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The direct coupling between the Higgs field and the spacetime curvature, if finely tuned,
is known to stabilize the Higgs boson mass. The fine-tuning is soft because the Standard
Model (SM) parameters are subject to no fine-tuning thanks to their independence
from the Higgs-curvature coupling. This soft fine-tuning leaves behind a large vacuum
energy ∝ Λ4

UV which inflates the Universe with a Hubble rate ∝ ΛUV, ΛUV being
the SM ultraviolet (UV) boundary. This means that the tensor-to-scalar ratio inferred
from cosmic microwave background polarization measurements by BICEP2, Planck and
others lead to the determination of ΛUV. The exit from the inflationary phase, as usual,
is accomplished via decays of the vacuum energy. Here, we show that, identification of
ΛUV with the inflaton, as a sliding UV scale upon the SM, respects the soft fine-tuning
constraint and does not disrupt the stability of the SM Higgs boson.
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1. Introduction

The Standard Model (SM) suffers from disastrous power-law divergences of

quadratic and quartic order.1–4 The divergences are conveniently parametrized in

terms of an ultraviolet (UV) energy scale ΛUV — the ultimate validity limit of the

SM. This scale lies below the gravitational scale MP, as expected of any sensible

field theory. The quadratic divergences destabilize the Higgs sector. Now that a

scalar consistent with the Higgs Boson of the SM has been discovered at the large

hadron collider (LHC),5–9 discerning this problem has become crucial. The quartic

divergences, on the other hand, lead to gargantuan vacuum energies. Recently, by

Demir,10 it has been shown that the one-loop quadratic divergences can be sup-

pressed completely if Higgs coupling to spacetime curvature is finely tuned. The

most interesting aspect of this fine-tuning is that it is phantasmal if gravity is clas-

sical. The reason for this phantom behavior is that the Higgs-curvature coupling
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does not appear in quantum corrections to the SM parameters. Moreover, particle

masses are sensitive only to the Higgs vacuum expectation value (VEV); they are

completely immune to what mechanism has set the Higgs VEV to that specific

value appropriate for electroweak interactions. In this sense, one is able to stabilize

the Higgs boson through a “soft fine-tuning” that does not interfere with workings

of the SM10 (see Refs. 11 and 12 for quantum corrections in curved background).

In the present paper, we discuss implications of the quartic divergences. More

specifically, we show that the quartic divergences induce an enormous vacuum en-

ergy which can inflate the Universe. The scale of inflation sets the UV scale and

determines the degree of soft fine-tuning. In fact, quartic contributions give the

plateau section of the slow-roll inflaton potential and fully governs the inflationary

epoch for parameter ranges preferred by the softly fine-tuned Higgs mass. As a

matter of fact, an analysis of the inflationary phase is rather timely since recent

measurements of the tensor-to-scalar ratio r in CMB polarization have the poten-

tial to fix the scale of inflation. The Polarbear experiment produced the first direct

measurement on the polarization of CMB.13,14 Then, the BICEP2 collaboration,

claiming the detection of B-mode polarization of CMB,15 reported r = 0.2+0.07
−0.05

which corresponds to a high inflationary scale H � 1016 GeV and favors the sim-

plest single-field model of inflation.16,17 The recent Planck observation also pro-

motes this simplest inflationary picture.18 There have been, however, claims that

the BICEP2 results could be dominated by polarized dust,19,20 and claims as such

seem to be supported by Planck HFI data21 and the most recent Planck results.

The measurement of the CMB polarization by different experiments with increasing

precision will enable constraining models of inflation. In this paper, exposed is one

such model in which inflationary dynamics and electroweak stability are directly

correlated. Extended SM scenarios keeping the Higgs vacuum stable while yielding

the high-scale inflation successfully exist in the literature by incorporating either

an additional U(1)B–L symmetry,22 with non-minimal coupling of the Higgs kinetic

term with the Higgs field,23 with the Einstein tensor,24 with both the Higgs field

and the Einstein tensor.25

2. Model

In Ref. 10, one focuses only on matter and forces in the SM plus gravitation and

couples them non-minimally

ΔV (H,R) = ζRH†H , (1)

at the renormalizable level. Herein R is the curvature scalar and H is the Higgs

field. This non-minimal interaction leads to the Higgs VEV

υ2 =
−m2

H − 4ζV0

M2
P

λH +
ζm2

H

M2
P

(2)
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Table 1. Constraint on ζV0 for different parameter spaces at tree-level.

Parameter space υ2 � Constraint

m2
H < 0, |ζV0| < 0

|m2
H |+ 4|ζV0|/M2

P

λH
|ζV0| ≤ |m2

H |M2
P

m2
H < 0, |ζV0| > 0

|m2
H | − 4|ζV0|/M2

P

λH
|ζV0| � |m2

H |M2
P

m2
H > 0, |ζV0| < 0

−|m2
H |+ 4|ζV0|/M2

P

λH
|ζV0| ∼ |m2

H |M2
P/2

m2
H > 0, |ζV0| > 0

−|m2
H | − 4|ζV0|/M2

P

λH
−

and curvature scalar

R(υ) =
1

M2
P + ζυ2

(4V0 − λHυ4) , (3)

where the tree-level Higgs potential

V (H) = V0 +m2
HH†H + λH(H†H)2 , (4)

encodes the primordial vacuum energy V0, the Higgs squared-mass parameter m2
H ,

and the Higgs quartic coupling λH . The Higgs background (2) and curvature back-

ground (3) are obtained by a self-consistent solution of the Higgs motion equation

and Einstein field equations.

Physically, the Higgs VEV υ must lie far below ΛUV for ΛUV to serve as the

UV scale of the whole setup. In fact, as the definition of electroweak scale, one has

to have

υ ∼ mEW , (5)

where mEW � ΛUV is the Fermi scale. We take the quartic coupling of Higgs to be

λH ∼ O(1) and m2
H ∼ m2

EW which yields |ζm2
H |/M2

P � λH . Thus, one can write

the Higgs VEV approximately as

υ2 �
−m2

H − 4ζV0

M2
P

λH
. (6)

In Table 1, we give the allowed parameter space satisfying υ ∼ mEW . This

condition is fulfilled without excessive fine-tuning by implementing the constraints

from the last column of Table 1 for the chosen parameter space. Note that for each

case, V0 lies at an intermediate scale far belowM4
P. As a result of (5) and constraints

from Table 1, the curvature scalar is found to lie at the electroweak scale

R ∼ m2
EW , (7)

because M2
P + ζv2 � M2

P. Equations (5) and (7) ensure that Higgs and curvature

sectors both lie at the Fermi scale for each parameter domain in Table 1.
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The tree-level results above change after quantum effects are incorporated. As

a matter of fact, the Higgs background (2) and curvature background (3) receive

power-law quantum corrections which can be way too large to draw near mEW .

Indeed, as derived explicitly in Ref. 10, the Higgs VEV shifts from its physical

value in (5) by an amount

δυ2 � 3Q(ζ)

(4π)2λH

(
2h2

t −
3

4
g22 −

1

4
g2Y − 2λH

)
Λ2
UV , (8)

which is nothing but the well-known Veltman correction4 except for the non-

minimality factor

Q(ζ) = 1− ζ(nF − nB)

3(2h2
t − 3

4g
2
2 − 1

4g
2
Y − 2λH)

Λ2
UV

M2
P

, (9)

obtained after neglecting logarithmic UV contributions and dropping minuscule

O(m2
H/M2

P) and O(V0/M
4
P) terms. Here nF and nB are the numbers of fermions

and bosons in the SM, respectively. This factor, thanks to its explicit ζ dependence,

acts as a new degree of freedom for suppressing the power-law divergences without

adjusting m2
H , λH , Yukawa couplings or any other SM parameter. Indeed, one can

always set ζ to a specific value ζ = ζ0 to make

|Q(ζ0)| ≤ υ2

Λ2
UV

, (10)

so that the desired stable value δυ2 ≤ m2
H is obtained. Solution of ζ0 from (6), (9)

and (10), constrains ζ0 such that

ζ0 �
3(m2

H ± λHΛ2
UV)(2h

2
t − 3

4g
2
2 − 1

4g
2
Y − 2λH)

λH(nF − nB)

M2
P

Λ4
UV

, (11)

where the relative sign is due to the absolute value in (10), yet the stability of Higgs

mass at one-loop excludes the solution of ζ0 with negative sign. In fact, one can

even kill δυ2 wholly by setting

ζ0 =
3

(nF − nB)

(
2h2

t −
3

4
g22 −

1

4
g2Y − 2λH

)
M2

P

Λ2
UV

, (12)

for which Q(ζ0) vanishes. The electroweak stability achieved this way, or less re-

strictively through (9), rests exclusively on the fine-tuning of ζ, not on any other

parameter in the theory. The SM parameters depend on ζ neither at tree-level nor

at any loop-level thanks to the classical nature of gravity, and hence, fine-tuning of

ζ does not affect them at all. The only quantity that knows ζ, is the electroweak

Higgs VEV υ whose origin and formation process (by fine-tuning or by another

mechanism) does not affect the workings of the SM. This whole mechanism might

be called Soft Fine-Tuning as it does not touch the SM apart from setting its scale.

In Table 1, we treat ζV0 together concerning the state of being positive or negative,

and conclude that the parameter space in the last row m2
H > 0, |ζV0| > 0 is not

allowed at tree-level. However, when handled individually, for ζ > 0, if V0 < 0 is
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satisfied, a physical VEV still could be achieved. The only problem is that, V0 < 0

gives an anti-de Sitter spacetime AdSn, which is very different from the world we

actually live in, yet this complication is easily fixed when loop-effects are taken

into account. The quantum correction to vacuum energy is such that δV0 > 0 and

δV0 � V0, resulting in the familiar de sitter spacetime at loop-level. Therefore, the

last row in Table 1, despite being unphysical at tree-level, is physical at loop-level.

We are done with the electroweak sector. But, what about the curvature induced

by vacuum energy? Indeed, the condition (10) on ζ, imposed for suppressing the

power-law quantum corrections to the electroweak scale υ, causes no suppression

for vacuum energy.10 As a matter of fact, quantum corrections shift the scalar

curvature by

δR =
(nF − nB)

(4π)2
Λ4
UV

M2
P

, (13)

as follows from (3) after neglecting subleading quadratic and logarithmic correc-

tions. (Quantum corrections also induce logarithmic quadratic curvature contribu-

tion R2 and Weyl contribution W 2, which we neglect in the subsequent analysis.10)

This curvature correction, proportional to nF − nB, takes enormous values if there

is no fermion–boson degeneracy in the theory. The SM exhibits no such symmetry.

In case of fermion–boson symmetry, which seems not existent at the electroweak

scale, scalar curvature stays stabilized at the electroweak scale, δR ∝
(

Λ2
UV

M2
P

)
m2

H .

Leaving aside this possibility, the background de Sitter spacetime is found to have

the Hubble constant H2 = δR/(12) which follows from the definition of the Ricci

Scalar

R(g) = 6

[
ä

a
+

(
ȧ

a

)2
]
, (14)

for a flat Universe. This gives numerically

H � 0.18
Λ2
UV

MP
, (15)

for the SM spectrum where the Hubble parameter acts like a moment arm in a

see-saw creating a balance between ΛUV and MP. The CMB observations such

as BICEP2 and Planck can measure H when foreground is small. This then fixes

ΛUV, directly. For H = 1016 GeV, as reported by BICEP2, one finds ΛUV = 3.7×
1017 GeV. This means that a measurement of the Hubble constantH determines the

upper validity limit ΛUV of the SM and, in general, smaller the H smaller the ΛUV.

The ongoing and upcoming experiments on CMB polarization place upper limits on

tensor to scalar ratio r = PT (k)
PS(k) , where PT (k) and PS(k) are the observable power

spectra of tensor and scalar perturbations, respectively (see Refs. 26 and 27 for

more details). The constraint on the r-parameter suggests a scale for the inflation

rate of the Universe as r is simply proportional to H. As a result, H is obtained as

a function of the momentum cutoff scale ΛUV, the theoretical UV bound of the SM.
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In consequence, quartic quantum corrections from matter loops inflate the Uni-

verse with a Hubble constant determined by the UV scale ΛUV. The flatness,

homogeneity and isotropy of the observable Universe can be understood by some 60

e-foldings in a rather short time interval. The crucial question concerns exit of the

Universe from this exponential expansion phase. This is not possible with a con-

stant vacuum energy. The resolution comes from the fact that, the vacuum energy

does actually change in time due to phase transitions occurring as the Universe

expands. In fact, a decaying cosmological constant was proposed decades ago by

Dolgov.28 In this sense, as an inherent assumption in inflationary cosmology, the

vacuum energy can be ascribed as the energy density of a slowly-varying real scalar

field. It could be modelled in various ways, and slow-roll of the scalar field along

the model potential can give a graceful exit from inflationary epoch such that the

vacuum energy at the beginning has effectively decayed into matter and radiation

during reheating.

One-loop quantum corrections to the parameters in the Higgs potential (δV0,

δm2
H) and to the parameters in gravity sector (δM2

P), after neglecting logarithmic

contributions (see Ref. 10 for explicit expressions of radiative corrections), could be

modelled to explain the inflationary scenario, if ΛUV is considered to be a sliding

scale. The quadratic and quartic divergences, parametrized in terms of ΛUV, are

attributed to be associated with a dynamical scalar φ(t) — the inflaton field — or

with its mass parameter mφ, such that the initial value of the field is equal to

ΛUV. This model is exclusive in the sense that, at one-loop, the tree-level Higgs

mass-squared

m2
h = 2λHυ2 , (16)

remains stabilized, even with sliding cutoff scale and no new interactions are in-

duced between the SM fields and the inflaton field. More specifically, the anticipated

interaction vertices of Higgs and inflaton with couplings λhφφ and λhhφφ could have

come from the terms (δm2
H + ζδR)υh and 1

2 (δm
2
H + ζδR)h2, respectively, yet they

both go to zero as

δm2
H + ζδR = 0 , (17)

for ζ = ζ0 (see Ref. 10 for δm2
H and (13) for δR). Furthermore, as the masses

of fermions and gauge bosons are protected by chiral and gauge invariances, cor-

respondingly, loop contributions do not induce power-law divergences, and thus,

they also do not couple to the inflaton field. The prescription of the inflationary

paradigm arising from sliding scale scenario either accommodates a non-minimal

coupling (ζφ) of inflaton with Ricci scalar or it is minimally coupled and does not

interact with the spacetime curvature.

After identifying ΛUV with a scalar field φ(t) in de Sitter background or with

its mass parameter mφ, one arrives at a general scalar–tensor theory

L ⊃
∫

d4x
√−g

[
M2

P

2
R− 1

2
gμν∂

μφ∂νφ− V (φ) − ζφ
2
Rφ2

]
, (18)
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from which the motion equation for φ(t) follows to be

φ̈+ 3Hφ̇+ ζφRφ+
dV (φ)

dφ
= 0 , (19)

where ζφ is the non-minimal coupling of φ(t). The temporal components of the

Einstein equations give the Hubble parameter H

H =
ζφφφ̇

M2
P − ζφφ2

+

√
ζ2φφ

2φ̇2

(M2
P − ζφφ2)2

+
1
2 φ̇

2 + V (φ)

3(M2
P − ζφφ2)

. (20)

It is clear that geometrodynamics involves kinetic term of the scalar, its potential

V (φ) and the varying gravitational constant M2
P − ζφφ

2. In general, H is positive.

Obviously, ζφ → 0 describes the minimally scalar field dynamics. The slow-roll

conditions

φ̈ � Hφ̇ ,

φ̇ � Hφ ,

1

2
φ̇2 � V (φ) ,

(21)

are to hold for realizing inflationary phase of the Universe. The recent study29 found

a general condition that one must have ζφ = 100 to have a universal attractor. This

result, not specific to the present one, implies that the inflaton φ(t) should couple

strongly to curvature scalar for being included in a universal attractor.

Given the regularized action in Ref. 10, there arise three possible scenarios to

be considered as emerging from sliding cutoff scale:

(i) First, assigning ΛUV → φ̃ and redefining φ̃(nF − nB)
1/4 → φ result in a non-

minimally coupled inflaton field with the potential

V (φ) =
1

2
m2

φφ
2 +

1

4
λφφ

4 , (22)

with

m2
φ =

[
3(2λH + 1

4g
2
Y + 3

4g
2
2 − 2h2

t )υ
2 + 4m2

H

]
(4π)2

√
nF − nB

(23)

and λφ = 1/(4π)2. The non-minimal coupling is obtained to be ζφ =
1

6(4π)2
√
nF−nB

. This scenario, known as chaotic inflation with non-minimal cou-

pling, has been previously studied by Refs. 30 and 31 and it is found that,

slow-roll conditions in (21) cannot be realized unless ζφ ≤ 10−3. As ζφ � 10−4

in our scenario, inflationary dynamics could be successfully driven by the in-

flaton field.

(ii) Next, redefining the UV cutoff scale as Λ2
UV → φ̃(t)2 yet taking Λ4

UV → m̃2
φφ̃(t)

2

gives rise to a non-minimally coupled inflaton field with the potential

V (φ) =
1

2
m2

φφ
2 , (24)
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where this time

m2
φ =

1

2
(nF − nB)m̃

2
φ + 4m2

H + 3

(
2λH +

1

4
g2Y +

3

4
g22 − 2h2

t

)
υ2 (25)

and φ ≡ φ̃/(4π). It is important to note that after this redefinition of φ̃, the non-

minimal coupling of the inflaton with the Ricci scalar assumes the conformal

value ζφ = 1/6 for which the action is invariant under a conformal transforma-

tion. In Refs. 30 and 31, it has been concluded that slow-roll conditions cannot

be realized unless ζφ � 1. This condition is not satisfied in the present scenario,

that is, a non-minimally coupled inflaton scenario with V (φ) = 1
2m

2
φφ

2 fails to

realize the inflationary era.

(iii) Finally, assigning Λ2
UV → m̃2

φ, Λ
4
UV → m̃2

φφ̃
2 and making the redefinition φ ≡

φ̃/(4π), a minimally-coupled, radiatively stable scalar field is obtained which

has the potential form

V (φ) =
1

2
m2

φφ
2 , (26)

where now

m2
φ =

1

2
(nF − nB)m̃

2
φ . (27)

In this option, the inflaton field successfully drives the inflation as described

by Linde’s chaotic inflationary model17 such that the inflaton starts at some

initial large value where the potential energy dominates the kinetic energy and

slowly rolls down the potential well.

3. Conclusion

The present work completes the germinal work by Demir10 in regard to the role of

the vacuum energy. Here, we have shown that, quartically divergent vacuum energy

induces an enormous vacuum energy at the UV scale. It inflates the Universe as

required by observations, and the Universe exits the inflationary phase provided

that the vacuum energy decays. This is achieved by identifying the cutoff scale with

a real scalar field that acts as inflaton field. We have found that this transcription of

the UV scale leads to successful slow-roll inflationary models without disrupting the

soft fine-tuning condition necessary for stability of the electroweak scale. In general,

cosmological measurements on the Hubble parameter can directly determine the UV

scale. In this sense, one ends up with a setup in which UV end of the SM is fixed

by the scale of inflation.
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