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Abstract

We discuss models where the Higgs boson of the electroweak standard model plays

the role of the inflaton. We focus on the question of the violation of perturbative

unitarity due to the coupling of the Higgs boson either to the Ricci scalar or to the

Einstein tensor and discuss the background dependence of the unitarity bounds. Our

conclusion is that the simplest model which restricts itself to the standard model Higgs

boson without introducing further degrees of freedom has a serious problem. However,

in the asymptotically safe gravity scenario, the Higgs boson of the standard model could

be the inflaton and no physics beyond the standard model is required to explain both

inflation and the spontaneous breaking of the electroweak symmetry of the standard

model.
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1 Introduction

It is now widely accepted that the early universe went through a period of rapid inflation. It

has recently been proposed that the standard model Higgs boson could be the inflaton [1–3].

The motivation is clear. The standard model needs a fundamental scalar field to break the

electroweak symmetry and inflation is well described by scalar fields. Why not identify both

scalar fields? While being an elegant and minimal model, there has been much debate over

whether this scenario suffers from unitarity problems during the inflationary period [4–13].

It has recently been emphasized that the scale of unitarity violation depends on the size

of the background fields in the model [12, 13]. Since the Higgs field is required to have a

large background value during inflation the unitarity bound is higher during the inflationary

period and the theory does not violate unitarity at any time. Despite this claim, we point

out in this paper that the requirement of new physics appearing below the Planck mass

in today’s universe sacrifices the original idea of the standard model alone being able to

explain inflation. In fact despite the theory being unitary at all times it is most likely that

new physics which is required to solve the unitarity problem in today’s universe will take

part in the inflationary dynamics and it will no longer be driven by the Higgs boson alone.

In an attempt to bypass the unitarity problem, a new model of Higgs inflation has been

introduced with a derivative coupling to gravity [14]. In the second part of this paper we

carry out a detailed analysis of the scale of unitarity violation in this model and find that

contrary to the initial claims, it also suffers from unitarity problems.

Previous attempts to unitarize Higgs inflation have required the introduction of new

degrees of freedom [15, 16]. In the last part of this paper we note that if gravity were to

exhibit asymptotic safety in the presence of the couplings which drive Higgs inflation then

the models might not suffer from any unitarity issues. This would provide a fully consistent

paradigm for Higgs inflation without having to introduce any new degrees of freedom beyond

those found in the standard model.

2 Original Model of Higgs Inflation

The original model of Higgs inflation proposed in [2] is given by the action

S =

∫

d4x
√
−g

[

M̄2
P

2
R − ξH†HR + LSM

]

, (1)

where H is the standard model Higgs doublet, LSM is the standard model Lagrangian and

M̄P is the reduced Planck mass. ξ is a new coupling constant which needs to be of the order

104 to produce successful inflation.
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Such a large coupling has raised doubts about the validity of the theory. It has been

well established [5–12] that when the Higgs field is expanded around the standard model

vacuum expectation value, v = 246 GeV, the theory violates unitarity at a scale Λ ≃ M̄P/ξ.

This scale should be considered as a cut off for the effective theory. The size of the Higgs

field during inflation is above M̄P/
√
ξ which is above the cut off, putting the inflationary

calculations in jeopardy.

In [12,13] it is shown that the cut off is in fact dependent on the size of the background

fields. Since the Higgs field has a large background value during inflation it is found that

throughout the period of inflation and reheating the fields lie below this background depen-

dent cut off. While this theoretically may allow one to work within the regime of validity of

the effective theory for inflationary calculations, we wish to point out that the original idea

of the standard model alone being able to explain inflation has to be sacrificed.

The original idea of Higgs inflation was so exciting because it did not require the intro-

duction of new physics below the Planck mass to explain particle physics and inflation. We

do of course expect new physics to appear at the gravitational cutoff,
√

M̄2
P + ξφ̄2 where φ̄

is the background Higgs field [13]. However, if we require that the standard model alone

be valid up to the gravitational cutoff today, i.e. M̄P , we get a bound on the size of ξ

(−0.81 ≤ ξ ≤ 0.64, see [9, 10]). Since ξ is time independent, this bound restricts ξ for all

time and we again see that the original idea of Higgs inflation is inconsistent.

Given that the action (1) represents a non-renormalizable effective theory, we take the

point of view that it is only valid in an energy regime up to a certain cut off, Λ. New physics,

characterized by a mass scale above this cut off, has been integrated out and appears as higher

dimensional operators suppressed by powers of Λ. In the case of Higgs inflation these higher

dimensional operators will take the form

(H†H)nRm

Λ2(n+m)−4
. (2)

Since there is a violation of unitarity at the scale Λ ≃ M̄P/ξ when the fields are expanded

around small field values, we know that in today’s universe, new physics must appear,

characterized by a mass scale m ∼ M̄P/ξ, in order to fix the unitarity problem. The original

minimalistic view of the standard model Higgs boson alone, valid up to M̄P , explaining

inflation has to be given up. Further, since the scale of unitarity violation increases with

large background field values, either this new physics remains at this mass scale during

inflation or any mechanism that lifts the mass scale of the new physics would likely mix

the new degrees of freedom with the Higgs boson, as happens in [16]. Either way, the new

physics will become a part of the inflationary dynamics, not just degrees of freedom required

to unitarize the model. Indeed, in [16] it is the presence of the large nonminimal coupling to
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the new sigma field that is of critical importance for inflation, not the presence of the Higgs

boson.

We would like to make a brief comment here on the use of singlet scalars non-minimally

coupled to gravity. As has now been well established, the amplitude for 2 → 2 gravitational

scattering of a singlet scalar must necessarily include s, t and u-channel processes. When

this is done, a cancellation amongst these diagrams occurs, raising the scale of unitarity

violation to Λ ∼ M̄P [17]. However as was pointed out in [11] and in a footnote in [6] the

presence of a self coupling term (e.g. λφ4) in the potential for the singlet field will introduce

a violation of unitarity at a scale Λ ∼ M̄P/(
√
λξ). This comes from the (λξ/M̄P )φ

6 term

in the Einstein frame action. Since there has been some confusion in the past over the

scale of unitarity violation in the Jordan and Einstein frames we would like to point out

here where this problem also appears in the Jordan frame. In the Jordan frame we consider

2 → 4 scattering at order O(λξ2/M̄2
P ) and find a cross section σ ∼ λ2ξ4s/M̄4

P , where s is is

the center of mass energy squared. Unitarity requires σ < 8π/s, giving a scale of unitartiy

violation Λ ∼ M̄P/(
√
λξ). For O(1) or larger values of the self coupling we see that its

presence introduces the same scale of unitarity violation as in the non-singlet case. Models

which use a singlet scalar non-minimally coupled to gravity therefore need to carefully choose

their self couplings, and indeed couplings to other sectors of the model, or require further

new physics to unitarize the model.

New physics beyond the standard model taking part in the inflationary dynamics seems

to go against the original idea of using the Higgs boson both for inflation and to break the

electroweak symmetry of the standard model by using only one fundamental scalar field. In

section 4 of this paper we discuss the possibility of the unitarity problem being completely

negated if gravity is asymptotically safe and without having to introduce any new physics

beyond the standard model. Let us first, however, reconsider an interesting idea to avoid the

unitarity problem by using derivative couplings of the Higgs boson to the Einstein tensor

instead of the H†HR coupling.

3 New Model of Higgs Inflation

To overcome the unitarity problems associated with the original proposal for Higgs inflation,

Germani and Kerhagis proposed a new model where the Higgs boson has a derivative coupling

to the Einstein tensor [14]. They claimed that this new model was free of unitarity problems

and could produce successful inflation. In a later paper [18] they calculated the cosmological

perturbations in the model and showed that they were consistent with the latest WMAP

data. Since the prime motivation for the new model was to overcome the unitarity problems
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associated with the earlier model, it is important to carry out a thorough analysis of the

scale of unitarity violation in this model. We find that contrary to the original claims, the

new model of Higgs inflation also suffers from unitarity problems during the inflationary

period.

In [14] it is shown that the unique nonminimal derivative coupling of the Higgs boson to

gravity, propagating no more degrees of freedom than general relativity minimally coupled

to a scalar field, is given by the action

S =

∫

d4x
√
−g

[

M̄2
P

2
R − 1

2
(gµν − w2Gµν)∂µΦ∂νΦ− λ

4
Φ4

]

, (3)

where Gµν = Rµν − R
2
gµν is the Einstein tensor, w is an inverse mass scale, and Φ represents

a real scalar field which is to be associated with one of the real degrees of freedom of the

standard model Higgs doublet.

To calculate the scale at which unitarity is violated in such a theory we consider ΦΦ → ΦΦ

scattering via graviton exchange. As in [8, 9], we simplify the calculation by only con-

sidering s-channel scattering, we can do this by imposing different in and out states, i.e.

ΦΦ → Φ′Φ′. This is justified for the case of the standard model Higgs doublet, which in

the high energy regime being considered, appears as four real scalars. Expanding around

the inflating background gµν = ḡµν + hµν/M̄P where ḡµν = diag(−1, a(t), a(t), a(t)) is the

Friedmann-Roberstson-Walker (FRW) metric, to lowest order in hµν the Einstein tensor is

Gµν = −3H2ḡµν where H ≡ ȧ/a is the Hubble constant. For wH ≫ 1, expanding Φ around

its background value during inflation, Φ0, we have Φ = Φ0 +
1√
3wH

φ where φ is canonically

normalized. As in [14], we find an interaction term

I ≃ 1

2H2M̄P

∂2hµν∂µφ∂νφ. (4)

A power counting analysis then gives the scale at which unitarity is violated to be

Λ ≃ (2H̄2MP )
1/3. (5)

In [18], by direct comparison with the WMAP data and considering the allowed range of the

standard model Higgs boson self coupling, the size of the background fields during inflation

are found to be

R ≃ 5.6× 10−8M̄2
P , (6)

2.1× 10−2M̄P < Φ0 < 2.7× 10−2M̄P . (7)

In order for the higher dimensional operators (2) to be suppressed we must ensure that

during inflation, R < Λ2 and Φ0 < Λ. We can determine H ≃
√

R/12 from (6) and we find

Λ ≃ 2× 10−3M̄P . (8)
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In [14] only the condition R < Λ2 was considered and the model was said to be free of

unitarity problems. However, considering the Higgs field (7) we see that Φ0 > Λ during

inflation and the model in fact suffers from unitarity problems.

It is also of interest to calculate Λ around today’s background since this gives us the

lowest energy at which new physics must appear in order to unitarize the theory. Expanding

around a flat background gµν = ηµν +
√
2hµν/M̄P +O(M̄−2

P ) and the standard model Higgs

boson vacuum expectation value (which we take to be zero in the high energy limit being

considered), the cut off is found to be

Λ ≃
(

5M̄P

w2

)1/3

. (9)

In [18], by comparison with the WMAP data the value of the dimensionful parameter w is

found to lie in the range

7× 10−8 M̄P < w−1 < 8.8× 10−8 M̄P . (10)

Taking the upper bound for w−1 we find that unitarity is violated at

Λ = 3.4× 10−5M̄P (11)

which is bigger than both
√
R and Φ0 during inflation.

We conclude that, during the inflationary period, new physics must be present to cure

the unitarity problem and would likely spoil the inflationary potential.

4 Asympotic Safety

The scenario of asymptotically safe gravity, first proposed by Weinberg [19], provides a

fully renormalizable UV completion to gravity (for a review see [20]). In this scenario, the

dimensionless gravitational coupling approaches a non trivial fixed point in the UV. The

Planck mass is expected to become larger in the UV and the growth of amplitudes with

energy of type ξ2s/M̄2
P could be compensated by the running of the reduced Planck mass

(see e.g. [21]). Note that this would also imply that ξ gets smaller in the UV which would

also counter the growth with energy of amplitudes. When gravity is coupled to matter the

existence of the fixed point is more difficult to establish, however detailed investigations

have recently been carried out into scalar fields coupled to gravity [22, 23]. These studies

incorporate the nonminimal coupling used in the original model of Higgs inflation [2] and

indicate that in the presence of these couplings a Gaussian matter fixed point could exist.

5



Although asymptotically safe gravity can provide its own paradigm for inflation [24],

we remark here that should gravity display a fixed point in the presence of one of the

matter couplings presented for Higgs inflation, Higgs inflation without any physics beyond

the standard model could be free of unitarity problems. If we consider the running of coupling

constants in the original example of Higgs inflation, where the cut off has been found to be

M̄P/ξ, we would expect the Planck mass to increase and the nonminimal coupling to decrease

at high energies, lifting the scale of unitarity violation as these energies are approached.

Thus asympotically safe gravity with the standard model Higgs boson could provide a fully

consistent inflationary scenario without having to introduce any new degrees of freedom. As

suggested in [25], the Higgs boson’s mass needs to be within a restricted mass range to avoid

a Landau pole. If this is the case, the standard model with a large non-minimal coupling of

the Higgs boson to the Ricci scalar can explain both the spontaneous symmetry breaking of

the electroweak symmetry and inflation without the need for any new physics.

5 Conclusions

While the standard model Higgs boson would offer an elegant candidate for the inflaton

there has been much debate about whether or not successful inflationary scenarios suffer

from unitarity problems. Recent work suggested that the scale of unitarity violation was

dependent on the background fields and since the Higgs field has a large background value

during inflation, unitarity problems are in fact avoided throughout the inflationary period.

Despite this, we point out that since new physics must appear well below the Planck mass in

order to unitarize the model in today’s universe, the original idea of the Higgs boson alone

providing a paradigm for inflation has to be sacrificed. We would expect that either this

new physics remains at the lower scale during inflation or any mechanism that lifts the mass

scale would likely mix the new degrees of freedom with the Higgs boson. Either way, the

new physics takes part in the inflationary dynamics.

A new model of Higgs inflation was proposed in [14] with the motivation being that it did

not suffer from the unitarity problems that plagued the earlier model. Despite these claims,

we find that when a careful analysis is carried out this model also suffers from unitarity

problems. The scale of unitarity violation in this model is (5H̄2MP )
1/3 and again this is

lower than the size of the Higgs field during inflation, leading to the same unitarity problems

and loss of control over the flat potential which troubled the earlier model.

We have also remarked that if gravity possesses a non trivial UV fixed point in the

presence of a nonminimal coupling to the standard model Higgs boson, then the minimal

Higgs inflation model could be self consistent without having to introduce new degrees of
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freedom.
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