arXiv:hep-ph/0503035 v1 3 Mar 2005

The Standard Model with Modified Asymmetric Potential

Vladimir I. Kruglov Physics Department, The University of Auckland, Private Bag 92019, Auckland, New Zealand e-mail: vik@phy.auckland.ac.nz

Abstract

We consider a version of special relativity assuming that the metric in inertial frames is conformally pseudoeuclidean and depends on some scalar field with zero vacuum average. Applying this modified special relativity to the theory of electroweak interactions, and assuming that the introduced scalar field is proportional to the Higgs field, we show there is full consistency between the minimal Standard Model and our approach, except that, in our model, the potential in the Higgs sector is asymmetric and has two distinct vacuum states. It is found that, in the new modified model the mass of the Higgs particle is half that in the minimal Standard Model.

PACS numbers 03.30.+p, 12.15.-y, 12.60.Fr

1 Introduction

Investigating the consistency of quantum mechanics in extreme situations, such as black holes, has led some authors [1, 2] to suggest a radical revision of the kinematics of systems with very high energy. They proposed [1, 2] a modification of special relativity in which the Planck energy E_P or length l_P joins the speed of light c as an invariant.

This concept based on the assumption that the Lorentz invariance is only an approximate symmetry has been developed in [3, 4, 5] on the basis of κ-Poincaré Hopf algebras [6, 7, 8]. Another modification of special relativity [9] is based on a nonlinear generalization of the action of the Lorentz group on momentum space, and can be interpreted as the Fock-Lorentz symmetry [10] applied to momentum space. There have been also numerous claims that Lorentz symmetry breaking could be observable in the near future or may even already have been observed [11, 12, 13, 14].

We propose in this Letter a different generalization of special relativity which supposes that the Minkowski spacetime structure begins to perturb at energies much lower then the Planck energy E_P . In particular, our model predicts that the deviations from special relativity start to become significant at energies comparable to the mass of the Higgs particle which is the same order as the vacuum expectation value v = 247 GeV of the Higgs field ϕ(x). Because our model of spacetime is Lorentz invariant, the deviations from special relativity have mainly dynamical character when gravitational effects are negligible.

The modification is connected with the Weinberg-Salam theory of electroweak interactions [15, 16] and is based on the assumption that there exist some fine-grained perturbations of the vacuum state described by a scalar field χ(x). Moreover, we assume that these perturbations take place in any inertial frame and the vacuum average of the scalar field χ(x) is zero.

Following Einstein’s special relativity, we assume that all physical processes are equal in any inertial frame. We also require that the metric of the perturbed space in any inertial frame is given by the fundamental quadratic form (see Eq.(1)) with new interval ds̃ = (1 + χ(x)) ds, where ds is the interval in the Minkowski pseudoeuclidean space. Using this metric we show that the conservation laws are fulfilled for average 4-vector momentum and 4-tensor angular momentum because the vacuum average operator flattens the spacetime perturbations: ⟨χ(x)⟩ = 0.

In fact, the generalized special relativity yields a procedure for obtaining the mass terms in the Lagrangian of the minimal Standard Model (SM) depending on the Higgs field. This procedure is alternative to the Higgs mechanism [17] which allows the introduction of mass terms to the Yang- Mills fields [18, 19] without violation of the renormalization principle.

It is remarkable that the approach developed in this paper leads to the same mass terms in the Lagrangian as the minimal SM but to a different potential for the Higgs field. In our modified model the potential V_m(ϕ) is asymmetric and has two distinct vacuum states at ϕ = 0 and ϕ = v in contrast to the symmetric potential V (ϕ) of the minimal SM with two equivalent vacuum states at ϕ = −v and ϕ = v. Moreover, in the model with asymmetric potential the mass of the Higgs particle is half that in the minimal SM. To complete the introduction, we remark that the quantization of the Higgs field leads to a version of quantum geometry.

2 Generalized special relativity

We start with a postulate of the conformally pseudoeuclidean metric form in generalized special relativity:

∘ The fundamental quadratic form of the interval ds̃ in any inertial frame is forminvariant and given as :

ds̃^2 = (1 + χ(x))^2 ( (dx^0)^2 − (dx^1)^2 − (dx^2)^2 − (dx^3)^2 ) , (1)

where the vacuum average of the scalar field χ(x) is zero (⟨χ(x)⟩ = 0).

This fundamental quadratic form is invariant under the Lorentz transformations and can be written also via the metric tensor g_{αβ}(x) :

ds̃^2 = g_{αβ} (x)dx^αdx^β , g_{αβ}(x) = (1 + χ(x))^2 η_{αβ}, (2)

where η_{αβ} is the diagonal Minkowski tensor. Note that the transformations of the conformal group [20] are defined as g_{αβ}(x) → λ(x)g_{αβ}(x) with λ(x) > 0. This conformal group is isomorphic to O(4, 2) and locally isomorphic to SU(2, 2).

We begin with relativistic classical mechanics based on the generalized Poincaré action for a free particle : S = −mc ∫_b a ds̃ = ∫_{t2} t_1 L(x)dt, L(x) = −mc ds̃ dt , (3)

then the Lagrangian is L(x) = −mc √ g_{αβ}(x) dx^α dt dx^β dt = −mc^2 √ 1 − β^2 (1 + χ(x)) , (4)

where β = v/c, and v is the velocity of the particle.

Hence the energy and momentum formally defined by the Lagrangian (4) depend on the scalar field χ(x) as :

E(x) = v ∂L(x) ∂v − L(x) = mc^2 √ 1 − β^2

(1 + χ(x)) , (5)

P(x) = ∂L(x) ∂v = mv √ 1 − β^2

(1 + χ(x)) . (6)

These formally defined the energy and the momentum are not the constants of motion because the interval ds̃ is not invariant under translation group. However the vacuum averaged interval is invariant under translation group: ⟨ds̃⟩ = ds = constant because ⟨χ(x)⟩ = 0, and hence average energy E = ⟨E(x)⟩ and momentum P = ⟨P(x)⟩ are constants of motion as directly follows from Eqs.(5,6) :

E = ⟨E(x)⟩ = mc^2 √ 1 − β^2

, P = ⟨P(x)⟩ = mv √ 1 − β^2

. (7)

Thus the conservation laws given by Eq.(7) arise because the averaging operator reduces inhomogeneous space given by the quadratic form Eq.(1) to the homogeneous Minkowski space which is invariant under four-parametric translation group. We also introduce new (own) coordinates x̃^α which do not define any inertial frame but which transform the fundamental quadratic form into :

ds̃^2 = η_{αβ}dx̃^αdx̃^β = dx̃^αdx̃_α, dx̃^α = (1 + χ(x)) dx^α, (8)

where dx̃_α = η_{αβ} dx̃^β. Using the new coordinates x̃^α one can represent the momentum 4-vector in the form : P^α(x) ≡ mc dx̃^α ds = ( E(x) c , P(x) ) , P_α(x) ≡ mc dx̃_α ds = ( E(x) c , −P(x) ) , (9) where the covariant 4-vector is defined here as P_α(x) ≡ η_{αβ}P^α(x). Hence though the metric tenser in coordinate space is given as g_{αβ} (x) = (1 + χ(x))^2 η_{αβ} , the corresponding metric tensor in the momentum space is η_{αβ}. That the metric tensor in the momentum space is η_{αβ} can also be derived by assuming that the contravariant P^α = ⟨P^α(x)⟩ and covariant P_α = ⟨P_α(x)⟩ momentum 4-vectors coincide with the corresponding momentum 4-vectors in special relativity. The Eqs.(9) yield the dispersion equation as :

η^{αβ}P_α(x)P_β(x) = m^2c^2 (1 + χ(x))^2 . (10)

Considering the integral in Eq.(3), with the upper limit a function of the point x (b = b(x)) and a fixed lower limit a, one can derive the equation

P_α(x) = −∂S/∂x^α. Using this expression and Eq.(10) we find the equation of a geodesic line in Hamilton-Jacobi form as : η^{αβ} ∂S ∂x^α ∂S ∂x^β = m^2c^2 (1 + χ(x))^2 . (11)

In a field theory based on the fundamental quadratic form Eq.(1) the conservation laws for the 4-vector momentum P^α and 4-tensor angular momentum M^{αβ} can be written in the standard form :

P^α = 1 c ∫ ⟨T^{αβ}⟩dF_β , M^{αβ} = 1 c ∫ (x^α⟨T^{βλ}⟩ − x^β⟨T^{αλ}⟩)dF_λ, (12) where ⟨T^{αβ}⟩ is the stress-energy tensor defined as the vacuum average of the corresponding operator T^{αβ} and satisfying the equations ⟨T^{αβ}(x)⟩ = ⟨T^{βα}(x)⟩, ∂⟨T^{αβ}(x)⟩/∂x^α = 0. (13) In this model 10 conservation laws arise because the vacuum averaging operator transforms the inhomogeneous space given by the fundamental quadratic form Eq.(1) to the homogeneous Minkowski space which is invariant under four-parametric translation group and six-parametric rotation group.

3 Standard Model and asymmetric potential

In this section we consider application of the generalized special relativity to the minimal SM, assuming that the scalar field χ(x) is proportional to the Higgs field h(x) = ϕ − v. More precisely we postulate:

∘ The scalar field χ(x) is equal to the normalized Higgs field χ(x) = h(x)/v i.e. the field χ(x) is connected with the Higgs doublet Φ(x) as :

Φ(x) = 1 √ 2 ( 0 ϕ(x) ) = (1 + χ(x)) Φ_0, Φ_0 = 1 √ 2 ( 0 v ) . (14)

In this Letter, we consider the minimal SM, which requires one Higgs field doublet and predicts a single neutral Higgs boson, and we follow the notation in [21].

From Eqs.(10,11) it follows that we can use the tensor η_{αβ} to construct the invariants under the Lorentz group in Lagrangians, provided the masses of the particles are replaced as m → m(1 + χ(x)) (see also Eqs.(5,6)).

This leads to the following procedure for obtaining the mass terms in a Lagrangian:

∘ First step: Introduce mass terms into the Lagrangian for different particles according to the usual phenomenological procedure which breaks the gauge invariance of the Lagrangian.

∘ Second step: The mass of every particle in the Lagrangian should be replaced according to : m → m ( 1 + h(x) v ) , χ(x) = h(x) v . (15)

Thus, according to this procedure, the electron’s mass term can be introduced in the First step as L_e(x) = −m_eēe, and becomes in the Second step: L_e(x) = −m_e (1 + h(x)/v) ēe. The mass terms for μ and τ leptons follow by substituting e → μ, τ in the Lagrangian L_e(x). Hence we obtain exactly the same expressions as in the minimal SM. Our procedure also yields terms for the six quarks which are the same as those in the minimal SM : L_{u,d}(x) = − ∑ i m^i_u ( 1 + h(x) v ) ū_iu_i − ∑ i m^i_d ( 1 + h(x) v ) d̄_id_i. (16)

Similarly the mass terms for gauge bosons obtained from the Lagrangian L_{W,Z} = |[−i(g/2)τ_aW^a_μ − i(g^′/2)B_μ]Φ(x)|^2 via diagonalization [22] contain the factor (1 + h(x)/v)^2 :

L_{W,Z} = M^2_W ( 1 + h(x) v )_2

W^+_μ W^{−μ} + 1 2 M^2_Z ( 1 + h(x) v )_2

Z_μZ^μ, (17) where M_W = |v|g/2, M_Z = |v| √ g^2 + g^{′2}/2, g/g^′ = cot(θ_W ), and W^± = (W^1 ± W^2)/ √ 2. The terms for W and Z particles in Eq.(17) follow automatically from the gauge invariance of the Lagrangian and moreover have the form consistent with the the above procedure. Considering the Higgs sector, one can use the proposed procedure to find the potential U_m(h) of the field h(x) = ϕ(x) − v. First step: L_Φ =^1_2 (∂_μh)(∂^μh)−^1_2 μ^2_hh^2−E_0. Second step: L_Φ =^1_2 (∂_μh)(∂^μh)− U_m(h), where the potential U_m(h) has the form

U_m(h) = 1 2 μ^2_h ( 1 + h(x) v )_2

h(x)^2 + E_0. (18)

Figure 1: The dimensionless asymmetric potential V^′_m(ϕ^′) is symmetric about ϕ^′ = 1/2. Minima occur at ϕ^′ = 0 and ϕ^′ = 1, and these correspond to the two vacuum states at ϕ = 0 and ϕ = v.

Here ∂_μh = η_{μν} ∂^ν h and E_0 is an arbitrary constant. Using the scalar field ϕ(x) one can rewrite Eq.(18) as L_Φ =^1_2 (∂_μϕ)(∂^μϕ) − V_m(ϕ), where the potential V_m(ϕ) is

V_m(ϕ) = μ^2_h 2v^2 ϕ^2(ϕ − v)^2 + E_0. (19)

This modified asymmetric potential (V_m(ϕ) ≠ V_m(−ϕ)) has two distinct vacuum states at ϕ = 0 and ϕ = v in contrast to the potential of the minimal SM which has two equivalent vacuum states at ϕ = ±v. The potential V_m(ϕ) is symmetric about ϕ = v/2 and has the form V^′_m(ϕ^′) = ϕ^{′2}(ϕ^′ − 1)^2 (see Fig.1) for dimensionless variables V^′_m = 2V_m /(vμ_h)^2 and ϕ^′ = ϕ/v = 1 + χ where we assume E_0 = 0.

Note that, in the new model with asymmetric potential V_m(ϕ) given by Eq.(19), the mass μ_h of the Higgs particle is only half the mass m_h of the Higgs particle in the minimal SM with symmetric potential V (ϕ) (i.e. μ_h = m_h/2). To verify this statement we write the symmetrc potential V (ϕ) of the minimal SM as V (ϕ) = m^2_h/(8v^2)(ϕ − v_−)^2(ϕ − v_+)^2 + E_0, where v_± = ±v. Next we treat v_− as a variable parameter. Hence, for the field h(x) = ϕ(x)−v, the potential with the variable parameter v_− is : U(h) = μ^2_h 2(v_+ − v_−)^2

(v_+ − v_− + h)^2h^2 + E_0, (20)

where we have introduced the mass μ_h of the Higgs particle depending on the parameter v_− as μ_h = m_h(v_+ − v_−)/(2v). In the limit v_− → 0 we find from Eq.(20) that U(h) → U_m(h) (V (ϕ) → V_m(ϕ)) and μ_h → m_h/2. Note that, in this proof, v_+ is kept fixed because the value ϕ = v corresponds to a vacuum state in both models. We remark that the minimal SM and proposed modified model with asymmetric potential V_m(ϕ) are both invariant under the global transformation ϕ → −ϕ & v → −v as required for renormalization of the theory [23]. Let us finally estimate the barrier ε_v (energy density) separating the two vacuum states at ϕ = 0 and ϕ = v: ε_v ≡ V_m(v/2) − V_m(v) = μ^2_hv^2/32. Assuming h̄ = c = 1, μ_h ≃ 100 GeV, and v = 247 GeV, we find ε_v ≃ 1.9 · 10^7 GeV^4 or ε_v ≃ 2.5 · 10^{48} GeV/cm^3. The energy density ε_v, as well as nonlinear (cubic and quartic) terms in the expansion of U_m(h) given by Eq.(18), represent differences between the Standard Model with symmetric and asymmetric potentials that can be recognized in future high energy experiments. The model presented here could also be extended to the minimal supersymmetric SM which introduces two Higgs field doublets [24].

Let us suppose that all particles (except photons and neutrinos) in the Standard Model with asymmetric potential have masses ∼ v. Hence in the limit v → 0 the full Lagrangian represents massless fields. Taking into account the tunnel effect, one can derive that some energy may exist in the form of excitations of the vacuum state |0⟩ at ϕ = 0. Moreover, such tunneling effects would seem likely to occur in cosmic processes, such as the collapsing of stars, where the energy density may approach ε_v ≃ 10^{48} GeV/cm^3.

4 Conclusions

In this Letter we have proposed a version of the special relativity assuming that the fundamental metric form in any inertial frame is conformally pseudoeuclidean and depends on the scalar field χ(x) which has zero vacuum average. Further we identify this scalar field with the normalized Higgs field: χ(x) = h(x)/v, where v is the vacuum expectation value. Because the new generalized interval ds̃ is not invariant under translation group, the energy and the momentum defined formally by an appropriate Lagrangian are not the constants of motion. However it is shown that corresponding vacuum expectation values can be consider as conserved energy and momentum. In this model, conservation of momentum, energy, and angular momentum arise because the vacuum averaging operator transforms the inhomogeneous space given by the fundamental quadratic form Eq.(1) to the homogeneous Minkowski space which is invariant under four-parametric translation group and six-parametric rotation group. The application of the proposed version of the special relativity to the minimal SM leads to the procedure for obtaining the mass terms in a Lagrangian given by Eq.(15). We show there is full consistency between the minimal SM and our approach, except the Higgs sector. The procedure (15) yields the modified asymmetric potential V_m(ϕ) given by Eq.(19) which has two distinct vacuum states at ϕ = 0 and ϕ = v in contrast to the potential of the minimal SM which has two equivalent vacuum states at ϕ = ±v. We show that in the new model with asymmetric potential V_m(ϕ) the mass μ_h of the Higgs particle is only half the mass m_h of the Higgs particle in the minimal SM with usual symmetric potential.

Finally we remark that the introduced conformally pseudoeuclidean metric form is quadratic with respect to the Higgs doublet: ds̃^2 = (2/v^2)Φ^+(x)Φ(x) η_{αβ}dx^αdx^β , and hence is invariant under gauge transformations. Thus the quantization of the Higgs field has led to a version of quantum geometry with the metric form: dŝ^2 = η_{αβ}dx̂^αdx̂^β where dx̂^α = (1 + χ̂(x))dx^α, which is compatible with the gauge field theory. Moreover, ⟨dx̂^α⟩ = dx^α because ⟨χ̂(x)⟩ = 0, and ⟨dŝ⟩ = ds due to dŝ = (1 + χ̂(x))ds, where ds^2 = η_{αβ}dx^αdx^β. Combining these formulae one can write : ds^2 = η_{αβ}dx^αdx^β = ⟨dŝ⟩^2 = η_{αβ}⟨dx̂^α⟩⟨dx̂^β ⟩. (21) Hence, the generalized special relativity presented here takes into account quantum fluctuations of the spacetime coordinates dx̂^α − dx^α = χ̂(x)dx^α, and is compatible with Einstein’s special relativity (the special relativity spacetime coordinates being defined as the vacuum average of the quantized spaces: dx^α = ⟨dx̂^α⟩). The stronger assumption that coordinates do not commute was made a long time ago [25]. We also note that, in the model of spacetime presented here, the kinematics of the particles is the same as in standard special relativity.

We suppose that the perturbation of the spacetime is the result of creation and annihilation of the virtual particle-antiparticle pairs in the empty space which we take into account by introducing the quantized Higgs field into pseudoeuclidean metric form. Hence, empty space becomes densely populated with virtual particles, and empty space behaves as a dynamical medium described by quantized Higgs field.

Acknowledgements

I am grateful to J. Harvey for his support and D. Wardle and B.S. Pavlov for helpful discussions.

References

[1] L. Susskind, Phys. Rev. D 49 (1994) 6606. [2] L.J. Garay, Int. J. Mod. Phys. A 10 (1995) 145.

[3] G. Amelino-Camelia, Phys. Lett. B 510 (2001) 255; gr-qc/0012051. [4] G. Amelino-Camelia and S. Majid, Int. J. Mod. Phys. A 15 (2000) 4301. [5] N.R. Bruno, G. Amelino-Camelia, and J. Kowalski-Glikman, Phys. Lett.

B 522 (2001) 133.

[6] J. Lukierski, A. Nowicki, H. Ruegg, V.N. Tolstoy, Phys. Lett. B 264 (1991) 331.

[7] S. Majid, H. Ruegg, Phys. Lett. B 334 (1994) 348. [8] J. Lukierski, H. Ruegg, W.J. Zakrzewski, Ann. Phys. 243 (1995) 90. [9] Joáo Magueijo and Lee Smolin, Phys. Rev. Lett. 88 (2002) 190403. [10] V. Fock, The Theory of Space, Time and Gravitation, Pergamon, New York, 1964.

[11] J. Ellis, N.E. Mavromatos, and D.V. Nanopoulos, Phys. Rev. D 63 (2001) 124025.

[12] R. Gambini and S. Pullin, Phys. Rev. D 59 (1999) 124021. [13] G. Adunas et al., Phys. Lett. B 485 (2000) 215.

[14] J. Alfaro, H.A. Morales-Tecoti, and L.F. Urrutia, Phys. Rev. Lett. 84 (2000) 2318.

[15] S. Weinberg, Rev. Mod. Phys. 46 (1974) 255 . [16] A. Salam, J.C. Ward, Nuovo Cim. 20 (1961) 419. [17] P.W. Higgs, Phys. Rev. Lett. 13 (1964) 508. [18] C.N. Yang, R.L. Mills, Phys. Rev. 96 (1954) 191. [19] S.L. Glashow, M. Gell-Mann, Ann. Phys. 15 (1961) 437. [20] B.A. Dubrovin, A.T. Fomenko, S.P. Novikov, Modern geometry – methods and applications. Springer-Verlag, New York, 1984.

[21] F. Halsen, A. D. Martin, Quarks and Leptons: An Introductory Course in Modern Particle Physics, John Wiley & Sons, New York, 1984.

[22] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264. [23] G. ’t Hooft, Nuclear Physics, B 35 (1971) 167. [24] H.E. Haber and G.L. Kane, Phys. Rep. 117 (1985) 75. [25] H. Snyder, Phys. Rev. 71 (1947) 38; 72 (1947) 68.