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1 Introduction

As suggested by the long quest for unification of fundamental interactions, it is natural
to search for principles relating phenomena that occur at very different energy scales. To
an underlying theory that unifies diverse physical processes we delegate a task to explain
possible large distinctions in the measured fundamental quantities. One of the most strik-
ing differences, that has been an inexhaustible source of new ideas in particle physics for
decades, is manifested in the ratio of the Fermi constant GF , that sets the weak interaction
scale, to the Newton constant GN determining the gravitational force strength,1

GF~2
GNc2

⇠ 10

33 . (1.1)

It is tempting to speculate that some deep reason for the big number to appear in this
relation may be hidden in a yet unknown theory encompassing the Standard Model (SM)
and General Relativity (GR).

1For illustrative purposes, here we write explicitly the Planck constant ~ and the speed of light c.
Everywhere further we work in natural units ~ = c = 1.
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Introduction
At the classical level, the ratio (1.1) represents one face of the problem. Another aspect

of it appears when we plunge into the quantum field theory framework. It originates from
properties of the Higgs field through vacuum expectation value (vev) of which the Fermi
constant is defined. As it was realized long ago in studies of Grand Unified Theories,
whenever new physics comes about with heavy degrees of freedom activating at some mass
scale MX , the heavy particle’s loops are expected to produce an additive correction to the
Higgs mass mH [1–5],2

�m2
H,X ⇠ M2

X . (1.2)

As soon as the observations reveal mH ⌧ MX , eq. (1.2) implies either a fine-tuning between
various contributions to the Higgs mass or the existence of a mechanism of systematic
suppression of those contributions. This puzzling fact about the SM Higgs field is known
as the Electroweak (EW) hierarchy problem. If one now treats the EW and gravitational
forces on equal footing, then one must include quantum gravity loop corrections to the
Higgs mass. The naive power counting argument suggests these corrections to be of the
order of Planck mass,

�m2
H, grav. ⇠ M2

P . (1.3)

The validity of this estimation can be doubted by the observation that, unlike MX , the
Planck mass defines an interaction scale rather than a new particle’s mass scale (see, e.g.,
[6]).3 Nevertheless, if we admit eq. (1.3), then the observed difference in the interaction
strengths (1.1) either requires a remarkable balance between the EW and the Planck scale
physics, or it is an indication of specific properties of quantum gravity that result in the
absence of the quadratic corrections to mH , see [9] for a nice review of the problem.

The hierarchy problem was addressed in literature countless times and from various
perspectives. The list of proposals dealing with the problem by introducing a new physics
close to the EW scale includes supersymmetry [10–12], composite Higgs theories [13–15],
extra dimensions [16, 17]. The parameter spaces of the models extending the SM at the TeV
scale are subject to constraints provided, in particular, by the LHC data. These constraints
seem to force such theories to be fine-tuned in order to remain compatible with experiment
[9, 18–20]. More recent proposals attempt to overcome this issue [21–24]. Some of them
suggest mechanisms of generation of exponentially small couplings to the Higgs field [8], or
rely on a specific dynamics of the latter during the cosmological evolution [25].

Regardless the particular content of the model complementing the SM at high energies,
a common approach to the hierarchy problem lies within the effective field theory framework.
The latter implies that the low energy description of Nature, provided by the SM, can be
affected by an unknown UV physics only through a finite set of parameters that are put
under control in a perturbative calculation. It is this naturalness principle that is seriously
questioned now in light of the absence of the signatures of new physics at the TeV scale [9].
While some parameter regions of the theories with MX ⇠ O(1TeV) still survive at the price

2We assume that the new particles are coupled to the Higgs field.
3In fact, this observation can well be applied to the case of new physics much below the Planck scale.

For example, in [7] an interpretation of the gauge coupling unification scale was proposed, which is not
related to any new particle threshold; see also [8].
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Fine-tuning	or	some	mechanism	to	suppress	the	quadratic	contributions

hhi = Ae�B , B = S � Svac (4.29)

A ⇠ MP (4.30)

M⇤
P⇢ . 1 (4.31)

(�, h) ! (�, ¯h) (4.32)

� = �(�, ¯h) (4.33)

mH ⌧ MP (4.34)

5 Discussion and Conclusions

Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p

⇠�, ¯h(0)e�B
= A ⇠ MP ), the fundamental theory permits the intanton configuration

with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of
the results to the shift of the cutoff µ̄ was already discussed above. Finally, note that any
variation of the value of the singular term B can be easily compensated by the variation
of the asymptotic parameter a in the instanton solution. We conclude that, as far as the
effects of the UV physics can be put under control, they do not spoil the possibility to reach
the observed value of the Higgs vev through the non-perturbative calculation of the type
presented here.

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.

– 30 –

Fine-tuning	or	specific	properties	of	Quantum	gravity



Introduction
At the classical level, the ratio (1.1) represents one face of the problem. Another aspect

of it appears when we plunge into the quantum field theory framework. It originates from
properties of the Higgs field through vacuum expectation value (vev) of which the Fermi
constant is defined. As it was realized long ago in studies of Grand Unified Theories,
whenever new physics comes about with heavy degrees of freedom activating at some mass
scale MX , the heavy particle’s loops are expected to produce an additive correction to the
Higgs mass mH [1–5],2

�m2
H,X ⇠ M2

X . (1.2)

As soon as the observations reveal mH ⌧ MX , eq. (1.2) implies either a fine-tuning between
various contributions to the Higgs mass or the existence of a mechanism of systematic
suppression of those contributions. This puzzling fact about the SM Higgs field is known
as the Electroweak (EW) hierarchy problem. If one now treats the EW and gravitational
forces on equal footing, then one must include quantum gravity loop corrections to the
Higgs mass. The naive power counting argument suggests these corrections to be of the
order of Planck mass,

�m2
H, grav. ⇠ M2

P . (1.3)

The validity of this estimation can be doubted by the observation that, unlike MX , the
Planck mass defines an interaction scale rather than a new particle’s mass scale (see, e.g.,
[6]).3 Nevertheless, if we admit eq. (1.3), then the observed difference in the interaction
strengths (1.1) either requires a remarkable balance between the EW and the Planck scale
physics, or it is an indication of specific properties of quantum gravity that result in the
absence of the quadratic corrections to mH , see [9] for a nice review of the problem.

The hierarchy problem was addressed in literature countless times and from various
perspectives. The list of proposals dealing with the problem by introducing a new physics
close to the EW scale includes supersymmetry [10–12], composite Higgs theories [13–15],
extra dimensions [16, 17]. The parameter spaces of the models extending the SM at the TeV
scale are subject to constraints provided, in particular, by the LHC data. These constraints
seem to force such theories to be fine-tuned in order to remain compatible with experiment
[9, 18–20]. More recent proposals attempt to overcome this issue [21–24]. Some of them
suggest mechanisms of generation of exponentially small couplings to the Higgs field [8], or
rely on a specific dynamics of the latter during the cosmological evolution [25].

Regardless the particular content of the model complementing the SM at high energies,
a common approach to the hierarchy problem lies within the effective field theory framework.
The latter implies that the low energy description of Nature, provided by the SM, can be
affected by an unknown UV physics only through a finite set of parameters that are put
under control in a perturbative calculation. It is this naturalness principle that is seriously
questioned now in light of the absence of the signatures of new physics at the TeV scale [9].
While some parameter regions of the theories with MX ⇠ O(1TeV) still survive at the price

2We assume that the new particles are coupled to the Higgs field.
3In fact, this observation can well be applied to the case of new physics much below the Planck scale.

For example, in [7] an interpretation of the gauge coupling unification scale was proposed, which is not
related to any new particle threshold; see also [8].

– 2 –

At the classical level, the ratio (1.1) represents one face of the problem. Another aspect
of it appears when we plunge into the quantum field theory framework. It originates from
properties of the Higgs field through vacuum expectation value (vev) of which the Fermi
constant is defined. As it was realized long ago in studies of Grand Unified Theories,
whenever new physics comes about with heavy degrees of freedom activating at some mass
scale MX , the heavy particle’s loops are expected to produce an additive correction to the
Higgs mass mH [1–5],2

�m2
H,X ⇠ M2

X . (1.2)

As soon as the observations reveal mH ⌧ MX , eq. (1.2) implies either a fine-tuning between
various contributions to the Higgs mass or the existence of a mechanism of systematic
suppression of those contributions. This puzzling fact about the SM Higgs field is known
as the Electroweak (EW) hierarchy problem. If one now treats the EW and gravitational
forces on equal footing, then one must include quantum gravity loop corrections to the
Higgs mass. The naive power counting argument suggests these corrections to be of the
order of Planck mass,

�m2
H, grav. ⇠ M2

P . (1.3)

The validity of this estimation can be doubted by the observation that, unlike MX , the
Planck mass defines an interaction scale rather than a new particle’s mass scale (see, e.g.,
[6]).3 Nevertheless, if we admit eq. (1.3), then the observed difference in the interaction
strengths (1.1) either requires a remarkable balance between the EW and the Planck scale
physics, or it is an indication of specific properties of quantum gravity that result in the
absence of the quadratic corrections to mH , see [9] for a nice review of the problem.

The hierarchy problem was addressed in literature countless times and from various
perspectives. The list of proposals dealing with the problem by introducing a new physics
close to the EW scale includes supersymmetry [10–12], composite Higgs theories [13–15],
extra dimensions [16, 17]. The parameter spaces of the models extending the SM at the TeV
scale are subject to constraints provided, in particular, by the LHC data. These constraints
seem to force such theories to be fine-tuned in order to remain compatible with experiment
[9, 18–20]. More recent proposals attempt to overcome this issue [21–24]. Some of them
suggest mechanisms of generation of exponentially small couplings to the Higgs field [8], or
rely on a specific dynamics of the latter during the cosmological evolution [25].

Regardless the particular content of the model complementing the SM at high energies,
a common approach to the hierarchy problem lies within the effective field theory framework.
The latter implies that the low energy description of Nature, provided by the SM, can be
affected by an unknown UV physics only through a finite set of parameters that are put
under control in a perturbative calculation. It is this naturalness principle that is seriously
questioned now in light of the absence of the signatures of new physics at the TeV scale [9].
While some parameter regions of the theories with MX ⇠ O(1TeV) still survive at the price

2We assume that the new particles are coupled to the Higgs field.
3In fact, this observation can well be applied to the case of new physics much below the Planck scale.

For example, in [7] an interpretation of the gauge coupling unification scale was proposed, which is not
related to any new particle threshold; see also [8].

– 2 –

Contents

1 Introduction 1

2 Outline of the Higgs-Dilaton theory 5
2.1 Classical theory 5
2.2 Quantum corrections 6

3 The scalar field vev in the Dilaton theory 8
3.1 Setup 8
3.2 Classical solutions in the Einstein frame 11
3.3 Regularization of the instanton with the source 16

4 The Higgs field vev in the Higgs-Dilaton theory 18
4.1 Instanton in the model with two scalar fields 18
4.2 Phenomenology of the Higgs-Dilaton model 22
4.3 Calculation of the Higgs field vev 26

5 Discussion and Conclusions 29

A Transverse Diffeomorphism invariance 31

B Membrane regularization of the instanton with the source 32

1 Introduction

As suggested by the long quest for unification of fundamental interactions, it is natural
to search for principles relating phenomena that occur at very different energy scales. To
an underlying theory that unifies diverse physical processes we delegate a task to explain
possible large distinctions in the measured fundamental quantities. One of the most strik-
ing differences, that has been an inexhaustible source of new ideas in particle physics for
decades, is manifested in the ratio of the Fermi constant GF , that sets the weak interaction
scale, to the Newton constant GN determining the gravitational force strength,1

GF~2
GNc2

⇠ 10

33 . (1.1)

It is tempting to speculate that some deep reason for the big number to appear in this
relation may be hidden in a yet unknown theory encompassing the Standard Model (SM)
and General Relativity (GR).

1For illustrative purposes, here we write explicitly the Planck constant ~ and the speed of light c.
Everywhere further we work in natural units ~ = c = 1.

– 1 –

The	(EW)	hierarchy	problem:

The	quantum	face	of	the	problem:

is	expected,	whenever	new	physics	comes	about	with	𝑀"
a	new	particle’s	threshold.	

is	naively	expected,	with	𝑀#	the	gravity	interaction	scale.	

At the classical level, the ratio (1.1) represents one face of the problem. Another aspect
of it appears when we plunge into the quantum field theory framework. It originates from
properties of the Higgs field through vacuum expectation value (vev) of which the Fermi
constant is defined. As it was realized long ago in studies of Grand Unified Theories,
whenever new physics comes about with heavy degrees of freedom activating at some mass
scale MX , the heavy particle’s loops are expected to produce an additive correction to the
Higgs mass mH [1–5],2

�m2
H,X ⇠ M2

X . (1.2)

As soon as the observations reveal mH ⌧ MX , eq. (1.2) implies either a fine-tuning between
various contributions to the Higgs mass or the existence of a mechanism of systematic
suppression of those contributions. This puzzling fact about the SM Higgs field is known
as the Electroweak (EW) hierarchy problem. If one now treats the EW and gravitational
forces on equal footing, then one must include quantum gravity loop corrections to the
Higgs mass. The naive power counting argument suggests these corrections to be of the
order of Planck mass,

�m2
H, grav. ⇠ M2

P . (1.3)

The validity of this estimation can be doubted by the observation that, unlike MX , the
Planck mass defines an interaction scale rather than a new particle’s mass scale (see, e.g.,
[6]).3 Nevertheless, if we admit eq. (1.3), then the observed difference in the interaction
strengths (1.1) either requires a remarkable balance between the EW and the Planck scale
physics, or it is an indication of specific properties of quantum gravity that result in the
absence of the quadratic corrections to mH , see [9] for a nice review of the problem.

The hierarchy problem was addressed in literature countless times and from various
perspectives. The list of proposals dealing with the problem by introducing a new physics
close to the EW scale includes supersymmetry [10–12], composite Higgs theories [13–15],
extra dimensions [16, 17]. The parameter spaces of the models extending the SM at the TeV
scale are subject to constraints provided, in particular, by the LHC data. These constraints
seem to force such theories to be fine-tuned in order to remain compatible with experiment
[9, 18–20]. More recent proposals attempt to overcome this issue [21–24]. Some of them
suggest mechanisms of generation of exponentially small couplings to the Higgs field [8], or
rely on a specific dynamics of the latter during the cosmological evolution [25].

Regardless the particular content of the model complementing the SM at high energies,
a common approach to the hierarchy problem lies within the effective field theory framework.
The latter implies that the low energy description of Nature, provided by the SM, can be
affected by an unknown UV physics only through a finite set of parameters that are put
under control in a perturbative calculation. It is this naturalness principle that is seriously
questioned now in light of the absence of the signatures of new physics at the TeV scale [9].
While some parameter regions of the theories with MX ⇠ O(1TeV) still survive at the price

2We assume that the new particles are coupled to the Higgs field.
3In fact, this observation can well be applied to the case of new physics much below the Planck scale.

For example, in [7] an interpretation of the gauge coupling unification scale was proposed, which is not
related to any new particle threshold; see also [8].

– 2 –

Fine-tuning	or	some	mechanism	to	suppress	the	quadratic	contributions

hhi = Ae�B , B = S � Svac (4.29)

A ⇠ MP (4.30)

M⇤
P⇢ . 1 (4.31)

(�, h) ! (�, ¯h) (4.32)

� = �(�, ¯h) (4.33)

mH ⌧ MP (4.34)

5 Discussion and Conclusions

Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p

⇠�, ¯h(0)e�B
= A ⇠ MP ), the fundamental theory permits the intanton configuration

with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of
the results to the shift of the cutoff µ̄ was already discussed above. Finally, note that any
variation of the value of the singular term B can be easily compensated by the variation
of the asymptotic parameter a in the instanton solution. We conclude that, as far as the
effects of the UV physics can be put under control, they do not spoil the possibility to reach
the observed value of the Higgs vev through the non-perturbative calculation of the type
presented here.

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.

– 30 –

Fine-tuning	or	specific	properties	of	Quantum	gravity

List	of	proposals:

SUSY,	Composite	Higgs,	Extra	dimensions,	…
Clockwork,	Relaxion,	…
…



Introduction
Approaches	to	the	hierarchy	problem:

EFT	approach

G. F. Giudice, PoS EPS -HEP2013 (2013) 163
[arXiv:1307.7879 [hep-ph]]. 

Questioned	by	the	LHC	data.



Introduction
Approaches	to	the	hierarchy	problem:

EFT	approach

G. F. Giudice, PoS EPS -HEP2013 (2013) 163
[arXiv:1307.7879 [hep-ph]]. 

Questioned	by	the	LHC	data.

Ways	out



Introduction
Approaches	to	the	hierarchy	problem:

EFT	approach

Some	deep	principle	that	shape	the	behavior	of	a	theory	both	at	HE	and	LE…

Or	much	more	casual	non-perturbative	effects

EW	vacuum	decay

Let’s	look	for	the	effect	of	a	similar	kind:	generation	of	the	Higgs	vev via	instanton.

To	make	this	scenario	possible,	we	must	have	a	framework,	in	which	𝑚& is	not	generated	perturbatively.

G. F. Giudice, PoS EPS -HEP2013 (2013) 163
[arXiv:1307.7879 [hep-ph]]. 

Questioned	by	the	LHC	data.

Ways	out

Examples:	MPCP,	Higgs	criticality
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Setup
Conjectures:

Scale	Invariance	(SI)

Motivation: No	scales	– no	problems
Spontaneous	breaking	of	SI	– technically	natural	𝑚&

G. ’t Hooft, NATO Sci. Ser. B 59 (1980) 135

No	heavy	BSM	DoFs

Motivation: We	want	to	solve	the	problem	of	the	𝑚&/𝑀# ratio;
No	quadratic	corrections	associated	with	the	heavy	particle’s	mass	scales

S. W. Hawking and W. Israel, General Relativity : An Einstein Centenary Survey, Chapter 16
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Higgs-Dilaton model:	classical	theory

of the instanton. We will find that variations of these parameters do not spoil the ability
of the instanton to generate the Higgs mass. In section 5, we will discuss our findings and
outline the results.

2 Outline of the Higgs-Dilaton theory

2.1 Classical theory

In this section we review the Higgs-Dilaton model proposed in [36] and studied in detail
in [34, 35]. It represents a moderate extension of the SM and GR and has no dimensional
parameters at the classical level. All mass scales appear as a result of the spontaneous
breaking of SI of the theory. The model contains the Higgs � and the dilaton � fields
coupled to gravity in a non-minimal way. The presence of the classically massless dilaton
is necessary for the model to be phenomenologically acceptable. The fields � and � are
allowed to interact in the way that preserves SI. This restricts the possible interaction
terms to �†��2, (�†�)4 and �4.5 After the gravitational, dilaton and Higgs sectors of the
model are specified, the rest of the SM content is added straightforwardly.

The attractiveness of the Higgs-Dilaton model is due to its ability to explain certain
cosmological observations as well as to provide some input into theoretical puzzles of particle
physics. In particular, as we will see shortly, SI allows to reformulate the EW hierarchy
problem (1.1) in terms of dimensionless parameters. The theory naturally incorporates the
Higgs inflation scenario [37–39], hence it predicts a successful inflationary period followed
by a graceful exit to the hot Big Bang theory. Matching predictions of the theory with
observational data constrains possible values of its parameters.

The Lagrangian of the Higgs-Dilaton model takes the form

L =

1

2

(⇠��
2
+ 2⇠h�

†�)R� 1

2

(@µ�)
2 � V (�,�†�) + LSM,�!0 , (2.1)

where the last term denotes the SM Lagrangian without the Higgs potential, and we write
(@µ�)

2 ⌘ gµ⌫@µ�@⌫� to shorten the notation. The term V (�,�†�) is chosen so as to
maintain SI of the theory,

V (�,�†�) = �
⇣
�†�� ↵

2�
�2

⌘2
+ ��4 . (2.2)

Let us for the moment limit the discussion to the classical level, in which case the quantities
↵, � and � are constants of the theory.

As was mentioned above, the space of parameters of the theory is subject to phe-
nomenological constraints. In particular, the values of the non-minimal couplings ⇠� and
⇠h are confined from inflationary observations to the region6

⇠� ⌧ 1 , ⇠h � 1 . (2.3)
5In this section we disregard the terms of higher absolute powers in �. We will discuss them later in

section 4.2.
6We will provide more precise bounds on the non-minimal couplings in section 4.2, when we study

phenomenological implications of our analysis.
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The parameters ↵, � and � in the potential (2.2), on the other hand, determine the low
energy physics around a ground state of the theory. The latter is specified by the constant
values of the Higgs and dilaton fields (h0,�0), where �0 can be chosen arbitrarily and7

h20 =
↵

�
�2
0 +

⇠h
�
R , R =

4���2
0

�⇠� + ↵⇠h
. (2.4)

The values of ↵ and � convert into ratios between different scales present in the SM and
gravity. For example, exploiting the ratio between the Higgs and Planck masses, one ob-
tains8

m2
H ⇠ ↵M2

P

⇠�
) ↵ ⇠ 10

�34⇠� , (2.5)

where the Planck mass MP is defined as

M2
P = ⇠��

2
0 + ⇠hh

2
0 . (2.6)

For the hierarchy between the Planck scale and the observed value of the cosmological
constant ⇤, we have9

⇤ ⇠ �M4
P

⇠2�
) � ⇠ 10

�56↵2 . (2.7)

We observe that the constraints (2.5) and (2.7) both involve big numbers. They are nothing
but reformulations in the Higgs-Dilaton setting of the classical EW hierarchy problem (1.1)
and the cosmological constant problem, accordingly.

2.2 Quantum corrections

Let us now discuss the quantum corrections to the Lagrangian (2.1). We choose to regularize
the model in the way that makes all loop diagrams finite and all symmetries of the classical
action intact. Note that the Higg-Dilaton model is not renormalizable [35] (see also [40]),
hence an infinite number of counter-terms with the structure different from that appearing
in eq. (2.1) is required to be added at the quantum level. Non-renormalizability of the model
does not pose a principal obstacle to its quantization, as soon as an effective field theory
framework is adopted. However, one must deal with the fact that physical results obtained
by the means of different regularization procedures, will be quantitatively different. The
ambiguity in the choice of a set of subtraction rules is not fully removable, since it reflects
our ignorance about the proper set of rules established by the UV completion of the model.
Nevertheless, the underlying assumptions about the full theory, including the symmetry
arguments, can constrain significantly the space of possible regularization schemes.

7We choose the unitary gauge for the Higgs field, �T = (0, h/
p
2).

8In this and the following estimates we take � equal to its low energy value, � ⇠ 10�1, and assume the
cosmological constant to be sufficiently small.

9As will be explained in appendix A, the gravitational sector of the Higgs-Dilaton model can be taken as
a mild modification of GR, in which the covariance under general coordinate transformations is restricted
to that under volume-preserving transformations. In this case, equations of motion of the theory possess an
arbitrary constant of integration ⇤̃ that contributes to the physical cosmological constant. Note also that
in [34] the arguments were provided in favor of the theory with � = 0 and ⇤̃ > 0.

– 6 –

The parameters ↵, � and � in the potential (2.2), on the other hand, determine the low
energy physics around a ground state of the theory. The latter is specified by the constant
values of the Higgs and dilaton fields (h0,�0), where �0 can be chosen arbitrarily and7

h20 =
↵

�
�2
0 +

⇠h
�
R , R =

4���2
0

�⇠� + ↵⇠h
. (2.4)

The values of ↵ and � convert into ratios between different scales present in the SM and
gravity. For example, exploiting the ratio between the Higgs and Planck masses, one ob-
tains8

m2
H ⇠ ↵M2

P

⇠�
) ↵ ⇠ 10

�34⇠� , (2.5)

where the Planck mass MP is defined as

M2
P = ⇠��

2
0 + ⇠hh

2
0 . (2.6)

For the hierarchy between the Planck scale and the observed value of the cosmological
constant ⇤, we have9

⇤ ⇠ �M4
P

⇠2�
) � ⇠ 10

�56↵2 . (2.7)

We observe that the constraints (2.5) and (2.7) both involve big numbers. They are nothing
but reformulations in the Higgs-Dilaton setting of the classical EW hierarchy problem (1.1)
and the cosmological constant problem, accordingly.

2.2 Quantum corrections

Let us now discuss the quantum corrections to the Lagrangian (2.1). We choose to regularize
the model in the way that makes all loop diagrams finite and all symmetries of the classical
action intact. Note that the Higg-Dilaton model is not renormalizable [35] (see also [40]),
hence an infinite number of counter-terms with the structure different from that appearing
in eq. (2.1) is required to be added at the quantum level. Non-renormalizability of the model
does not pose a principal obstacle to its quantization, as soon as an effective field theory
framework is adopted. However, one must deal with the fact that physical results obtained
by the means of different regularization procedures, will be quantitatively different. The
ambiguity in the choice of a set of subtraction rules is not fully removable, since it reflects
our ignorance about the proper set of rules established by the UV completion of the model.
Nevertheless, the underlying assumptions about the full theory, including the symmetry
arguments, can constrain significantly the space of possible regularization schemes.

7We choose the unitary gauge for the Higgs field, �T = (0, h/
p
2).

8In this and the following estimates we take � equal to its low energy value, � ⇠ 10�1, and assume the
cosmological constant to be sufficiently small.

9As will be explained in appendix A, the gravitational sector of the Higgs-Dilaton model can be taken as
a mild modification of GR, in which the covariance under general coordinate transformations is restricted
to that under volume-preserving transformations. In this case, equations of motion of the theory possess an
arbitrary constant of integration ⇤̃ that contributes to the physical cosmological constant. Note also that
in [34] the arguments were provided in favor of the theory with � = 0 and ⇤̃ > 0.

– 6 –

The parameters ↵, � and � in the potential (2.2), on the other hand, determine the low
energy physics around a ground state of the theory. The latter is specified by the constant
values of the Higgs and dilaton fields (h0,�0), where �0 can be chosen arbitrarily and7

h20 =
↵

�
�2
0 +

⇠h
�
R , R =

4���2
0

�⇠� + ↵⇠h
. (2.4)

The values of ↵ and � convert into ratios between different scales present in the SM and
gravity. For example, exploiting the ratio between the Higgs and Planck masses, one ob-
tains8

m2
H ⇠ ↵M2

P

⇠�
) ↵ ⇠ 10

�34⇠� , (2.5)

where the Planck mass MP is defined as

M2
P = ⇠��

2
0 + ⇠hh

2
0 . (2.6)

For the hierarchy between the Planck scale and the observed value of the cosmological
constant ⇤, we have9

⇤ ⇠ �M4
P

⇠2�
) � ⇠ 10

�56↵2 . (2.7)

We observe that the constraints (2.5) and (2.7) both involve big numbers. They are nothing
but reformulations in the Higgs-Dilaton setting of the classical EW hierarchy problem (1.1)
and the cosmological constant problem, accordingly.

2.2 Quantum corrections

Let us now discuss the quantum corrections to the Lagrangian (2.1). We choose to regularize
the model in the way that makes all loop diagrams finite and all symmetries of the classical
action intact. Note that the Higg-Dilaton model is not renormalizable [35] (see also [40]),
hence an infinite number of counter-terms with the structure different from that appearing
in eq. (2.1) is required to be added at the quantum level. Non-renormalizability of the model
does not pose a principal obstacle to its quantization, as soon as an effective field theory
framework is adopted. However, one must deal with the fact that physical results obtained
by the means of different regularization procedures, will be quantitatively different. The
ambiguity in the choice of a set of subtraction rules is not fully removable, since it reflects
our ignorance about the proper set of rules established by the UV completion of the model.
Nevertheless, the underlying assumptions about the full theory, including the symmetry
arguments, can constrain significantly the space of possible regularization schemes.

7We choose the unitary gauge for the Higgs field, �T = (0, h/
p
2).

8In this and the following estimates we take � equal to its low energy value, � ⇠ 10�1, and assume the
cosmological constant to be sufficiently small.

9As will be explained in appendix A, the gravitational sector of the Higgs-Dilaton model can be taken as
a mild modification of GR, in which the covariance under general coordinate transformations is restricted
to that under volume-preserving transformations. In this case, equations of motion of the theory possess an
arbitrary constant of integration ⇤̃ that contributes to the physical cosmological constant. Note also that
in [34] the arguments were provided in favor of the theory with � = 0 and ⇤̃ > 0.

– 6 –

The parameters ↵, � and � in the potential (2.2), on the other hand, determine the low
energy physics around a ground state of the theory. The latter is specified by the constant
values of the Higgs and dilaton fields (h0,�0), where �0 can be chosen arbitrarily and7

h20 =
↵

�
�2
0 +

⇠h
�
R , R =

4���2
0

�⇠� + ↵⇠h
. (2.4)

The values of ↵ and � convert into ratios between different scales present in the SM and
gravity. For example, exploiting the ratio between the Higgs and Planck masses, one ob-
tains8

m2
H ⇠ ↵M2

P

⇠�
) ↵ ⇠ 10

�34⇠� , (2.5)

where the Planck mass MP is defined as

M2
P = ⇠��

2
0 + ⇠hh

2
0 . (2.6)

For the hierarchy between the Planck scale and the observed value of the cosmological
constant ⇤, we have9

⇤ ⇠ �M4
P

⇠2�
) � ⇠ 10

�56↵2 . (2.7)

We observe that the constraints (2.5) and (2.7) both involve big numbers. They are nothing
but reformulations in the Higgs-Dilaton setting of the classical EW hierarchy problem (1.1)
and the cosmological constant problem, accordingly.

2.2 Quantum corrections

Let us now discuss the quantum corrections to the Lagrangian (2.1). We choose to regularize
the model in the way that makes all loop diagrams finite and all symmetries of the classical
action intact. Note that the Higg-Dilaton model is not renormalizable [35] (see also [40]),
hence an infinite number of counter-terms with the structure different from that appearing
in eq. (2.1) is required to be added at the quantum level. Non-renormalizability of the model
does not pose a principal obstacle to its quantization, as soon as an effective field theory
framework is adopted. However, one must deal with the fact that physical results obtained
by the means of different regularization procedures, will be quantitatively different. The
ambiguity in the choice of a set of subtraction rules is not fully removable, since it reflects
our ignorance about the proper set of rules established by the UV completion of the model.
Nevertheless, the underlying assumptions about the full theory, including the symmetry
arguments, can constrain significantly the space of possible regularization schemes.

7We choose the unitary gauge for the Higgs field, �T = (0, h/
p
2).

8In this and the following estimates we take � equal to its low energy value, � ⇠ 10�1, and assume the
cosmological constant to be sufficiently small.

9As will be explained in appendix A, the gravitational sector of the Higgs-Dilaton model can be taken as
a mild modification of GR, in which the covariance under general coordinate transformations is restricted
to that under volume-preserving transformations. In this case, equations of motion of the theory possess an
arbitrary constant of integration ⇤̃ that contributes to the physical cosmological constant. Note also that
in [34] the arguments were provided in favor of the theory with � = 0 and ⇤̃ > 0.

– 6 –

Bounds	on	non-minimal	couplings	come	from	inflationary	data.
�̅� denotes	the	Higgs	self-coupling	taken	at	the	inflationary	scale	~𝑀#/𝜉,.

EW	hierarchy	problem

CC	problem

Classical	ground	state	of	the	model:Constraints	on	the	parameters	of	the	model:

Lagrangian of	the	model:



Higgs-Dilaton model:	quantum	corrections

SI

With the aim to preserve SI of the model (2.1) at the quantum level, a SI renormal-
ization procedure was developed in [41] (see also [42]). It is based on dimensional regu-
larization. The use of the latter is motivated by the well-known fact that loop corrections
computed within this scheme are polynomial in masses and coupling constants [43]. Hence,
with the absence of heavy particles implied by the conjecture (ii) of Introduction, no large
corrections to the Higgs mass are expected.

As an example, consider the renormalization of the Higgs self-coupling �. In d-dimensional
space-time one has

� = µ2✏

 
˜�+

1X

n=1

an
✏n

!
, d = 4� 2✏ , (2.8)

where by ˜� we denote the dimensionless finite coupling, µ is a ’t Hooft-Veltman normal-
ization point of dimension of energy, and the series in ✏ corresponds to counter-terms. We
now replace the scale µ by a field-dependent normalization point,

µ2
= F (�, h)µ̃2 . (2.9)

The function F reflects the particular choice of the renormalization prescription and leads
to different physical results, while the dimensionless parameter µ̃ plays the role of the usual
choice of momentum scale in the RG equations and should disappear in the final result.
The scheme (2.9) is manifestly SI, as soon as µ depends only on the fields h, �. The choice
of the function F has to be made by hand. Among many possibilities, the most natural
one is to identify the normalization point with the gravity scale (the first prescription), or
with the SI direction along the dilaton field (the second prescription),

FI(�, h) = ⇠��
2
+ ⇠hh

2 , FII(�, h) = ⇠��
2 . (2.10)

Let us now discuss the quantum corrections to the Higgs mass produced in the SI
scheme (2.9). It can be shown that potentially dangerous corrections from the dilaton field
of the form �n�2

0 cannot be generated in any order of perturbation theory [41]. In particular,
at one-loop level the dilaton contribution is of the form �m2

H ⇠ ↵2�2
0 and can be neglected

in view of the constraint (2.5) and eq. (2.6). It is important to note that this fact relies
strongly on the smallness of the non-minimal coupling ⇠�, required by phenomenology. It
can be thought of as a manifestation of an approximate invariance of the Lagrangian (2.1)
under constant shifts of the dilaton field. In section 5, we will comment on a possible
origin of the term ⇠��

2R breaking the exact shift symmetry of the action. We conclude
that SI and the approximate shift invariance make the Higgs mass stable against radiative
corrections produced by the dilaton field. Note also that in the limit ↵ = 0 the dilaton
decouples from the SM sector and provides no contribution to mH .

The corrections to the Higgs potential from the various SM fields are well-known. They
cause the spontaneous breaking of SI of the tree-level Higgs potential [44]. The momentum
scale µ̃ can be chosen so that to minimize these corrections. For example, at one loop the
largest contribution to the Higgs mass is provided by the top quark,

�m2
H ⇠ m2

Hy2t log
m2

t

µ2
, (2.11)
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𝜇.~𝐹(𝜒, ℎ)

HD	Lagrangian is	to	be	supplemented	with	the	set	of	subtraction	rules.	

Non-renormalizability:	how	to	choose	the	correct	rules?

Take	dim.reg.	with	the	field-dependent	normalization	point																											.

The	choice	of	F	has	to	be	made	by	hand.	For	example:

Then,	it	was	shown	that	the	Higgs	mass	receives	no	large	contributions.

Notice	also	the	approximate	invariance	of	the	theory	under	the	dilaton shifts																																				.𝜒 ⟶ 𝜒 +	Const

M. Shaposhnikov and D. Zenhausern, Phys. Lett. B 671 (2009) 162 [arXiv:0809.3406 [hep-th]]. 

F. Bezrukov, G. K. Karananas, J. Rubio and M. Shaposhnikov, Phys. Rev. D 87 (2013) no.9, 096001 
[arXiv:1212.4148 [hep-ph]] 
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Notice	also	the	approximate	invariance	of	the	theory	under	the	dilaton shifts																																				.𝜒 ⟶ 𝜒 +	Const

Let	us	put	𝛼 = 𝛽 = 0 classically.	Then,	the	Higgs	mass	is	not	generated	perturbatively.

Hence,	the	HD	model	provides	a	suitable	framework	for	looking	for	a	non-perturbative	mechanism	of	generation
of	the	Higgs	mass.
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Scalar	field	vev in	the	Dilaton model

toy model allowing analytical investigation of classical configurations. Our motivation in
choosing this theory, which will be further referred to as Dilaton theory, based on several
observations. First, despite its apparent complexity, by a suitable fields redefinition the
theory can be brought to the form that makes the classical analysis tractable. Second,
the absence of mass scales matches the conjectures under which we work, see Introduction.
Finally, the Dilaton theory is naturally embedded into the Higgs-Dilaton model. The latter
reduces to the former in the limit of vanishing Higgs field and disregarding the rest of the
SM content. The Higgs-Dilaton model is a convenient candidate for application of the
method elaborated in this section to a realistic computation of the non-perturbative shift
of the Higgs vev, and much of that computation will be parallel to the estimation of the
vev h�i in the Dilaton theory.

Switching to the euclidean version of the theory makes it much simpler to perform
the classical analysis. Due to this fact, everywhere below we will work in the euclidean
signature, without pointing this out explicitly. The price to pay is the caution the Path
integral of the theory must be treated with. Indeed, it is known that the action of the
euclidean quantum gravity is unbounded below; in particular, it suffers from the so-called
conformal factor problem [47] (see also the discussion in [48]). Here we accept a pragmatic
point of view on the problem. Bearing in mind the practical applications of our analysis,
we consider the Dilaton model as a low energy limit of the fundamental theory whose
properties we can only guess about. Regardless the details of this theory, we can shift to it
the resolution of the problem of unboundeness of the euclidean action, since it will be not
relevant for analysis which particular way must be chosen to cure the problems of the low
energy description.

It is also important to note that the results of this section are by no means specific
to the Dilaton theory as the latter is chosen for illustrative purposes. In particular, in
appendix A a slight modification of the gravitational sector of the Dilaton theory will be
considered. Such modification is useful when one moves to the Higgs-Dilaton model. It will
turn out that in the case of physical interest the results are not sensitive to it.

3.1.2 The Dilaton theory in the Jordan and Einstein frames

After the general remarks made above, let us specify the model under investigation. The
action of the Dilaton theory in the euclidean signature is taken to be

S =

Z
d4x

p
gL+ IGH,J . (3.1)

The Lagrangian is specified as follows,

L = �1

2

⇠�2R+

1

2

(@µ�)
2
+

1

4

�0�
4 , (3.2)

and the second part in eq. (3.1) is the boundary term,

IGH,J = �
Z

d3x
p
�K⇠�2 , (3.3)

– 9 –

toy model allowing analytical investigation of classical configurations. Our motivation in
choosing this theory, which will be further referred to as Dilaton theory, based on several
observations. First, despite its apparent complexity, by a suitable fields redefinition the
theory can be brought to the form that makes the classical analysis tractable. Second,
the absence of mass scales matches the conjectures under which we work, see Introduction.
Finally, the Dilaton theory is naturally embedded into the Higgs-Dilaton model. The latter
reduces to the former in the limit of vanishing Higgs field and disregarding the rest of the
SM content. The Higgs-Dilaton model is a convenient candidate for application of the
method elaborated in this section to a realistic computation of the non-perturbative shift
of the Higgs vev, and much of that computation will be parallel to the estimation of the
vev h�i in the Dilaton theory.

Switching to the euclidean version of the theory makes it much simpler to perform
the classical analysis. Due to this fact, everywhere below we will work in the euclidean
signature, without pointing this out explicitly. The price to pay is the caution the Path
integral of the theory must be treated with. Indeed, it is known that the action of the
euclidean quantum gravity is unbounded below; in particular, it suffers from the so-called
conformal factor problem [47] (see also the discussion in [48]). Here we accept a pragmatic
point of view on the problem. Bearing in mind the practical applications of our analysis,
we consider the Dilaton model as a low energy limit of the fundamental theory whose
properties we can only guess about. Regardless the details of this theory, we can shift to it
the resolution of the problem of unboundeness of the euclidean action, since it will be not
relevant for analysis which particular way must be chosen to cure the problems of the low
energy description.

It is also important to note that the results of this section are by no means specific
to the Dilaton theory as the latter is chosen for illustrative purposes. In particular, in
appendix A a slight modification of the gravitational sector of the Dilaton theory will be
considered. Such modification is useful when one moves to the Higgs-Dilaton model. It will
turn out that in the case of physical interest the results are not sensitive to it.

3.1.2 The Dilaton theory in the Jordan and Einstein frames

After the general remarks made above, let us specify the model under investigation. The
action of the Dilaton theory in the euclidean signature is taken to be

S =

Z
d4x

p
gL+ IGH,J . (3.1)

The Lagrangian is specified as follows,

L = �1

2

⇠�2R+

1

2

(@µ�)
2
+

1

4

�0�
4 , (3.2)

and the second part in eq. (3.1) is the boundary term,

IGH,J = �
Z

d3x
p
�K⇠�2 , (3.3)

– 9 –

toy model allowing analytical investigation of classical configurations. Our motivation in
choosing this theory, which will be further referred to as Dilaton theory, based on several
observations. First, despite its apparent complexity, by a suitable fields redefinition the
theory can be brought to the form that makes the classical analysis tractable. Second,
the absence of mass scales matches the conjectures under which we work, see Introduction.
Finally, the Dilaton theory is naturally embedded into the Higgs-Dilaton model. The latter
reduces to the former in the limit of vanishing Higgs field and disregarding the rest of the
SM content. The Higgs-Dilaton model is a convenient candidate for application of the
method elaborated in this section to a realistic computation of the non-perturbative shift
of the Higgs vev, and much of that computation will be parallel to the estimation of the
vev h�i in the Dilaton theory.

Switching to the euclidean version of the theory makes it much simpler to perform
the classical analysis. Due to this fact, everywhere below we will work in the euclidean
signature, without pointing this out explicitly. The price to pay is the caution the Path
integral of the theory must be treated with. Indeed, it is known that the action of the
euclidean quantum gravity is unbounded below; in particular, it suffers from the so-called
conformal factor problem [47] (see also the discussion in [48]). Here we accept a pragmatic
point of view on the problem. Bearing in mind the practical applications of our analysis,
we consider the Dilaton model as a low energy limit of the fundamental theory whose
properties we can only guess about. Regardless the details of this theory, we can shift to it
the resolution of the problem of unboundeness of the euclidean action, since it will be not
relevant for analysis which particular way must be chosen to cure the problems of the low
energy description.

It is also important to note that the results of this section are by no means specific
to the Dilaton theory as the latter is chosen for illustrative purposes. In particular, in
appendix A a slight modification of the gravitational sector of the Dilaton theory will be
considered. Such modification is useful when one moves to the Higgs-Dilaton model. It will
turn out that in the case of physical interest the results are not sensitive to it.

3.1.2 The Dilaton theory in the Jordan and Einstein frames

After the general remarks made above, let us specify the model under investigation. The
action of the Dilaton theory in the euclidean signature is taken to be

S =

Z
d4x

p
gL+ IGH,J . (3.1)

The Lagrangian is specified as follows,

L = �1

2

⇠�2R+

1

2

(@µ�)
2
+

1

4

�0�
4 , (3.2)

and the second part in eq. (3.1) is the boundary term,

IGH,J = �
Z

d3x
p
�K⇠�2 , (3.3)

– 9 –

where K denotes the external curvature of the space boundary, and � the determinant of
the metric induced on the boundary. As we will see shortly, the expression (3.3) indeed
gives the correct boundary term in the theory with non-minimal coupling.

The action (3.1) is invariant under the global scale transformations,

gµ⌫(x) 7! gµ⌫(qx) , �(x) 7! q�(qx) , (3.4)

with q some constant. However, the set of terms written in eq. (3.2) does not exhaust
all possible operators compatible with SI. The reason to disregard higher-order operators
becomes clear after we perform a fields redefinition to rewrite the theory in the form in
which no non-minimal coupling ⇠ is present.

The set of field variables (gµ⌫ ,�) in which a scalar-tensor theory possesses non-minimal
coupling is known as the Jordan frame of the theory. Having the theory written in the
Jordan frame, one can make a Weyl rescaling of the metric to arrive at a theory where the
non-minimal coupling is absent.11 To bring further the kinetic term for the scalar field to
canonical form, we perform the following fields redefinition,12

� = �̄⌦ , g̃µ⌫ = ⌦

2gµ⌫ , ⌦ = e�/MP , �̄2
=

M2
P

⇠
. (3.5)

The Lagrangian (3.2) becomes13

Z
d4x

p
gL =

Z
d4x

p
g̃ ˜L� 3

Z
d4x

p
g̃M2

P
˜⇤ log⌦ . (3.6)

Under the Weyl rescaling, the exterior curvature transforms as

K = ⌦

˜K � 3

⌦

ñµ@µ⌦ , (3.7)

where ñµ is a unit normal to the boundary in the coordinate frame provided by g̃µ⌫ . After
integrating by parts, the second contribution in eq. (3.7) cancels the total derivative term
in eq. (3.6). Hence, one can write

S =

Z
d4x

p
g̃ ˜L+ IGH,E , IGH,E = �M2

P

Z
d3x

p
�̃ ˜K , (3.8)

where the transformed Lagrangian is given by

˜L = �1

2

M2
P
˜R+

a

2

g̃µ⌫@µ�@⌫� +

1

4

�0
M4

P

⇠2
, a =

1

⇠
+ 6 . (3.9)

11The theories, related to each other by a conformal transformation of the metric, are classically equiva-
lent. For the discussion of various subtleties that can arise at the quantum level, the reader is referred to
[49] and references therein.

12The condition � > 0 implied by eq. (3.5) is not restrictive. As will be discussed later, the boundary
conditions dictate the asymptotics � ! �̄ at large distances, and we are interested in the least action
solution for which the field � is supposed to be a monotic function of a radial coordinate with no nodes.

13Transformations of different quantities under the Weyl rescaling can be found, e.g., in [50].
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We conclude that, as long as the inflationary, EW and cosmological scales are well-separated
from each other, the hierarchy ˜

⇤

1/4 ⌧ mH ⌧ µ⇤ fulfills, and this justifies the assumptions
made in section 4.2.

Let us make one more important comment concerning the data presented in figures 7
and 8. These plots do not display any features unique to the selected value of mH . Indeed,
the magnitude of B is essentially a difference of two big numbers taking their values from
the regions of positive and negative �. Having we looked for a different value of the Higgs
vev, we would have obtained qualitatively the same picture, by adjusting properly the
asymptotics of ¯h. Hence, though the results suggest the possible mechanism of generation
of the Higgs mass via gravitational instanton, they do not answer the question why mH

is equal to what it is. Nevertheless, they do answer the question how to produce the 17

orders of magnitude discrepancy between the Planck and EW scales, without an exponential
tuning. Our results exemplify the phenomenon that occurs in the Higgs-Dilaton model, but
they by no means point at the latter as a unique theory where this is possible. Nor they
exhaust the parameter regions in the Higgs-Dilaton theory, where the instanton gives the
observed value of mH . In particular, as was mentioned above, the precise shape and position
of the strips of admissible values of ⇠h, ⇠�, shown in figure 8, are sensitive to the choice of
interpolation function (4.19) between the low energy and high energy regimes.

h�i ⇠
Z

Dg̃µ⌫D�e�(0)/MP�S/

Z
Dg̃µ⌫D�e�S (4.20)

5 Discussion and Conclusions

Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p
⇠�, ¯h(0)e�B

= A ⇠ MP ), the fundamental theory permits the intanton configuration
with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.
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Instanton	in	the	Dilaton model
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Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p
⇠�, ¯h(0)e�B

= A ⇠ MP ), the fundamental theory permits the intanton configuration
with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
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Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p

⇠�, ¯h(0)e�B
= A ⇠ MP ), the fundamental theory permits the intanton configuration

with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of
the results to the shift of the cutoff µ̄ was already discussed above. Finally, note that any
variation of the value of the singular term B can be easily compensated by the variation
of the asymptotic parameter a in the instanton solution. We conclude that, as far as the
effects of the UV physics can be put under control, they do not spoil the possibility to reach
the observed value of the Higgs vev through the non-perturbative calculation of the type
presented here.

Let us now discuss the parameter region of the theory, where the existence of an
appropriate solution matches with the constraints imposed by phenomenology on the Higgs
inflation scenario. As was already pointed out, the very existence of this region is not
a distinctive feature of the Higgs-Dilaton theory as it is determined to a large extent by
the details of the UV physics encoded in the form of the effective Higgs potential at large
energy scales. However, we expect that the qualitative features of the potential relevant
for the instanton solution are independent of a particular UV completion of the theory.
One of these features is the existence of the second minimum of the potential that has to

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.
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speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
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5 Discussion and Conclusions

Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p

⇠�, ¯h(0)e�B
= A ⇠ MP ), the fundamental theory permits the intanton configuration

with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of
the results to the shift of the cutoff µ̄ was already discussed above. Finally, note that any
variation of the value of the singular term B can be easily compensated by the variation
of the asymptotic parameter a in the instanton solution. We conclude that, as far as the
effects of the UV physics can be put under control, they do not spoil the possibility to reach
the observed value of the Higgs vev through the non-perturbative calculation of the type
presented here.

Let us now discuss the parameter region of the theory, where the existence of an
appropriate solution matches with the constraints imposed by phenomenology on the Higgs
inflation scenario. As was already pointed out, the very existence of this region is not
a distinctive feature of the Higgs-Dilaton theory as it is determined to a large extent by
the details of the UV physics encoded in the form of the effective Higgs potential at large
energy scales. However, we expect that the qualitative features of the potential relevant
for the instanton solution are independent of a particular UV completion of the theory.
One of these features is the existence of the second minimum of the potential that has to

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.
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low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p

⇠�, ¯h(0)e�B
= A ⇠ MP ), the fundamental theory permits the intanton configuration

with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of
the results to the shift of the cutoff µ̄ was already discussed above. Finally, note that any
variation of the value of the singular term B can be easily compensated by the variation
of the asymptotic parameter a in the instanton solution. We conclude that, as far as the
effects of the UV physics can be put under control, they do not spoil the possibility to reach
the observed value of the Higgs vev through the non-perturbative calculation of the type
presented here.

Let us now discuss the parameter region of the theory, where the existence of an
appropriate solution matches with the constraints imposed by phenomenology on the Higgs
inflation scenario. As was already pointed out, the very existence of this region is not
a distinctive feature of the Higgs-Dilaton theory as it is determined to a large extent by
the details of the UV physics encoded in the form of the effective Higgs potential at large
energy scales. However, we expect that the qualitative features of the potential relevant
for the instanton solution are independent of a particular UV completion of the theory.
One of these features is the existence of the second minimum of the potential that has to

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.
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Contributions	from	the	bulk	and	boundary Contribution	from	the	singularity

Interpretation	of	the	singularity:	

The	singular	term	comes	from	the	HE	physics.	We	do	not	know	details	of	it,	but	we	accept	the	conjectures	about	it.
They	allow	us	to	make	predictions	about	possible	values	of					.	

In this paper, we will apply a different kind of treatment of the singularity present
in B. It goes in line with our discussion in Introduction and section 2.2, and suggests to
consider the theory (3.9) as a low energy limit of an unknown fundamental theory. In
this case, the term B acquires a natural interpretation as a remnant of the high energy
physics imprinted into our low energy calculation. Its presence is inevitable since the
instanton calculus by its very nature links the low energy and high energy regimes of
a theory. Due to the lack of knowledge of a UV completion of the Dilaton theory, B
cannot be fully specified. However, one can rely again on the conjectures (i) and (ii) of
Introduction to acquire certain predictions about possible values of B. By analogy with
the regularization procedure in perturbation theory, we call the way to extract the finite
value of B the regularization of singular instanton. We expect different regularizations of
the instanton to produce different results, in complete analogy with the renormalization of
non-renormalizable effective field theories. Bearing in mind this idea, we proceed in the
next section to a particular regularization of the solution (3.20) that fits our assumptions
about the fundamental theory.

3.3 Regularization of the instanton with the source

3.3.1 General remarks

As we have seen in section 3.2.4, in the Dilaton theory the functional W = ��(0)/MP +

S takes infinite positive value on the solution of the variational problem �W/�g̃µ⌫ = 0,
�W/�� = 0. Hence, the saddle point contribution to the vev of the field � is divergent, and
a suitable regularization method must be applied in order to extract the finite part of the
contribution.

Let us first make an important comment concerning the semiclassical approximation.
Eq. (3.14) represents the leading-order approximation of the instanton contribution to
the vev of the field �. The correction to this expression includes the quadratic actions
for fluctuations above the instanton. They give rise to a fluctuation factor of the form
D�1/2

(hµ⌫ ,�), where hµ⌫ and � stand for deviations of the gravitational and dilaton fields
correspondingly, and D means the determinant of a suitable differential operator in the
quadratic action. The evaluation of the fluctuation determinant is complicated and left
for future work.20 As was discussed above, we expect that the correct answer is obtained
by performing a regularization of the point source �(0)/MP , albeit the answer is sensitive
to the choice of regularization scheme. After a careful treatment of the singular point is
made, the residual contribution of the second-order corrections in eq. (3.14) is captured
by the means of perturbation theory, and we do not expect it to change much the result
of the leading-order approximation. Hence, we can focus on regularization of the singular
instanton and, consequently, the functional W .

In this paper we develop a regularization scheme based on analytical continuation of the
instanton solution from the four dimensional space, d = 4, to the space of lower dimension.
The idea is to find the domain of d in which the singularity is absent, and to compute the

20Some progress in the related problem of finding cosmological perturbations above configurations with
the singularity of the same type was made in [48].
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from a possible contribution due to the cosmological constant. The latter, however, gets
subtracted by the similar contribution from the vacuum solution, leaving the net difference
small as long as the core of the instanton is much smaller than the characteristic cosmo-
logical length. The same subtraction occurs for the boundary terms. Thus, any sizable
correction to the vev of the scalar field is expected to come from the potential term. The
Higgs-Dilaton model, to which we proceed in section 4, does possess such term (the Higgs
potential), and, as we will see, this leads to the nontrivial contribution from the regularized
gravitational instanton to the vev of the Higgs field.

4 The Higgs field vev in the Higgs-Dilaton theory

Our principal goal for the rest of the paper is to repeat the analysis of gravitational instan-
tons carried out in section 3 within the Higgs-Dilaton setting outlined in section 2, and to
implement it in a concrete calculation of the vev of the Higgs field. However, before plung-
ing into specific features of the Higgs-Dilaton model, most of which are strongly related to
phenomenology, it is useful to investigate properties of the instantons that are general to
a SI scalar-tensor theory with two scalar fields �, h and with a nontrivial potential for the
latter. Such investigation will be conducted in section 4.1. The theory we are interested in
reduces to the Dilaton model (3.1) in the limit of vanishing h-field. Hence, it possesses the
instanton solution of the type studied before, with h = 0 and � given in eqs. (3.5), (3.20).
Obviously, this solution does not change the vev hhi from its classical zero value. Below
we will show that there exists a classical configuration involving both fields, and it is this
configuration that generates the shift of hhi.

In section 4.2, we return to the Higgs-Dilaton model and discuss the necessary phe-
nomenological background.. Finally, the calculation of the Higgs vev via the gravitational
instanton is performed in section 4.3, and some immediate consequences of the calculation
are presented, while more general discussion of results is postponed to section 5.

4.1 Instanton in the model with two scalar fields

4.1.1 The model in the half-Einstein frame

As was mentioned in the end of section 3.3, the main contribution to the instanton action is
expected to come from the potential term of the scalar field. The absence of the nontrivial
dilaton potential in the pure Dilaton theory is the reason why the saddle-point evaluation
of the r.h.s. of eq. (3.13) failed to shift the vev of the field � from its ground state value.
Let us now enlarge the Lagrangian (3.2) by adding the second scalar degree of freedom
h, to be associated with the Higgs field, with the nontrivial potential term for it. In the
euclidean signature, the theory becomes

S =

Z
d4x

p
gL+ IGH,J , IGH,J = �

Z
d3x

p
�K(⇠��

2
+ ⇠hh

2
) , (4.1)

where the Jordan frame Lagrangian is given by
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2
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2
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1

2
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2
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2
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4
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Note that, to be consistent with the discussion of section 2.2, we disregard the quartic term
for the field �, present in eq. (3.2), and neglect a possible SI coupling term ⇠ �2h2. The
Lagrangian (4.2) is then seen to coincide with the Higgs-Dilaton Lagrangian (2.1), in which
we choose the unitary gauge for the Higgs field, �T

= (0, h/
p
2), put ↵ = � = 0 in the

potential (2.2), and omit all terms in LSM,�!0, except the kinetic term for the Higgs field.
By analogy with the analysis of the Dilaton theory, we would like to introduce a new

set of field variables, in which it appears more convenient to study classical configurations.
To this end, we replace12

� = �̄e�/MP , h =

¯he�/MP , �̄2
=

M2
P

⇠�
. (4.3)

Then, the Weyl rescaling of the metric,
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The non-canonical kinetic term is defined through the positive-definite matrix Gab which
can be thought of as a metric in a two-dimensional field space �1 ⌘ �, �2 ⌘ ¯h,

Gab =

 
7 + (1 + 6⇠h)¯h

2/M2
P

¯h/MP

¯h/MP 1

!
. (4.7)

The Lagrangian (4.6) maintains the non-minimal coupling of the field ¯h to gravity, hence
the variables (g̃µ⌫ , ¯h,�) are in a half-way from the Jordan frame to the Einstein frames. We
find it convenient to work in these variables since the asymptotic behavior of the dilaton
� appears to be the same as in the Dilaton theory, which provides more connection to the
results of section 3.

4.1.2 The vacuum instanton and the instanton with the source

In the quantum field theory framework, the coupling constant � in the Lagrangian (4.6) is
subject to RG evolution, and its value depends on a normalization point µ. In a SI renor-
malization scheme discussed in section 2.2, the scale µ becomes field-dependent. Hence, one
can model the running of � by considering it as a function of the fields ¯h and �. We expect
that the form of this function can be important for the analysis of classical configurations.
To remain in touch with the Higgs-Dilaton model, later in this section we will endow � with
the meaning of the Higgs self-coupling and assume21

µ ⇠ ¯h . (4.8)
21The choice (4.8) is motivated by the normalization prescriptions (2.12) that will be adopted in the

explicit calculation of the Higgs vev.
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We conclude that, as long as the inflationary, EW and cosmological scales are well-separated
from each other, the hierarchy ˜

⇤

1/4 ⌧ mH ⌧ µ⇤ fulfills, and this justifies the assumptions
made in section 4.2.

Let us make one more important comment concerning the data presented in figures 7
and 8. These plots do not display any features unique to the selected value of mH . Indeed,
the magnitude of B is essentially a difference of two big numbers taking their values from
the regions of positive and negative �. Having we looked for a different value of the Higgs
vev, we would have obtained qualitatively the same picture, by adjusting properly the
asymptotics of ¯h. Hence, though the results suggest the possible mechanism of generation
of the Higgs mass via gravitational instanton, they do not answer the question why mH

is equal to what it is. Nevertheless, they do answer the question how to produce the 17

orders of magnitude discrepancy between the Planck and EW scales, without an exponential
tuning. Our results exemplify the phenomenon that occurs in the Higgs-Dilaton model, but
they by no means point at the latter as a unique theory where this is possible. Nor they
exhaust the parameter regions in the Higgs-Dilaton theory, where the instanton gives the
observed value of mH . In particular, as was mentioned above, the precise shape and position
of the strips of admissible values of ⇠h, ⇠�, shown in figure 8, are sensitive to the choice of
interpolation function (4.19) between the low energy and high energy regimes.
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ds2 = f2d⇢2 + ⇢2d⌦2
3 , f2

=

1

1± b2⇢2
, � = 0 , b2 =

|⇤|
3M2

P

, ⇤ =

M4
P�0

4⇠2
(4.22)

ds2 = f2d⇢2+⇢2d⌦2
3 , f2

=

1

1 + (M⇤
P⇢)

�4 ± b2⇢2
, �0

= � 1

2⇡2

1

aMP

f

⇢3
, M⇤

P = ⇡(24a)1/4MP
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� ⇠ � log ⇢ , ⇢ ! 0 (4.24)

W � Svac = B + B (4.25)

B ⇡ 0 B = 0 h�i = �̄ (4.26)

¯h = 0 , � = 0 (4.27)

¯h ⇠ a

⇢
+A+O(⇢2) , �0 ⇠ �1

⇢
+O(1) (4.28)
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hhi = Ae�B , B = S � Svac (4.29)

A ⇠ MP (4.30)

5 Discussion and Conclusions

Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p
⇠�, ¯h(0)e�B

= A ⇠ MP ), the fundamental theory permits the intanton configuration
with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of
the results to the shift of the cutoff µ̄ was already discussed above. Finally, note that any
variation of the value of the singular term B can be easily compensated by the variation
of the asymptotic parameter a in the instanton solution. We conclude that, as far as the
effects of the UV physics can be put under control, they do not spoil the possibility to reach
the observed value of the Higgs vev through the non-perturbative calculation of the type
presented here.

Let us now discuss the parameter region of the theory, where the existence of an
appropriate solution matches with the constraints imposed by phenomenology on the Higgs
inflation scenario. As was already pointed out, the very existence of this region is not
a distinctive feature of the Higgs-Dilaton theory as it is determined to a large extent by
the details of the UV physics encoded in the form of the effective Higgs potential at large
energy scales. However, we expect that the qualitative features of the potential relevant
for the instanton solution are independent of a particular UV completion of the theory.
One of these features is the existence of the second minimum of the potential that has to
be nearly-degenerate with the EW vacuum. The inflationary physics tends to wipe off the
domain of negative Higgs self-coupling given it existed in the SM setting. The inflationary

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.
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hhi = Ae�B , B = S � Svac (4.29)

A ⇠ MP (4.30)

M⇤
P⇢ . 1 (4.31)

(�, h) ! (�, ¯h) (4.32)
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The	vacuum	solution:

hhi = Ae�B , B = S � Svac (4.29)

A ⇠ MP (4.30)

M⇤
P⇢ . 1 (4.31)

(�, h) ! (�, ¯h) (4.32)

� = �(�, ¯h) (4.33)

5 Discussion and Conclusions

Let us first comment on a physical meaning of the results of section 4.3, in view of the
low energy limit (4.6) of the theory, that has been used in the calculations. Generally
speaking, the data presented in figures 7 and 8 is, of course, sensitive to the unknown
UV physics complementing the Higgs-Dilaton model at high energies. In particular, this
physics manifests itself through the form of the effective Higgs potential at the transition
scale µ ⇠ µ⇤ [39], and through the rule according to which we regularize the singularity of
the gravitational instanton. It suggests us several parameters (with the chosen interpolation
function (4.19), these are �, ��, �yt, µ̄ and B) whose values we can at best guess about.
The plots in figure 8 illustrate the possibility that for some of them (� = 10

5, �yt = 0, µ̄ =

MP /
p
⇠�, ¯h(0)e�B

= A ⇠ MP ), the fundamental theory permits the intanton configuration
with the desired properties. However, the existence of such configuration is, in fact, not
relied on this particular combination of values. To see this, note first that the change of �
can be supplemented by the shift of the top quark mass to restore the near-critical regime
preferred by the instanton.28 As a second argument, we check that the variation of the high
energy top Yukawa coupling determined by �yt in the region �yt ⇠ (0� 1) does not change
noticeably the data in figure 7. This is to be expected, since the main contribution to the
exponential factor B is provided from the scales around µ ⇠ µ⇤. The low sensitivity of
the results to the shift of the cutoff µ̄ was already discussed above. Finally, note that any
variation of the value of the singular term B can be easily compensated by the variation
of the asymptotic parameter a in the instanton solution. We conclude that, as far as the
effects of the UV physics can be put under control, they do not spoil the possibility to reach
the observed value of the Higgs vev through the non-perturbative calculation of the type
presented here.

Let us now discuss the parameter region of the theory, where the existence of an
appropriate solution matches with the constraints imposed by phenomenology on the Higgs
inflation scenario. As was already pointed out, the very existence of this region is not

28However, this may drive the necessary values of ⇠� and ⇠h away from the phenomenologically acceptable
region.

– 30 –

The	solution	with	the	source:

The	short	distance	asymptotics are

The	vev of	the	h-field:

⎼ aka	Higgs	self-coupling

Lagrangian of	the	model:

Change	of	variables:

The	full	analysis	is	left	for	numerics.



HD	model:	phenomenology
The	effective	Higgs	potential	in	the	HD	model

MP
h

V

Figure 1. Schematic form of the potential for the field ¯h, which can support the gravitational
instanton of the desired value of the action.

Further constraints on the evolution of � follow from examination of the high energy
asymptotics of the field ¯h, specified by the factor A. Assigning reasonable values a ⇠ 1,
|¯�| . 10

�1 to the quantities entering eq. (4.11) and assuming the inequalities (2.3) to
hold, we find that the real valuedness of A forces ¯� to be positive at the scale at which the
asymptotics (4.10) are evaluated.24

We conclude that the successful implementation of the non-perturbative scenario re-
quires specific potential term for the scalar field. Qualitatively, the quartic coupling is to
be confined to the range of negative values at the moderate energy scales, where the in-
stanton action is saturated, and to the range of positive values at the high energy scales,
at which the fields approach their asymptotics (4.10), see figure 1 for illustration. One can
ask whether the Higgs-Dilaton model can naturally support this type of the effective Higgs
potential. As we will see in the next section, the answer is affirmative.

4.2 Phenomenology of the Higgs-Dilaton model

In this section, we discuss phenomenological implications of the Higgs-Dilaton model, that
are necessary for the realistic calculation of the Higgs vev. The analysis of the non-
perturbative shift of the scalar field vev, that was conducted in the previous section, is
readily applicable to the theory (2.1) as soon as the SM degrees of freedom, apart from the
Higgs field, do not interfere the gravitational instanton.

Let us first make a comment about the cosmological constant. Albeit the requirement
� = 0 imposed on the potential (2.2), the Higgs-Dilaton model is able to admit the classical
ground state with the non-zero value of curvature. Leaving details to appendix A, here
we just point out that, since we limit our discussion to the physically interesting case of
tiny positive value of the cosmological constant, the characteristic size of the instanton is
expected to be small compared to the cosmological length. As was explained in section 3.2.3,
this makes the instanton insensitive to the curved gravitational background and allows us
to neglect the space curvature in all calculations. The results of the previous section are
then fully applicable to the Higgs-Dilaton model.

24Calculations show that h̄ ⇠ ⇢

�1 is the only analytic short-distance asymptotics available for h̄.
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LE	regime
Inflationary	regime

μ𝜇∗

𝜆;<(𝜇) 𝜆&<(𝜇)The quantities �� and �yt, in which the radiative corrections to the effective Higgs
potential are encoded, determine, roughly, the magnitude of the jump in � that happens
at the transition scale µ ⇠ µ⇤, and the tilt of � at the inflationary scales. Having fixed the
top quark mass and the asymptotic self-coupling ¯�, we are free to choose any combination
of �� and �yt giving a smooth interplay between the low energy and the high energy �.
The choice of a function interpolating between these two regimes has to be made by hand,
and the results do depend on this choice quantitatively, although we expect the qualitative
picture remains unchanged.26 We model the interpolation as follows,

�(µ) =
1

2

�LE(µ) (1� tanh(�(µ� µ⇤)) +
1

2

�HE(µ) (1 + tanh(�(µ� µ⇤)) , (4.19)

where the subscripts LE and HE denote the low energy and the high energy domains of �
correspondingly. The sharpness of the transition between the domains is controlled by the
parameter �.

(a) (b)

Figure 7. The plots displaying the parameter regions at which the contribution to the Higgs
vev (4.14) from the gravitational instanton gives the observed value of the Higgs mass, mH =

125.09GeV [64]. Here we choose �yt = 0 and � = 10

5 (see eq. (4.19)). Shadowed are the regions
where no appropriate solution exist.

We can now probe different regions in the domain of allowable values of mt, ¯�, ⇠h and
⇠� described above. We assume that the high energy Higgs self-coupling belongs to the
reasonable interval ¯� ⇠ 10

�3 � 10

�1. We find that the contribution from the gravitational
instanton given by the r.h.s. of eq. (4.14) can indeed give the observed value of the
Higgs mass, mH = 125.09GeV [64], provided that we are close enough to the boundary
separating the region where the effective Higgs potential develops the second minimum
before the inflationary scales, from the region where this minimum is absent. Our findings

26The sensitivity to the high energy physics becomes especially clear near the critical regime, since a
slight change of the transition function can cause a noticeable change of the values of critical parameters.
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The	transition	between	the	LE	and	inflationary	regimes	can	be	modeled	as

Possible	form	of	the	effective	Higgs	potential	in	the	HD	model,
schematically.

Running	of	the	Higgs	self-coupling	in	the	SM,	at	NNLO.

The	effect	of	radiative	corrections	to	the	potential	is	encoded	by	the	``jumps’’	𝛿𝜆, 𝛿𝑦? at	the	inflationary	scale.

F. Bezrukov, J. Rubio and M. Shaposhnikov, Phys. Rev. D 92 (2015) no.8, 083512 [arXiv:1412.3811 [hep-ph]]



HD	model:	calculation	of	the	Higgs	vev

No	solutions
No	solutions

The plots displaying the parameter regions at which the contribution from the gravitational instanton 
gives the observed value of the Higgs mass, 𝑚& = 125.09	𝐺𝑒𝑉.	We	take	𝛿𝑦? = 0, 𝛾 = 10I.	�̅�	
denotes	the	HE	asymptotics	of	the	Higgs	self-coupling.



HD	model:	calculation	of	the	Higgs	vev

The regions of the non-minimal couplings, where the generation of the Higgs mass matches with 
the constraints from inflationary observations. Here we take, as an example, 𝛿𝑦? = 0, 𝛾 = 10I. The	
borders	between	different	colors	correspond	to	the	asymptotic	Higgs	self-coupling	crossing	the	
values	log �̅� = −1.8, −1.9	(the	left	panel),	log �̅� = −1.9, −2.0	(the	right	panel).



Discussion

🔵 Is	Λ generated	in	the	same	way? ⎼ No		(at	least	in	the	HD	model)

🔵 Is	the	value	of	𝑚& special?	 ⎼ No		(one	can	generate	it	smaller	or	larger	than	the	observed	value)	

🔵 Are	the	results sensitive	to	the	unknown	UV	completion	of	the	model? ⎼ Yes			(although,	the	mere	
existence	of	the	effect	can	well	be	universal)

🔵 Note	also	that	the	instanton	prefers	the	region	of	parameters,	where	the	EW	vacuum	is	not	
absolutely	stable	but	very	close	to	be	so.

🔵 Can	one	generate	something	else	via	gravitatioinal instanton,	in	the	HD	model?			⎼ Probably,	yes	(e.g.,	the	small
non-minimal	dilaton coupling)



Thank	you!


