arXiv:hep-ph/0508019 v2 29 Aug 2005

The Higgs boson as a gauge field in extra dimensions

Marco Serone

SISSA, Via Beirut 2, I-34014 Trieste, Italy

Abstract.

I review, at a general non-technical level, the main properties of models in extra dimensions where the Higgs field is identified with some internal component of a gauge field.

The Standard Model of fundamental interactions (SM) represents the best theory at our disposal to describe all high-energy processes we know so far. Most likely, however, it cannot be the final description of Nature. Gravity is excluded from the theory, the origin of many parameters, such as the Yukawa couplings, is unexplained and it is also afflicted by hierarchy problems. The latter are best understood if one considers the SM as an effective field theory valid up to energy scales of order Λ, above which the theory has to be replaced by a more fundamental (and yet unknown) microscopic theory. At the quantum level, one finds that two parameters in the SM heavily depends on the details of the microscopic theory: the cosmological constant and the Higgs mass. For instance, by using a simple cut-off regularization at the scale Λ, one finds that the radiative corrections to the cosmological constant and the Higgs mass are respectively proportional to the quartic and quadratic power of Λ. We do not know the value of Λ, but the phenomenological success of the SM puts a bound on it: Λ_{Exp} ≥ few Tev (see e.g. ref.[1]).^1 Leaving aside the outstanding problem of the cosmological constant hierarchy problem (whose solution might well be due to unknown quantum gravity effects), we have still to face the problem of why and how the electroweak scale (and thus the Higgs mass) is stabilized to a value which is roughly one order of magnitude smaller than the minimal experimentally allowed value for Λ. Sometimes one refers to this problem as the gauge “little hierarchy problem”. Although it involves only one order of magnitude, one has to notice that, contrary to the “usual” gauge hierarchy problem in which one takes Λ ∼ M_{Planck}, this is an experimental fact and it does not rely on any assumption

1 A remark is in order here. More precisely, the bound is on certain higher derivative operators, suppressed by powers of Λ. The value reported assumes that the coefficients of the operators are of order one. If this is not the case, Λ does not necessarily coincide with the scale at which new physics arises.

about the scale at which new physics should appear.

During the years, many solutions have been proposed to address the gauge hierarchy problem. Independently of the precise nature of the Higgs field that is assumed in each of these proposals, all of them require, in one way or another, the appearance of new physics at Λ ∼ TeV.

The Minimal Supersymmetric Standard Model (MSSM) is at the moment the best candidate theory of new physics beyond the Standard Model. However, no super particle has been discovered yet and, as far as the little hierarchy problem is concerned, the MSSM needs some unwanted fine tuning. It is thus important to investigate alternative scenarios where radiative corrections to the Higgs mass can be somehow suppressed.

Theories formulated in D > 4 space-time dimensions seem to be a promising arena for new ideas along this direction. Being non-renormalizable, these theories must always be seen as effective theories valid up to an UV cut-off scale Λ (not to be confused with the SM cut-off introduced before), above which the extra dimensional theory needs an UV completion. It is in particular important to have an estimate of Λ in order to quantify the relevance of quantum corrections given by higher derivative operators and understand the energy range of validity of the effective theory. A good estimate of Λ (which is typically hard to determine otherwise) is obtained by using Naïve Dimensional Analysis (NDA). The low-energy effective theory is trustable only if Λ ≫ 1/L, E, where L is the typical size of the compact extra dimensions and E is the energy of the process under consideration.

There are several ideas and theoretical frameworks in the context of extra dimensions. We focus here on the idea that the SM Higgs boson arises from the internal component of a higher-dimensional gauge field of a group G ⊃ G_{SM} = SU(3)_c × SU(2)_L ×U(1)_Y . By choosing suitable gauge groups in the extra dimensions, one can incorporate all SM gauge bosons (γ, W^±, Z and gluons) and the Higgs field H as arising from different components of the same higher dimensional gauge field A_M, where M runs over all (usual and extra) space-time coordinates.

Due to this common origin of the gauge and the Higgs fields, this idea is sometimes called “gauge-Higgs unification”. Its essential point is that the Higgs field, being the component of a gauge field, is protected by radiative quadratic divergencies by the underlying higherdimensional gauge symmetry.

This idea has been first advocated in refs.[2] but no concrete realization was found. In particular, since the Higgs is a gauge field, the Yukawa couplings are gauge couplings and thus it is not straightforward to get a realistic fermion spectrum. Interestingly enough, it has recently been understood that realistic Yukawa couplings can be obtained in these models and in a manner which provide a natural explanation of the large hierarchy of fermion masses [3, 4, 5]. This has allowed to construct several interesting models of gauge-Higgs unification, both in a supersymmetric [3, 6] and in a nonsupersymmetric context [4, 5, 7].

The minimal model that one can consider is a fivedimensional theory compactified on a segment (or S^1/Z_2 orbifold) of length L, with gauge group G = SU(3)_c × SU(3)_w [5]^2. If one suitably breaks the SU(3)_w gauge group down to SU(2)_L × U(1)_Y by appropriate orbifold boundary conditions, one ends up with a 5D spectrum of Kaluza-Klein states, in which the only massless fields (zero modes) are the 4D gauge bosons A^a_μ (a = 1, 2, 3) and A_μ of SU(2)_L × U(1)_Y (μ = 0, 1, 2, 3) and a complex scalar doublet H coming from A_5, the Higgs field. Gauge invariance forbids any local potential for A_5 in the interior of the segment (bulk), the only allowed gauge-invariant local operators being built with the field strength F_{MN} . Actually, a remnant of the 5D SU(3)_w gauge symmetry also forbids any local potential for A_5 at the boundaries as well. In fact, at the boundaries there is a symmetry acting non-linearly on the Higgs field [8]:

δ A_5 = ∂_5ξ , (1)

where ξ are the gauge parameters of SU(3)_w/[SU(2)_L × U(1)_Y ]. The only gauge invariant operator that can give rise to a Higgs potential V (H) must then be non-local in the extra dimension and expressed in term of the Wilson line W = P exp(i ∫ dyA_5) ≡ exp(iα), where 0 ≤ α ≤ 2π is the Wilson line phase [9], related to the Higgs vacuum expectation value v by α ≃ vL (notice that α defined here differs by a 2π factor from the α defined in ref.[5]). The crucial and most important property of this construction is that V (H), being a function of W , is necessarily ra-

2 In order to get the correct weak-mixing angle, a further 5D U(1)^′ gauge field has to be introduced, but we can neglect it in the considerations that will follow.

diatively generated and non-local in the extra dimension. Being a non-local operator, V (H) is finite at all orders in perturbation theory [10]. No dependence on the UV cut-off Λ appears in V (H) and thus the little hierarchy problem is solved. Depending on the field content of the model, one could then have a radiatively induced electroweak symmetry breaking (EWSB), governed by the Wilson line phase α.^3 The EWSB is thus equivalent to a Wilson line symmetry breaking.

As we mentioned, the introduction of matter in this framework is not straightforward. If one assumes that the SM fermions are fields localized at the boundaries, then the symmetry (1) forbids local couplings between them and the Higgs field. On the other hand, if they are 5D fields propagating along the whole segment (bulk fields), their Yukawa couplings will necessarily be all the same and given by the gauge coupling constant. An interesting possibility to overcome this difficulty is obtained by assuming that the SM fermions are localized fields with mixing terms with bulk massive fermions [4, 5]. Since the bulk fermions couple to the Higgs, thanks to the mixing, an effective Yukawa coupling will be induced among the SM fermions. In fact, the effective Yukawa couplings between the Higgs and the SM fermions achieved in this way are roughly given by [5]

Y_f ∼ ε_L ε_R g_4 LM_f e^{−LM f} . (2)

In eq.(2), M_f is the mass of the bulk fermion coupled with the SM fermion f , g_4 is the 4D gauge coupling constant and ε_{L,R} are dimensionless couplings which govern the mixing between the bulk fermion and the left- and right-handed SM fermion f . Notice that the couplings ε_{L,R} are bounded, their values ranging from 0 (no mixing with bulk fermions) to 1 (maximal mixing with bulk fermions). The Yukawa couplings are effective (rather than fundamental) couplings, which depend exponentially on M_f L. In this way, we may not only get a realistic pattern of Yukawa couplings, but also have an understanding of their hierarchy in terms of the exponential behaviour appearing in eq.(2).^4

Given this field content, one can thus compute the one-loop Higgs effective potential. As we have already argued, this is necessarily finite. One finds that an EWSB occurs with a value of the Wilson line phase α at the minimum that is about ∼ 1/2 ÷ 1. All the qualitative features of the SM are then nicely reproduced. At the quantitative level, however, there are some problems.

3 See respectively refs.[11] and ref.[12] for studies of the structure of one-loop Wilson line potentials on flat and warped orbifolds. 4 An alternative but essentially equivalent way of getting exponentially suppressed Yukawa couplings is obtained by considering massive fermions on the segment. In this case, a relation similar to eq.(2) is found, with ε_{L,R} = 1 (maximal mixing) [3].

Their occurrence can actually be predicted on general grounds and are somehow model independent:

• V (H) is radiatively generated. From a 4D perspective, one would expect a small Higgs quartic coupling in general, leading to a too light Higgs mass. • The effective Yukawa couplings (2) are exponentially suppressed by M_f L. This is fine for all the SM fermions, but the top quark. Unless some other mechanism is advocated, one would expect from eq.(2) a too light top mass.

• The compactification scale is determined by the value of the Wilson line phase α at the minimum, since M_W = α/(2L). For α ∼ 1/2÷1, this results in a too low compactification scale, given the current bounds (see e.g. [13]).

These problems can be solved, or alleviated, in various ways. One possibility is to increase the value of the 5D gauge coupling constant g_5, which is the microscopic coupling that governs the size of the Yukawa couplings and of the Higgs effective potential. In flat space, g_5 is simply related to the 4D coupling constant g_4 by the simple relation g_5 = g_4 √ L. Since L and g_4 are fixed by the experimental values of M_W and of the SU(2)_L SM gauge coupling constant, the only way to increase g_5 is to introduce modifications in the model that change the above relation between g_4 and g_5. A simple way to do that is provided by adding kinetic terms for the 4D gauge fields A_μ , localized at the boundaries. If these terms are large enough, their net effect is to increase the Higgs and the top mass to realistic values [5]. Since the relation between M_W and α is also modified in presence of localized gauge kinetic terms, it turns out that one can get phenomenological acceptable values for the compactification scale as well. All the above problems are solved, but unfortunately other potential problems are introduced. They are all related to the fact that these localized gauge kinetic terms introduce mixing among all Kaluza-Klein states. This results in unwanted effects, such as too large deviations to the ρ parameter or to a non-universality of the 4D gauge couplings [5]. An other interesting way (probably closely related to the former) to increase the 5D coupling constant is obtained by considering a warped, rather than flat, space [14]. In this case, the Higgs mass is generally higher than the value obtained in flat space compactifications [7, 15], as well as the Yukawa couplings, which are dynamically generated in a way that is essentially the same as in flat space. The warping, however, produces distortions similar to those given by adding localized gauge kinetic terms in flat space. By suitably imposing a custodial SU(2) symmetry to the Higgs sector, an interesting model of gauge- Higgs unification in warped space has been constructed where the distortions might be under control and small enough to be compatible with the Electroweak Precision Tests (EWPT) [7].^5

An other possibility to solve the listed three problems is to find some microscopic mechanism to dynamically stabilize the Wilson line phase α to a smaller value, such as 5 × 10^{−2} or smaller. In this case, the Higgs quartic coupling is effectively enhanced and can give rise to realistic Higgs masses. The compactification scale would also be above the current bounds. The top mass problem is not directly solved in this way, unless this new mechanism also allows for greater Yukawa couplings. Unfortunately, there is no known satisfactory mechanism which allows to get values of α ∼ 5 × 10^{−2}. It is interesting to note, however, that massive 5D fermions in very large representations of the gauge group typically tend to give lower values of α and also allows for bigger Yukawa couplings [5, 16]. The representations needed are however very large, and would lead to a breakdown of an effective field theory approach, since they lead to a NDA estimate of the cut-off Λ ∼ 1/L.

So far, we focused on one compact extra dimension, but what happens if one has more extra dimensions ? Since the NDA estimate of Λ decreases with the number of extra dimensions and no new interesting features seem to appear in further increasing their number, let us only consider the case of two extra dimensions, namely a 6D theory. In 6D, there are several potentially interesting two-dimensional compact spaces one could consider. The simplest spaces, leading to a 4D chiral spectrum of fermions, are given by orbifolds of tori of the form T^2/Z_N , where N = 2, 3, 4, 6. Let us focus on these spaces in the following.

There are two main important features that happen when going to 6D. The first, good feature, is the appearing of a gauge-invariant Higgs quartic coupling at treelevel, simply arising from the non-abelian part of the internal components of the gauge field kinetic term F^2_{56}. A tree-level quartic coupling is welcome, because it can automatically solve the problem of a too light Higgs. The second, bad feature, is the possible appearance of a local, gauge-invariant, operator that contributes to the Higgs mass. This is an operator localized at the fixed-points of the T^2/Z_N orbifold, with a quadratically divergent coefficient, in general [4, 8, 17, 18]. It is linear in the internal components of the field-strength F. Its abelian term corresponds to a tadpole for certain gauge field components, whereas its non-abelian part represents a mass term for the Higgs field. If there is no symmetry to get rid of this operator, the hierarchy problem is reintroduced. It turns out that a discrete symmetry forbidding this operator can be implemented only for T^2/Z_2 orbifolds, in which case,

5 Interestingly enough, the model of ref.[7] has a purely 4D dual interpretation as a composite Higgs model.

however, one gets two Higgs doublets, rather than one. In this case, the Higgs effective potential has various similarities with the one arising in the Minimal Supersymmetric Standard Model (MSSM). Explicit computations on a given 6D model [19] have shown that the lightest Higgs field turns out to be again too light [20].

Maybe a more interesting possibility is obtained by considering T^2/Z_N orbifolds, with N ≠ 2. If N ≠ 2, one can get 2, 1 or 0 Higgs doublets, depending on the orbifold projection. The most interesting case appears to be given by the 1 Higgs doublet models, for which one finds M_H = 2M_W at tree-level, by geometrical considerations [17]. However, no symmetry forbids the appearance of the localized operator mentioned above, which would spoil the stabilization of the electroweak scale. Even if this operator is put to zero at tree-level, no accidental one-loop cancellation seems to be possible. The best one can do is to advocate a spectrum of 6D fields such that the sum of the one-loop quadratically divergent coefficients over all fixed points vanish (global cancellation). In this case, it actually turns out that the electroweak scale is not destabilized. Contrary to the 5D construction considered before, the quadratic sensitivity to the cut-off would presumably be reintroduced at two-loop level, but a one-loop cancellation might be enough to solve the little hierarchy problem. No concrete model has been yet presented along these lines and thus it is premature to establish whether gauge-Higgs unification in 6D can be a realistic proposal or not.

The idea of a Higgs field as a gauge boson in extra dimensions seems to be a promising candidate to more conventional scenarios of new physics, such as SUSY.

Several aspects of this idea require further study. From a more theoretical side, it is desirable to find some mechanism to increase the Higgs mass without introducing the unwanted distortion effects that appears when one considers warped models or theories in flat space with localized gauge kinetic terms. It has also to be understood whether such theories (as many other theories in extra dimensions) admit a microscopic completion where the orbifold singularities (for 6D models) or the boundaries of the segment (for 5D models) are replaced by an UV model defined on a smooth compact space [21].

From a more phenomenological side, there are several issues which deserves further study: the generic suppression of Flavour Changing Neutral Currents or a systematic classification of all possible CP violating terms would be desirable. The latter study would also shed light on the possibility of having Baryogenesis at the electroweak scale, considering that a moderately strong first-order phase transition can be obtained in these models [22]. It would also be interesting to better understand whether a possible Dark Matter candidate can be found in such theories and under what conditions gauge coupling unification (typically lost in these models) can be recovered (see ref.[23] for a recent proposal).

I thank the hospitality of the Aspen Center for Physics, where this work has been completed.

REFERENCES

1. [LEP Collaboration], arXiv:hep-ex/0312023. 2. N. S. Manton, Nucl. Phys. B 158 (1979) 141; D. B. Fairlie, Phys. Lett. B 82 (1979) 97; J. Phys. G 5 (1979) L55; P. Forgacs, N. S. Manton, Commun. Math. Phys. 72 (1980) 15; S. Randjbar-Daemi, A. Salam, J. Strathdee, Nucl. Phys. B 214 (1983) 491; N. V. Krasnikov, Phys. Lett. B 273 (1991) 246; H. Hatanaka, T. Inami, C. Lim, Mod. Phys. Lett. A 13 (1998) 2601; G. R. Dvali, S. Randjbar-Daemi and R. Tabbash, Phys. Rev. D 65 (2002) 064021.

3. G. Burdman, Y. Nomura, Nucl. Phys. B 656 (2003) 3; 4. C. Csaki, C. Grojean, H. Murayama, Phys. Rev. D 67 (2003) 085012.

5. C. A. Scrucca, M. Serone, L. Silvestrini, Nucl. Phys. B 669 (2003) 128.

6. L. J. Hall, Y. Nomura, D. R. Smith, Nucl. Phys. B 639 (2002) 307; N. Haba, Y. Shimizu, Phys. Rev. D 67 (2003) 095001; K. w. Choi et al., JHEP 0402 (2004) 037; I. Gogoladze, Y. Mimura, S. Nandi, Phys. Lett. B 560 (2003) 204; ibid. 562 (2003) 307; Phys. Rev. D 69 (2004) 075006.

7. K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719 (2005) 165.

8. G. von Gersdorff, N. Irges, M. Quiros, Phys. Lett. B 551 (2003) 351; G. von Gersdorff, N. Irges, M. Quiros, hep-ph/0206029.

9. Y. Hosotani, Phys. Lett. B 126 (1983) 309; ibid. 129 (1983) 193; Ann. Phys. 190 (1989) 233.

10. N. Arkani-Hamed et al., Nucl. Phys. B605 (2001) 81;

A. Masiero, C. A. Scrucca, M. Serone, L. Silvestrini, Phys. Rev. Lett. 87 (2001) 251601.

11. M. Kubo, C. S. Lim and H. Yamashita, Mod. Phys. Lett.

A 17, 2249 (2002). N. Haba, M. Harada, Y. Hosotani and Y. Kawamura, Nucl. Phys. B 657 (2003) 169 [Erratumibid. B 669 (2003) 381]; N. Haba and T. Yamashita, JHEP 0402 (2004) 059.

12. K. y. Oda and A. Weiler, Phys. Lett. B 606 (2005) 408. 13. A. Delgado, A. Pomarol, M. Quiros, JHEP 0001 (2000) 030.

14. R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys. B 671 (2003) 148.

15. Y. Hosotani and M. Mabe, Phys. Lett. B 615 (2005) 257. 16. G. Martinelli, M. Salvatori, C. A. Scrucca and L. Silvestrini, arXiv:hep-ph/0503179.

17. C. A. Scrucca, M. Serone, L. Silvestrini and A. Wulzer, JHEP 0402 (2004) 049; A. Wulzer, hep-th/0405168.

18. C. Biggio and M. Quiros, Nucl. Phys. B 703 (2004) 199. 19. I. Antoniadis, K. Benakli, M. Quiros, New J. Phys. 3 (2001) 20.

20. Y. Hosotani, S. Noda and K. Takenaga, Phys. Lett. B 607 (2005) 276.

21. M. Serone and A. Wulzer, hep-th/0409229; A. Wulzer, hep-th/0506210.

22. G. Panico and M. Serone, JHEP 0505 (2005) 024. 23. K. Agashe, R. Contino and R. Sundrum, hep-ph/0502222.