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Abstract In the absence of new physics around 1010 GeV, the electroweak vacuum is
at best metastable. This represents amajor challenge for high scale inflationarymodels
as, during the early rapid expansion of the universe, it seems difficult to understand
how the Higgs vacuum would not decay to the true lower vacuum of the theory with
catastrophic consequences if inflation took place at a scale above 1010 GeV. In this
paper we show that the non-minimal coupling of the Higgs boson to curvature could
solve this problembygenerating a direct coupling of theHiggs boson to the inflationary
potential thereby stabilizing the electroweak vacuum. For specific values of the Higgs
field initial condition and of its non-minimal coupling, inflation can drive the Higgs
field to the electroweak vacuum quickly during inflation.

Keywords Inflation · Higgs · Electroweak vacuum stability

The non-minimal coupling ξφ2R of scalars (φ) to curvature R has attracted much
attention in the recent years. Indeed, in four space–time dimensions, ξ is a dimension-
less coupling constant and as such is likely to be a fundamental constant of nature.
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With the discovery of the Higgs boson, the only known fundamental scalar field so
far observed, it became clear that this parameter is relevant and should be considered
when coupling the standard model of particle physics to general relativity.

The value of the non-minimal coupling of the Higgs boson to curvature is a free
parameter of the standard model of particle physics. There has been no direct mea-
surement so far of this fundamental constant of nature. The discovery of the Higgs
boson at the Large Hadron Collider at CERN and the fact that the Higgs boson behaves
as expected in the standard model implies that the non-minimal coupling is smaller
than 2.6× 1015 [1]. This bound comes from the fact that for a large non-minimal cou-
pling the Higgs boson would decouple of the standard model particles. We have little
theoretical prejudice on the magnitude of this constant. Conformal invariance would
require ξ = 1/6, but this symmetry is certainly not an exact symmetry of nature.

Assuming that the standard model is valid up to the Planck scale or some 1018 GeV,
the early universe cosmology of the Higgs boson represents an interesting challenge.
Given themass of theHiggs bosonwhichhas beenmeasured at 125GeVand the current
measurement of the top quark mass, the electroweak vacuum is at best metastable [2].
The implication of thismetastability of the electroweak vacuum for the standardmodel
coupled to an inflation sector has recently been discussed [3]. Indeed, one finds that
the Higgs quadratic coupling which governs the shape of the Higgs potential for large
field value turns negative at an energy scale � ∼ 1010 − 1014 GeV. The electroweak
vacuum with the minimum at 246 GeV is not the ground state of the standard model,
but rather there is a lower minimum to the left and our vacuum is only metastable.
This is a problem in an inflationary universe.

In an expanding universe with Hubble scale H , the evolution of the Higgs boson h
is given by

ḧ + 3Hḣ + ∂V (h)

∂h
= 0 (1)

where V (h) is the potential of the scalar field. Even if one imposes as an initial
condition at the start of our universe that the Higgs field starts at the origin, it will
most likely be excited to higher field values during inflation. Indeed, because the mass
of the Higgs boson is very small compared to the scale of inflation, it is essentially
massless. Quantumfluctuations of theHiggs fieldwill drive it away from theminimum
of the potential. Its quantum fluctuations are of order the Hubble scale H . Thus, for
H > �, it is likely that the Higgs will overshoot the barrier between the false vacuum
in which our universe lives and the lower state true vacuum of the theory.

In [3,4], it is shown that a direct coupling of the Higgs boson to the inflaton field can
significantly affect this picture if this coupling makes the Higgs potential convex. This
interaction between the inflaton and the Higgs boson drives the Higgs field to small
values during inflation. This is closely related to an earlier result [5,6] that the curvature
coupling of the Higgs boson resembles an additional mass term − ξ R in the Higgs
potential and could stabilise the Higgs boson. We shall argue below this interpretation
of the curvature term is not entirely correct, and in fact the twomechanisms are closely
related when carried out correctly. Assuming that there is no new physics between the

123



112 Found Phys (2018) 48:110–120

weak scale and the scale of inflation, we shall derive a new prediction for the value of
the non-minimal coupling of the Higgs boson to the Ricci scalar.

Before the discovery of the Higgs boson, cosmologists had already been investigat-
ing the non-minimal coupling of scalars to curvature. In inflationary cosmology one
often deals with actions of the type

Sscalar =
∫

d4x
√−g

(
1

2
∂μφ∂μφ − 1

2
m2φ2 + 1

2
ξφ2R

)
, (2)

where m is the mass of the scalar field φ. This coupling has been extensively studied,
see e.g. [7–11]. With the discovery of the Higgs boson, it became clear that this
coupling was not only an exotic term that could be implemented in curved space–time
but that this coupling is phenomenologically relevant.

Before deriving our prediction for the value of the non-minimal coupling of the
Higgs boson to curvature, we need to address a common misconception which can be
very important when discussing Higgs physics within the context of cosmology and
very early universe physics. It is often argued that the non-minimal coupling which
appears in Eq. (2) of a scalar field to curvature is identical to a contribution to the mass
of the scalar field that is curvature dependent. We will prove that this is not strictly
correct. We will then show that the correct treatment is necessary when analysing
the initial conditions problem for the Higgs field towards the false vacuum from a
Planck-scale initial value.

We shall first address the issue of the Higgs mass. If one naively varies the action
for a scalar field φ containing the non-minimal coupling (2), one obtains the field
equation

(� + m2 − ξ R)φ = 0, (3)

and it is often argued that this term ξ R is a curvature dependent mass term for the
scalar field φ. In a FRW background, the curvature drops from R = 12H2 during
inflation, with constant expansion rate H , to R ≈ 0 in a radiation dominated era after
inflation, which could lead to an overproduction of the Higgs boson after inflation
[12,13]. This argument is however incomplete. The problem is that the non-minimal
coupling induces amixing between the kinetic term of the scalar field and of themetric
field. We will illustrate this point with the standard model of particle physics, since
this is the only model so far that contains a fundamental scalar field which has actually
been discovered experimentally, however the same line of reasoning applies to any
scalar field non-minimally coupled to curvature.

Starting with the standard model Lagrangian LSM , we have

S =
∫

d4x
√−g

[(
1

2
M2 + ξH†H

)
R − (DμH)†(DμH) − LSM

]
(4)

where H is the SU(2) scalar doublet, we shall see that this is not actually the Higgs
boson of the standard model. After electroweak symmetry breaking, the scalar boson
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gains a non-zero vacuum expectation value, v = 246 GeV, M and ξ are then fixed by
the relation

(M2 + ξv2) = M2
P . (5)

The easiest way to see thatH is not actually the Higgs boson is by doing a transfor-
mation to theEinstein frame [14–16] g̃μν = �2gμν ,where�2 = (M2+2ξH†H)/M2

P .
The action in the Einstein frame then reads

S =
∫

d4x
√−g̃

[
1

2
M2

PR̃ − 3ξ2

M2
P�4

∂μ(H†H)∂μ(H†H)

− 1

�2 (DμH)†(DμH) − LSM

�4

]
. (6)

Expanding around the Higgs boson’s vacuum expectation value and specializing to
unitary gauge, H = 1√

2
(0, φ + v)�, we see that in order to have a canonically nor-

malized kinetic term for the physical Higgs boson we need to transform to a new field
χ where

dχ

dφ
=

√
1

�2 + 6ξ2v2

M2
P�4

. (7)

Expanding 1/�, we see at leading order the field redefinition simply has the effect
of a wave function renormalization of φ = χ/

√
1 + β where β = 6ξ2v2/M2

P . Thus
the canonically normalized scalar field, i.e., the true Higgs boson, does not have any
special coupling to gravity and it couples like any other field to gravity in accordance
with the equivalence principle.

This effect can also be seen in the Jordan frame action (4) as arising from a mixing
between the kinetic terms of the Higgs and gravity sectors. After fully expanding the
Higgs boson around its vacuum expectation value and also the metric around a fixed
background, gμν = γ̄μν + hμν , we find a term proportional to ξvφ�hμ

μ:

L(2) = −M2 + ξv2

8
(hμν�hμν + 2∂νh

μν∂ρh
μρ − 2∂νh

μν∂μh
ρ
ρ − hμ

μ�hν
ν

+1

2
(∂μφ)2 + ξv(�hμ

μ − ∂μ∂νh
μν)φ (8)

After correctly diagonalizing the kinetic terms and canonically normalizing the Higgs
field and graviton using

φ = χ/
√
1 + β (9)

hμν = 1

MP
h̃μν − 2ξv

M2
P

√
1 + β

γ̄μνχ. (10)

We again find the physical Higgs boson gets renormalized by a factor 1/
√
1 + β.
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These results demonstrate that the non-minimal coupling does not introduce
stronger gravitational interactions for the Higgs boson once its field has been cor-
rectly canonically normalized. We stress that the underlying reason is that there is no
violation of the equivalence principle. Our findings are in sharp contrast to the claims
made in [17]. The only valid bound to date on the non-minimal coupling of the Higgs
boson to curvature is that obtained in [1], namely that its non-minimal coupling is
smaller than 2.6× 1015. While the fact that we may be living in a metastable vacuum
is problematic for the Higgs boson in an inflationary context, the non-minimal cou-
pling of the Higgs boson to curvature does not create a new problem. On the contrary,
we shall now show that this non-minimal coupling could solve the stability issue.

Let us now study the coupling of the Higgs boson to an inflaton σ with potential
VI (σ ) that is induced by the mapping from the Jordan frame to the Einstein frame.
Indeed, even if no direct coupling between the Higgs boson is assumed in the Jordan
frame, it will be induced in the Einstein frame:

VI (σ ) → VI (σ�)

�4 = VI (σ�)(
1 + 2ξvφ(χ)+ξφ(χ)2

M2
P

)2 , (11)

but bear inmind that the inflaton field σ does not have a canonically normalized kinetic
term.

Let us first consider small Higgs field values (φ � v). In that case, we see imme-
diately that

VI (σ�)

�4 ≈ VI (σ )
(
1 − 4ξvφ/M2

p

)
. (12)

A coupling between the inflaton and the Higgs field is induced by the transformation
to the Einstein frame. Note that there is a priori no reason to exclude a coupling of
the type VIH†H in the Jordan frame where the theory is defined. There could be
cancellations between this coupling and that generated by the map to the Einstein
frame. The magnitude of the coupling between the Higgs boson and the inflaton
appearing in the mapped inflationary potential thus cannot be regarded as a prediction
of the model. Let us ignore a potential direct inflaton-Higgs coupling for the time
being and continue our investigation of the induced coupling. We will now show that a
non-minimal coupling of the Higgs boson to curvature can solve some of the problems
associated with Higgs cosmology within the standard model of particle physics.

In the early universe we need to consider large Higgs field values (v � φ �
MP |ξ |−1/2)). As explained previously, even if one is willing to fine-tune the initial
condition for the value of the Higgs field, it will experience quantum fluctuations of the
order of the Hubble scale H . Unless the Hubble scale is much smaller than the energy
scale at which the electroweak vacuum becomes unstable, the Higgs field is likely to
swing into the lower true vacuum of the theory. A Higgs non-minimal coupling to the
Ricci scalar could actually solve this problem since, as we will show, it will generate
a direct coupling between the Higgs boson and the inflaton if the Jordan frame action
contains an inflationary potential VI .

It has been shown that a direct coupling between the Higgs boson and the inflaton
can drive the Higgs field [3] to the false electroweak vacuum quickly during inflation
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even if the Higgs field initial value is chosen to be large. There are basically three
scenarios for the onset of inflation: the thermal initial state [18], ab initio creation
[19,20] and the chaotic initial state [21,22]. The thermal initial state starting from a
temperature just below the Planck scale would introduce thermal corrections to the
Higgs potential preventing vacuum decay until the temperature fell to the inflationary
de Sitter temperature, at which point it becomes a question of vacuum fluctuation as to
whether the Higgs survives in the false vacuum. However, the consistency of thermal
equilibrium of the standard model fields when the Higgs takes a large value has not yet
been verified. The ab initio creation is an attractive possibility, where the Higgs would
nucleate at the top of the potential barrier. In this case also, stability depends on the size
of vacuum fluctuations during inflation. The final possibility, the chaotic initial state,
would have the Higgs field start out at arbitrarily large values. The most likely initial
values would be larger than the instability scale �, preventing the Higgs field from
entering the false vacuum. An anthropic argument could be applied to rule out these
initial conditions, butwe shall see that the non-minimal curvature coupling of theHiggs
boson can force the Higgs into the false vacuum without anthropic considerations.

As we have seen, the Einstein frame potential is given by

VE = VI (σ ) + Vφ(φ)

(1 + ξκ2φ2)2
(13)

where κ2 = 8πG. The inflationary expansion rate HI is the expansion rate of the false
vacuum,

H2
I = VI (σ )

3M2
p

. (14)

The most extreme chaotic initial condition, and the one relevant to eternal chaotic
inflation, is one where VE is close to the Planck scale. For an unstable Higgs potential
Vφ , this is only possible when ξ < 0, as shown in Fig. 1.

Let us denote by φm the value of the field at which the potential vanishes,

VI (σ ) + Vφ(φm) = 0. (15)

Note that φm depends on HI . The asymptote in the potential is at φc,

1 + ξφ2
c /M

2
p = 0. (16)

Provided thatφc < φm , then there is an initial value ofφ close toφm atwhichVE ∼ M4
p

(note that it has been shown in [23] that even with a large non-minimal coupling of the
Higgs boson to curvature, the cutoff of the effective field theory can be as large as the
Planck scale), since φ = φc is an asymptote.1 If φc > φm , then there is no such value.

1 From a purely classical gravity point of view, it is clear that φ cannot take values larger than φc . Values of
φ > φc would lead to the formation of anisotropic and inhomogeneous curvature singularity due to arbitrary
small perturbations at this point, see [24,25]. Thus, it is possible that inflation begins not according to the
mechanism proposed in [18], but from a generic anisotropic and inhomogeneous phase where the potential
is not important just as suggested by the generic de Sitter-like late-time attractor in general relativity with
a cosmological constant [26].
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Fig. 1 The Einstein frame
Higgs potential VE (φ) for
different values of the
false-vacuum inflation rate HI
for ξ = − 2. The potential
vanishes at φ = φm , and there is
an asymptote at φ = φc .
Consistency of the model (no
ghosts) requires φ < φc . An
initial condition VE ∼ M4

p can
be achieved with the initial φ
close to φc

Starting form the initial value, the Higgs field evolves to small field values on a
timescale comparable to the Hubble expansion rate. Unfortunately, we cannot simply
expand the conformal factor in the denominator of the Einstein frame potential for
all values of ξ . However, it is straightforward to see this effect from kinetic terms of
the Higgs boson and of the inflaton. The kinetic terms for the Higgs and inflaton are
multiplied by gφ and gσ respectively, where

gφ = 1 + ξκ2φ2 + 6ξ2κ2φ2

1 + ξκ2φ2 , gσ = 1

1 + ξκ2φ2 (17)

Note that is it possible to use a canonically normalised Higgs field χ as we had done
previously, but not both the Higgs and inflaton fields at the same time because the field
space metric is curved.

The early evolution of the Higgs field is described by the equation

χ̈ + 3H χ̇ + dVE

dχ
= 0. (18)

For the inflaton, one has

(gσ σ̇ )̇ + 3Hgσ σ̇ + dVE

dσ
= 0, (19)

while the expansion rate is given by

3H2 = κ2
(
1

2
gσ σ̇ 2 + 1

2
χ̇2 + VE

)
. (20)
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The inflaton equation can also be written as

σ̈ +
(

1

gσ

dgσ

dχ

)
χ̇ σ̇ + 3H σ̇ + 1

gσ

dVE

dσ
= 0. (21)

Note that the second term in this equation is not considered in [3]. For χ > Mp, we
have

VE ≈ (VI + Vφ)e
√
8/3κ(χ−χ0), gσ ≈ e

√
8/3κ(χ−χ0). (22)

There is thus rapid evolution of χ and slow evolution of σ (assuming slow-roll condi-
tions on VI ). Indeed, the inflaton evolves on a longer timescale than the Higgs field,
leaving a gradual reduction in HI , and also φm . Eventually the potential evolves to
φc > φm , but at all stages the Higgs field lies on the false vacuum side of the potential
barrier. As long as the vacuum fluctuations do not cause quantum tunnelling, the Higgs
field will enter the false vacuum.

The condition that φc < φm implies limits on the curvature coupling ξ . In order
to determine these limits we need to calculate φm from (15), and this requires an
expression for the Higgs potential. For a standard model Higgs field, the large field
Higgs potential in flat space is given by

Vφ = 1

4
λ(φ)φ4 (23)

In curved space, the Higgs develops a mass of order H multiplied by Higgs couplings,
but we can think of this as a radiative correction to ξ and regard ξ as the effective
curvature coupling at the inflationary scale. Other curvature corrections to the Higgs
potential may well be important, but for now these will be neglected.

The effective Higgs coupling λ(φ) vanishes at some large value of φ which we
identify as the instability scale �. The value of � is very strongly dependent on the
top quark mass, and currently all we can say is that it lies in the range 109 −1018 GeV.
Furthermore, adding additional particles to the standard model changes the instability
scale (or removes the instability altogether). It is therefore convenient to give results
treating � as a free parameter. In the range of Higgs field values where the potential
barrier lies, we use an approximation to the running coupling given by

λ(φ) ≈ b

{(
ln

φ

Mp

)4

−
(
ln

�

Mp

)4
}

, (24)

with b ≈ 0.75 × 10−7. This fits quite well to the renormalisation group calculations
[2].

The plots in Fig. 2 show numerical results for the values of − xi which are
lower bounds of the range which is consistent with chaotic initial conditions. Also
shown by the dashed lines are the quantum bounds from the vacuum tunnelling rate
exp(− 8π2�VE/3H2

I ) ∼ O(1), where�VE is the height of the potential barrier [20].
The quantum bound on − ξ is lower than the one quoted in [17], which we believe is
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Fig. 2 The lower bound on
− ξ , where ξ is the curvature
coupling, for consistent chaotic
initial conditions on the Higgs
field which will lead the Higgs
into the false vacuum. The
horizontal axis is the Higgs
stability scale. The different
curves from bottom to top are
for the false vacuum Hubble
parameter 0.1 to 10−4Mp . The
dashed lines show the lower
bound for quantum stability of
the false vacuum

due to our inclusion of the 8π2/3 factor. 2 The results show curves for different values
of the false vacuum Hubble parameter, essentially corresponding to different initial
values of the inflaton field through (14). We ought to expect that this initial Hubble
parameter is close to the Planck scale. As advertised, a non-minimal coupling of the
Higgs boson can drive the Higgs boson into the false vacuum of the standard model
early on during inflation. Instead of being a source of problems, it can solve some of
the issues associated with the cosmological evolution of the Higgs boson.

It is worth mentioning as well that our results also imply that the non-minimal
coupling of the Higgs boson will not influence reheating as long as the Higgs field
value is small during inflation. Reheating could be generated by a direct coupling of
the Higgs boson to the inflaton via either couplings of the type σ 2H†H or σH†H. As
usual right-handed neutrinos N could also play a role in reheating via a coupling N̄ Nσ .
However, none of these couplings will be significantly influenced by the conformal
factor or the rescaling of the Higgs boson as long as one is considering small Higgs
field values.

We have seen that a non-minimal coupling of the Higgs boson to the Ricci scalar
does not generate new issues for Higgs boson physics in the early universe and that, on
the contrary, there is a range of values for ξ for which the Higgs potential is stabilized
thanks to the coupling of the Higgs boson to the inflaton generated by the non-minimal
coupling of the Higgs boson to curvature. This becomes obvious when mapping the
Jordan frame action to the Einstein frame. Finally, it has been shown in [23] that
the non-minimal coupling ξ does not introduce a new scale below the Planck mass
which finishes to establish our point that the standard model, if we add a non-minimal

2 It is worth mentioning that the tunneling rate is potentially sensitive to physics above the scale of quantum
gravity [27] and as such this calculation implies a leap of faith.
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coupling to the Ricci scalar, could be valid up the Planck scale in an inflationary
universe.
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