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Abstract.

We study inflation with the non-minimally coupled Standard Model Higgs in
the case when quantum corrections generate a hilltop in the potential. We consider both the
metric and the Palatini formulation of general relativity. We investigate hilltop inflation in
different parts of the Higgs potential and calculate predictions for CMB observables. We run
the renormalization group equations up from the electroweak scale and down from the hilltop,
adding a jump in-between to account for unknown corrections in the intermediate regime.
Within our approximation, no viable hilltop inflation is possible for small field values, where
the non-minimal coupling has no role, nor for intermediate field values. For large field values,
hilltop inflation works. We find the spectral index to be ns ≤ 0.96 in both the metric and
the Palatini formulation, the upper bound coinciding with the tree-level result. The tensorto-scalar ratio is r ≤ 1.2 × 10−3 in the metric case and r ≤ 2.2 × 10−9 in the Palatini case.
Successful inflation is possible even when the renormalization group running is continuous
with no jumps. In the metric formulation, r is smaller than in Higgs inflation on the treelevel plateau or at the critical point, making it possible to distinguish hilltop inflation from
these scenarios with next-generation CMB experiments.
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1

Introduction

Extending the Standard Model to high scales and Higgs inflation. No deviations
from the Standard Model (SM) of particle physics have been discovered in collider experiments. The only new piece of information (stronger exclusion limits on extensions of the SM
aside) uncovered by LHC is the Higgs mass, mH = 125.09 ± 0.21 ± 0.11 GeV [1]. This value is
such that the SM may be valid for Higgs field values up to the Planck scale MPl = 2.4 × 1018
GeV and possibly beyond. However, it is also possible that top mass loop contributions drive
the quartic Higgs self-coupling negative at large field values, making the electroweak vacuum
unstable. The stability limit is sensitive to the precise values of the Higgs and top mass
and the strong coupling constant. Present values are consistent with stability, instability, or
metastability at the Planck scale, within the experimental and theoretical uncertainties [2–6].
Validity of the SM up to high scales means that the Higgs field could be the inflaton [7, 8].
Inflation is the most successful scenario for the primordial universe. It alleviates the
homogeneity and isotropy problem [9–13], explains spatial flatness and has (in its simplest
variants) predicted in detail that initial perturbations are mostly adiabatic, close to scaleinvariant, highly Gaussian and predominantly scalar [14–27]. This is in excellent agreement
with observations [28]. If the non-minimal coupling of the Higgs field to gravity is neglected,
then at large field values the potential can be approximated as 14 λ(φ)φ4 , where the coupling
λ(φ) depends on the field due to loop corrections. This potential is not sufficiently flat to allow
a long enough period of inflation with a small enough amplitude of perturbations [29–31].
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As is now well known, once the Higgs is non-minimally coupled to gravity, the inflationary
behaviour changes. Even if the non-minimal coupling ξ is put to zero at the classical level, it
will be generated by quantum corrections [32]. Inflation with the non-minimal coupling has
been considered since the 1980s [33–39], and Higgs inflation is a remarkably simple realization.
It uses the only known scalar field that may be elementary instead of a composite, and does
not introduce any new parameters that are not required by the theory. If only the tree-level
SM Higgs potential is considered, the non-minimal coupling makes the potential flat at large
field values, and the inflationary predictions for the spectral index and the tensor-to-scalar
ratio only depend on the number of e-folds until the end of inflation [7]. As the SM field
content and couplings are precisely known, preheating and reheating can be calculated in
detail, removing the uncertainty in the number of e-folds that accompanies less complete
embeddings of inflation into particle physics [40–43] (although see also [44]), with the caveat
that there can be modifications due to physics beyond the SM. The tree-level predictions agree
well with observations [28]. Higgs decay also produces a distinctive signature of gravitational
waves (also present, though different, when Higgs is not the inflaton) [45].
Loop corrections complicate the picture. The quantum correction to the potential, and
thus the inflationary predictions, depend on the Higgs and top masses measured at low energies. In principle this offers a novel consistency test between collider experiments and cosmological observations [46–58]. However, as the SM coupled to gravity is non-renormalizable, it
is not clear how the loop corrections should be calculated, and the relation between the low
and high energy regimes is still debated [59–69]. (Possible violation of perturbative unitarity
is another issue that remains unsettled [48, 54, 60, 70–79].) At low energies, where gravity
can be neglected, the SM is renormalizable, and at high energies there is an approximate
shift symmetry that keeps loop corrections under control, but the matching between the two
regimes is not uniquely specified [54, 59, 62, 64, 66, 67, 69].
Quantum corrections do not only affect the mapping between observables at the electroweak scale and on the inflationary plateau. They can also open new inflationary regimes
by qualitatively changing the shape of the potential. In addition to inflation on the plateau as
originally proposed, it may be possible for Higgs inflation to occur at a near-inflection point
(called a critical point) [56, 61–63, 66, 67, 69, 80, 81], at a hilltop [66, 81] or when climbing
up a hill from a degenerate vacuum [82, 83].1
We present the first detailed study of Higgs inflation at the hilltop that uses renormalization group equations to connect the electroweak and inflationary scales. Starting at a hilltop
requires tuning, so it is easily missed when the parameter space is scanned starting from the
electroweak scale, as the shape of the potential is sensitive to small changes in the observed
Higgs and top masses. In contrast, we start from the assumption that there is a hilltop, and
use both the existence of the hilltop and the measured electroweak scale observables as input.
We consider both the metric and the Palatini formulation of general relativity [89, 90]. When
the Higgs is non-minimally coupled, they represent two distinct physical theories [72, 81, 91].
In section 2 we introduce the action in the metric and the Palatini formulation, explain
how we calculate the quantum corrections and introduce the equations of motion and the
observables. In section 3 we show that within our approximation, hilltop inflation is ruled
out at small field values, where the non-minimal coupling does not play a role. While hilltop
inflation may be possible in the intermediate regime, within our approximation the spectrum
would not agree with observations. In 4 we discuss analytically why successful hilltop inflation
1

It is also possible to have inflation in a false vacuum, although new physics is needed for graceful exit to
the electroweak vacuum [4, 31, 84–88].
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is possible at large field values, and numerically scan the parameter space. We contrast the
metric and the Palatini formulation and compare to previous work. In particular, we find
that in the metric case the tensor-to-scalar ratio at the hilltop is always smaller than on the
tree-level plateau or at the critical point, while this is not true in the Palatini formulation.
We summarise our findings in section 5.

2

Non-minimally coupled Higgs inflation

2.1

Tree-level action

In Higgs inflation, the action is


Z
 µν
1 µν
1
4 √
2
2
S = d x −g − M + ξh g Rµν − g ∂µ h∂ν h − V (h) + LSM ,
2
2

(2.1)

where M is a mass scale (close to the Planck scale) which we set to unity henceforth, ξ is the
non-minimal coupling, h is the radial Higgs field, gµν is the metric, Rµν is the Ricci tensor,
and LSM includes the rest of the SM.
To obtain the equations of motion, the action (2.1) is minimized with respect to the
independent degrees of freedom. In the case of gravity, there are several ways of choosing
what they are. One possibility is the metric formulation, where it is imposed from the
beginning that the connection is Levi–Civita, so that it is written in terms of the metric (and
its derivatives), which is the only gravitational degree of freedom. In this case, the York–
Gibbons–Hawking boundary term [92, 93] has to be added to the action to cancel a boundary
term in the variation.
Another possibility is the Palatini formulation, where the metric and the connection
are taken to be independent variables. In this case, the Ricci tensor depends only on the
connection (and its first derivative), not on the metric nor its derivatives. For the Einstein–
Hilbert action plus an action for matter that couples only to the metric, not to its derivatives
nor to the connection, minimizing the action with respect to the connection then leads to
the Levi–Civita connection [89, 90] and thus to the same physics as in the metric case. The
Palatini formulation is simpler in the sense that it involves less assumptions, and there is
no need to add a boundary term to obtain the equations of motion. When matter couples
to derivatives of the metric or to the connection (or the gravitational action is modified),
in particular when there is a non-minimally coupled scalar field, these two formulations are
different physical theories [72, 91]. We will study both of them.
On inflationary scales, the Higgs mass term is negligible, so we have
V (h) =

λ 4
h ,
4

(2.2)

where λ is the Higgs self-coupling. It is convenient to make the conformal transformation
gαβ → (1 + ξh2 )−1 gαβ to the Einstein frame where the scalar field is minimally coupled2 . A
field χ with a canonical kinetic term is recovered with the field transformation
1 + ξh2
dh
=p
.
dχ
1 + ξh2 + p6ξ 2 h2
2

(2.3)

Classically and at tree-level, the physics is independent of the frame [36, 37, 39, 74, 78, 94–105]. For loop
corrections, the issue is less clear [51, 52, 54, 56, 59, 66, 74, 75, 77, 95, 97, 98, 106–112].
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Here p = 1 in the metric formulation and p = 0 in the Palatini formulation [91]. This difference
is a direct consequence of the choice of degrees of freedom. As the conformal transformation
only changes the metric, in the Palatini case the Ricci tensor is left invariant, which results in a
different kinetic term in the Einstein frame. In general, the difference between the metric and
the Palatini formulation can be shifted between the connection, scalar field kinetic term and
potential by field and conformal transformations, which do not change the physical content
of the theory.
Now the inflationary behaviour is determined by the potential as a function of χ in the
Einstein frame. It takes the form [7]
U (χ) ≡

V [h(χ)]
λ
≡ F [h(χ)]4 ,
[1 + ξh(χ)2 ]2
4

h
F (h) ≡ p
.
1 + ξh2

In the metric formulation, the function F can be approximated in terms of χ as [7]

χ
h  1/ξ

1/2
√
F (χ) ≈
√
 √1 1 − e− 2/3χ
h  1/ ξ .
ξ

(2.4)

(2.5)

√
There are three regimes for the field: small values h  1/ξ, large values h  1/ ξ, and
intermediate values in between. In particular, for large field values, the potential has a
plateau where slow-roll inflation is possible.
In the Palatini formulation, the relation (2.3) can be solved exactly, with the result that
p 
1
F (χ) = √ tanh
ξχ .
ξ

(2.6)

Again, there is a plateau at large field values.
2.2

Loop corrected effective potential

The above considerations are based on classical physics. We can take quantum corrections
into account by replacing the classical potential with the loop-corrected potential. We do this
in the Einstein frame and calculate the effective potential in flat spacetime, using the M S
renormalization scheme.
The problem with quantum corrections is that the model is not renormalizable. However, for small field values h  1/ξ it can be approximated by the SM without non-minimal
coupling. In the small field
√ limit we can thus calculate the loop corrections in a straightforward way. For h  1/ ξ, the function F defined in (2.4) approaches a constant, and
as a consequence the Higgs field becomes massless and decouples from the other fields. The
Higgs then no longer plays a dynamical role in the theory, and we are left with the chiral
electroweak theory, also called the chiral SM [52]. While the chiral SM is not renormalizable,
it can be treated consistently order by order, and the leading correction is calculable. The
connection between these two regions is not uniquely determined within the model, but can
be parametrised with effective jumps in couplings at the matching [61, 62].
For small field values, we use the SM two-loop effective potential [113]. We calculate it
with the code available at [114], see also [115–117]. We run the parameters using the threeloop beta functions given in the code available at [118], see also [55, 119]. We include masses
for the Higgs radial mode, the would-be Goldstone bosons, the W and Z bosons and the top
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quark; the other fermions are treated as massless. The code is used to determine the running
and the initial values for the couplings, starting from the observed values3
gS2 (mZ )
= 0.1184 ,
4π

mH = 125.09 ± 0.24 GeV ,

mt = 172.44 ± 0.49 GeV .

(2.7)

We quote error bars as 68% confidence intervals and limits as 95% confidence intervals. Here
gS (mZ ) is the strong coupling at the scale of the Z boson mass mZ , and mH and mt are the
pole masses of the Higgs boson and the top quark [1, 120]. The above error bars for the top
quark do not include a systematic error from matching the theoretical pole mass (relevant
for renormalization group running) to the observationally determined MCMC mass, quoted
as being of the order 1 GeV in [120] and estimated as between 0.2 and 0.4 GeV in [5]. We
combine the estimate 0.4 GeV quadratically with the error given in (2.7) for a total 1σ error
of 0.6 GeV. We run the couplings up to the scale that equals the background Higgs field value:
µ(h) = h .

(2.8)

For large field values we have the chiral SM, and there we add to the tree-level potential (2.4)
only the one-loop correction, which reads [52]






6m4W
m2W
3m4Z
m2Z
5
5
3m4t
m2t
3
U1−loop =
ln 2 −
+
ln 2 −
−
ln 2 −
,
(2.9)
64π 2
µ
6
64π 2
µ
6
16π 2
µ
2
where the W boson, Z boson and top quark masses are given by

g 2 + g 02 F 2
g2F 2
y2F 2
2
2
mW =
,
mZ =
,
m2t = t
,
4
4
2

(2.10)

where yt is the top Yukawa coupling and g and g 0 are the electroweak gauge couplings. For
the chiral SM, we use the one-loop beta functions, which read [52, 121]



3 4
17 02 3 2
2
4
02
2 2
2
2
2
16π βλ = −6yt + 2g + (g + g ) , 16π βyt = yt − g − g − 8gS + 3yt ,
8
12
2
27
13
(2.11)
16π 2 βg = − g 3 , 16π 2 βg0 = g 03 , 16π 2 βgS = −7gS3 .
4
4
We have dropped from βλ a term that is proportional to λ, since it is a higher order correction
near a hilltop, where β is of order λ (see section 4.1). We neglect the running of the nonminimal coupling ξ.
There is no difference between the metric and the Palatini formulation for small field
values. However, in the large field regime the renormalization group running will be different
[122], because the Einstein frame kinetic term is different. (Note that it is not possible to
obtain both minimal coupling and a canonical kinetic term for all fields in the Higgs doublet
[59, 64, 71, 123, 124].) We neglect this difference.
For the large field case we choose the renormalization scale to be
µ(χ) = γF (χ) ,
3

(2.12)

The code [118] also uses as fixed initial values the W and Z boson pole masses mW = 80.399 GeV and
mZ = 91.1876 GeV, the Fermi constant GF = 1.16637×10−5 GeV−2 , the fine structure constant α = 1/127.916
and sin2 θW = 0.23116, where θW is the Weinberg angle, both evaluated at mZ in the M S scheme. These fix
the initial values of the electroweak gauge couplings g and g 0 .
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chosen so that the explicit F (χ)-dependence of the masses cancels in the one-loop correction
(2.9). The constant γ is determined from the condition that the correction vanishes at the
hilltop.
To match the two regions, we switch from the SM running to the chiral SM running
(2.11) at the scale
γ
µ1 = ,
(2.13)
ξ
chosen so that it is below the large field regime, but well above the electroweak scale. At
this scale, we let the couplings λ and yt jump by ∆λ and ∆yt , respectively.
These jumps
√
parametrise the effect of unknown physics in the region 1/ξ . h . 1/ ξ. For simplicity, we
neglect such jumps in the gauge couplings gS , g and g 0 . The jump parameters ∆λ and ∆yt
are also assumed not to run.
As the theory is non-renormalizable, new kinds of contributions arise at every loop order,
and may be important in the matching region. We will not consider them in any detail nor
explicitly introduce any new couplings in the renormalization group equations. However, in
addition to the instant jumps, we consider the transition from the SM to the chiral SM in
more detail in section 3.2 by postulating a smooth transition instead of instant jumps in λ
and yt :
λ(χ) = λ0 + ∆λ S(χ) ,

2
(2.14)

2 1
S(χ) ≡ F 0 (χ) + F 00 (χ)F (χ) − 1 ,
3
motivated by theoretical considerations [62]. The step-function-like S(χ) behaves as
h1/ξ

S(χ) −−−−→ 0 ,

√
h1/ ξ

S(χ) −−−−−→ −1 .

(2.15)

We keep λ0 and ∆λ constant and approximate the effective potential as
U (χ) =

λ(χ)
F (χ)4 ,
4

(2.16)

√
which applies in the region 1/ξ . h . 1/ ξ.
In most cases, the loop corrections do not significantly change the shape of the tree-level
potential, they simply reduce the value of λ for large fields [66, 125]. However, for certain
fine-tuned parameter values, the corrections may cause a qualitative change in the potential,
generating an inflection point [56, 61–63, 66, 67, 80, 81], a hilltop [66, 81] or a degenerate
vacuum [82, 83].
2.3

Equations of motion and inflationary observables

In the spatially flat Friedmann–Robertson–Walker universe, the Einstein equation gives
1
3H 2 = χ̇2 + U (χ) ,
2

χ̈ + 3H χ̇ + U 0 (χ) = 0 ,

(2.17)

where H is the Hubble parameter, dot denotes derivative with respect to cosmic time t and
prime denotes derivative with respect to χ. Slow-roll inflation can only occur for field values
for which the slow-roll parameters characterising the potential U (χ) are small. The first order
slow-roll parameters are
 
1 U0 2
U 00
,
η≡
,
(2.18)
≡
2 U
U
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and in addition there is a series of higher order parameters [126]:
 0 2 0000
U 0 U 000
U
U
ζ≡
,
$≡
,
...
U U
U
U

(2.19)

During slow-roll, the number of e-folds between scale factor a and the end of inflation, when
a = aend , is
Z χ
aend
1
√ dχ .
N ≡ ln
(2.20)
=
a
2
χend
The number of e-folds at the pivot scale k∗ = 0.05 Mpc−1 is
N∗ = 61 − ∆Nreh +
= 52 −

1
1
U∗
ln U∗ + ln
4
4 Uend

(2.21)

1 0.09
,
ln
4
r∗

where the subscript end refers to the end of inflation and ∆Nreh is the number of e-folds
between the end of inflation and the end of preheating (defined as the time when energy
density starts to scale like radiation). On the second line we have taken into account that
2
for SM field content ∆Nreh = 4 [42, 43, 127] (although see [44]), written U∗ = 3π2 As r and
inserted the observed value 24π 2 As = 5.2 × 10−7 [28], written in the maximum value 0.09 of
r∗ allowed by CMB observations as a point of comparison, and taken into account that the
term describing the change of the potential between the pivot scale and the end of inflation
is < 1.
The spectral index ns , tensor-to-scalar ratio r, running of the spectral index αs , and
running of the running βs are determined, to lowest order, in terms of the slow-roll variables
as [128]:
ns = 1 − 6 + 2η ,

r = 16 ,

2

αs = 16η − 24 − 2ζ ,

βs = −1923 + 1922 η − 32η 2 − 24ζ + 2ηζ + 2$ .

(2.22)

When both αs and βs are allowed to vary, at the pivot scale Planck temperature and low
multipole polarization data give [28]
ns = 0.9569 ± 0.0077 ,

αs = 0.011+0.014
−0.013 ,

βs = 0.029+0.015
−0.016 ,

(2.23)

while combining with BICEP2/Keck data gives [129]
r < 0.09 .

(2.24)

We already used the normalization of the scalar perturbations at the pivot scale,
U
= 5.2 × 10−7 .


(2.25)

Tree-level Higgs inflation on the plateau predicts [7]
ns = 1 −

2
,
N

r=

12
,
N2

αs = −

2
,
N2

4
.
N3

(2.26)

βs = −3.2 × 10−5

(2.27)

βs = −

For N = 50 we get
ns = 0.96 ,

r = 4.8 × 10−3 ,

αs = −0.8 × 10−3 ,

in good agreement with the observational values (2.23) and (2.24).
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2.4

Hilltop inflation

Successful models of single-field inflation must satisfy (2.23), (2.24) and (2.25), together with
(2.21). One class of models is those where the potential has a local maximum [130, 131]. At
the hilltop, the slow-roll parameter  is zero, and if the potential is flat enough in its vicinity,
the other slow-roll parameters can also be small. Then it is possible to have slow-roll inflation
near the hilltop.
Because the number of e-folds of inflation approaches infinity as the initial value of the
inflaton approaches the hilltop, it is easy to have a long duration of inflation. If the field
starts close enough to the maximum, its evolution will be dominated by quantum effects,
and the universe can undergo eternal inflation [130, 132, 133]. This does not happen in the
observationally relevant range of field values for Higgs inflation, but the field may have been
closer to the hilltop earlier.
In the Higgs case, a hilltop can form at small, intermediate or large field values. Let us
go through these regions in turn.

3
3.1

Small and intermediate field values
Small field values

Let us first consider the possibility of hilltop inflation in the regime h  1/ξ, where the
non-minimal coupling is irrelevant and only the usual SM loop corrections come into play. It
is well known that the Higgs potential may have a secondary local minimum due to quantum
corrections [2–5, 134–136]. If so, there is a hilltop between the electroweak and the secondary
minimum. For successful hilltop inflation, the potential must be flat enough near the hilltop
so that not only  but also the other slow-roll parameters are small, and the normalization of
the perturbations (2.25) must be correct at the pivot scale corresponding to the right number
of e-folds (2.21).
To see if these criteria can be satisfied, we scan over the values of mH and mt as
explained under equation (2.7), and construct the corresponding SM Higgs potentials using
the approximation presented in section 2.2. As the first criterion after the existence of the
hilltop, we demand that the slow-roll parameter η should be small there. It turns out that
this only happens very close to a critical line on the (mH , mt ) plane, as shown in figure 1.
On the critical line the hilltop is transformed into a saddle point, i.e. the second derivative
of the potential also vanishes.
We then scan over the critical line to see if the rest of the criteria are satisfied anywhere.
It is easy to find the point of correct normalization (2.25) on the potential and calculate
the slow-roll parameters and observables there. We find no viable regions: for example, we
always have αs < −90. For SM without non-minimal coupling, in the approximation used
here, hilltop inflation is not possible.
SM Higgs inflation without non-minimal coupling has been studied before at an inflection
point, where the second derivative of the potential vanishes [30, 31], including the case of a
saddle point [30]. The results of [30] were based on approximating the Higgs potential near the
saddle point, whereas we have constructed the entire potential starting from the electroweak
scale masses and couplings. Nevertheless, the conclusion is the same: we find no inflationary
scenario that agrees with observations.
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mt (GeV)

173

172

171

170
123

124

125

126

127

mH (GeV)
Figure 1. In the SM, there is a hilltop for values of the Higgs mass mH and top mass mt in the shaded
region. On the critical line between the regions, there is a saddle point. The red dot corresponds to
the mean values (2.7), and the dashed lines show the 1σ and 2σ contours, where the 1σ uncertainty
of mH is given by (2.7), and the 1σ uncertainty of mt is 0.6 GeV (see the discussion below (2.7)).
The distance from the mean values to the critical line is between 2σ and 3σ.

3.2

Intermediate field values

√
Let us now consider hilltop inflation in the regime 1/ξ . h . 1/ ξ by approximating the
potential there by (2.16), with a continuous step in the coupling λ given by (2.14). The
tree-level potential with constant λ grows with χ, but if λ decreases rapidly enough due to
the step, the potential can develop a local maximum.
However, as the step (2.14) is not very steep, we need ∆λ to be almost as big as λ0
in (2.14) to get a maximum. In addition, ∆λ has to be finely tuned to make the slow-roll
parameter η small at the hilltop. The only agreeable potential is again of the saddle point
type, and the field value h there is typically of the order 1/ξ or smaller. The good news is
that for any given ξ, successful inflation is always possible when the other parameters are
tuned finely enough. The reason is that the shape of the potential is determined only by the
ratio λ0 /∆λ, and the height can be adjusted separately by changing λ0 .
The parameters can be tuned as follows. First, pick a value for ξ. Then, adjust the ratio
λ0 /∆λ to get a saddle point. Next, find the point on the potential curve that corresponds to
the number of e-folds (2.21). In slow-roll, this condition is independent from the normalization
of the potential, as can be seen from equation (2.20). Finally, fix λ0 so that the amplitude of
the perturbations matches observations.
When ξ is large, the modes in the observable region are generated very close to the
saddle point, and the potential can be approximated as
1
U (χ) = U0 − U0000 (∆χ)3 ,
(3.1)
6
where the subscript zero henceforth denotes value at the hilltop, ∆χ ≡ χ0 − χ and U0000 is the
third derivative of the potential at the hilltop. The constants U0 and U0000 cannot be easily
approximated from (2.16), but we determine them numerically. Using the slow-roll equations
(2.20), (2.22), we get the inflationary observables in terms of the number of e-folds:
ns = 1 −

4
,
N

r=

8(∆χ)2
,
N2
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αs = −

4
,
N2

βs = −

8
,
N3

(3.2)

0
where at the pivot scale ∆χ = N2U
. The bad news is that the analytical estimate (3.2) for
U0000
the spectral index, ns ≈ 0.92, is far outside the observational bounds. This is true both in the
metric and the Palatini case, as the approximation (3.1) works equally for both. Therefore,
and because our approximation for the shape of the potential in the intermediate region is in
any case not robust, we do not perform a numerical scan over the parameters.
It cannot be ruled out that quantum corrections could lead to a shape of the potential
that would support successful hilltop inflation in this region, which has turned to be particularly interesting for inflation at a near-inflection point [56, 61–63, 66, 67, 80, 81]. However,
the effect of the UV completion of the theory on renormalization group running would need
to be carefully controlled. The fact that the power counting estimate of the scale where perturbative unitarity is lost is parametrically higher in the Palatini case may have an impact
on the details of Higgs inflation in the intermediate regime [72].

4

Large field values

4.1
4.1.1

Analytical approximation
Metric formulation

√
Let us now look at inflation in the regime h  1/ ξ, which is also the setting for Higgs
tree-level plateau inflation [7]. Now quantum corrections produce a hilltop there, modifying
the predictions. We first consider the metric formulation and then discuss what changes in
the Palatini case.
To gain analytical understanding, we first consider just the tree-level potential augmented with a running λ that produces a hilltop. We will apply the full machinery of section
2.2 in the next section. It is useful to define the new parameter [66]
δ≡

1
,
ξh2

(4.1)

√
which is small in the region h  1/ ξ. We calculate analytically to lowest order in δ.
The potential is
1
λ(χ) 4
F ,
F =p
U=
,
(4.2)
4
ξ(1 + δ)
with λ running as

dλ
dλ d ln µ
F0
=
= βλ
.
dχ
d ln µ dχ
F

(4.3)

The derivative of the potential with respect to χ is thus
U0 =

F 3F 0
(4λ + βλ ) .
4

(4.4)

This vanishes at the hilltop, so we can approximate
λ = λ0 − 4λ0 ln

µ
,
µ0

(4.5)

where the renormalization scale (2.12) in terms of δ (4.1) is
γ
µ= p
.
ξ(1 + δ)
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(4.6)

2.0

r × 103

1.5

1.0

0.5

0.0
0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

ns
Figure 2. The spectral index ns and tensor-to-scalar ratio r in the analytical approximation of
section 4.1, for the number of e-folds (2.21). The dashed lines indicate the observational 2σ range of
ns given by (2.23). Motion along the line corresponds to changing the value of δ0 , the endpoint at
ns = 0.96 corresponding to the infinite field limit δ0 → 0.

During inflation, δ is between zero and one, and we have
γ
1
γ
− ln p
= ln 2 ≈ 0.35 .
∆ ln µ  ln p
2
ξ(1 + 0)
ξ(1 + 1)

(4.7)

This is a small number, so truncating the Taylor series (4.5) to linear order seems valid.
The free parameters that determine the shape of the potential are now δ0 , λ0 and
ξ. Out of these, λ0 cancels out when calculating the slow-roll parameters in our current
approximation. By assuming ξ  1 we get for the slow-roll parameters at scale δ > δ0 , to
lowest order in δ and δ0 :
16 2
δ (δ − δ0 )2 ,
3
64
ζ = δ 2 (δ − δ0 )(4δ − δ0 ) ,
9

8
η = − δ(2δ − δ0 ) ,
3
512 3
$=−
δ (δ − δ0 )2 (8δ − δ0 ) .
27

=

The number of e-folds (2.20) corresponding to δ is


3
δ
δ0
N = 2 ln
−
.
δ − δ0
δ
8δ0

(4.8)

(4.9)

Fixing N and δ0 fixes δ and thus the slow-roll parameters and the observables (2.22). Figure
2 illustrates the behaviour of ns and r.
For ns and r, the large field limit δ0 → 0 is of particular interest:
δ →0

0
ns −−
−→ 1 −

2
,
N

δ →0

0
r −−
−→

3
.
N2

(4.10)

In this limit the hilltop moves to infinite field values, so we no longer have a local maximum.
Instead the running of the coupling just makes the potential flatter than in tree-level Higgs
inflation on the plateau. The result for ns approaches the tree-level case (2.26), while the
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-12
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-12
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Figure 3. Results of the analytical approximation for αs and βs as a function of ns and r in the
Palatini case.

limiting value of r is a factor of four smaller. Spanning the interval between the tree-level
and hilltop cases would require deforming the potential so that there is no hilltop; this region
has been covered in [67]. The results (4.10) are the upper limits for ns and r. The values of
αs and βs calculated from (4.8) are approximately constant for fixed N in the allowed range
of ns . They are close to the tree-level results (2.27).
Precise results for the number of e-folds (2.21) give
ns < 0.96 .

(4.11)

Restricting ns to the observational 95% confidence interval (2.23), we get
3.3 × 10−4 < r < 1.2 × 10−3 ,
−0.83 × 10−3 < αs < −0.79 × 10−3 ,

−3.4 × 10−5 < βs < −3.2 × 10−5 .

The observed perturbation amplitude (2.25) gives a relation between λ0 , ξ and r:
r
4λ0
ξ=
.
5.2 × 10−7 r

(4.12)

(4.13)

Restricting r to the bounds of (4.12) and λ0 to the interval from zero to one, we get
0 < ξ < 1.5 × 105 .
4.1.2

(4.14)

Palatini formulation
√
In the large field region h  1/ ξ, the Palatini formulation differs from the metric
√ formulation
at leading order only in that all derivatives with respect to χ gain a factor of 6ξ (see (2.3)),
so the results (4.8), (4.9) become
 
16 2
8
2
 = 6ξ × δ (δ − δ0 ) ,
η = 6ξ × − δ(2δ − δ0 ) ,
3
3


64 2
512 3
2
3
ζ = (6ξ) × δ (δ − δ0 )(4δ − δ0 ) , $ = (6ξ) × −
δ (δ − δ0 )2 (8δ − δ0 ) , (4.15)
9
27


1
3
δ
δ0
N=
×
ln
−
.
6ξ 8δ02
δ − δ0
δ
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There are now two free parameters that characterize the dynamics, δ0 and ξ, whereas in the
metric case ξ played no role. Thus in the analogue of figure 2, the single line expands to a
two-dimensional area. However, in both cases, the observables η, ζ, $, and N have the same
expression in terms of the variables δ0 /δ and (1 + p[ξ − 1])δ02 (recall that p is 0 in the metric
formulation and 1 in the Palatini formulation), so αs and βs remain, to a first approximation,
unchanged from the metric case. However, r is different: it is suppressed by 6ξ, as in the
tree-level plateau case [91].
The precise results are shown in figure 3. The allowed (ns , r) parameter space is bounded
from above by the requirement ξ > 1, from below by λ0 < 1, from right by the limit δ0 → 0,
and from left by the choice to only consider a branch of the solutions close to the observed
value ns ≈ 0.96. Since numerical considerations add more such constraints, we don’t here
quote any numbers from the analytical approach, but instead refer to the results of the full
numerical calculation of section 4.2.2.
4.2
4.2.1

Numerical results
Metric formulation

For the numerical results, we abandon the approximations of the previous section, and consider the full loop-corrected effective potential with the parameters run with the renormalization group equations as described in section 2.2. We use the input parameters of the numerical
calculation to deduce the form of the potential U (χ) in the large field limit. Then we calculate
the evolution of the field using the full time evolution equations (2.17) with derivatives taken
using (2.3), starting from slow-roll near the hilltop up to the end of inflation. This gives the
inflationary observables plotted in figures 4 and 5.
The calculation takes as input parameters the values δ0 and λ0 defined in the previous
section and the central values of the low-energy SM parameter (2.7). Note that there are now
two free parameters at the inflationary scale, instead of just one as in the analytical case of
section 4.1. This is because in section 4.1, the dependence on λ0 cancelled out in the simple
expressions, but this is no longer true when the quantum corrections and the detailed running
are taken into account. Nevertheless, we can fix all of the free parameters needed for U (χ).
The non-minimal coupling ξ is determined iteratively to achieve the observed normalization for perturbations (2.25) at the pivot scale corresponding to the value of N given in
(2.21), with an initial guess given by the approximation of the previous section. As the initial conditions for the renormalization group equations, we take the measured mean values
(2.7), together with the values for other electroweak observables given in the code [118], as
discussed in section 2.2. We run the couplings with the SM renormalization group equations
to the matching scale (2.12), where we switch to the chiral SM running. The values of the
couplings other than λ and yt at the hilltop then depend only on the matching parameter
γ given in (2.12). Requiring U 0 (χ0 ) = 0 and U1−loop (χ0 ) = 0 (as discussed below (2.12)),
we have two equations that determine the two unknowns γ and yt0 and fix the potential.
Afterwards, we run λ and yt up from the electroweak scale and down from the hilltop to the
matching scale (2.13) separately, and compare them there to determine the jumps ∆λ and
∆yt .
For the mean values (2.7) of the Higgs and top mass, the Higgs potential becomes
negative at 6 × 1011 GeV. For ξ . 106 , this is below the matching scale (2.13), where the
SM approximation should be valid. In the metric case, this happens in practically the whole
parameter space, and in the Palatini case it happens in a sizeable part of it, as can be seen
from figures 4 and 6. This would make the electroweak vacuum metastable, but as long as the
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lifetime is much longer than the age of the universe, there is no contradiction with late-time
observations. Another possible problem is that after inflation the field may get stuck in the
true vacuum instead of rolling to the electroweak vacuum. However, this depends on the
details of the form of the potential, as the field may roll down the hill fast enough to pass
over the true vacuum, or the vacuum may be uplifted by thermal corrections [62, 63, 67].
Nevertheless, to be sure that there is no problem, we could scan over the allowed range of
Higgs and top masses under the condition that there is no extra minimum in the SM region.
However, it turns out that the CMB observables are rather insensitive to these electroweak
scale input parameters, as the jumps ∆λ and ∆yt adjust to compensate for changes in them.
In contrast, the presence of the extra vacuum is highly sensitive to the precise Higgs and
top masses, and changing them within their 2σ error regions eliminates the SM region extra
vacuum. We therefore do not apply the extra condition that there is no extra vacuum in the
SM region. We expect this to have negligible effect on the results. Below we give examples
where the Higgs and top masses are consistent with the measured values, the jumps are zero,
there is no extra vacuum in the SM region, and the CMB predictions agree with observations.
The crucial point is that we use the existence of the hilltop as an initial condition to fix
the couplings λ and yt at the hilltop, and only compare the results for λ and yt with the SM
afterwards. Higgs inflation at the hilltop has been studied before [66, 81]. However, in [66]
the hilltop was not investigated thoroughly, as much tuning and extensive searching through
the parameter space is needed if the SM parameters are used as the starting point. We solve
this problem by first constructing the hilltop and working backwards from there. In [81] the
potential was approximated with a simple form adapted to the minimum of λ(h), which may
not be valid at the hilltop.
In figure 4 we show the range of ns , r, αs and βs in terms of the parameters δ0 and ξ in
the metric case. For clarity, we have cut regions where ns < 0.9. The value of ξ is strongly
correlated with λ0 via the normalization of the amplitude. The value of ξ is bounded from
above by the fact that larger values would lead to a λ0 that is so large that yt > 1 at the
hilltop. The lower limit for ξ comes from the condition that a hilltop won’t be formed for
values of λ0 that are too small. On the right, we must have δ0 < 1 to be in the large field
regime. On the left, the observables approach the analytical δ0 → 0 limit, and there are no
new features beyond the range plotted here. Hilltop inflation requires 180 < ξ < 1.7 × 107 .
In figure 5 we show αs and βs on the (ns , r) plane. For the spectral index, we have
ns ≤ 0.96. Restricting ns to the observational 95% confidence interval (2.23), the tensor-toscalar ratio is 1.3 × 10−4 < r < 1.2 × 10−3 , always smaller than in the tree-level plateau case.
With the same restriction, the running and the running of the running are tightly determined,
−0.93 × 10−3 < αs < −0.76 × 10−3 , −3.8 × 10−5 < βs < −3.1 × 10−5 . They are close to the
tree-level plateau results and well below the observational limits (2.23).
These results are consistent with the analytical approximation of section 4.1.1. Points on
the (ns , r) plane in figure 5 surround the analytical line of figure 2. When ns is restricted to
the observational 95% range, the results for r, αs and βs are almost identical to the analytical
case (4.12).
In [66], three data points were given for the hilltop case (in their table 1). There
increasing ns increases r, and lowers ξ, which is consistent with our results. Our values for
ns agree, but their corresponding values for r are just below our results shown in figure 5.
In [81], Higgs inflation at hilltop was considered using an analytical approximation for
the potential, whereas we have used the full renormalization group running of the couplings
and a loop-corrected potential. They found correlations between ns , r and ξ that are similar
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Figure 4. Numerical values of ns , r, αs and βs as functions of δ0 and ξ in the metric case. For
clarity, we have cut regions where ns < 0.9.

Figure 5. Numerical values of αs and βs on the (ns , r) plane in the metric case. The black line shows
the analytical approximation plotted in figure 2.
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to our results and to those of [66]. The numerical values obtained for ns and αs are also
consistent with our results, but our lower range of r is tighter by one order of magnitude, and
our result for the absolute value of βs is an order of magnitude smaller.
These results were obtained using the central values of the low-energy SM parameters
(2.7), but they are robust to changes in mH and mt . When mH and mt are varied within
the 2σ confidence intervals, the limits for the CMB observables change only in the second or
higher digit, as the required jumps ∆λ and ∆yt adjust to compensate. The average values of
the jumps are of the order 0.02 for ∆λ and 0.06 for ∆yt .
It is interesting to ask whether the case with no jumps is observationally viable. As
our method of setting initial conditions at the hilltop does not allow us to easily scan the
electroweak observables, we have not done a comprehensive search of the parameter space.
However, with the jumps put to zero, the values mH = 125.53 GeV, mt = 171.29 GeV
(both inside the observational 95% confidence intervals (2.7)) for example give ns = 0.96,
r = 1.1 × 10−3 , αs = −0.81 × 10−3 and βs = −3.2 × 10−5 , all well within the observational
bounds.
4.2.2

Palatini formulation

In figure 6 we show the range of ns , r, αs and βs in terms of the parameters δ0 and ξ in the
Palatini case. The limits of the contours follow from the same constraints as in the metric case,
but the value of δ0 is now bounded more tightly from above by the branch choice mentioned
in section 4.1.2, which cuts out ns values smaller than about 0.94. As with inflation on the
plateau or at the critical point [81, 91], the Palatini formulation requires larger values of the
non-minimal coupling, 1.0 × 105 < ξ < 5.2 × 108 , and r is correspondingly highly suppressed.
In figure 7 we show αs and βs on the (ns , r) plane. We have the same limit ns ≤ 0.96
as in the metric case. Restricting ns to the observational 95% confidence interval (2.23), the
tensor-to-scalar ratio is 2.2 × 10−13 < r < 2.2 × 10−9 . Unlike in the metric formulation,
this does not extend the range of predictions of the model from the plateau and critical
point cases. Because of the strong dependence of r on ξ, even the tree-level plateau inflation
scans a wide range of possible values for r [81, 91]. As in the metric case, the running and
the running of the running conditioned on the observed range of ns are tightly determined,
−1.2 × 10−3 < αs < −0.94 × 10−3 , −5.5 × 10−5 < βs < −4.1 × 10−5 . They are of the same
order of magnitude as in the metric case.
The results agree well with our analytical approximation, although, as mentioned earlier,
the numerical analysis sets stronger restrictions on the allowed parameter space, in particular
as regards r.
In [81], Higgs inflation at hilltop in the Palatini case was considered using an analytical
approximation for the potential. Our results are consistent both for the numerical value of ns
and r and for the correlations between the variables (increasing ns increases r and decreases
ξ). Our order of magnitude for αs and βs is the same, but our lower limit for r extends three
orders of magnitude below theirs.
As in the metric case, varying the electroweak scale masses mH and mt within the 2σ
interval affects only the second or higher digits of the limits quoted above. The average value
of ∆λ is 0.03 and the average value of ∆yt is 0.02. Putting the jumps to zero and keeping the
Higgs mass at the mean value (2.7), the value mt = 171.33 GeV (inside the observational 95%
confidence interval) gives ns = 0.94, r = 1.2 × 10−11 , αs = −1.1 × 10−3 and βs = −4.8 × 10−5 .
The value of ns is just within observational 95% confidence interval, and the other observables
are well below the observational upper limits.
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Figure 6. Numerical values of ns , r, αs and βs as functions of δ0 and ξ in the Palatini case.

Figure 7. Numerical values of αs and βs on the (ns , r) plane in the Palatini case.
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5

Conclusions

We have performed the first in-depth study of Higgs inflation at the hilltop with renormalization group running, including a detailed scan of the parameter space. With plateau inflation
[66, 67] and critical point inflation [56, 61–63, 66, 67, 80, 81] having already been studied
in detail, the hilltop scenario is the third case to be scrutinized by careful renormalization
group analysis, with hillclimbing inflation [82, 83] (which also relies on quantum corrections)
remaining to be similarly mapped.
At small field values h  1/ξ, we have calculated the effective Higgs potential using
the SM renormalization group equations with the √
two-loop effective potential and three-loop
beta functions, while for large field values h  1/ ξ we use the one-loop chiral SM effective
potential and one-loop beta functions. The renormalization scale is chosen to minimize the
chiral SM one-loop correction at the hilltop. We require that a hilltop is formed at given
values of δ ≡ 1/(ξh2 ) and the Higgs self-coupling λ, and proceed to solve the whole potential
from these inputs. We run the equations up from the electroweak scale and down from the
hilltop, and match in the intermediate regime, allowing for an arbitrary jump in the couplings
λ and yt . We calculated the values of the CMB observables both in the metric and the Palatini
formulation of general relativity.
We have confirmed that without the non-minimal coupling, a hilltop inflation in agreement with observations is not possible. In the intermediate regime δ ∼ 1, successful inflation
is not possible either. However, if the hilltop is formed at large field values, δ  1, the results
agree with observations.
For the metric case, we obtain ns ≤ 0.96. When ns is restricted to the observational
95% confidence interval (2.23), we have 1.3 × 10−4 < r < 1.2 × 10−3 , −0.93 × 10−3 < αs <
−0.76 × 10−3 and −3.8 × 10−5 < βs < −3.1 × 10−5 . The result for ns is at most equal to
the value for tree-level plateau inflation (ns = 0.96) [7], whereas r is always smaller than
the plateau counterpart (r = 4.8 × 10−3 ). Even if we match the couplings run up from
the electroweak scale and down from the hilltop exactly without any jumps, we find (for
mH = 125.53 GeV and mt = 171.29 GeV) results that agree well with observations, with
ns = 0.96, r = 1.1 × 10−3 , αs = −0.81 × 10−3 and βs = −3.2 × 10−5 .
In the Palatini case, we again have ns ≤ 0.96, When ns is restricted to the observational
95% confidence interval, we get 2.2×10−13 < r < 2.2×10−9 , −1.0×10−3 < αs < −0.94×10−3
and −4.8 × 10−5 < βs < −4.0 × 10−5 . If we put the jumps to zero, we now find (for the
mean value of the Higgs mass and mt = 171.33 GeV) the values ns = 0.94, r = 1.2 × 10−11 ,
αs = −1.1 × 10−3 and βs = −4.8 × 10−5 . In the Palatini formulation, the hilltop results don’t
significantly differ from the tree-level plateau results [91]. In particular, r is highly suppressed
compared to the metric case, as in the plateau scenario.
In both cases, the numerical calculation is not sensitive to variation of the Higgs and
top masses, changing only in the second or higher digit. We have also done an analytical
calculation to leading order in δ, finding agreement with the numerical results in both the
metric and the Palatini formulation.
These results come with the caveat that we have neglected differences in renormalization
group running between the metric and the Palatini formulation [122]. The initial stages of
preheating, when the field value is still large, may also be different in the two formulations,
though once the field oscillates around the electroweak vacuum, the effect of the non-minimal
coupling, and hence the difference between the two formulations, is small. Also, we did not
allow jumps in the gauge couplings, like we did for λ and yt .
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The predictions of Higgs inflation depend both on quantum corrections and on the choice
of the gravitational degrees of freedom (in our case, whether the connection is an independent
variable). The next generation of CMB experiments such as COrE4 , LiteBIRD5 and PIXIE6
are expected to probe down to r = 10−3 . This would allow them to detect gravitational
waves from tree-level Higgs inflation on the plateau or at the critical point in the metric case,
and thus rule out the Palatini formulation of general relativity (assuming that Higgs is the
inflaton and there are no new degrees of freedom up to the inflationary scale). However,
according to our results, even in the metric case, hilltop inflation allows r to lie below the the
observational reach of the next generation experiments. So while they will be able to tell the
difference between plateau, critical point and hilltop inflation in the metric formulation, they
cannot distinguish between the metric and the Palatini formulation at the hilltop. Of course,
a more precise determination of ns , or a detection of αs or βs , could rule out Higgs inflation,
independent of the value of r.

Acknowledgments
SR thanks Fedor Bezrukov for correspondence. ET is supported by the Vilho, Yrjö and Kalle
Väisälä Foundation of the Finnish Academy of Science and Letters.

References
[1] ATLAS, CMS collaboration,
G. Aad et al., Combined Measurement of the Higgs Boson Mass
√
in pp Collisions at s = 7 and 8 TeV with the ATLAS and CMS Experiments, Phys. Rev.
Lett. 114 (2015) 191803, [1503.07589].
[2] J. R. Espinosa, G. F. Giudice, E. Morgante, A. Riotto, L. Senatore, A. Strumia et al., The
cosmological Higgstory of the vacuum instability, JHEP 09 (2015) 174, [1505.04825].
[3] J. R. Espinosa, Implications of the top (and Higgs) mass for vacuum stability, PoS TOP2015
(2016) 043, [1512.01222].
[4] G. Iacobellis and I. Masina, Stationary configurations of the Standard Model Higgs potential:
electroweak stability and rising inflection point, Phys. Rev. D94 (2016) 073005, [1604.06046].
[5] M. Butenschoen, B. Dehnadi, A. H. Hoang, V. Mateu, M. Preisser and I. W. Stewart, Top
Quark Mass Calibration for Monte Carlo Event Generators, Phys. Rev. Lett. 117 (2016)
232001, [1608.01318].
[6] J. R. Espinosa, M. Garny, T. Konstandin and A. Riotto, Gauge-Independent Scales Related to
the Standard Model Vacuum Instability, Phys. Rev. D95 (2017) 056004, [1608.06765].
[7] F. L. Bezrukov and M. Shaposhnikov, The Standard Model Higgs boson as the inflaton, Phys.
Lett. B659 (2008) 703–706, [0710.3755].
[8] F. Bezrukov, The Higgs field as an inflaton, Class. Quant. Grav. 30 (2013) 214001,
[1307.0708].
[9] T. Vachaspati and M. Trodden, Causality and cosmic inflation, Phys. Rev. D61 (1999)
023502, [gr-qc/9811037].
[10] M. Trodden and T. Vachaspati, What is the homogeneity of our universe telling us?, Mod.
Phys. Lett. A14 (1999) 1661–1666, [gr-qc/9905091].
4

http://www.core-mission.org/
http://litebird.jp/eng/
6
https://asd.gsfc.nasa.gov/pixie/
5

– 19 –

[11] G. F. R. Ellis, 83 years of general relativity and cosmology: Progress and problems, Class.
Quant. Grav. 16 (1999) A37–A75.
[12] G. Ellis, Relativistic cosmology 1999: Issues and problems, Gen.Rel.Grav 32 (2000)
1135–1158.
[13] W. E. East, M. Kleban, A. Linde and L. Senatore, Beginning inflation in an inhomogeneous
universe, JCAP 1609 (2016) 010, [1511.05143].
[14] A. A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity, Phys.
Lett. 91B (1980) 99–102.
[15] D. Kazanas, Dynamics of the Universe and Spontaneous Symmetry Breaking, Astrophys. J.
241 (1980) L59–L63.
[16] A. H. Guth, The Inflationary Universe: A Possible Solution to the Horizon and Flatness
Problems, Phys. Rev. D23 (1981) 347–356.
[17] K. Sato, First Order Phase Transition of a Vacuum and Expansion of the Universe, Mon.
Not. Roy. Astron. Soc. 195 (1981) 467–479.
[18] V. F. Mukhanov and G. V. Chibisov, Quantum Fluctuations and a Nonsingular Universe,
JETP Lett. 33 (1981) 532–535.
[19] A. D. Linde, A New Inflationary Universe Scenario: A Possible Solution of the Horizon,
Flatness, Homogeneity, Isotropy and Primordial Monopole Problems, Phys. Lett. 108B (1982)
389–393.
[20] A. Albrecht and P. J. Steinhardt, Cosmology for Grand Unified Theories with Radiatively
Induced Symmetry Breaking, Phys. Rev. Lett. 48 (1982) 1220–1223.
[21] S. W. Hawking and I. G. Moss, Supercooled Phase Transitions in the Very Early Universe,
Phys. Lett. 110B (1982) 35–38.
[22] G. V. Chibisov and V. F. Mukhanov, Galaxy formation and phonons, Mon. Not. Roy. Astron.
Soc. 200 (1982) 535–550.
[23] S. W. Hawking, The Development of Irregularities in a Single Bubble Inflationary Universe,
Phys. Lett. 115B (1982) 295.
[24] A. H. Guth and S. Y. Pi, Fluctuations in the New Inflationary Universe, Phys. Rev. Lett. 49
(1982) 1110–1113.
[25] A. A. Starobinsky, Dynamics of Phase Transition in the New Inflationary Universe Scenario
and Generation of Perturbations, Phys. Lett. 117B (1982) 175–178.
[26] M. Sasaki, Large Scale Quantum Fluctuations in the Inflationary Universe, Prog. Theor.
Phys. 76 (1986) 1036.
[27] V. F. Mukhanov, Quantum Theory of Gauge Invariant Cosmological Perturbations, Sov.
Phys. JETP 67 (1988) 1297–1302.
[28] Planck collaboration, P. A. R. Ade et al., Planck 2015 results. XX. Constraints on inflation,
Astron. Astrophys. 594 (2016) A20, [1502.02114].
[29] G. Isidori, V. S. Rychkov, A. Strumia and N. Tetradis, Gravitational corrections to standard
model vacuum decay, Phys. Rev. D77 (2008) 025034, [0712.0242].
[30] Y. Hamada, H. Kawai and K.-y. Oda, Minimal Higgs inflation, PTEP 2014 (2014) 023B02,
[1308.6651].
[31] M. Fairbairn, P. Grothaus and R. Hogan, The Problem with False Vacuum Higgs Inflation,
JCAP 1406 (2014) 039, [1403.7483].
[32] C. G. Callan, Jr., S. R. Coleman and R. Jackiw, A New improved energy - momentum tensor,
Annals Phys. 59 (1970) 42–73.

– 20 –

[33] T. Futamase and K.-i. Maeda, Chaotic Inflationary Scenario in Models Having Nonminimal
Coupling With Curvature, Phys. Rev. D39 (1989) 399–404.
[34] D. S. Salopek, J. R. Bond and J. M. Bardeen, Designing Density Fluctuation Spectra in
Inflation, Phys. Rev. D40 (1989) 1753.
[35] R. Fakir and W. G. Unruh, Improvement on cosmological chaotic inflation through
nonminimal coupling, Phys. Rev. D41 (1990) 1783–1791.
[36] N. Makino and M. Sasaki, The Density perturbation in the chaotic inflation with nonminimal
coupling, Prog. Theor. Phys. 86 (1991) 103–118.
[37] R. Fakir, S. Habib and W. Unruh, Cosmological density perturbations with modified gravity,
Astrophys. J. 394 (1992) 396.
[38] D. I. Kaiser, Primordial spectral indices from generalized Einstein theories, Phys. Rev. D52
(1995) 4295–4306, [astro-ph/9408044].
[39] E. Komatsu and T. Futamase, Complete constraints on a nonminimally coupled chaotic
inflationary scenario from the cosmic microwave background, Phys. Rev. D59 (1999) 064029,
[astro-ph/9901127].
[40] F. Bezrukov, D. Gorbunov and M. Shaposhnikov, On initial conditions for the Hot Big Bang,
JCAP 0906 (2009) 029, [0812.3622].
[41] J. Garcia-Bellido, D. G. Figueroa and J. Rubio, Preheating in the Standard Model with the
Higgs-Inflaton coupled to gravity, Phys. Rev. D79 (2009) 063531, [0812.4624].
[42] D. G. Figueroa, J. Garcia-Bellido and F. Torrenti, Decay of the standard model Higgs field
after inflation, Phys. Rev. D92 (2015) 083511, [1504.04600].
[43] J. Repond and J. Rubio, Combined Preheating on the lattice with applications to Higgs
inflation, JCAP 1607 (2016) 043, [1604.08238].
[44] Y. Ema, R. Jinno, K. Mukaida and K. Nakayama, Violent Preheating in Inflation with
Nonminimal Coupling, JCAP 1702 (2017) 045, [1609.05209].
[45] D. G. Figueroa, A gravitational wave background from the decay of the standard model Higgs
after inflation, JHEP 11 (2014) 145, [1402.1345].
[46] J. R. Espinosa, G. F. Giudice and A. Riotto, Cosmological implications of the Higgs mass
measurement, JCAP 0805 (2008) 002, [0710.2484].
[47] A. O. Barvinsky, A. Yu. Kamenshchik and A. A. Starobinsky, Inflation scenario via the
Standard Model Higgs boson and LHC, JCAP 0811 (2008) 021, [0809.2104].
[48] C. P. Burgess, H. M. Lee and M. Trott, Power-counting and the Validity of the Classical
Approximation During Inflation, JHEP 09 (2009) 103, [0902.4465].
[49] L. A. Popa and A. Caramete, Cosmological Constraints on Higgs Boson Mass, Astrophys. J.
723 (2010) 803–811, [1009.1293].
[50] A. De Simone, M. P. Hertzberg and F. Wilczek, Running Inflation in the Standard Model,
Phys. Lett. B678 (2009) 1–8, [0812.4946].
[51] F. L. Bezrukov, A. Magnin and M. Shaposhnikov, Standard Model Higgs boson mass from
inflation, Phys. Lett. B675 (2009) 88–92, [0812.4950].
[52] F. Bezrukov and M. Shaposhnikov, Standard Model Higgs boson mass from inflation: Two
loop analysis, JHEP 07 (2009) 089, [0904.1537].
[53] A. O. Barvinsky, A. Yu. Kamenshchik, C. Kiefer, A. A. Starobinsky and C. F. Steinwachs,
Higgs boson, renormalization group, and naturalness in cosmology, Eur. Phys. J. C72 (2012)
2219, [0910.1041].

– 21 –

[54] F. Bezrukov, A. Magnin, M. Shaposhnikov and S. Sibiryakov, Higgs inflation: consistency and
generalisations, JHEP 01 (2011) 016, [1008.5157].
[55] F. Bezrukov, M. Yu. Kalmykov, B. A. Kniehl and M. Shaposhnikov, Higgs Boson Mass and
New Physics, JHEP 10 (2012) 140, [1205.2893].
[56] K. Allison, Higgs xi-inflation for the 125-126 GeV Higgs: a two-loop analysis, JHEP 02
(2014) 040, [1306.6931].
[57] A. Salvio, Higgs Inflation at NNLO after the Boson Discovery, Phys. Lett. B727 (2013)
234–239, [1308.2244].
[58] M. Shaposhnikov, Cosmology: theory, PoS EPS-HEP2013 (2013) 155, [1311.4979].
[59] D. P. George, S. Mooij and M. Postma, Quantum corrections in Higgs inflation: the real
scalar case, JCAP 1402 (2014) 024, [1310.2157].
[60] X. Calmet and R. Casadio, Self-healing of unitarity in Higgs inflation, Phys. Lett. B734
(2014) 17–20, [1310.7410].
[61] F. Bezrukov and M. Shaposhnikov, Higgs inflation at the critical point, Phys. Lett. B734
(2014) 249–254, [1403.6078].
[62] F. Bezrukov, J. Rubio and M. Shaposhnikov, Living beyond the edge: Higgs inflation and
vacuum metastability, Phys. Rev. D92 (2015) 083512, [1412.3811].
[63] J. Rubio, Higgs inflation and vacuum stability, J. Phys. Conf. Ser. 631 (2015) 012032,
[1502.07952].
[64] D. P. George, S. Mooij and M. Postma, Quantum corrections in Higgs inflation: the Standard
Model case, JCAP 1604 (2016) 006, [1508.04660].
[65] I. D. Saltas, Higgs inflation and quantum gravity: An exact renormalisation group approach,
JCAP 1602 (2016) 048, [1512.06134].
[66] J. Fumagalli and M. Postma, UV (in)sensitivity of Higgs inflation, JHEP 05 (2016) 049,
[1602.07234].
[67] V.-M. Enckell, K. Enqvist and S. Nurmi, Observational signatures of Higgs inflation, JCAP
1607 (2016) 047, [1603.07572].
[68] I. G. Moss, Covariant one-loop quantum gravity and Higgs inflation, 1409.2108.
[69] F. Bezrukov, M. Pauly and J. Rubio, On the robustness of the primordial power spectrum in
renormalized Higgs inflation, 1706.05007.
[70] J. L. F. Barbon and J. R. Espinosa, On the Naturalness of Higgs Inflation, Phys. Rev. D79
(2009) 081302, [0903.0355].
[71] M. P. Hertzberg, On Inflation with Non-minimal Coupling, JHEP 11 (2010) 023, [1002.2995].
[72] F. Bauer and D. A. Demir, Higgs-Palatini Inflation and Unitarity, Phys. Lett. B698 (2011)
425–429, [1012.2900].
[73] F. Bezrukov, D. Gorbunov and M. Shaposhnikov, Late and early time phenomenology of
Higgs-dependent cutoff, JCAP 1110 (2011) 001, [1106.5019].
[74] J. Weenink and T. Prokopec, Gauge invariant cosmological perturbations for the
nonminimally coupled inflaton field, Phys. Rev. D82 (2010) 123510, [1007.2133].
[75] T. Prokopec and J. Weenink, Uniqueness of the gauge invariant action for cosmological
perturbations, JCAP 1212 (2012) 031, [1209.1701].
[76] Z.-Z. Xianyu, J. Ren and H.-J. He, Gravitational Interaction of Higgs Boson and Weak Boson
Scattering, Phys. Rev. D88 (2013) 096013, [1305.0251].

– 22 –

[77] T. Prokopec and J. Weenink, Naturalness in Higgs inflation in a frame independent
formalism, 1403.3219.
[78] J. Ren, Z.-Z. Xianyu and H.-J. He, Higgs Gravitational Interaction, Weak Boson Scattering,
and Higgs Inflation in Jordan and Einstein Frames, JCAP 1406 (2014) 032, [1404.4627].
[79] A. Escrivà and C. Germani, Beyond dimensional analysis: Higgs and new Higgs inflations do
not violate unitarity, Phys. Rev. D95 (2017) 123526, [1612.06253].
[80] Y. Hamada, H. Kawai, K.-y. Oda and S. C. Park, Higgs Inflation is Still Alive after the
Results from BICEP2, Phys. Rev. Lett. 112 (2014) 241301, [1403.5043].
[81] S. Rasanen and P. Wahlman, Higgs inflation with loop corrections in the Palatini formulation,
1709.07853.
[82] R. Jinno and K. Kaneta, Hill-climbing inflation, Phys. Rev. D96 (2017) 043518, [1703.09020].
[83] R. Jinno, K. Kaneta and K.-y. Oda, Hillclimbing Higgs inflation, 1705.03696.
[84] I. Masina and A. Notari, The Higgs mass range from Standard Model false vacuum Inflation
in scalar-tensor gravity, Phys. Rev. D85 (2012) 123506, [1112.2659].
[85] I. Masina and A. Notari, Standard Model False Vacuum Inflation: Correlating the
Tensor-to-Scalar Ratio to the Top Quark and Higgs Boson masses, Phys. Rev. Lett. 108
(2012) 191302, [1112.5430].
[86] I. Masina and A. Notari, Inflation from the Higgs field false vacuum with hybrid potential,
JCAP 1211 (2012) 031, [1204.4155].
[87] I. Masina, The Gravitational wave background and Higgs false vacuum inflation, Phys. Rev.
D89 (2014) 123505, [1403.5244].
[88] A. Notari, Higgs Mass and Gravity Waves in Standard Model False Vacuum Inflation, Phys.
Rev. D91 (2015) 063527, [1405.6943].
[89] A. Einstein, Einheitliche Feldtheorie von Gravitation und Elektrizität,
Sitzungber.Preuss.Akad.Wiss. 22 (1925) 414–419.
[90] M. Ferraris, M. Francaviglia and C. Reina, Variational formulation of general relativity from
1915 to 1925 “Palatini’s method” discovered by Einstein in 1925, Gen.Rel.Grav. 14 (1982)
243–254.
[91] F. Bauer and D. A. Demir, Inflation with Non-Minimal Coupling: Metric versus Palatini
Formulations, Phys. Lett. B665 (2008) 222–226, [0803.2664].
[92] J. W. York, Jr., Role of conformal three geometry in the dynamics of gravitation, Phys. Rev.
Lett. 28 (1972) 1082–1085.
[93] G. W. Gibbons and S. W. Hawking, Action Integrals and Partition Functions in Quantum
Gravity, Phys. Rev. D15 (1977) 2752–2756.
[94] T. Chiba and M. Yamaguchi, Conformal-Frame (In)dependence of Cosmological Observations
in Scalar-Tensor Theory, JCAP 1310 (2013) 040, [1308.1142].
[95] M. Postma and M. Volponi, Equivalence of the Einstein and Jordan frames, Phys. Rev. D90
(2014) 103516, [1407.6874].
[96] L. Järv, K. Kannike, L. Marzola, A. Racioppi, M. Raidal, M. Rünkla et al.,
Frame-Independent Classification of Single-Field Inflationary Models, Phys. Rev. Lett. 118
(2017) 151302, [1612.06863].
[97] S. Karamitsos and A. Pilaftsis, Frame Covariant Nonminimal Multifield Inflation, Nucl. Phys.
B927 (2018) 219–254, [1706.07011].

– 23 –

[98] S. Karamitsos and A. Pilaftsis, On the Cosmological Frame Problem, in 17th Hellenic School
and Workshops on Elementary Particle Physics and Gravity (CORFU2017) Corfu, Greece,
September 2-28, 2017, 2018, 1801.07151.
[99] S. Koh, Non-gaussianity in nonminimally coupled scalar field theory, J. Korean Phys. Soc. 49
(2006) S787–S790, [astro-ph/0510030].
[100] T. Chiba and M. Yamaguchi, Extended Slow-Roll Conditions and Rapid-Roll Conditions,
JCAP 0810 (2008) 021, [0807.4965].
[101] T. Kubota, N. Misumi, W. Naylor and N. Okuda, The Conformal Transformation in General
Single Field Inflation with Non-Minimal Coupling, JCAP 1202 (2012) 034, [1112.5233].
[102] E. E. Flanagan, The Conformal frame freedom in theories of gravitation, Class. Quant. Grav.
21 (2004) 3817, [gr-qc/0403063].
[103] L. Järv, P. Kuusk, M. Saal and O. Vilson, Invariant quantities in the scalar-tensor theories of
gravitation, Phys. Rev. D91 (2015) 024041, [1411.1947].
[104] L. Järv, P. Kuusk, M. Saal and O. Vilson, Transformation properties and general relativity
regime in scalar–tensor theories, Class. Quant. Grav. 32 (2015) 235013, [1504.02686].
[105] P. Kuusk, L. Jarv and O. Vilson, Invariant quantities in the multiscalar-tensor theories of
gravitation, Int. J. Mod. Phys. A31 (2016) 1641003, [1509.02903].
[106] X. Calmet and T.-C. Yang, Frame Transformations of Gravitational Theories, Int. J. Mod.
Phys. A28 (2013) 1350042, [1211.4217].
[107] A. Yu. Kamenshchik and C. F. Steinwachs, Question of quantum equivalence between Jordan
frame and Einstein frame, Phys. Rev. D91 (2015) 084033, [1408.5769].
[108] D. Burns, S. Karamitsos and A. Pilaftsis, Frame-Covariant Formulation of Inflation in
Scalar-Curvature Theories, Nucl. Phys. B907 (2016) 785–819, [1603.03730].
[109] Y. Hamada, H. Kawai, Y. Nakanishi and K.-y. Oda, Meaning of the field dependence of the
renormalization scale in Higgs inflation, Phys. Rev. D95 (2017) 103524, [1610.05885].
[110] M. Herrero-Valea, Anomalies, equivalence and renormalization of cosmological frames, Phys.
Rev. D93 (2016) 105038, [1602.06962].
[111] S. Pandey, S. Pal and N. Banerjee, Equivalence of Einstein and Jordan frames in quantized
cosmological models, 1611.07043.
[112] S. Pandey and N. Banerjee, Equivalence of Jordan and Einstein frames at the quantum level,
Eur. Phys. J. Plus 132 (2017) 107, [1610.00584].
[113] C. Ford, I. Jack and D. R. T. Jones, The Standard model effective potential at two loops, Nucl.
Phys. B387 (1992) 373–390, [hep-ph/0111190].
[114] http://www.niu.edu/spmartin/smh/.
[115] S. P. Martin, Evaluation of two loop selfenergy basis integrals using differential equations,
Phys. Rev. D68 (2003) 075002, [hep-ph/0307101].
[116] S. P. Martin and D. G. Robertson, TSIL: A Program for the calculation of two-loop
self-energy integrals, Comput. Phys. Commun. 174 (2006) 133–151, [hep-ph/0501132].
[117] S. P. Martin and D. G. Robertson, Higgs boson mass in the Standard Model at two-loop order
and beyond, Phys. Rev. D90 (2014) 073010, [1407.4336].
[118] http://www.inr.ac.ru/~fedor/SM/.
[119] K. G. Chetyrkin and M. F. Zoller, Three-loop β-functions for top-Yukawa and the Higgs
self-interaction in the Standard Model, JHEP 06 (2012) 033, [1205.2892].

– 24 –

[120] CMS collaboration, V.pKhachatryan et al., Measurement of the top quark mass using
proton-proton data at (s) = 7 and 8 TeV, Phys. Rev. D93 (2016) 072004, [1509.04044].
[121] S. Dutta, K. Hagiwara, Q.-S. Yan and K. Yoshida, Constraints on the electroweak chiral
Lagrangian from the precision data, Nucl. Phys. B790 (2008) 111–137, [0705.2277].
[122] T. Markkanen, T. Tenkanen, V. Vaskonen and H. Veermäe, Quantum corrections to quartic
inflation with a non-minimal coupling: metric vs. Palatini, 1712.04874.
[123] S. Mooij and M. Postma, Goldstone bosons and a dynamical Higgs field, JCAP 1109 (2011)
006, [1104.4897].
[124] R. N. Greenwood, D. I. Kaiser and E. I. Sfakianakis, Multifield Dynamics of Higgs Inflation,
Phys. Rev. D87 (2013) 064021, [1210.8190].
[125] J. Fumagalli, Renormalization Group independence of Cosmological Attractors, Phys. Lett.
B769 (2017) 451–459, [1611.04997].
[126] A. R. Liddle, P. Parsons and J. D. Barrow, Formalizing the slow roll approximation in
inflation, Phys. Rev. D50 (1994) 7222–7232, [astro-ph/9408015].
[127] D. G. Figueroa, Preheating the Universe from the Standard Model Higgs, AIP Conf. Proc.
1241 (2010) 578–587, [0911.1465].
[128] Planck collaboration, P. A. R. Ade et al., Planck 2013 results. XXII. Constraints on
inflation, Astron. Astrophys. 571 (2014) A22, [1303.5082].
[129] BICEP2, Keck Array collaboration, P. A. R. Ade et al., Improved Constraints on
Cosmology and Foregrounds from BICEP2 and Keck Array Cosmic Microwave Background
Data with Inclusion of 95 GHz Band, Phys. Rev. Lett. 116 (2016) 031302, [1510.09217].
[130] L. Boubekeur and D. Lyth, Hilltop inflation, JCAP 0507 (2005) 010, [hep-ph/0502047].
[131] K. Kohri, C.-M. Lin and D. H. Lyth, More hilltop inflation models, JCAP 0712 (2007) 004,
[0707.3826].
[132] A. D. Linde, Eternally Existing Selfreproducing Chaotic Inflationary Universe, Phys. Lett.
B175 (1986) 395–400.
[133] G. Barenboim, W.-I. Park and W. H. Kinney, Eternal Hilltop Inflation, JCAP 1605 (2016)
030, [1601.08140].
[134] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori et al., Higgs
mass and vacuum stability in the Standard Model at NNLO, JHEP 08 (2012) 098,
[1205.6497].
[135] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F. Sala, A. Salvio et al., Investigating
the near-criticality of the Higgs boson, JHEP 12 (2013) 089, [1307.3536].
[136] J. R. Espinosa, M. Garny, T. Konstandin and A. Riotto, Gauge-Independent Scales Related to
the Standard Model Vacuum Instability, Phys. Rev. D95 (2017) 056004, [1608.06765].

– 25 –

