i 1 g̃^2_i

1 g̃_1 . . ._1 g̃_N (7)

is an eigenvector of M^2 with null eigenvalue. Let us now define a new field:

G_1 = g ∑ i A_i g̃_i (8) where g is defined by 1 g^2 ≡ ∑ i 1 g̃^2_i (9)

It is clear that G_1 is massless. Using equation (3) and (8) it is easy to see that G_1transforms in the following way:

δG^a_1 = −f^{abc}G^b_1Λ^c − 1 g ∂Λ^a (10)

That is, G_1 transforms as a true gauge field.

Because matrix M^2 is hermitian, all other independent eigenvectors must be orthogonal to (7). Let us call such vectors as v_i (i = 2 . . . N). We can now define:

G_i = v_{ij} A_j (11) with i = 2 . . . N and v_{ij} such that v_{ij} 1 g̃_j = 0 (12)

Equation (12) represents the orthogonality condition with G_1. Using equation (3), we find that G_i transforms as: δG^a_i = −v_{ij} f^{abc}A^b_j Λ^c − v_{ij} 1 g̃_j ∂Λ^a (13)

From (11) and (12) we obtain:

δG^a_i = −f^{abc}G^b_i Λ^c with i = 2 . . . N (14)

That means that G_i transforms a matter field in the adjoint representation.

2.2 Couplings with Fermions

Any realistic model must consider the coupling of vector fields with fermions. In gauge theories, this coupling is obtained in a minimal way by defining a covariant derivative. Nevertheless, in our case we have too many vector fields transforming in a gauge-like way under the same group. We can, then, ask whether it is possible to build a gauge invariant lagrangian that describe the interaction of fermions with all that vectors fields. We propose the following simple solution. Let us consider the lagrangian: L = ψ̄(iγ^μD_μ − m)ψ (15)

With D_μ given by: D_μ ≡ ∂_μ + i λ^a 2 ∑ j g̃_j f_j A^a_{jμ} (16)

and ∑ i f_i = 1 (17)

It is clear that the variation of each A^a_{jμ} cancels a fraction f_j of the total variation coming from the kinetic term of the fermions. Equation (17) ensures the complete gauge invariance of the lagrangian.

It is interesting to investigate how the field G_1 couples to fermions. The first step is to realize that, after the change of basis, lagrangian (15) takes the form:

L = L_0 + L_1 + L_2 (18) where:

L_0 = ψ̄(iγ^μ∂_μ − m)ψ (19)

L_1 = −ξ_1ψ̄ λ^a 2 γ^μG^a_{1μ}ψ (20)

L_2 = −ξ_jψ̄ λ^a 2 γ^μG^a_{jμ}ψ ( j = 2 . . . N ) (21)

with ξ_i (i = 1 . . . N) some coupling constant. It is easy to see, by equation (14), that δL_2 = 0. That means that, in order to have a gauge invariant lagrangian, δL_1 must cancel the variation of the fermionic kinetic term. However, in virtue of (10), this cancellation only happens if ξ_1 = g. That is, gauge invariance warrants that G_1 couple to fermions as a true gauge boson independently of the value of f_i constants.

Conversely, we can start from the lagrangian defined by equations (18)- (21) (with ξ_1 = g) and rotate the fields G_i by using equations (8) and (11). The resulting lagrangian can be written as: L = ψ̄(iγ^μ∂_μ − m)ψ − ψ̄ λ^a 2 γ^μψ ∑ i [ g g̃_i + ∑ j ξ_j v_{ji} ] A^a_{iμ} (22)

If we make the definition: f_i ≡ 1 g̃_i [ g g̃_i + ∑ j ξ_j v_{ji} ] (23)

(without sum in the repeated indexes) then we obtain exactly the lagrangian defined by equations (15) and (16). On the other hand, if we sum all the f_i defined in (23) and we use equations (9) and (12) then we obtain the condition ∑ i f_i = 1.

3 Examples and Applications

3.1 Case N = 2

The bosonic sector of this case was partially studied in a previous work [5] on the gluon-color octet technirho mixing^2. Nevertheless it is worth to say some words about the coupling with fermions.

For N=2, the mass matrix of the bosonic sector is exactly diagonalizable in the general case. In fact, the fields which are mass eigenstate can be written as

G_1 = g g̃_1

A_1 + g g̃_2

A_2 (24)

G_2 = − g g̃_2

A_1 + g g̃_1

A_2 (25)

When we write lagrangian (15) in terms of physical fields we obtain: L = ψ̄ [ iγ^μ∂_μ − m − gγ^μG^a_{1μ} λ^a 2 − (g̃^2 f_2 − g̃^2_1 f_1) √ g̃^2_1 + g̃^2 γ^μG^a_{2μ} λ^a 2 ] ψ (26)

Two interesting cases arise:

1. We can impose that g̃_1 = g̃_2 and f_1 = f_2. In this case, G_2 completely decouple from the fermionic sector. On the other hand, it is not difficult to see that G_2 interacts with the “gluon” (G_1) only through terms of the form G_1G_2G_2 and G_1G_1G_2G_2 (In the case of the technirho other high dimensional operators must be taken into account due to its compositeness nature [6], but here we can assume that G_2 is an elementary field). All that means that G_2 would be a stable particle and it can, in principle, plays the role of dark matter.

2In this case, however, additional dimension six terms must be taken into account in order to describe effects due to the technirho compositeness [6].

2. Another interesting possibility come to us when we realize that the constants f_1 and f_2 can be different for different fermionic generations. We can for example choose that constants in such a way that G_2 decouple from the first two generations but couple strongly to the third one. In this way it may be possible to build an effective topcolor model.

Finally, we must remark that lagrangian (26) is a generalization of VMD. In fact, we obtain the traditional VMD result by choosing f_2 = 0 and f_1 = 1^3.

3.2 First Neighbor Coupling on a Ring

Another interesting case is to study N vector bosons with first neighbor coupling on a ring. In this case, equation (6) reduce to:

M^2_i = − g̃_i g̃_{i−1} M^2_{ii−1} − g̃_i g̃_{i+1}

M^2_{ii+1} (27)

(without sum in the repeated indexes) and:

M^2_{10} = M^2_{1N} (28)

M^2_{N N +1} = M^2_{N 1} (29) If additionally we assume that all the coupling constants are identical and M^2_{ii−1} = M^2_{ii+1} = k^2 (with k^2 some arbitrary constant) we get:

M^2_i = −2k^2 (30)

Finally, the bosonic mass matrix has the form:

M^2 = k^2

−2 1 0 0 . . . 0 1 1 −2 1 0 . . . 0 0 0 1 . . 0 . . . . . . . . . . 0 . . 1 0 −2

(31)

3The model studied in [5] is based on the VMD hypothesis. That means that the vector resonance (the proto-technirho) couple to the quarks only through the mixing with the proto-gluon. Nevertheless Extended Technicolor must produce a direct (proto-)technirhoquark interaction. The formalism presented here allows us to include such interactions

It is well known that the eigenvalues of this mass matrix describe (for N ≫ 1) a Kaluza-Klein like spectrum.

4 Conclusions

In this work we have studied a general method for describing the mixing of an arbitrary number of massive vector bosons with a gauge boson, and their interactions.The coupling of all the vector bosons to fermions has been treated in a consistent way. The resulting lagrangian represents a generalization of the old idea of Vector Meson Dominance. We have shown that this method can be useful as a phenomenological description of a Kaluza-Klein-like tower of vector resonances. Other scenarios like topcolor model or models with vector dark matter can be also described in an effective way.

Of course, the use of the method presented here aims to be only a low energy phenomenological description of the physics of vector resonances, but we think it can serve as a useful first approach if they are discovered at the LHC Acknowledgments

The author wishes to thank Claudio Dib and Rogerio Rosenfeld for interesting and useful discussions. This work was supported by Fondecyt (Chile) grant No. 3020002

References

[1] H. B. O’Connell, B. C. Pearce, A. W. Thomas and A. G. Williams, Prog.

Part. Nucl. Phys. 39, 201 (1997) [arXiv:hep-ph/9501251].

[2] K. Lane and S. Mrenna, arXiv:hep-ph/0210299.

[3] C. T. Hill, S. Pokorski and J. Wang, Phys. Rev. D 64, 105005 (2001) [arXiv:hep-th/0104035].

[4] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Rev. Lett. 86, 4757 (2001) [arXiv:hep-th/0104005].

[5] A. R. Zerwekh and R. Rosenfeld, Phys. Lett. B 503, 325 (2001) [arXiv:hep-ph/0103159].

[6] R. Sekhar Chivukula, A. Grant and E. H. Simmons, Phys. Lett. B 521, 239 (2001) [arXiv:hep-ph/0109029].