arXiv:1303.3870v3 [astro-ph.CO] 3 Apr 2013

Higgs Inflation in f(Φ, R) Theory

Girish Chakravarty^∗, Subhendra Mohanty^† and Naveen K. Singh^‡

Theory Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India (Dated: April 4, 2013)

Abstract

We have generalized the curvature coupling models of Higgs inflation to study inflation with a scalar field coupling of the form^{ξΦaRb}_{M a+2b−4p} . Such higher order scalar and graviton terms can be expected from the renormalization close to Planck scale. We compute the amplitude and spectral index of curvature perturbations generated during inflation and fix the parameters of the model by comparing these with the Planck+WP data. We find that if the scalar self coupling λ is in the range (10^{−5} − 0.1), parameter a in the range (2.3 − 3.6) and b in the range (0.68 − 0.22) at the Planck scale, one can have a viable inflation model even for ξ ≃ 1. The tensor to scalar ratio r in this model is small and our model with scalar-curvature couplings is not ruled out by observational limits on r unlike the pure^λ_4 Φ^4 theory. By requiring the curvature coupling parameter to be of order unity, we have evaded the problem of unitarity violation in scalar-graviton scatterings which plague the ξΦ^2R Higgs inflation models. We conclude that the Higgs field may still be a good candidate for being the inflaton in the early universe if one considers higher dimensional curvature coupling.

PACS numbers: 98.80.Cq, 14.80.Bn

∗ email: girish20@prl.res.in † email: mohanty@prl.res.in ‡ email: naveenks@prl.res.in

1. INTRODUCTION

The idea that the universe through a period of exponential expansion, called inflation [1–6] has proved useful for solving the horizon and flatness problems of standard cosmology and in addition providing an explanation for the scale invariant super-horizon perturbations which are responsible of generating the CMB anisotropies and formation of structures in the universe. A successful theory of inflation requires a flat potential where a scalar field acquires a slow-roll over a sufficiently long period to enable the universe to expand by at least 60 e-foldings during the period of inflation. There is a wide variety of particle physics models which can provide the slow roll scalar field ’inflaton’ for inflation [7]. From the observations of CMB anisotropy spectrum by COBE and WMAP [8] it is not yet possible to pin down a specific particle physics model as the one responsible for inflation. In the light of recent discoveries by CMS [9] and ATLAS [10] it is of interest to consider the Standard Model Higgs boson as the candidate for inflaton. On the face of it the idea does not work as the inflaton quartic coupling should be of the order λ ∼ 10^{−12} to explain the amplitude of CMB perturbations measured by WMAP [8] while the 125 GeV Higgs has a quartic coupling λ ∼ 0.13 at the electroweak scale which can however go down to smaller values at the Planck scale due to renormalization [11–16]. However just from the standard model renormalization one cannot have the Higgs coupling λ ∼ 10^{−12} over the entire range of the rolling field (10-1 )M_P during inflation and the standard slow roll inflation with a Higgs field does not give the observed amplitude and spectrum of density perturbations [17]. If the Higgs and top mass are fine tuned then there can be a small kink in the Higgs potential and the universe trapped in this false vacuum can undergo a period of inflation [18–20].

A way out of fine tuning the scalar self coupling to unnaturally small values was given by Fakir and Unruh [21] who pointed out that if one couples the scalar field to the Ricci scalar ξΦ^2R then the effective potential in the Einstein frame becomes a slow roll one with the effective scalar coupling being λ/ξ^2. Density perturbations from inflation in the curvature coupled theories were calculated in [22, 23]. The equivalence of the density perturbation in Jordan and Einstein frame was shown by Komatsu and Futamase [24] who also calculated the tensor perturbations and showed that the tensor to scalar ratio is generically small in the Fakir-Unruh [21] model.

Bezrukov and Shaposhnikov [25–27] revived the large curvature coupling model to motivate the idea that the standard model Higgs field could serve as the inflaton in the early universe . The amplitude and spectral index of density perturbations observed by WMAP can be generated by the Higgs field with self coupling λ ∼ 0.1 and curvature coupling ξ ∼ 10^4 [25–28]. This large value of ξ needed however is seen as a problem as at the time of inflation the Higgs field is at the Planck scale and graviton-scalar scatterings due to the curvature coupling of the scalar would become non-unitary [29]. Ways of solving the unitarity violation problem in the Higgs inflation models have been explored in [30–42]. Higgs inflation with large scalar couplings have also been studied in [43, 44].

In this paper we assume that the dominant interaction between Higgs field and gravity is through operators of the form L = ξ(H^†H)^{a/2}R^b M^{a+2b−2} p . (1)

The complete dynamics of the Higgs field involves the role of the Goldstone modes as has been studied in detail in [45–47]. The multifield dynamics of the Goldstone modes gives rise to sizable non-gaussianity. We will study the dynamics of the Higgs mode and impose a charge conservation and CP symmetry such that the Goldstone modes of the Higgs field do not acquire vevs. We will take the background Higgs field to be H = ( 0 Φ ) (2) where Φ is the Higgs mode with mass 126 GeV. Our inflation model falls in the class of inflation in f(Φ, R) theories studied in Ref. [48]. Our motivation is that we use the Higgs quartic coupling λ(H^†H)^2 where the standard model value of λ(μ ∼ M_P ) can lie in the range λ = (10^{−5} − 0.1) depending on the value of top quark mass [15, 16] or on new physics [49]. We take curvature coupling ξ to be of order unity and check the possibility of generating the observed density perturbations from Higgs inflation by varying parameters a and b.

We derive the curvature perturbation during inflation in two different ways. We derive the perturbations of modified Einsteins field equation in the Jordan frame in presence of the Higgs-curvature interaction terms and derive the amplitude and spectral index of curvature perturbation. We find that to generate the Planck+WP preferred amplitude Δ^2_R = 2.1955^{+0.533}_{−0.585} × 10^{−9} and spectral index n_s = .9603 ± .0073 [50] for λ = 10^{−3} we should have a ∼ 3.02, b ∼ 0.49 ( and for λ = 0.1 we need a ∼ 3.56, b ∼ .22). In these fits we take ξ = 1. Next as a consistency check we make a conformal transformation which removes the higher dimensional Higgs-curvature term but the effect of this term appears in the potential in the Einstein frame. We calculate the curvature perturbation in the Einstein frame and find that our results are consistent with the Jordan frame results. Calculation of the curvature perturbation in both Einstein and Jordan frame for the ξΦ^2R theory has been done previously in Ref. [51–54]. In the section (2) we derive the curvature perturbations and tensor perturbation in our theory in the Jordan frame and in the section (3) we make a conformal transformation to go to the Einstein frame and compute the curvature perturbations. Further in section (4) we discuss the renormaization of ξΦ^2R theory. Finally in the last section (5) we compare the results of the two different frames and discuss the viability of the Higgs inflation model in presence of higher order gravitational couplings.

2. CALCULATION IN THE JORDAN FRAME

In this section we introduce a scalar-gravity interaction term f(Φ, R) in the action and calculate physical quantities related to the inflationary density perturbations such as the spectral index, curvature perturbation and tensor-to-scalar ratio. We start with the action for a scalar field interacting with gravity of the form S = ∫ d^4x √ −g [ − f(Φ, R) 2κ^2 + 1 2 g^{μν} ∂_μΦ∂_ν Φ + V (Φ) ] , (3)

where we take,

f(Φ, R) = R + ξΦ^aR^b M^{a+2b−2} p ; V (Φ) = λΦ^4 4 , (4) where ξ is a dimensionless coupling constant. Varying the action (3) w.r.t g^{μν} and Φ we obtain the field equations, G_{μν} = F R_{μν} − 1 2 fg_{μν} − ▽_μ▽_ν F + g_{μν} □F = κ^2 ( ▽_μΦ▽_ν Φ − 1 2 g_{μν} ▽^ρΦ▽_ρΦ − V g_{μν} ) , (5)

□Φ = V_{,Φ} − f_{,Φ} 2κ^2

, (6) where F = ∂f/∂R = 1 +^{ξbΦaRb−1}_{M a+2b−2p} .

2.1. Background quasi- De Sitter solution

For the unperturbed background FRW metric (−1, a^2(t), a^2(t), a^2(t)) and scalar field Φ = ϕ(t), the above Eqs. (5) and (6) reduce to the form

3F H^2 + 1 2 (f − RF ) + 3HḞ = κ^2 ( 1 2 ϕ̇^2 + V (ϕ) ) (7) −2F Ḣ − F̈ + HḞ = κ^2ϕ̇^2 (8) ϕ̈ + 3Hϕ̇ + V_{,ϕ} − f^{,ϕ} 2κ^2

= 0 . (9)

Now we assume the second term of F i.e.^{ξbϕaRb−1}_{M a+2b−2p} is dominant for some values of a and b. We find this assumption to be valid while solving numerically for the values of a and b in our model which give rise to the experimentally observed density perturbations as shown in the Table (I). From Eq. (7), under this assumption and considering the slow roll parameters which are defined in Eq. (28) as small, the Hubble parameter in the Jordan frame turns out to be of the form H = λ^12b √ 12 [ ξ(2 − b) ] 1_{2b} ( ϕ M_p ) 4−a_{2b} M_p . (10)

From Eq. (9) under the slow roll assumption we get ϕ̇ = −λϕ^3 3H [ 1 − a 2(2 − b) ] . (11)

2.2. Scalar field and metric perturbations

Now we perturb Eqs. (5) and (6) by perturbing the scalar field Φ = ϕ(t) + δϕ(x, t) and the metric as

ds^2 = −(1 + 2α)dt^2 − 2a(t)(∂_iβ)dtdx^i + a^2(t) (δ_{ij} (1 + 2ψ) + 2∂_i∂_j γ) dx^idx^j , (12)

where, α, ψ, β and γ are scalar perturbations. We derive the Einstein equations for the f(R, ϕ) theory [55, 56] keeping the first order terms in the metric and scalar field perturbations. The component δG_{00} is given by

△ a^2(t) ψ + HA = −1 2F [ ( 3H^2 + 3Ḣ + △ a^2(t) ) δF − 3Hδ̇F + 1 2 ( 2κ^2V_{,ϕ} − f_{,ϕ} ) δϕ

+κ^2ϕ̇δ̇ϕ + (3HḞ − κ^2ϕ̇^2)α + Ḟ A ] , (13)

and taking the difference δG^i − δG^0 we get

Ȧ + 2HA + ( 3Ḣ + △ a^2(t) ) α = 1 2F [ 3δ̈F + 3Hδ̇F − ( 6H^2 + △ a^2(t) ) δF + 4κ^2ϕ̇δ̇ϕ + ( −2κ^2V_{,ϕ} + f_{,ϕ} ) δϕ − 3Ḟ α̇ − Ḟ A − ( 4κ^2ϕ̇^2 + 3HḞ + 6F̈ ) α ] (14)

where A = 3(Hα − ψ̇) − △χ/a^2(t) and χ = a(t)(β + aγ̇). Here, in arriving the Eqs. (13) and (14), the leading order Eqs. (7) and (8) are also used. The other components δG_{i0} and δG_{ij} (i ≠ j) of the first order perturbed Einstein equation can be written as Hα − ψ̇ = 1 2F [ κ^2ϕ̇δϕ + δ̇F − HδF − Ḟ α ] , (15) and χ̇ + Hχ − α − ψ = 1 F ( δF − Ḟ χ ) (16)

respectively. The equation of motion of scalar perturbation is δ̈ϕ+3Hδ̇ϕ+ [ − △ a^2(t) + ( 2V_{,ϕ} − f_{,ϕ}/κ^2 2 ) ] δϕ = ϕ̇α̇+ ( 2ϕ̈ + 3Hϕ̇ ) α+ϕ̇A+ 1 2 F_{,ϕ} ( δR κ^2 ) . (17)

where δR = −2 [ Ȧ + 4AH + ( △ a^2(t)

+ 3Ḣ ) α + 2 △ a^2(t) ψ ] (18)

Now we analyze the curvature perturbation R = ψ − Hδϕ/ϕ̇ by choosing a gauge where δϕ = 0 and δR = 0. This sets R = ψ and moreover we have δF = 0 via δF = (∂F/∂ϕ) δϕ + (∂F/∂R) δR. Under this gauge the Eq. (15) gives, α = Ṙ H + Ḟ /(2F ) (19) and hence from Eq. (13) we get

A = − 1 H + Ḟ /(2F ) △ a^2(t) R + ( 3HḞ − κ^2ϕ̇^2 ) Ṙ 2F ( H + Ḟ /(2F ) ) . (20)

Using Eq. (8) and Eq. (14), we obtain

Ȧ + ( 2H + Ḟ 2F ) A + 3Ḟ 2F α̇ + ( 3F̈ + 6HḞ + κ^2ϕ̇^2 2F + △ a^2(t) ) α = 0. (21)

Now we may write the differential equation for curvature perturbation by using the above Eqs. (19), (20) and (21) as

R̈ + (a^3(t)Q^s)˙ a^3(t)Q_s

Ṙ + k^2

a^2(t)

R = 0, (22)

where,

Q_s = ϕ̇2 + 3Ḟ 2/(2κ2F ) ( H + Ḟ /(2F ) )_2 . (23)

In arriving Eq. (22), Eq. (8) is again used. Now one may re-write the Eq. (22) in terms of variables ω = a √ Q_s and σ_k = ωR as σ^{′′}_k + ( k^2 − ω^{′′} ω ) σ_k = 0, (24)

where prime denotes the derivative with respect to the conformal time defined as dη = dt/a(t) and ω^{′′} ω = a^{′′}(t) a(t) + a^′(t) a(t) Q^′_s Q_s + 1 2 Q^{′′}_s Q_s − 1 4 ( Q^′_s Q_s )_2 (25)

under quasi de-Sitter expansion a(η) =^{−1}_{Hη(1−ϵ1 )} and hence^{a′′(t)}_{a(t)} =^1_{η2} [ 2+3ϵ_1 ] and a^′(t)/a(t) = a(t)H. Therefore we have ω^{′′} ω = 1 η^2 [ ν^2_R − 1 4 ] (26)

where

ν^2_R = 9 4 [ 1 + 4 3 (2ϵ_1 + ϵ_2 − ϵ_3 + ϵ_4) ] . (27)

In arriving at the above expression we have defined

ϵ_1 = − Ḣ H^2

, ϵ_2 = ϕ̈ Hϕ̇ , ϵ_3 = Ḟ 2HF , ϵ_4 = Ė 2HE ; (28)

E = F +

3Ḟ^2 2κ^2ϕ̇^2 = Q_s(1 + ϵ_3)^2 ϕ̇2/(F H 2) . (29) Here ϵ_i are slow roll parameters and ϵ̇_i terms have been neglected. Equation (24) then has solutions in the Hankel functions of order ν_R σ = √ π|η| 2 e^{i(1+2νR)π/4} [ c_1 H^{(1)}_{νR} (k|η|) + c_2 H^{(2)}_{νR} (k|η|) ] (30)

Applying the Bunch-Davies boundary condition σ(kη → −∞) = e^{ikη}/ √ 2k we fix the integration constants c_1 = 1 and c_2 = 0. Using the relation H_ν (k|η|) =^{−i}_π Γ(ν) (_{k|η|} 2 )_{−ν} for the super-horizon modes kη → 0, we obtain the expression for the power spectrum for curvature perturbations is defined as

P_R = 4πk^3 (2π)^3

|R|^2 ≡ Δ^2_R ( k a(t)H )_{nR−1} (31)

The amplitude of the curvature power spectrum turns out to be

Δ_R = 1 √ Q_s ( H 2π ) (32)

and the spectral index is n_R − 1 = 3 − 2ν_R ≃ −4ϵ_1 − 2ϵ_2 + 2ϵ_3 − 2ϵ_4 ≃ −6ϵ_1 . (33) Using slow roll parameters, Eq. (23) can be simplified to the form Q_s ≃ 6F ϵ^2_3M^2_p with

κ^2ϕ̇^2 F H^2 << 6ϵ 2 3 which will be justified later in the subsection (2.4). In our model of f(Φ, R) coupling we find that to the leading order we have the relation ϵ_1 ≈ −ϵ_3 and ϵ_2 ≈ −ϵ_4 and these relations are used in the calculation of perturbation amplitude and spectral index. Plugging the values H and ϕ̇ from Eqs. (10) and (11) into Eq. (28), the slow roll parameters can be written as

ϵ_1 = b^{−1}(a − 4)(2 − b)^{(1−b)/b}(a + 2b − 4)λ^{(b−1)/b}ξ^{1/b} ( ϕ M_p ) a+2b−4_b (34)

ϵ_2 = b^{−1} (2 − b)^{(1−b)/b} (a + 2b − 4)(a + 6b − 4)λ^{(b−1)/b}ξ^{1/b} ( ϕ M_p ) a+2b−4_b . (35)

For our model, we can write the expressions for the amplitude of power spectrum and the number of e-folding as

Δ^2_R = b[(2 − b)/λ]^{3− 4}b M^{8+ 4(a−4)b}p ξ^{− 4}b ϕ^{− 4(a+2b−4)}b 288(a − 4)^2(a + 2b − 4)^2π^2

(36) and N_J = ∫_{ϕf} ϕ_J H ϕ̇ dϕ = b[(2 − b)/λ]^{b−1}b ξ^{− 1}b 2(a + 2b − 4)^2 ( ϕ M_p ) 4−a−2b_b | | | ϕ_J

ϕ_f (37)

respectively. Here ϕ_J and ϕ_f are the values of scalar field ϕ at the beginning and the end of inflation respectively.

2.3. Tensor Perturbations

We define the perturbation of metric as follows

g_{μν} = ḡ_{μν} + h_{μν} and g^{μν} = ḡ^{μν} + h^{μν} , (38)

where ḡ_{μν} is background metric and h^{ij} = − 1 a^4(t) h_{ij} , h^{i0} = 1 a^2(t) h_{i0}, h^{00} = −h_{00}. (39)

Now to get the equation of tensor pertubation, we set h_{i0} = h_{00} = 0 in the calculation. From the decomposition theorem, the non zero spatial components h_{ij} are traceless and divergenceless, i.e.,

h_{ii} = 0, ∂_ih_{ij} = 0. (40)

Using Eqs. (39) and (40), we obtain

δR_{00} = 0, δR_{i0} = 0, (41)

δR_{ij} = − 1 2a^2(t)

▽^2h_{ij} + 1 2 ḧ_{ij} − ȧ 2a ḣ_{ij} + 2 ( ȧ a )_2 h_{ij}, δR = 0. (42) So, perturbing Eq. (5), we obtain 1 2 F a^2D̈_{ij} + ( 1 2 Ḟ a^2 + 3 2 aȧF ) Ḋ_{ij} − F 2 ▽^2D_{ij} = [ 2 ȧ a Ḟ − 2F ( ȧ a )_2 − ä a F + f 2 +F̈ + κ^2 2 ( ϕ̇^2 − 2V ) ] a^2D_{ij} , (43)

where D_{ij} = h_{ij} /a^2. The right hand side of Eq. (43) vanishes by Eqs. (7) and (8). Thus we have

D̈_{ij} + (a^3F )˙ a^3F

Ḋ_{ij} + κ^2 a^2

D_{ij} = 0. (44)

In the terms of polarization tensors e^1_{ij} and e^2_{ij} , the tensor D_{ij} is written as

D_{ij} = D_1e^1_{ij} + D_2e^2_{ij} (45)

For gravity wave propagating in ẑ direction, the components of polarization tensor are given by e^1_{xx} = −e^1_{yy} = 1, e^2_{xy} = e^2_{yx} = 1, e^{1,2}_{iz} = e^{1,2}_{zi} = 0. (46)

So the Eq. (44) can be written as

D̈_λ + (a^3F )˙ a^3F

Ḋ_λ + κ^2 a^2

D_λ = 0. (47) where λ ≡ 1, 2. Now substituting z = a √ F and v_k = zD_λM_P / √ 2, we get v^{′′}_λ + ( k^2 − z^{′′} z ) v_λ = 0, (48)

where, prime^′ is derivative with respect to conformal time. Summing over all polarization states, the Eq. (48) provides us the amplitude of power spectrum of D_λ as

P_T = 4 × ( 2 M^2_p ) κ^3 2π^2 1 a^2F v^2_λ ≃ 2 π^2 ( H M_P )_2 1 F . (49)

So, the ratio of the amplitude of tensor perturbations to scalar perturbations r for f(Φ, R) theories is given by r ≃ 8κ^2Q_s F ≃ 48ϵ^2_3 . (50)

We now use the measured values of these CMB anisotropy parameters to get the numerical values for the parameters (a, b, ξ, λ).

2.4. Comparison with data

The recent Planck+WP data [50] gives the curvature perturbation Δ^2_R = 2.195^{+0.533}_{−0.585} × 10^{−9}, spectral index n_R = 0.9603±0.0073 and r < 0.11(95%CL). We calculate the amplitude of the perturbation of the modes which leave the horizon with N_J ≃ 70. To get 70 efoldings, the scalar field should roll from 1.6M_p to 1M_p. Using Eq. (33) and Eq.(36), we calculate numerically the values of a and b for different values of self coupling λ which give the Planck+WP central values of Δ^2_R = 2.195^{+0.533}_{−0.585} × 10^{−9} and spectral index n_R = 0.9603 ± 0.0073. We display these correlated set of parameters in Table (I). The slow roll parameters are found to be ϵ_1 ≃ −ϵ_3 ≃ 0.0066 and ϵ_2 ≃ −ϵ_4 ≃ −0.0133 for each value of λ. The value for the tensor to scalar ratio is also independent of λ and turns out to be r ≃ 0.002.

The Hubble parameter H in the Jordan frame turns out to be in the range ∼ (10^{−5} − 10^{−4})M_p as λ varies in the range (10^{−5} − 0.1). The values of F are found to be much larger than unity and hence our assumption of dropping the unity in the expression for F is justified. This sets the order of the term^{κ2ϕ̇2}_{F H2} ∼ 10^{−12} much smaller than ϵ^2_3.

We have checked that in the limit a ≃ 2 and b ≃ 1 the correct value of Δ_R and n_R are obtained for λ ∼ 10^{−2} only for large values ξ ∼ 10^4. Our Jordan frame calculation in this limit is consistent with the results of [25–28] who do the calculation in the Einstein frame.

We shall next compare the results of these parameters in the Einstein frame and discuss the implications of these values in the concluding section.

λ 0.1 10^{−2} 10^{−3} 10^{−4} 10^{−5} a 3.56398962 3.27512993 3.02576840 2.80955860 2.62084430 b 0.21800513 0.36243482 0.48711506 0.5952182 0.6895696 F 17130 7286 2779 1008 355 H 6.24 × 10^{−4}M_p 4.07 × 10^{−4}M_p 2.5 × 10^{−4}M_p 1.5 × 10^{−4}M_p 8.89 × 10^{−5}M_p

TABLE I: The values of parameters in the Jordan frame at N_J (ϕ_J ) ≃ 70 with ξ = 1 and ϕ_J = 1.6M_p for different values of λ.

3. CALCULATION IN THE EINSTEIN FRAME

Starting with the considered action S = ∫ d^4x √ −g [ − M_p^2 2 R ( 1 + ξΦ^aR^{b−1} M^{a+2b−2} p )

+ 1 2 ∂_μΦ∂^μΦ + λΦ^4 4 ] (51)

we perform a conformal transformation of the metric g_{μν} to the Einstein frame metric g̃_{μν} which is defined as

g̃_{μν} (x) = Ω^2(x)g_{μν} (x) , (52)

where

Ω^2 = 1 + ξΦ^aR^{b−1} M_p^{a+2b−2} . (53)

The Ricci scalar transform as

R = Ω^2 [ R̃ + 6 ~□Ω Ω − 12 ~∂μΩ ~∂_μΩ Ω^2 ] . (54)

For quasi de-Sitter space we can ignore the second and third terms in the bracket in Eq. (54) which is justified in the Eq. (67). For this slow roll case, we can write Eq. (53) in Einstein frame as

Ω^2 = 1 + ξ^{1+β}Φ^αR̃^β M^{α+2β}p , (55)

where, α = a/(2 − b) and β = (b − 1)/(2 − b). Now we write the action (51) in term of new field χ, which is related to the field Φ by the relation dχ dΦ = 1 Ω^2 ( Ω^2 +

3α^2ξ^{′2} 2 ( Φ M_p )_{2α−2})1/2 , (56) where ξ^′ = ξ^{1+β}(R̃/M^2_p )^β. This leads the action in term of χ as follows

S_E = ∫ d^4x ( − M^2_p 2 R̃ + 1 2 D̃^μχD̃_μχ + U(χ) ) , (57)

where U(χ) = 1 Ω^4 λ 4 Φ(χ)^4. (58)

For Φ >> M_P /ξ^{′1/α}, Eq. (56) can be integrated to give Φ = M_p ξ^{′1/α} exp (√ 2 3 χ M_pα ) . (59)

Considering g̃_{μν} = (−M^2(t), a^2(t), a^2(t), a^2(t) and varying the action (57) with respect to M(t) or a(t) and setting M = 1 in the final equation which corresponds FRW metric, we get the Friedmann equation

12H̃^2 − ζ^{−1}M^2_p λ ( 1 + 2β α ) = 0 , (60)

where ζ = 12^{4β/α} ( H̃ 2 M^2_p )_{4β/α} ξ^{4(1+β)α} exp ( 2 √ 2 3 (α − 2)χ αM_p ) . (61)

Here we have neglected all the derivative terms of Hubble parameter H̃. This corresponds to slow roll condition, i.e., χ̇^2 is much smaller than potential term. We may write the Hubble parameter from Eq. (60) as

H̃ = M_p [(1 + 2β/α) λ] α 2(α+4β) √ 12 ξ^{2(1+β)α+4β} exp [√ 2 3 ( 2 − α α + 4β ) χ m ] . (62)

Now using Eq. (62) and (58) we obtain U(χ) = 1 4 M^4_p λ^{αα+4β} ξ^{− 4(1+β)α+4β} ( 1 + 2β α )_− 4β_{α+4β} exp [ 2 √ 2 3 ( 2 − α α + 4β ) χ M_p ] . (63)

Here we have taken the approximation exp(

√_2 3 χ M_p ) >> 1 for χ >> Mp. We now compute

the spectral index and curvature perturbation using above potential (63). The slow roll parameters for large χ >> M_p comes out to be ϵ = M^2_p 2 ( U^′ U )_2 = 4 3 ( a + 2b − 4 a + 4b − 4

)_2

; η = M^2_p ( U^{′′} U ) = 8 3 ( a + 2b − 4 a + 4b − 4

)_2

(64) λ = 0.1 λ = 10^{−2} λ = 10^{−3} λ = 10^{−4} λ = 10^{−5} a = 3.395 a = 3.040 a = 2.750 a = 2.512 a = 2.310 b = 0.2727 b = 0.4327 b = 0.5630 b = 0.6708 b = 0.7616

TABLE II: The values of parameters in the Einstein frame at N_E(ϕ_E ) ≃ 70 with ξ = 1 for different values of λ.

and the curvature perturbation

Δ_R =

3H^3 2πU^′(χ) = 1 8 √ 2 π ( y + 2 2y − x + 4 ) x+2y+4_{2x} λ^{2y−x+42x} ξ^{− 2x} ( x y ) exp ( − √ 2 3 yχ xM_p ) , (65)

where x = a + 4b − 4 and y = a + 2b − 4. The number of e-folding is calculated as

N_E = ∫_{χ0} χ_e U(χ) U^′(χ) dχ = − 1 2 √ 3 2 ( x y ) ( χ_0 − χ_e M_p ) (66)

For χ_0 ∼ 15M_p and χ_e ∼ 1M_p, the number of e-folding is found to be around 70. The slow roll parameters ϵ, η and Hubble parameter H are nearly independent with λ and are ∼ 0.02, ∼ 0.04 and ∼ 5.9 × 10^{−5}M_p respectively.

Now from Eqs. (53) and (59), we can calculate the order of terms like Ω̈/Ω and (Ω̇/Ω)^2 for ϕ >>^{Mp}_{ξ1/α} . For λ = 10^{−3} and ξ = 1, Ω̈ Ω ∼ α(α − 2) 4 ( ϕ̇ ϕ )_2 = α(α − 2) 6 ( U^′(χ) 3αM_pH )_2 = −2.33 × 10^{−12}M^2_p and ( Ω̇ Ω )_2 ∼ α^2 4 ( ϕ̇ ϕ )_2

= 5.16 × 10^{−11}M^2_p (67)

respectively, whereas the value of curvature scalar R̃ = 12H^2 at the same values of parameter is 4.24 × 10^{−8}M^2_p . Here we have neglected ϕ̈ as it is small. Thus our approximation made is consistent and may be checked for other values of a and b.

4. RENORMALIZATION

During inflation the Higgs field is in the Planck regime so the running of the dimensionless parameters λ and ξ due to renormalization from the low energies to the Planck scale must be taken into account [57–64]. What we find in this paper is that in order to reproduce the observed density perturbations we need not tune ξ to any large values as in ref. [21–28] but what is needed is to induce large anomalous dimensions in the scalar and graviton fields [65] at the Planck scale. The renoramlization group corrected effective action can be written in the general form as S = ∫ d^4x √ −g [ − ( G_g(t)^2R ) ( M^2_p + ξG_Φ(t)^2Φ^2 2 )

+ 1 2 G_Φ(t)^2(∂_μΦ)^2 + λ(t)G_Φ(t)^4Φ^4 4 ] , (68)

where t = ln

(_Φ μ ) with μ being the renormalization scale and the wave-function renormalization factor

G_Φ(t) = exp ( − ∫ γ_Φ(t) 1 + γ_Φ(t) dt ) , (69)

where γ_Φ(t) is the anomalous dimension of the scalar field.

A similar expression holds for the graviton wave-function renormalization G_g. The parameters a and b can formally be related to wave-function renormalizations G_Φ and G_g as a = 2 + 2 ∂lnG_Φ ∂lnΦ ; b = 1 + 2 ∂lnG_g ∂lng_{μν} . (70)

In this paper we show that the correct values of a and b which generate a viable inflation must lie in the range a = (2.3 − 3.6), b = (0.68 − 0.22) and we believe that renormalization effects should lead to these values of anomalous dimension of the scalar and graviton fields.

5. DISCUSSION AND CONCLUSION

We have generalised the curvature coupling models of Higgs inflation to study inflation with a scalar field for a^λ_4 Φ^4 potential and a curvature coupling of the form^{ξΦaRb}_{M a+2b−4p} . This curvature coupling can be obtained for example by starting with a tree level coupling term ξΦ^2R (a ≃ 2, b ≃ 1) if the wave-function renormalization of Φ and the graviton introduce large anomalous dimensions for these fields such that a is increased to lie in the range (2.3 − 3.6) and b is reduced to the range (0.68 − 0.22). In this case if the renormalized λ lies in the range (10^{−5} − 0.1) at the Planck scale, one can have a viable inflation model even for ξ ∼ 1. It has been shown that the Higgs self coupling can go from λ = 0.13 at the electroweak scale for the 125 GeV Higgs to λ = 10^{−5} at the Planck scale by tuning the top mass or by introducing extra interactions [15, 16, 49]. This leads us to conclude that the Higgs field may be still a good candidate for being the inflaton in the early universe if one considers higher order curvature coupling which may arise from renormalization at the Planck scale.

The tensor to scalar ratio r in this model is small and the^λ_4 Φ^4 with scalar curvature couplings is not ruled out by observational limits on r unlike the pure^λ_4 Φ^4 theory [8, 66].

We find that the results of Jordan frame and Einstein frame calculations are in agreement up to leading order in the slow roll parameters as expected from the approximation made in the course of conformal transformation (54,55) (and justified in the Eq. (67)). Finally, by requiring the curvature coupling parameter to be of order unity, we have evaded the problem of unitarity violation in scalar-graviton scatterings [29] which plagued the ξΦ^2R Higgs inflation models [25–28].

[1] A. A. Starobinsky, JETP Lett. 30, 682 (1979) [Pisma Zh. Eksp. Teor. Fiz. 30, 719 (1979)] ;

Phys. Lett. B 91, 99 (1980).

[2] D. Kazanas, Astrophys. J. 241, L59 (1980). [3] K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981). [4] A. H. Guth, Phys. Rev. D 23, 347 (1981).

[5] A. D. Linde, Phys. Lett. B 108, 389 (1982); Phys. Lett. B 114, 431 (1982);

Phys. Lett. B 116, 335 (1982).

[6] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982). [7] D. H. Lyth and A. Riotto, Phys. Rept. 314, 1 (1999) [hep-ph/9807278]. [8] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik, G. Hinshaw, N. Odegard, K. M. Smith and R. S. Hill et al., arXiv:1212.5225 [astro-ph.CO].

[9] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012) [arXiv:1207.7235 [hep-ex]].

[10] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214 [hep-ex]]. [11] M. Sher, Phys. Lett. B 317, 159 (1993) [Addendum-ibid. B 331, 448 (1994)] [hep-ph/9307342]. [12] C. D. Froggatt and H. B. Nielsen, Phys. Lett. B 368, 96 (1996) [hep-ph/9511371]. [13] J. R. Espinosa and M. Quiros, Phys. Lett. B 353, 257 (1995) [hep-ph/9504241]. [14] B. Schrempp and M. Wimmer, Prog. Part. Nucl. Phys. 37, 1 (1996) [hep-ph/9606386]. [15] M. Holthausen, K. S. Lim and M. Lindner, JHEP 1202, 037 (2012) [arXiv:1112.2415 [hep-ph]]. [16] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori and A. Strumia, JHEP 1208, 098 (2012) [arXiv:1205.6497 [hep-ph]].

[17] G. Isidori, V. S. Rychkov, A. Strumia and N. Tetradis, Phys. Rev. D 77, 025034 (2008) [arXiv:0712.0242 [hep-ph]].

[18] I. Masina and A. Notari, Phys. Rev. Lett. 108, 191302 (2012) [arXiv:1112.5430 [hep-ph]]. [19] I. Masina and A. Notari, Phys. Rev. D 85, 123506 (2012) [arXiv:1112.2659 [hep-ph]]. [20] I. Masina, arXiv:1209.0393 [hep-ph].

[21] R. Fakir and W. G. Unruh, Phys. Rev. D 41, 1783 (1990). [22] D. I. Kaiser, Phys. Rev. D 52, 4295 (1995) [astro-ph/9408044]. [23] E. Komatsu and T. Futamase, Phys. Rev. D 58, 023004 (1998) [astro-ph/9711340]. [24] E. Komatsu and T. Futamase, Phys. Rev. D 59, 064029 (1999) [astro-ph/9901127]. [25] F. L. Bezrukov and M. Shaposhnikov, Phys. Lett. B 659, 703 (2008) [arXiv:0710.3755 [hepth]].

[26] F. L. Bezrukov, A. Magnin and M. Shaposhnikov, Phys. Lett. B 675, 88 (2009) [arXiv:0812.4950 [hep-ph]].

[27] F. Bezrukov, A. Magnin, M. Shaposhnikov and S. Sibiryakov, JHEP 1101, 016 (2011)

[arXiv:1008.5157 [hep-ph]].

[28] A. De Simone, M. P. Hertzberg and F. Wilczek, Phys. Lett. B 678, 1 (2009) [arXiv:0812.4946 [hep-ph]].

[29] M. P. Hertzberg, JHEP 1011, 023 (2010) [arXiv:1002.2995 [hep-ph]]. [30] C. Germani and A. Kehagias, Phys. Rev. Lett. 105, 011302 (2010) [arXiv:1003.2635 [hep-ph]]. [31] G. F. Giudice and H. M. Lee, Phys. Lett. B 694, 294 (2011) [arXiv:1010.1417 [hep-ph]]. [32] R. N. Lerner and J. McDonald, Phys. Rev. D 82, 103525 (2010) [arXiv:1005.2978 [hep-ph]]. [33] R. N. Lerner and J. McDonald, JCAP 1004, 015 (2010) [arXiv:0912.5463 [hep-ph]]. [34] F. Bauer and D. A. Demir, Phys. Lett. B 698, 425 (2011) [arXiv:1012.2900 [hep-ph]]. [35] J. L. F. Barbon and J. R. Espinosa, Phys. Rev. D 79, 081302 (2009) [arXiv:0903.0355 [hepph]].

[36] R. N. Lerner and J. McDonald, JCAP 1211, 019 (2012) [arXiv:1112.0954 [hep-ph]]. [37] K. Kamada, T. Kobayashi, M. Yamaguchi and J. ’i. Yokoyama, Phys. Rev. D 83, 083515 (2011) [arXiv:1012.4238 [astro-ph.CO]].

[38] K. Kamada, T. Kobayashi, T. Takahashi, M. Yamaguchi and J. ’i. Yokoyama, Phys. Rev. D 86, 023504 (2012) [arXiv:1203.4059 [hep-ph]].

[39] T. Qiu and D. Maity, arXiv:1104.4386 [hep-th].

[40] B. J. W. van Tent, J. Smit and A. Tranberg, JCAP 0407, 003 (2004) [hep-ph/0404128]. [41] N. Arkani-Hamed, S. Dubovsky, L. Senatore and G. Villadoro, JHEP 0803, 075 (2008) [arXiv:0801.2399 [hep-ph]].

[42] K. Nakayama and F. Takahashi, JCAP 1102, 010 (2011) [arXiv:1008.4457 [hep-ph]]. [43] A. O. Barvinsky, A. Y. .Kamenshchik and A. A. Starobinsky, JCAP 0811, 021 (2008) [arXiv:0809.2104 [hep-ph]].

[44] C. Germani and A. Kehagias, Phys. Rev. Lett. 105, 011302 (2010) [arXiv:1003.2635 [hep-ph]]. [45] S. Mooij and M. Postma, JCAP 1109, 006 (2011) [arXiv:1104.4897 [hep-ph]]. [46] D. I. Kaiser and A. T. Todhunter, Phys. Rev. D 81, 124037 (2010) [arXiv:1004.3805 [astroph.CO]].

[47] R. N. Greenwood, D. I. Kaiser and E. I. Sfakianakis, arXiv:1210.8190 [hep-ph]. [48] A. De Felice and S. Tsujikawa, Living Rev. Rel. 13, 3 (2010) [arXiv:1002.4928 [gr-qc]]. [49] J. Chakrabortty, M. Das and S. Mohanty, arXiv:1207.2027 [hep-ph]. [50] Planck Collaboration, [arXiv:1303.5076].

[51] J. -O. Gong, J. -c. Hwang, W. -I. Park, M. Sasaki and Y. -S. Song, JCAP 1109, 023 (2011) [arXiv:1107.1840 [gr-qc]].

[52] A. Basak and J. R. Bhatt, arXiv:1208.3298 [hep-ph]. [53] D. I. Kaiser, Phys. Rev. D 52, 4295 (1995) [astro-ph/9408044].

[54] J. Weenink and T. Prokopec, Phys. Rev. D 82, 123510 (2010) [arXiv:1007.2133 [hep-th]]. [55] J. -c. Hwang and H. -r. Noh, Phys. Rev. D 65, 023512 (2002) [astro-ph/0102005]. [56] J. -c. Hwang and H. Noh, Phys. Rev. D 71, 063536 (2005) [gr-qc/0412126]. [57] S. D. Odintsov, Phys. Lett. B 306, 233 (1993) [gr-qc/9302004]. [58] E. Elizalde and S. D. Odintsov, Phys. Lett. B 321, 199 (1994) [hep-th/9311087]. [59] A. O. Barvinsky, A. Y. .Kamenshchik and I. P. Karmazin, Phys. Rev. D 48, 3677 (1993) [gr-qc/9302007].

[60] T. Janssen and T. Prokopec, Annals Phys. 325, 948 (2010) [arXiv:0807.0447 [gr-qc]]. [61] A. O. Barvinsky, A. Y. .Kamenshchik, C. Kiefer, A. A. Starobinsky, C. Steinwachs, JCAP

0912, 003 (2009) [arXiv:0904.1698 [hep-ph]].

[62] C. F. Steinwachs and A. Y. .Kamenshchik, Phys. Rev. D 84, 024026 (2011) [arXiv:1101.5047 [gr-qc]].

[63] A. O. Barvinsky, A. Yu. Kamenshchik, C. Kiefer, A. A. Starobinsky, C. F. Steinwachs, E. P.

J. C 72, 2219 (2012), [arXiv:0910.1041]. [64] N. Mahajan, arXiv:1302.3374 [hep-ph].

[65] H. Georgi, Phys. Rev. Lett. 98, 221601 (2007) [hep-ph/0703260]. [66] L. Boubekeur, arXiv:1208.0210 [astro-ph.CO].