arXiv:1210.5455v2 [gr-qc] 9 Nov 2012

Higgs inflation on the brane

Dagoberto Escobar^{1, a} 1Departamento de Física, Universidad de Camagüey, A.P. 74650, Cuba. (Dated: November 12, 2012)

We analyze the slow-roll inflation mechanism in brane framework with a real Higgs field confined on the brane. We prove that inflation occur for field value below the 4-dimensional Planck scale and produce cosmological perturbations in accordance with observations. Through the amplitude of the scalar perturbation produced during inflation we could determine the self-coupling constant of the Higgs field which is not predicted by the fundamental theories. Also it was found the solutions to the motion equations on the brane.

KeyWord: Higgs inflation, Higgs particle, cosmological perturbation, Randall-Sundrum braneworld.

PACS numbers: 04.20.-q, 04.20.Cv, 04.20.Jb, 04.50.Kd, 11.25.-w, 11.25.Wx, 95.36.+x, 98.80.-k, 98.80.Bp, 98.80.Cq, 98.80.Jk

I. INTRODUCTION

The recent discovery of a new scalar like particle with mass 125−126 GeV in the experiments ATLAS and CMS of the Large Hadron Collider [1, 2] has profound implications not only in particle physics also in cosmology. In the particle physics the Higgs field is the key to explain the origin of the mass of all the massive particles known through the Higgs mechanism [3, 4]. In the Standard Model the electroweak interactions are described by a gauge field theory based on the SU(2)_L × U(1)_Y symmetry group. The spontaneous breaking of the electroweak symmetry through the introduction of a complex scalar doublet field leads to the generation of the W^± and Z boson masses. The Higgs field also gives mass to all fermions through Yukawa interaction [5, 6]. However such mechanism of spontaneous symmetry breaking has not been verified experimentally. The mass of the SM Higgs boson is not predicted by the theory, however the precision electroweak measurements suggest that the mass of the Higgs boson m_H < 152 GeV [7]. Beyond Standard Model the electroweak symmetry breaking has been studied in the context extra dimensional space-time in [8–10].

In the cosmological context the Higgs particle could play the role of inflaton [11]. However in [11, 12] showed that the SM Higgs field cannot act effectively as the inflaton. However this problem can be solved through a non-minimal coupling of the Higgs field with the curvature R [11, 12]. Other variants of Higgs inflation in 4D theory have been investigated in [13, 14]. In usual Higgs inflation the value of the coupling constant ξ of the Higgs field must be smaller than 10^{−13} for to suppress the amplitude of the curvature perturbation from the inflaton quantum fluctuations [15]. This value of the self-coupling constant implies that the mass of the Higgs

aElectronic address: dagoberto.escobar@reduc.edu.cu

particle is m_H ∼ 10^{13} GeV which is close to GUT scale.

In this paper we analyze slow-roll inflation in Randall- Sundrum type II scenario with a Higgs field confined on the brane. The Randall-Sundrum braneworld type I was motivated originally as solution to the hierarchy problem between the electroweak and Planck scales [16]. The second Randall-Sundrum model was proposed as an alternative mechanism to the Kaluza-Klein compactifications [17]. The Randall-Sundrum type II braneworld have been intensively studied in the last years, among other reasons, by its appreciable impact in the inflationary scenarios [18–20].

Using the covariant formalism [21], which relate the four and five-dimensional space-time, we obtain the effective Einstein equations on the brane:

G_{μν} = −Λ_4g_{μν} + κ^2T_{μν} + κ^4_{(5)}S_{μν} − E_{μν} (1)

where G_{μν} is the usual Einstein tensor, g_{μν} is the 4- dimensional metric on the brane, κ^2 is the 4-dimensional gravitational coupling and Λ_4 is the effective cosmological constant induced on the brane. The effective Einstein equation on the brane (1) differ of its usual form, the new term S_{μν} represent quadratic corrections in the matter variables and E_{μν} is related with projection of the 5-dimensional Weyl’s tensor on the brane [21]. In a cosmological scenario where the metric induced on the brane is a spatially flat metric of Friedmann- Robertson-Walker model, we obtain the following Friedmann equation on the brane (see [22])

H^2 = κ^2 3 ρ [ 1 + ρ 2λ ] + Λ_4 3 + C a^4

, (2)

where κ^2 = 8πG = 8π/M^2 and M = 1.22 × 10^{19} GeV is the four-dimensional Planck mass. The four-dimensional cosmological constant Λ_4 induced on the brane is given by Λ_4 = 1 2 [ Λ_5 + κ^2λ ] (3)

The Planck masses M and M_5 are related through M = √ 3 4πλ M^3_5 (4)

In the braneworld scenarios the Friedmann equation is drastically modified at high energies. In the regimen of strong brane corrections the ρ^2 term in the Friedmann equation (2) dominates in the early universe. The quadratic modification in the Friedmann equation produces increase in the friction on scalar field. As result in braneworld cosmology the inflation is possible for a wider class of potentials than in standard cosmology [18]. In other words, this makes slow-roll inflation possible even for potentials are not sufficiently flat from view point of the standard cosmology [19, 23, 24]. The brane corrections to the dynamic of the inflation have been investigated [18, 23, 25].

The high energy modification must occur before nucleosynthesis to recover the observational successes of General Relativity, the cosmological observations impose the lower limit λ ≥ (1MeV)^4. The final term in (2) usually called dark radiation term is related with projection of the Weyl’s tensor on the brane and it represents the influence of bulk gravitons on the brane see [26]. Where C is an integrations constant obtained from analysis of the bulk equations, also this constant can take any sign. In [27] was proved that if the bulk is an AdS_5, this constant is zero. But if the bulk is AdS-Schwarzschild, the constant C is non-zero and it is possible to relate C with the mass of the black hole on the bulk. The dark radiation term in (2) is constrained by nucleosynthesis and CMB observations to be no more than 5% of the radiation energy density [28]. Imposing a fine-tuning between the cosmological constant Λ_5 of the bulk AdS_5 and the positive tension of the brane on the relationship (3), we can get a cosmological constant on the brane Λ_4 = 0. In the following in this paper, we will assume Λ_4 = 0 and C = 0^1. In this case the Friedmann equation (2) can be written in the following form

H^2 = κ^2 3 ρ [ 1 + ρ 2λ ] (5) In the brane scenarios we can obtain inflation on the brane of two different ways. In the scenarios with a bulk empty the inflation must be driven by a scalar field trapped on the brane^2. However when the bulk contains a scalar field, it is possible to induce inflation on the brane through the effective projection of the 5D scalar field [29, 30]. In this paper we use the first mechanism to obtain inflation on the brane.

1 During inflation the dark radiation term is rapidly diluted therefore we can neglect it.

2 In this kind of models the bulk has only a negative cosmological constant.

II. HIGGS INFLATION

A. Higgs field on the brane

Here we consider the simple theory of a real scalar field Φ confined to the brane with Lagrangian L = 1 2 g^{μν} D_μΦD_ν Φ + ξ ( Φ^2 − χ^2

)_2 (6) Where g^{μν} is the metric induced on the brane, Φ is the Higgs field, the constant χ is its vacuum expectation value and ξ is the self-coupling constant. In the Standard Model the mass of the Higgs boson is given

by m_H = √_ξ 2 χ and its vacuum expectation value χ = ( √ 2G_F )^{−1/2} ≈ 246GeV which is fixed by Fermi coupling G_F . Like ξ is unknown, the value of the Higgs boson mass m_H cannot be predicted. The Higgs potential

V (Φ) = ξ ( Φ^2 − χ^2

)_2 (7) has been widely studied in the literature as mechanism symmetry breaking [3, 4, 31] or cosmological inflation [11, 32–34]. In the braneworld context the Higgs field could be associated with a spontaneous breaking of 4- dimensional symmetry on the brane^3. The scalar field on the brane satisfies the usual Klein-Gordon equation

Φ̈ + 3HΦ̇ + V^′(Φ) = 0 . (8)

For large values of the field χ ≪ Φ the potential (7) can be approximated by

V (Φ) = ξΦ^4 (9)

In this class of potential there is not symmetry breaking. The inflationary dynamic of the power law potential in braneworld has been investigated in [35].

The chaotic inflation models mΦ^2 and λΦ^4 in standard cosmology have been widely criticized to require super-Planckian field values to solve the flatness and anisotropies cosmic microwave background problems. The problem with super-Planckian field values is that usually we expects non-renormalizable quantum corrections ∼ (Φ/M)^a, a > 4 to completely dominate the potential, thus we have not control over the potential, destroying the flatness of the potential required for inflation from view point of the standard cosmology. However in [25] proved that chaotic inflation model mΦ^2 in brane framework can solve these problems for field value below Planck scale. In the next section we proved that an inflation models like λΦ^4 in brane framework do not require super-Planckian field values to solve the flatness and anisotropies microwave background problems.

3 The electroweak symmetry breaking has been explored in the context of the braneworld in [8, 9].

B. Slow-roll Higgs inflation

In this section we analyze the slow-roll inflation for a Higgs field confined on the brane. Analogously to the standard slow-roll inflation based on the General Relativity, we can define the slow-roll parameter on the brane. The quadratic correction to the Friedmann equation (5) at high energies also modified the standard slow-roll parameter [19, 25].

ϵ = 1 2κ^2 ( V^′ V )_2 [

4λ(1 + V ) (2λ + V )^2 ] (10)

η = 1 κ^2 V^{′′} V [ 2λ 2λ + V ] (11)

The modifications to usual slow-roll parameters are contained in the square brackets of above expressions. For the potential (9) the slow-roll parameter are given by ϵ = 32λ ( λ + ξΦ^4 ) κ^2Φ^2 (2λ + ξΦ^4)^2

(12)

η = 24λ κ^2Φ^2 (2λ + ξΦ^4)

(13)

During slow-roll brane inflation, under approximation λ ≪ V (Φ), from (12) we have ϵ ≃ 32λ κ^2ξΦ^6

(14)

Inflation ends when ϵ = 1 and this occurs for

Φ_{end} =^6 √ 32λ κ^2ξ

(15)

The potential at the end of inflation

V_{end} = ξ ( 32λ κ^2ξ )_{2/3} (16)

The amount of inflation is given by the number N ≈ ∫_{tf} t_i Hdt of e-folds of the scale factor. The number of

e-folds also is modified on the brane N = −κ^2 ∫_{ϕend} ϕ_i V V^′ [ 1 + V 2λ ] dϕ (17)

The modifications within square brackets to usual number e-folds allow to obtain more inflation between any two values of the field Φ. At very high energies λ ≪ V we have N ≈ − κ^2 2λ ∫_{ϕend} ϕ_i V^2 V^′ dϕ (18)

For the potential (9) we find N = 2 3 [( V_i V_{end} )_{3/2} − 1 ] (19)

The amplitude of the scalar and tensor perturbations produced during inflation are given [19, 25]

A^2_S = κ^6 75π^2

V^3 V^{′2} ( 2λ + V 2λ )_3 (20)

A^2_T = κ^4 150π^2 V ( 2λ + V 2λ ) (21)

At very high energies the amplitude of the scalar perturbation can be approximated by

A^2_S ≈ κ^6 600π^2λ^3

V^6 V^{′2} (22)

and we find that

A^2_S ≈

256ξ 75π^2 ( 1 + 3 2 N )_3 (23)

This result is independent of the brane tension, then through (23) we can determine the coupling constant of the Higgs field. ξ = 75π^2A^2_S 256 ( 1 +^3_2 N

)_3 (24)

From CMB normalization [36] we know that amplitude of the scalar perturbation A_S = 2 × 10^{−5}, for N = 55 we have that ξ ∼ 10^{−12} which is close to value obtained in [15].

Using the equation (18) one has N = − κ^2ξ 48λ ( Φ^6_{end} − Φ^6_i ) (25)

Hence, it is required that Φ_i ∼ 10^2M_5, to get N = 55. If the 5-dimensional Planck scale takes values M_5 < 10^{17} GeV the inflation occur for Higgs field value less than the 4-dimensional Planck scale Φ_i < 10^{19} GeV. For example if we assume that M_5 is close to the electroweak scale m_{EW} ∼ 1 TeV we find that the inflation occur for Higgs field value Φ_i < 100 TeV, which is much below the 4-dimensional Planck scale^4.

The scale-dependence of the perturbations is given by mean of the spectral indices [25].

n_S − 1 = d ln A^2_S d ln k ≈ −6ϵ + 2η (26)

4 The mechanism M_5 ∼ m_{EW} was suggested like solution to the hierarchy problem between the electroweak and Planck scales [8].

n_T = d ln A^2_T d ln k ≈ −2ϵ (27)

For the potential (9) we find that n_S ≈ 1 − 9 2 + 3N

(28)

n_T ≈ − 6 2 + 3N

(29)

For N = 55, it implies that n_S ≈ 0.947 which is close to n_S = 1.17 ± 0.31 from COBE constraints [37]. In (28) we can see that the spectral index tend to Harrison- Zel’dovich spectrum corresponding to n_S → 1.

In [38] was proved that the density of particles produced after inflation is given by

ρ^{end}_r = 0.01g_pH^4_{end} (30)

where ρ^{end}_r and H^4_{end} correspond to values of the energy density of relativistic particles and Hubble parameter at the end of inflation, the number of scalar fields involved in particle production take values 10 ≤ g_p ≤ 100. Using the equations (5) and (16) we find the ratio between the energy density of relativistic particles and the energy density of the scalar field

ρ^{end}_r ρ^{end}_Φ ≈ 10g_pξ 36 (31)

which depend of the coupling constant of the Higgs field and increase with the number of fields involved in gravitational production g_p. The self-coupling constant computed previously lead to ratio between the energy density of relativistic particles and the energy density of the scalar field ρ^{end}_r /ρ^{end}_Φ ∼ 10^{−11} when g_p = 100.

Now let us find the dependence of the Higgs field with the cosmological time. During slow roll inflation Φ̇2 ≪ V (Φ) the Friedmann equation can be expressed as a function of the scalar field.

H(Φ)^2 = κ^2 3 V (Φ) ( 1 + V (Φ) 2λ ) (32)

At high energies, the above equation can be approximated by

H(Φ) = κ √ 6λ V (Φ) (33)

such approach is valid only if λ ≪ V (Φ). For simplicity we can write the Friedmann and Klein-Gordon equations in the Hamilton-Jacobi form [32, 39].

H^′a^′ = − κ^2 2 Ha (34)

H^′ = − κ^2 2 Φ̇ (35)

The first Hamilton-Jacobi equation can be integrated

a(Φ) = exp [ − κ^2 2 ∫ H H^′ dΦ ] (36)

Substituting the potential (9) into the Friedmann equation (33) and integrating in above equation we find

a(Φ) = C exp [ − κ^2 16 Φ^2 ] (37)

Known the scale factor dependence a(Φ), we can determine the dependence Φ(t) through the second Hamilton- Jacobi equation which takes the following form

Φ̇ − 8ξ κ √ 6λ Φ^3 = 0 (38)

This equation can be easily integrated

Φ(t) = ( Φ^{−2}_0 − 16ξ κ √ 6λ (t − t_0) )_{−1/2} (39)

Where Φ_0 is the initial value of the Higgs field corresponding to Φ(t_0). Thus we have found the dependence of the Higgs field with the cosmological time.

III. DISSCUSION

In this paper we have analyzed the slow-roll Higgs inflation in brane framework. We proved that the inflation can be driven by Higgs field with a Φ^4-potential and to produce cosmological perturbations in accordance with observations from COBE. The inflation on the brane occurs for field values below the 4-dimensional Planck scale. This result differ of standard inflation where the potential λΦ^4 require super-Planckian field values. The compute of the amplitude of the scalar and tensor perturbation allowed to determine the value of the self-coupling constant of the Higgs field ξ ∼ 10^{−12} which is close to value obtained in [15]. This relationship between self-coupling constant of the Higgs field and the amplitude of scalar perturbations imply a connection between Higgs particle and the large structures in the universe. The small values of the self-coupling constant of the Higgs field also to suppress the amplitude of the perturbations produced during the inflation also it leads to a very small ratio between the energy density of relativistic particles and the energy density of the scalar field. Through the Hamilton- Jacobi formalism we established the framework to determine the scale factor dependence with the scalar field and the scalar field dependence with the cosmological time, to find this dependence allow us to know the behavior of this model.

[1] G. Aad et al. (ATLAS Collaboration), Phys.Lett. B716, 1 (2012), 1207.7214.

[2] S. Chatrchyan et al. (CMS Collaboration), Phys.Lett.

B716, 30 (2012), 1207.7235.

[3] P. W. Higgs, Phys. Lett. 12, 132 (1964). [4] P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964). [5] S. L. Glashow, Nucl. Phys. 22, 579 (1961). [6] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967). [7] R. Barate et al. (ALEPH and DELPHI and L3 Collaboration), Phys. Lett. B 565, 61 (2003).

[8] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, Phys.

Lett. B429, 263 (1998), hep-ph/9803315.

[9] C. Csaki, J. Hubisz, and P. Meade (2005), hepph/0510275.

[10] I. Antoniadis, Phys. Lett B246, 377 (1990). [11] F. Bezrukov and M. Shaposhnikov, Phys.Lett. B659, 703 (2008), 0710.3755.

[12] J. Cervantes-Cota and H. Dehnen, Nucl.Phys. B442, 391 (1995), astro-ph/9505069.

[13] K. Kamada, T. Kobayashi, M. Yamaguchi, and J. Yokoyama, Phys. Rev. D83, 083515 (2011).

[14] T. Kamada, K. andKobayashi, T. Takahashi, M. Yamaguchi, and J. Yokoyama, Phys. Rev. 023504 (2012) D86, 023504 (2012).

[15] D. S. Salopek, Phys. Rev. Lett. 69, 3602 (1992). [16] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999), hep-ph/9905221.

[17] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999), hep-th/9906064.

[18] R. M. Hawkins and J. E. Lidsey, Phys.Rev. D63, 041301 (2001), gr-qc/0011060.

[19] G. Huey and J. E. Lidsey, Phys. Lett. B514, 217 (2001), astro-ph/0104006.

[20] G. Huey and J. E. Lidsey, Phys. Rev. D66, 043514 (2002), astro-ph/0205236.

[21] T. Shiromizu, K.-i. Maeda, and M. Sasaki, Phys. Rev.

D62, 024012 (2000), gr-qc/9910076.

[22] P. Binetruy, C. Deffayet, and D. Langlois, Nucl. Phys.

B565, 269 (2000), hep-th/9905012.

[23] R. Maartens, V. Sahni, and T. D. Saini, Phys. Rev. D63, 063509 (2001), gr-qc/0011105.

[24] E. J. Copeland, A. R. Liddle, and J. E. Lidsey, Phys.

Rev. D64, 023509 (2001), astro-ph/0006421.

[25] R. Maartens, D. Wands, B. A. Bassett, and I. Heard, Phys. Rev. D62, 041301 (2000), hep-ph/9912464.

[26] R. Maartens, Living Rev.Rel. 7, 7 (2004), gr-qc/0312059. [27] P. Bowcock, C. Charmousis, and R. Gregory, Class.

Quant. Grav. 17, 4745 (2000), hep-th/0007177. [28] K. Ichiki, M. Yahiro, T. Kajino, M. Orito, and G. J. Mathews, Phys. Rev. D66, 043521 (2002), astroph/0203272.

[29] Y. Himemoto and M. Sasaki, Phys.Rev. D63, 044015 (2001), gr-qc/0010035.

[30] S. Kobayashi, K. Koyama, and J. Soda, Phys.Lett. B501, 157 (2001), hep-th/0009160.

[31] P. W. Higgs, Phys. Rev. 145, 1156 (1966). [32] D. S. Salopek, J. R. Bond, and J. M. Bardeen, Phys. Rev.

D40, 1753 (1989).

[33] C. Germani and A. Kehagias, Phys. Rev. Lett. 105, 011302 (2010).

[34] K. Nakayama and F. Takahashi, JCAP 1011, 009 (2010). [35] N. Nunes and E. J. Copeland, Phys.Rev. D66, 043524 (2002), astro-ph/0204115.

[36] E. F. Bunn and . White, Martin J., Astrophys. J. 480, 6 (1997), astro-ph/9607060.

[37] K. M. Gorski and et al, Astrophys. J. Lett 430, L89 (1994).

[38] L. H. Ford, Phys. Rev. D35, 2339 (1987). [39] J. E. Lidsey, Phys. Lett. B273, 42 (1991).