arXiv:1305.6652v1 [hep-ph] 28 May 2013

DESY 13-093, HU-EP-13/25 May 2013

The hierarchy problem of the electroweak Standard Model revisited

Fred Jegerlehner,

Humboldt-Universität zu Berlin, Institut für Physik, Newtonstrasse 15, D-12489 Berlin, Germany Deutsches Elektronen-Synchrotron (DESY), Platanenallee 6, D-15738 Zeuthen, Germany

Abstract

A careful renormalization group analysis of the electroweak Standard Model reveals that there is no hierarchy problem in the SM. In the broken phase a light Higgs turns out to be natural as it is self-protected and self-tuned by the Higgs mechanism. It means that the scalar Higgs needs not be protected by any extra symmetry, specifically super symmetry, in order not to be much heavier than the other SM particles which are protected by gauge- or chiral-symmetry. Thus the existence of quadratic cutoff effects in the SM cannot motivate the need for a super symmetric extensions of the SM, but in contrast plays an important role in triggering the electroweak phase transition and in shaping the Higgs potential in the early universe to drive inflation as supported by observation.

PACS numbers: 14.80.Bn,11.10.Gh,12.15.Lk,98.80.Cq Keywords: Higgs vacuum stability, renormalization group equation, electroweak radiative corrections, inflation in early universe

After the Higgs discovery by ATLAS [1] and CMS [2] at the LHC essentially all ingredients of the Standard Model (SM) of elementary particles are experimentally established and given the Higgs mass M_H = 125.5 ± 1.5 GeV for the first time all relevant SM parameters are determined with remarkable accuracy [3]. It also is quite commonly accepted that the SM is a low energy effective theory of a system residing at the Planck scale and exhibiting the Planck scale as a physical cutoff^1. It is then possible to predict effective bare parameters of the cutoff system form SM properties. Extending arguments presented in Ref. [5], we show that a consequence of the SM Higgs mechanism is that there is no hierarchy or naturalness [6] problem in the SM. By applying the appropriate matching conditions to transfer physical on shell parameters to corresponding MS ones (see e.g. [7] and references therein), together with up-to-date MS renormalization group equations one can predict the evolution of SM parameters up to the Planck scale, as a result of an intricate conspiracy of SM parameters. In the following we assume all parameters considered to be MS parameters if not specified otherwise. As usual, by μ we denote the MS renormalization scale. Actually, except for the Abelian U(1)_Y coupling g^′ all other couplings turn out to behave asymptotically free. The Higgs self-coupling λ turns into an asymptotically free parameter due to the large top Yukawa coupling y_t, while the top Yukawa coupling is transmuted to be asymptotically free by the large QCD coupling g_3. Thus both λ and y_t are otherdirected as part of the SM, such that no strong coupling problems show up below the Planck scale. In the broken phase, characterized by the non-vanishing Higgs field vacuum expectation value (VEV) v(μ^2), all the masses are determined by the well known mass-coupling relations

m^2_W (μ^2) = 1 4 g^2(μ^2) v^2(μ^2) ; m^2_Z (μ^2) = 1 4 (g^2(μ^2) + g^{′2}(μ^2)) v^2(μ^2) ;

m^2_f (μ^2) = 1 2 y^2_f (μ^2) v^2(μ^2) ; m^2_H (μ^2) = 1 3 λ(μ^2) v^2(μ^2) . (1)

The RG equation for v^2(μ^2) follows from the RG equations for masses and massless coupling constants using one of these relations. As a key relation we use [21–23]

μ^2 d dμ^2 v^2(μ^2) = 3 μ^2 d dμ^2 [ m^2_H (μ^2) λ(μ^2) ] ≡ v^2(μ^2) [ γ_m2 − β_λ λ ] , (2)

where γ_m2 ≡ μ^{2 d}_{dμ2} ln m^2 and β_λ ≡ μ^{2 d}_{dμ2} λ . We write the Higgs potential as V =

m^2

2 H^2 +^λ_{24} H^4, which fixes our normalization of the Higgs self-coupling. When the m^2- term changes sign and λ stays positive, we know we have a first order phase transition. The vacuum jumps from v = 0 to v ≠ 0. Such a phase transition happens in the early universe after the latter has cooled down correspondingly.

We remind that all dimensionless couplings satisfy the same RG equations in the broken and in the unbroken phase and are not affected by any quadratic cutoff dependencies. The evolution of SM couplings in the MS scheme up to the Planck scale has been investigated in Refs. [8–17] recently, and has been extended to include the Higgs VEV and the masses in Refs. [5, 7]. Except for g^′, which increases very moderately,

1See e.g. [4] and references therein on how to construct a renormalizable low energy effective field theory from a cutoff theory.

all other couplings decrease and stay positive up to the Planck scale. This in particular strengthens the reliability of perturbative arguments and reveals a stable Higgs potential up to the Planck scale.

The most serious problem in the low energy effective SM is the hierarchy problem caused by the quadratic divergences in the Higgs mass parameter, which are the same in the symmetric as well as in the broken phase, since spontaneous breaking of the symmetry does not affect the ultraviolet (UV) structure of the theory. Quadratic divergences have been investigated at one loop in Ref. [18], at two loops in Refs. [19, 20]. Including up to n loops the quadratic cutoff dependence, which in dimensional regularization (DR) shows up as a pole at D = 2, is known to be given by

δm^2_H =

Λ^2 16π^2

C_n(μ) (3)

where the n-loop coefficient only depends on the gauge couplings g^′, g, g_3 and the Yukawa couplings y_f and the Higgs self-coupling λ. Neglecting the numerically insignificant light fermion contributions, the one-loop coefficient function C_1 may be written as

C_1 = 2 λ + 3 2 g^{′2} + 9 2 g^2 − 12 y^2_t (4)

and is uniquely determined by dimensionless couplings. The latter are not affected by quadratic divergences such that standard RG equations apply. Surprisingly, as first pointed out in Ref. [20], taking into account the running of the SM couplings, the coefficient of the quadratic divergences of the Higgs mass counterterm vanishes at about μ_0 ∼ 7 × 10^{16} GeV, not very far below the Planck scale. It also has been shown in [20] that the next-order correction

C_2 = C_1 + ln(2^6/3^3) 16π^2

[18 y^4_t + y^2_t (− 7 6 g^{′2} + 9 2 g^2 − 32 g^2_s ) + 77 8 g^{′4} + 243 8 g^4 + λ (−6 y^2_t + g^{′2} + 3 g^2) − 10 18 λ^2] (5)

does not change significantly the one-loop result. The same results apply for the Higgs potential parameter m^2, which corresponds to m^2 ^=^1_2 m^2_H in the broken phase. For scales μ < μ_0 we have δm^2 large negative, which is triggering spontaneous symmetry breaking by a negative bare mass m^2_{bare} = m^2 + δm^2, where m = m_{ren} denotes a renormalized mass. At μ = μ_0 we have δm^2 = 0 and the sign of δm^2 flips, implying a phase transition to the symmetric phase. Such a transition is relevant for inflation scenarios in the evolution of the universe. Going back in cosmic time, at μ_0 the Higgs VEV jumps to zero and SM gauge boson and fermion masses all vanish, at least provided the scalar self-coupling λ continues to be positive as inferred in recent analyses, like in [5]. Note that the phase transition scale μ_0 is close to the zero μ_λ ∼ 3.5 × 10^{17} of β_λ, i.e. β_λ(μ_λ) = 0. While λ is decreasing below μ_λ it starts to increase weakly above that scale.

Now considering the hierarchy problem: it is true that in the relation

m^2_{H bare} = m^2_{H ren} + δm^2_H (6) both m^2_{H bare} and δm^2_H are many many orders of magnitude larger than m^2_{H ren} . Apparently a severe fine tuning problem. However, in the broken phase m^2_{H ren} ∝ v^2(μ^2_0) is O(v^2) not O(M^2_{Planck}), i.e. in the broken phase the Higgs is naturally light, as v_{bare} = v(μ^2_0) at scale μ = μ_0. That the Higgs mass likely is O(M_{Planck}) in the symmetric phase is what realistic inflation scenarios favor. The light Higgs self-protection mechanism in the broken phase only works because of the existence of the zero of the coefficient function in front of the huge (but finite) prefactor in Eq. (3), which defines a matching point at which m^2_{H bare} = m^2_{H ren}. The renormalized value at μ_0 evolves according to the renormalized RG evolution equation and in fact remains almost constant between the scale μ_0 and M_Z as has been shown in Ref. [5].

Note that away from the phase transition point there is still a huge cancellation in Eq. (6), however this cancellation is tuned by the SM itself. Looking at Eq. (1), the key point is that in the broken phase all SM masses, including the Higgs mass, are of the type ∝ g_i(μ^2) × v(μ^2) (g_i = g, √ g^2 + g^{′2}, y_t, √ λ) and it is natural to have the Higgs in the ballpark of the other, so called protected masses (gauge bosons by gauge symmetry and fermions by chiral symmetry), since for all masses the scale is set by v(μ^2). In fact, it is the Higgs system itself which sets the scale for all masses. This of course does not say anything about issues like the unknown origin of the hierarchy of the Yukawa couplings^2. A quadratically enhanced Higgs mass could only be obtained if the dimensionless Higgs self-coupling would be itself proportional to Λ^2 which really looks quite nonsensical. Perturbation theory at least suggests that λ can be affected by logarithms of Λ only, which typically sum to some moderate anomalous dimension. By the way, the fine tuning would have to apply for all masses in the same way as the quadratic divergences stick in the relation between v^2_{bare} and the MS variant v^2(μ^2).

We note that the Higgs mass is self-protected from being huge by the fact that in the broken phase the Higgs mass is generated via the Higgs condensate as any other particle getting its mass by the Higgs mechanism. As it should be, such self-protection does not apply for singlet Majorana neutrino mass terms. Large singlet neutrino masses are expected to be responsible for mediating a sea-saw mechanism, which is able to explain the smallness of the neutrino masses.

As we see the hierarchy problem at best could be a problem in the symmetric phase, but there slow-roll inflation actually could be triggered precisely by a large mass parameter in the Higgs potential.

A similar self-protection mechanism we may expect to work for the vacuum energy, which, if generated by quantum corrections, has the form

δρ_{vac} =

Λ^4 (16π^2)^2

X_n(μ) (7)

with a dimensionless coefficient X_n, which depends on the number n of loops included. Again, in leading order (assuming m^2 ≪ Λ^2), we expect it only to depend on the dimensionless SM couplings controlled by the standard RG equations. Excluding a classical background density the leading contribution is of two loop order. In case

2Note that for M_H = 125 GeV at the Planck scale μ = M_{Planck} the relevant couplings have values g^′ ≃ 0.46, g ≃ 0.51, g_3 ≃ 0.49, y_t ≃ 0.36, √ λ ≃ 0.41 of very similar magnitude, i.e. they appear “quasi unified”, what looks natural as they emerge form the one cutoff system.

X_2(g^′(μ^2), g(μ^2), g_3(μ^2), y_t(μ^2), λ((μ^2)) has a zero^3, it again would mean that at some value of μ the quartically cutoff dependent term would vanish: δρ_{vac} = 0 and the bare and the renormalized vacuum density would agree such that below that point one could get a severely tamed vacuum density. A detailed analysis of the coefficient function X_2(μ) is missing yet, but certainly would shed new light on the cosmological constant problem, the most severe remaining fine tuning problem of the SM.

We conclude that in contrast to common wisdom the quadratic cutoff dependencies of SM renormalization plays a crucial role in triggering the EW phase transition and in shaping the inflation potential (see [5]). While scalar field models in general have time varying equation of state w = p/ρ (p the pressure, ρ the energy density) with w ≥ −1, the SM Higgs at inflation times, before the phase transition at μ_0, predicts w ≈ −1 as favored also by the recent Planck result^4 w = −1.13^{+0.13}_{−0.10} [24]. The equation of state w = p/ρ = −1 corresponds to the cosmological constant.

To me it is more likely that the absence of quadratic divergences as tailored by super symmetry would be more a problem than a solution of an existing problem. Other recent reasonings about naturalness the reader may find in Refs. [25, 26].

Acknowledgments:

I am grateful to Oliver Bär, Mikhail Kalmykov and Daniel Wyler for inspiring discussions, and to Karl Jansen and Johannes Blümlein for critically reading the manuscript.

References

[1] G. Aad et al. [ATLAS Collaboration], Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1 [arXiv:1207.7214 [hep-ex]]; A particle consistent with the Higgs Boson observed with the ATLAS Detector at the Large Hadron Collider, Science 338 (2012) 1576.

[2] S. Chatrchyan et al. [CMS Collaboration], Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235 [hep-ex]]; A new boson with a mass of 125-GeV observed with the CMS experiment at the Large Hadron Collider, Science 338 (2012) 1569.

[3] J. Beringer et al. [Particle Data Group Collaboration], Review of Particle Physics (RPP), Phys. Rev. D 86 (2012) 010001.

[4] F. Jegerlehner, On the Construction of Renormalized Field Theories from Cutoff and Lattice Models, Phys. Rev. D 16 (1977) 397.

[5] F. Jegerlehner, The Standard model as a low-energy effective theory: what is triggering the Higgs mechanism?, arXiv:1304.7813 [hep-ph].

[6] G. ’t Hooft, Naturalness, chiral symmetry, and spontaneous chiral symmetry breaking, NATO Adv. Study Inst. Ser. B Phys. 59 (1980) 135.

3It is well known that there exists contributions of either sign.

4Based on a standard spatially-flat six-parameter ΛCDM-model fit including Planck and WMAP CMBdata together with geometrical constraints from baryon acoustic oscillation (BAO) surveys.

[7] F. Jegerlehner, M.Yu. Kalmykov, B.A. Kniehl, On the difference between the pole and the MS masses of the top quark at the electroweak scale, Phys.Lett. B 722 (2013) 123 [arXiv:1212.4319 [hep-ph]].

[8] F. Bezrukov, M.Yu. Kalmykov, B.A. Kniehl, M. Shaposhnikov, Higgs boson mass and new physics, JHEP 1210 (2012) 140 [arXiv:1205.2893 [hep-ph]].

[9] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori, A. Strumia, Higgs mass and vacuum stability in the Standard Model at NNLO, JHEP 1208 (2012) 098 [arXiv:1205.6497 [hep-ph]].

[10] S. Alekhin, A. Djouadi, S. Moch, The top quark and Higgs boson masses and the stability of the electroweak vacuum, Phys. Lett. B 716 (2012) 214 [arXiv:1207.0980 [hep-ph]].

[11] L. N. Mihaila, J. Salomon, M. Steinhauser, Gauge Coupling Beta Functions in the Standard Model to Three Loops, Phys. Rev. Lett. 108 (2012) 151602 [arXiv:1201.5868 [hep-ph]].

[12] K. G. Chetyrkin, M. F. Zoller, Three-loop β-functions for top-Yukawa and the Higgs self-interaction in the Standard Model, JHEP 1206 (2012) 033 [arXiv:1205.2892 [hep-ph]].

[13] K. G. Chetyrkin, M. F. Zoller, β-function for the Higgs self-interaction in the Standard Model at three-loop level, JHEP 1304 (2013) 091 [arXiv:1303.2890 [hepph]].

[14] I. Masina, The Higgs boson and Top quark masses as tests of Electroweak Vacuum Stability, arXiv:1209.0393 [hep-ph].

[15] A. V. Bednyakov, A. F. Pikelner, V. N. Velizhanin, Anomalous dimensions of gauge fields and gauge coupling beta-functions in the Standard Model at three loops, arXiv:1210.6873 [hep-ph];

[16] A. V. Bednyakov, A. F. Pikelner, V. N. Velizhanin, Yukawa coupling beta-functions in the Standard Model at three loops, arXiv:1212.6829 [hep-ph].

[17] A. V. Bednyakov, A. F. Pikelner, V. N. Velizhanin, Higgs self-coupling betafunction in the Standard Model at three loops, arXiv:1303.4364 [hep-ph].

[18] M. J. G. Veltman, The Infrared - Ultraviolet Connection, Acta Phys. Polon. B 12 (1981) 437.

[19] M. S. Al-sarhi, I. Jack, D. R. T. Jones, Quadratic divergences in gauge theories, Z. Phys. C 55 (1992) 283.

[20] Y. Hamada, H. Kawai, K.Y. Oda, Bare Higgs mass at Planck scale, Phys. Rev. D 87 (2013) 053009 [arXiv:1210.2538 [hep-ph]].

[21] F. Jegerlehner, M. Y. Kalmykov, O. Veretin, MS versus pole masses of gauge bosons: Electroweak bosonic two loop corrections, Nucl. Phys. B 641 (2002) 285 [hep-ph/0105304].

[22] F. Jegerlehner, M. Y. Kalmykov, O. Veretin, Full two loop electroweak corrections to the pole masses of gauge bosons, Nucl. Phys. Proc. Suppl. 116 (2003) 382 [hep-ph/0212003].

[23] F. Jegerlehner, M. Y. Kalmykov, O. Veretin, MS versus pole masses of gauge bosons. 2. Two loop electroweak fermion corrections, Nucl. Phys. B 658 (2003) 49 [hep-ph/0212319].

[24] P. A. R. Ade et al. [Planck Collaboration], Planck 2013 results. XVI. Cosmological parameters, arXiv:1303.5076 [astro-ph.CO].

[25] H. Aoki, S. Iso, Revisiting the Naturalness Problem – Who is afraid of quadratic divergences? –, Phys. Rev. D 86 (2012) 013001 [arXiv:1201.0857 [hep-ph]].

[26] M. Blanke, G. F. Giudice, P. Paradisi, G. Perez, J. Zupan, Flavoured Naturalness, arXiv:1302.7232 [hep-ph].