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1 Introduction

The primary objective of this paper is to address as many problems in particle physics and
cosmology as possible through the introduction of a new model framework — referred to as
Technically Natural Higgs (TNH) in this study. This framework has recently been proposed
in ref. [1]. For the minimal TNH model, the Higgs boson is a mixture of an elementary and
a composite state, with a compositeness scale much larger than the electroweak (EW) scale.
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Usually, achieving a large compositeness scale for a composite Higgs requires an artificially
small vacuum misalignment. However, in the TNH framework, a novel mechanism enables
a technically natural large compositeness scale, extending up to the Planck scale. As a
result, this mechanism dynamically triggers EW symmetry breaking and fermion mass
generation, including the neutrinos, in a technically natural way.

The Standard Model (SM) is currently the most successful theory of particle physics,
accurately describing almost all known physical phenomena involving three of the four
fundamental forces (excluding gravity) and elementary particles. Despite its impressive
experimental predictions, the SM fails to adequately explain several fundamental phenom-
ena in nature, leaving a number of questions unanswered. In this paper, we aim to address
six of these outstanding puzzles using the recently proposed TNH model framework, namely

1) the EW naturalness problem,

2) neutrino masses and their flavour mixing,

3) the inflationary paradigm,

4) the matter-antimatter asymmetry problem,

5) dark matter (DM),

6) the strong CP problem.

Furthermore, we will briefly explore the prospects and challenges of developing a quantum
gravity theory and resolving the cosmological constant problem within this framework.

An inherent challenge in constructing models beyond the SM (BSM) that can explain
these open questions is the requirement for unnatural fine-tuning of the model parameters.
Although the individual problems can sometimes be remedied with natural or technically
natural fine-tuning, addressing several issues simultaneously often requires significant un-
natural fine-tuning. In ref. [1], it is demonstrated how the minimal TNH model alleviates
the EW naturalness problem and generates neutrino masses in a technically natural man-
ner. Given the difficulty in constructing fully natural models, our objective in this paper
is to resolve as many of the aforementioned problems as possible by introducing the TNH
model framework with minimal unnatural fine-tuning.

2 Introduction of six open questions in fundamental physics

Now, we will present the six aforementioned problems and briefly discuss how they can
potentially be addressed within the context of the TNH model framework.

The EW naturalness problem: our first inquiry seeks a fundamental origin of the
Higgs sector of the SM to alleviate the SM naturalness problem. A dynamical origin of the
Higgs sector and EW symmetry breaking (EWSB) is a possible solution of this problem.
In Composite Higgs (CH) models [2, 3], the Higgs boson arises as a composite pseudo-
Nambu-Goldstone boson (pNGB) from a spontaneously broken global symmetry upon a
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compositeness scale ∼ 4πf , where f is the Goldstone-boson decay constant of the composite
sector.1 It can, therefore, be naturally light with respect to the compositeness scale and
other composite resonances in the model — in good agreement with current observations.
In this work, we will further assume the global symmetry of the Higgs sector arises as
the chiral symmetries G of fermions of an underlying confining four-dimensional gauge-
fermion theory. The new strong interactions dynamically break these global symmetries G
to H, while the interactions with the SM fields break the symmetries further, triggering
the correct EWSB pattern dynamically.

In the CH framework, generating fermion masses is challenging. Approaches like Ex-
tended Technicolor (ETC) [6], Partial Compositeness (PC) [7], Fundamental Partial Com-
positeness (FPC) [8, 9] and Partially Composite Higgs (PCH) [10, 11] have been proposed
but may face problems, like new naturalness issues, dangerous flavour changing neutral cur-
rents (FCNCs) or instability of the Higgs vacuum. These concerns can be eased with a high
compositeness scale. The TNH framework suggests achieving this via a novel mechanism
involving a softly breaking of a global Z2 symmetry by technically natural small vacuum
misalignment. We focus on the PCH approach for simplicity and present the minimal par-
tially composite two-Higgs scheme in section 3, where the Higgs is a mixture of a composite
and an elementary state, transforming odd under a global Z2 symmetry. Therefore, this
model allows a large compositeness scale due to a technically natural small misalignment.
An analysis in ref. [13] finds that PCH models without this mechanism suffer from low vac-
uum instability scales in renormalization group (RG) running. However, applying a similar
analysis to the TNH model in section 5 reveals that the proposed mechanism supports a
large vacuum instability scale, effectively addressing this issue.

Neutrino masses and their flavour mixing: regarding the second challenge, the only
neutral fermions, neutrinos, have much smaller masses than charged fermions. In the early
realizations of the Yukawa couplings [15], they were even thought to be massless, until
the discovery of oscillations [16] convinced the scientific community that they must carry
a mass, although very small. The simplest solution to this puzzle is the seesaw mecha-
nism [17–19], based on the existence of very heavy new states that couple to neutrinos and
the Higgs boson via large couplings. This requires a typical new scale Λseesaw ≈ 1012 GeV.
In section 4, we explore the possibility of realizing the one-loop radiative seesaw mecha-
nism by introducing three right-handed neutrinos (RHNs) and a second elementary SU(2)L
doublet to the partially composite two-Higgs scheme. Except for the new SU(2)L scalar
doublet is Z2-even and not odd, this setup is analogous to the one in the traditional scoto-
genic model [20], arguably the simplest model of radiative neutrino masses. Additionally,
in section 5, we perform a RG analysis for all couplings in this TNH model, incorporating
scotogenic neutrino masses for different compositeness scales. This analysis demonstrates
that the Higgs vacuum could be stable or metastable, and the SM naturalness problem can
be alleviated with a large compositeness scale ranging from about 109 GeV to the Planck
scale.

1In general, composite Higgs models were first proposed in refs. [4, 5], but in these models the Higgs
boson is not identified as a light pNGB candidate.
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The inflationary paradigm: for the third concern, cosmic inflation tackles horizon,
flatness problems and generates density perturbations as seeds for today’s large-scale
structures [21–24]. This framework also accurately predicts inflationary parameters [25],
strongly aligned with Planck collaboration’s Cosmic Microwave Background (CMB) aniso-
tropy measurements [26, 27]. In section 6, we examine three inflation scenarios with a
Higgs doublet:

i) Higgs Inflation [28],

ii) Starobinsky R2 Inflation [29],

iii) Scale-Invariant Inflation [30–35].

However, the unitarity issue is important in defining the validity of these inflationary
mechanisms. In the case of the original Higgs inflation, the traditional setup requires a
large non-minimal coupling to the Ricci scalar, αH ∼ 104, that leads to a cutoff scale far
below the Planck scale, Λ . mP /αH � mP [36–40], resulting in the unitarity problem.
Various attempts have been proposed to treat this issue, for example by introducing the
Higgs near-criticality [41–43], assuming a field-dependent vacuum expectation value [44] or
adding new degrees of freedom [45–49]. In the case of the Starobinsky R2 inflation model,
the General Relativity is extended to include R2 curvature squared corrections to the
Einstein-Hilbert action. In this scenario, this dynamics can unitarize the Higgs inflation
up to the Planck scale [47, 50]. However, according to ref. [51], the Higgs/R2 inflation
model introduce significant corrections to the SM Higgs mass, leading to an unacceptable
hierarchy problem. The observed Higgs mass requires an extremely unnatural cancellation
with the bare mass term with accuracy much greater than 1 part in 1013 for the pure Higgs
inflation and 108 for Starobinsky inflation, smaller but still unnatural large. Therefore,
they considered the case where inflation is driven by the R2 term with a scale-invariant
extension. In this scenario, the hierarchy problem is reduced further such that we need a
cancellation with the accuracy 1 part in 104, which is still large.

In section 6, we will see that within the specific TNH model we are examining, the
elementary Higgs doublets can possess arbitrary large bare masses, while the mass of the
SM-like Higgs boson can be naturally fixed at its observed value of 125GeV. This effectively
resolves the hierarchy issues associated with the three inflation scenarios. Another reason
for considering scale-invariant inflation is its potential to dynamically explain the origin of
the Planck mass through a new scalar field φ (identified as the inflaton) that breaks scale
invariance spontaneously, obtaining a VEV. Additionally, we can assume that the masses
of heavy fermions like the RHNs result from introducing Yukawa couplings between these
fermions and φ.

The matter-antimatter asymmetry problem: the fourth task aims to explain the
baryon asymmetry of the Universe (BAU), quantified as the cosmic baryon-to-photon ratio
ηobs
B ' 6.1 × 10−10 [52, 53]. The SM does not provide a solution to this question. An
attractive method for generating the BAU dynamically is leptogenesis [54]. In the context of
standard thermal leptogenesis, closely tied to the type-I seesaw mechanism, small neutrino
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masses are achieved by introducing a minimum of two heavy RHNs with large Majorana
masses. These heavy neutrinos emerge from interactions in the thermal environment, with
their CP-violating out-of-equilibrium decays creating a primordial lepton asymmetry. EW
sphaleron processes subsequently convert this lepton asymmetry into a baryon asymmetry.

Thermal leptogenesis in the scotogenic model has been explored extensively in previous
studies. E. Ma introduced it initially in ref. [55], with further examination in subsequent
works like refs. [56–60]. More comprehensive summaries of leptogenesis studies in the
scotogenic model are available, such as ref. [61]. In section 7, we will demonstrate that
the minimal TNH model with scotogenic neutrino masses could potentially account for the
observed BAU within the aforementioned inflation scenarios, all without requiring extra
ingredients to the model.

Dark matter: the fifth question pertains to the enigma of DM, constituting 85% of
the total mass today, yet unaccounted for by any SM particle. In section 8, we briefly
consider the possibility of composite super-heavy DM (SHDM) candidates. These SHDM
particles acquire their relic density non-thermally by the weakness of the gravitational
interactions [62–68]. Indeed, this non-thermal gravitational production of the DM abun-
dance during inflation is the only experimentally verified DM production mechanism, since
the observed CMB fluctuations have exactly the same origin [69]. Considering unverified
alternatives, SHDM emerges as a natural DM candidate within this model.

Extending the spectrum of new strongly interacting fermions with only one SM-singlet
Dirac fermion, we can identify a DM candidate as a composite complex pNGB, Φ. This
candidate, studied in refs. [70–75], is protected by a global U(1) symmetry and attains
a mass of the order of the inflaton mass (∼ O(f)). This SHDM mass lies within 1 ×
1013GeV� mΦ . 1× 1017GeV for Higgs inflation, mΦ ∼ 9× 109 GeV for R2 inflation and
approximately O(1011)GeV in scale-invariant inflation scenario.

The strong CP problem: answering the final question about the strong CP problem,
we will explore a potential QCD axion candidate within this model. Many BSM models
introduce Axion-Like-Particles (ALPs), which are pNGBs, arising from the spontaneous
breaking of a global U(1) symmetry. In this way, these ALPs are naturally light parti-
cles, with a mass ma much smaller than the symmetry breaking scale fa (the ALP decay
constant), and couple weakly to the SM particles which scales as 1/fa. This ALP mass is
typically generated by some new strong dynamics breaking the U(1) symmetry explicitly
at some lower scale Λa compared to the scale fa (i.e. Λa � fa), resulting in ma ∝ Λ2

a/f . In
the case with QCD, such an U(1) symmetry can be exact at the classical level but broken at
the quantum level by a colour anomaly, leading to a spontaneous breaking of this symme-
try at some high energy scale. This symmetry is known as Peccei-Quinn (PQ) symmetry,
U(1)PQ, after its proposers [76, 77] and such a broken symmetry results in an ALP with
the mass ma ∝ Λ2

QCD/fa, called the QCD axion. Thus, this setup is a possible solution to
the strong CP problem [76, 78, 79], addressing the last of the above open questions.

In section 9, we identify the angular component of the inflaton φ in the scale-invariant
inflation scenario as a candidate for an ALP. This complex scalar inflaton φ is charged
under a global lepton U(1) symmetry, spontaneously broken by its VEV (vφ ∼ 1015 GeV),
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resulting in its angular part a will be identified as a pNGB. To resolve the strong CP prob-
lem, we introduce a new chiral pair, SU(3)C colored triplets QL,R, with lepton numbers.
Their coupling to φ via Yukawa interactions leads to that this lepton U(1) symmetry be-
comes colour-anomalous, establishing it as a Peccei-Quinn (PQ) symmetry. Consequently, a
evolves into a QCD axion with fa = vφ ∼ 1015 GeV. In accordance with ref. [80], a standard
misalignment mechanism could overproduce DM if the initial misalignment angle is around
unity. However, for a misalignment angle between 0.01 and 0.1, this axion effectively con-
stitutes cold DM in the Universe, simultaneously resolving the strong CP problem. Thus,
via scale-invariant inflation, the enigmas of DM and the strong CP problem potentially
find resolution through this QCD axion DM candidate with the mass ma ∼ 6 × 10−9 eV,
albeit at the expense of some fine-tuning of the initial misalignment angle.

Throughout this paper, we will demonstrate that a concrete scale-invariant TNH model
with a particular energy scale of around O(1012)GeV, loop-induced by the inflaton, may
be able to answer the six aforementioned open questions in fundamental physics, while
also dynamically generating the Planck scale. Finally, in section 10, we briefly discuss
the possibilities and challenges associated with constructing a quantum gravity theory
and resolving the cosmological constant problem within the context of this concrete scale-
invariant model. Finally, we provide a summary and draw our conclusions in section 11.

3 The minimal technically natural Higgs model

In the following, we focus on the minimal TNH model, proposed in ref. [1]. In this model,
the concrete SU(6)/Sp(6) model [81], explored in refs. [82–86], is extended with one ele-
mentary Z2-odd Higgs doublet, H. We assume that four strongly interacting Weyl fermions
(hyper-fermions) are arranged in two SU(2)L doublets, Ψ1 ≡ (ψ1, ψ2)T and Ψ2 ≡ (ψ5, ψ6)T ,
and two in SU(2)L singlets, ψ3,4, with hypercharges ∓1/2. In the minimal scenario, we
assume that these six Weyl hyper-fermions are in fundamental representation of a new
strongly interacting hypercolor (HC) gauge group GHC = SU(2)HC or Sp(2N)HC, which is
the pseudo-real representation. For simplicity, we choose the minimal gauge group SU(2)HC
from now on. We can then construct an SU(6) flavour multiplet by arranging the six Weyl
hyper-fermions into a SU(6) vector Ψ ≡ (ψ1, ψ2, ψ3, ψ4, ψ5, ψ6)T . We have listed in ta-
ble 1 the representations of the gauge groups and parity under the Z2 symmetry of the
fermions and the elementary weak doublet in the model. Therefore, differently from the
SM, we assume that H is odd under the Z2 symmetry of the composite sector, leading
to that the Higgs boson arise as a mixture between the Z2-odd composite pNGB from
the spontaneously global symmetry breaking SU(6) → Sp(6) and the elementary weak
doublet, H.

Furthermore, via new Yukawa interactions between the strongly interacting hyper-
fermions and H, the VEV generated by the vacuum misalignment in the composite sector
can be transferred to the neutral CP-even component of H, leading to a VEV v of it.
Based on that, the SM-fermions can achieve their masses via ordinary Yukawa couplings
to H. On the other hand, the EW gauge bosons obtain masses from both the VEV of the
elementary Higgs doublet and the vacuum misalignment in the composite sector such that
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GHC SU(3)C SU(2)L U(1)Y Z2

Ψ1 ≡ (ψ1, ψ2)T � 1 � 0 +1

ψ3 � 1 1 −1/2 +1

ψ4 � 1 1 +1/2 +1

Ψ2 ≡ (ψ5, ψ6)T � 1 � 0 −1

H 1 1 � +1/2 −1

Table 1. The hyper-fermions in the SU(6)/Sp(6) template model and the elementary Higgs doublet,
H, labelled with their representations of GHC⊗ SU(3)C⊗ SU(2)L⊗U(1)Y and parity under the Z2
symmetry.

the EW scale is set by

v2
EW = v2 + f2 sin2 θ , (3.1)

where θ (π/2 ≤ θ ≤ π) parameterises the vacuum misalignment. At sin θ = 0 (θ = π)
EW and Z2 symmetries are unbroken, while at sin θ = 1 (θ = π/2) the condensate is
purely SU(2)L and the Z2 symmetry is broken (this limit is commonly referred Bosonic
Technicolor, proposed and explored in refs. [87–91]). This concrete PCH model example is
thus technically natural even though that the vacuum misalignment angle θ is very close
to π since the Z2 symmetry is restored for θ = π. In this section, we consider this complete
model in detail.

3.1 The condensate and pNGBs

When the hyper-fermions confine, this results in the chiral symmetry breaking SU(6) →
Sp(6) and the hyper-fermions develop a non-trivial and antisymmetric vacuum condne-
sate [92]

〈ΨI
α,aΨJ

β,b〉εαβεab ∼ f3EIJCH , (3.2)

where α, β are spinor indices, a, b are HC indices, and I, J are flavour indices. We will
suppress the contractions of these indices for simplicity. The vacuum of the composite
sector, giving rise to the VEV of the neutral CP-even component Φ0

odd of the Z2-odd
composite doublet, by misalignment, can be written as [92]

ECH =

iσ2 0 0
0 −iσ2cθ −12sθ
0 12sθ iσ2cθ

 , (3.3)

where σ2 is the second Pauli matrix and from now on we use the definitions sx ≡ sin x,
cx ≡ cosx and tx ≡ tan x. The chiral symmetry breaking SU(6) → Sp(6) results in 14
pNGBs, πa with a = 1, . . . , 14, and thus 14 SU(6) broken generators, Xa, correspond to
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G0/H0
Z2–odd

pNGBs

Z2–even

pNGBs

Φeven = (2, 1/2)+

η′ = (1, 0)+

Φodd = (2, 1/2)−

∆ = (3, 0)−

ϕ0 = (1, 0)−

η = (1, 0)+

Table 2. The pNGBs in the SU(6)/Sp(6) template model in the EW unbroken vacuum (sθ = 0)
labelled with their (SU(2)L,U(1)Y)Z2 quantum numbers.

the vacuum ECH. The Goldstone bosons around the CH vacuum, ECH in eq. (3.3), are
parametrized as

Σ(x) = exp
[

2
√

2i
f

πa(x)Xa

]
ECH (3.4)

with the decay constant f of them.
In this model, we recognize a Z2 symmetry generated by a SU(6) matrix, represented

as P = Diag(1 , 1 , 1 , 1 ,−1 ,−1). This symmetry remains intact when the EW gauge
symmetry is unbroken, i.e., when sθ = 0. Within this context, the fields classified as Z2–odd
are the composite pNGBs: Φ0

odd, (Φ0
odd)∗, Φ±odd, ∆0, ∆± and ϕ0. We have listed in table 2

the quantum numbers for the EW unbroken vacuum (sθ = 0) and Z2 parity of the pNGBs
divided into the groupings: the Z2-even pNGBs in the minimal G0/H0 = SU(4)/Sp(4) CH
subset [92], and the additional Z2-odd and –even pNGBs in the rest of the SU(6)/Sp(6)
subset. In addition, we denote the neutral components of the composite weak doublets,
Φeven,odd, as follows

Φ0
even ≡

φR − iφI√
2

, Φ0
odd ≡

h− iπ3
√

2
, (3.5)

while the elementary Z2-odd doublet is written as

H = 1√
2

(
σh − iπ3

h

−(π2
h + iπ1

h)

)
. (3.6)

3.2 The chiral Lagrangian and the effective potential

The underlying Lagrangian of this specific PCH model describing the new strong sector
and the elementary doublet can be written as [13]

LPCH = Ψ†iγµDµΨ +DµH
†DµH −m2

HH
†H − λH(H†H)2

−
(1

2ΨTMΨ + yUHα(ΨTPαΨ) + yDH̃α(ΨT P̃αΨ) + h.c.
) (3.7)

with H̃ ≡ εH∗. For the Yukawa interactions yU,D, we have constructed the spurions

2P 1
ij = δi5δj3 − δi3δj5 , 2P 2

ij = δi6δj3 − δi3δj6 ,
2P̃ 1

ij = δi5δj4 − δi4δj5 , 2P̃ 2
ij = δi6δj4 − δi4δj6 .

(3.8)
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Finally, we have introudced the vector-like masses for the new hyper-fermions (preserving
the EW gauge and Z2 symmetries) via the matrix

M =

m1iσ2 0 0
0 m2iσ2 0
0 0 −m3iσ2

 . (3.9)

Note that for m1 = m2 = m3, the mass matrix is proportional to the EW-preserving
vacuum in eq. (3.3) with θ = π (cθ = −1), akin to the minimal PCH model [10, 11]. This
is not by chance, as it is indeed the hyper-fermion masses that determine the signs in the
vacuum structure [93].

To introduce the SM-like Yukawa couplings, we need to demand that the left- and
right-handed SM-quarks and -leptons transform as qL,i ≡ (uL,i, dL,i)T → qL,i, lL,i ≡
(νL,i, eL,i)T → lL,i, uR,i → −uR,i, dR,i → −dR,i and eR,i → −eR,i under the Z2 sym-
metry. Thus, the elementary Z2-odd scalar doublet, H, can couple to the SM-fermions like
the Higgs doublet in the SM with the Yukawa interactions preserving the Z2 symmetry:

LY = − yijt qL,iHuR,j − y
ij
b qL,iH̃dR,j − y

ij
e lL,iH̃eR,j + h.c. . (3.10)

Below the condensation scale, ΛHC ∼ 4πf , eq. (3.7) yields the following leading-order
effective potential

V 0
eff =m2

HH
†H + λH(H†H)2

− 4πf3Z

(1
2Tr[MΣ]− yUHαTr[PαΣ]− yDH̃αTr[P̃αΣ] + h.c.

)
,

(3.11)

where Z is a non-perturbative O(1) constant that can be suggested by lattice simulations
(e.g. Z ≈ 1.5 in ref. [94] for the SU(2) gauge theory with two Dirac (four Weyl) hyper-
fermions). To next-to-leading order, the EW gauge interactions contribute to the effective
potential, which can be written as

V 1−loop
gauge = Cgf

4
( 3∑
i=1

g2
LTr[T iLΣT iTL Σ†] + g2

Y Tr[T 3
RΣT 3T

R Σ†]
)

= −Cgf4
(

3g2
L + g2

Y

2 c2
θ + . . .

)
,

(3.12)

where gL,Y are the SU(2)L and U(1)Y gauge couplings, Cg is an O(1) form factor that can
be computed on the lattice and the gauged generators embedded in the SU(2)L ⊗ SU(2)R
subgroup of the global symmetry group SU(6) are identified by the left- and right-handed
generators

T iL =

σi 0 0
0 0 0
0 0 σi

 , T iR =

0 0 0
0 −σTi 0
0 0 0

 (3.13)

with i = 1, 2, 3 and σi denoting the Pauli matrices. This effective potential is at the one-loop
level, and accordingly, the contribution is subleading comparable to the vector-like mass
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terms. However, we will include this contribution in the following numerical calculations,
because these terms are essential for generating the smallness of the neutrino masses in
this model, as discussed in section 4.

In the following, we briefly ignore the next-to-leading order potential contribution in
eq. (3.12) from the EW gauge interactions for simplicity. By assuming 〈σh〉 = v in eq. (3.6),
the minimization of the effective Lagrangian in eq. (3.11) yields the parameter expressions

m23 = −
cθm

2
λt

2
β

8πZf , yUD = tβm
2
λ

4
√

2πZf2
(3.14)

with tβ ≡ v/(fsθ) and m2
λ ≡ m2

H + λHv
2. Unlike the Higgs mechanism in the SM, the

squared mass parameter m2
H of the elementary Higgs doublet in eq. (3.11) does not need

to change the sign to trigger the EWSB. This is a further motivation for investigating this
minimal TNH model.

According to the Higgs potential in eq. (3.11), the neutral CP-even scalar mass matrix
in the basis (σh, h) can be written as

M2
Higgs = m2

λ

(
1 + δ −cθtβ
−cθtβ t2β

)
, (3.15)

where δ ≡ 2λHv2/m2
λ. The mass eigenstates are given in terms of the interaction eigen-

states by
h1 = cασh − sαh , h2 = sασh + cαh (3.16)

with
t2α = 2tβcθ

1− t2β + δ
. (3.17)

The corresponding masses of these eigenstates are

m2
h1,2 = m2

λ

2
[
1 + t2β + δ ± (2cθtβs2α + (1− t2β + δ)c2α)

]
. (3.18)

4 Loop-induced neutrino masses

On the other hand, the generation of the small neutrino masses and their flavour mixing is
an important subject. The simplest solution to this puzzle is the seesaw mechanism [17–
19], which requires a typical new scale Λseesaw ≈ 1012 GeV. In this section, we explore the
possibility of realizing a one-loop radiative seesaw mechanism in this technically natural
multi-Higgs scheme by considering the studies in ref. [86]. However, the neutral component
of a Z2-even doublet, not of a Z2-odd as in ref. [20], runs in the loop as in figure 1.

4.1 The Lagrangian and scalar potential terms in the neutrino sector

To incorporate this mechanism, we need to add a new Z2-even elementary weak doublet
with hypercharge +1/2,

Hν = 1√
2

(
σR − iσI
−(π2

ν + iπ1
ν)

)
, (4.1)
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Figure 1. One-loop radiative Majorana neutrino masses in this model, similar to the scotogenic
model proposed in ref. [20].

and three right-handed neutrino SM-singlets, NR,i (i = 1, 2, 3) with Majorana masses, Mi,
transforming even under the global Z2 symmetry.

With this assignment of parities under the Z2 symmetry of the fermions, Yukawa
couplings between the elementary Higgs doublet H achieving the VEV v and the neutrinos
are not allowed without explicitly breaking the Z2 symmetry. On the other hand, new
fundamental Yukawa couplings with the new Z2-even doublet, Hν , and the neutrino fields
can be written as

LY ⊃ −hijlL,iHνNR,j + h.c. . (4.2)
Furthermore, the new elementary Z2-even doublet, Hν , is allowed to be coupled to the
composite Higgs sector by adding new fundamental Yukawa couplings between Hν and the
Z2-even hyper-fermions to eq. (3.7):

LPCH ⊃− y1Hν,α(ΨTPαν Ψ)− y2H̃ν,α(ΨT P̃αν Ψ) + h.c. , (4.3)

where we introduce the spurions

2P 1
ν,ij = δi1δj3 − δi3δj1 , 2P 2

ν,ij = δi2δj3 − δi3δj2 ,
2P̃ 1

ν,ij = δi1δj4 − δi4δj1 , 2P̃ 2
ν,ij = δi2δj4 − δi4δj2 .

(4.4)

Below the condensation scale, ΛHC ∼ 4πf , eq. (4.3) yields the following contributions
to the effective potential in eq. (3.11):

V 0
eff ⊃ 4πf3Zν

(
y1Hν,αTr[Pαν Σ] + y2H̃ν,αTr[P̃αν Σ] + h.c.

)
, (4.5)

where Zν is a non-perturbative O(1) constant. From now on, we assume that Zν ≡ Z ≈ 1.52

and y1 = y2 for simplicity.
Finally, we add all the allowed terms including the new doublet to the underlying

Lagrangian in eq. (3.7) that conserves all the symmetries, which are given by

LPCH ⊃DµH
†
νDµHν −m2

HνH
†
νHν − λHν (H†νHν)2 − λ1H

†HH†νHν

− λ2H
†HνH

†
νH −

(
λ3(H†Hν)2 + h.c.

)
.

(4.6)

2According to the lattice calculations in ref. [94], Z ≈ 1.5 for a SU(2) gauge theory with two Dirac (four
Weyl) hyper-fermions, which is only one Dirac fermion less compared to the concrete model considered in
this paper.
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In the following, we assume mHν ≡ mH = f for avoiding naturalness problems. Moreover,
we set λ1,2,3 = 1 for simplicity, which has an insignificant influence on the RG running of
λH since the components of Hν have large O(f) masses and are “integrated out” in the
following stability analysis. Note that the above potential contributions from the neutrino
sector do not change the masses of the mass eigenstates h1,2 in eq. (3.18), where h1 is still
identified with the 125-GeV SM-Higgs boson. Furthermore, the new elementary doublet
has no influence on the vacuum structure discussed in section 3.

4.2 The masses and mixing of the neutrinos

In particular, the mixing mass matrices M2
R and M2

I in the bases (σR, φR) and (σI , φI),
respectively, are generated by the potential of the neutral components of the elementary and
composite Z2-even Higgs doublets in eq. (3.5) and (4.1), respectively, which are given by

M2
R = M̃2 +

(
2λ3v

2 0
0 1

2Cg(3g
2
L + g2

Y )f2cθ

)
,

M2
I = M̃2 +

(
−2λ3v

2 0
0 1

2Cg(8g
2
L + (g2

Y − 5g2
L)cθ)f2

) (4.7)

with
M̃2 ≡

(
m2
Hν

+ 1
2(λ1 + λ2)v2 −4

√
2πZy12f

2cθ/2
−4
√

2πZy12f
2cθ/2 8πZfm1 + 1

2m
2
λt

2
β

)
,

where y12 ≡ y1 + y2, tβ ≡ v/(fsθ) and m2
λ ≡ m2

H + λHv
2. Therefore, a mass splitting is

generated between the masses mR,I of the mass eigenstates σ̃R,I , consisting mostly of the
neutral components σR,I in eq. (4.1), respectively.

Assuming that the RHNs, NR,i, are not much heavier than the neutral components of
the new Z2-even doublet, small Majorana masses of the left-handed neutrinos are generated
by the loop diagram shown in figure 1, analog to the one in the traditional scotogenic
model [20]. The loop diagram results in the mass expression [20]

mij
ν =

3∑
k=1

hikhjk

(4π)2 Mk

[
m2
R

m2
R−M2

k

ln
(
m2
R

M2
k

)
− m2

I

m2
I −M2

k

ln
(
m2
I

M2
k

)]
≡

3∑
k=1

hikhjkΞν,k , (4.8)

where Mi denotes the masses of the RHNs, NR,i. To obtain non-zero neutrino masses, we
need a mass splitting between the masses mR,I of the mass eigenstates σ̃R,I , respectively,
given by eq. (4.7).

By ignoring the EW gauge loop potential contributions in eq. (4.7), i.e. gL,Y = 0,
the mass splitting between the mass eigenstates σ̃R,I will only depend on the λ3v

2 term,
which is negligible relative to their masses since mR,I ∼ f � v. In this scenario, either the
neutrino Yukawa couplings hij in eq. (4.2) or the quartic coupling λ3 in eq. (4.6) needs to
be non-perturbative large (hij , λ3 > 4π) to achieve large enough neutrino masses. When
the gauge interactions are turned on, a mass splitting will be generated in the order of f
between the composite states φR,I , resulting in a more significant mass splitting of σ̃R,I via
the Yukawa couplings, y1,2, in eq. (4.3). As shown in the following, this mass splitting may
be enough to generate large enough neutrino masses with perturbative couplings. In this
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model, the neutrino masses are thus dynamically loop-induced by the composite dynamics
via the EW gauge and Yukawa interactions.

Before we present the numerical calculations, we need to define the neutrino mass
matrix in eq. (4.8), which can be diagonalized as

mDiag
ν = UTPMNSmνUPMNS = Diag(mν1 ,mν2 ,mν3), (4.9)

where mνi with i = 1, 2, 3 are the left-handed neutrino masses. The matrix UPMNS = UUm
is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, where Um=Diag(1, eiφ1/2, eiφ2/2)
encoding the Majorana phases and the matrix U is parametrized as c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13


with the mixing angles sij ≡ sin θij , cij ≡ cos θij and the Dirac phase δ. In this paper, we
assume that the Majorana and Dirac phases are vanishing (φ1,2 = 0 and δ = 0), but it is
possible to add them without significant changes of our conclusions.

In following section, we fit to the best-fit experimental values for the mass-squared
differences (∆mij ≡ m2

νi − m2
νj ) and mixing angles (sij ≡ sin θij), which are given in

ref. [98] for both normal hierarchy (NH) of the neutrinos, i.e. mν1 < mν2 < mν3 , and
inverted hierarchy (IH), i.e. mν3 < mν1 < mν2 . Finally, we also include the upper bound
on the sum of the neutrino masses coming from cosmology. The most reliable bound is
from the Planck collaboration [53],∑

i

mνi . 0.23 eV . (4.10)

In the following calculations, we have chosen NH of the neutrinos, where mν1 =
0.0010 eV, leading to mν2 = 0.0087 eV, mν3 = 0.0500 eV, and therefore, the bound in
eq. (4.10) is fulfilled. If we choose IH or another value of mν1 , the following conclu-
sions will not change significantly. Furthermore, we assume that the RHN masses are
Mi/2 = mH = mHν = f GeV and the vector-like mass of the hyper-fermion doublet Ψ1 is
m1 = m2,3/2, because those values give rise to the most favorable results.

5 Vacuum stability analysis across diverse ΛHC

As concluded in ref. [13], PCH models may suffer from a low vacuum instability scale,
which is the energy scale below the Planck scale where the quartic coupling, e.g. λH in
eq. (3.7), runs to negative values. Such an instability originates from the fact that the
top-Yukawa coupling of the elementary interaction eigenstate, σh, is enhanced compared
to the SM-Higgs [95] by

yt = ySM
t /sβ , (5.1)

where yt and ySM
t are the enhanced and SM top-Yukawa couplings, respectively.

In ref. [1], we have performed a numerical analysis of the RG running of the quartic
coupling λH in eq. (3.7) with the compositeness scale ΛHC = mP . Moreover, in this
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RG analysis, we assume that the top-Yukawa and the EW gauge couplings run as in the
SM below the compositeness scale, since all the values of the couplings are SM-like after
the condensation and we neglect the effects on the quartic coupling running during the
confinement. We, therefore, use the SM RG equations up to three loops, listed in ref. [97].
We assume further that no composite states other than the Higgs state affect the running
of λH due to the fact that all these states are integrated out below f ≈ 1.9 × 1017 GeV,
because their masses are between f and ∼ ftβ for small t−2

β .
In the following, we will construct a scale-invariant TNH model with potential answers

to questions raised in section 2, including the EW naturalness problem, the neutrino masses,
inflation, matter-antimatter asymmetry, dark matter and the strong CP problem. However,
this model necessitates a compositeness scale below the Planck scale. Hence, in the next
section, we will perform an extensive RG analysis, encompassing different compositeness
scales.

5.1 The RG equations with scotogenic neutrinos

In the subsequent discussion, we will employ the abbreviation:

D ≡ 16π2µ
d

dµ
(5.2)

with µ being the renormalization scale. Furthermore, we define NF as the number of new
SU(2)L hyper-fermion doublets, Ψi, that transform under the representation R under the
new strong gauge group, GHC, and couple either to the Z2-odd and –even elementary Higgs
doublets (H and Hν) via Yukawa interactions (yU,D and y1,2).

Without the composite sector, the RG equations (RGEs) of the couplings have been
calculated for the SM and its extended version including scotogenic neutrinos in ref. [101].
In the following, we write the RGEs of the couplings in our considered model that are
valid above the compositeness scale, ΛHC. Above ΛHC, the RGEs of the scalar couplings
in eqs. (3.7) and (4.6) can be written as

DλH = 12λ2
H + 2λ2

1 + 2λ1λ2 + λ2
2 + 2λ2

3 + 3
8(g4

Y + 3g4
L + 2g2

Y g
2
L)− 6y4

t

− 3λH
(
g2
Y + 3g2

L − 4y2
t

)
+ 4d(R)(y2

U + y2
D)λH − d(R)(y4

U + y4
D) ,

DλHν = 12λ2
Hν + 2λ2

1 + 2λ1λ2 + λ2
2 + 2λ2

3 + 3
8(g4

Y + 3g4
L + 2g2

Y g
2
L)− 2Tr(h†hh†h)

− 3λHν
(
g2
Y + 3g2

L −
4
3Tr(h

†h)
)

+ 4d(R)(y2
1 + y2

2)λHν − d(R)(y4
1 + y4

2) ,

Dλ1 = 4(λH + λHν )(3λ1 + λ2) + 4λ2
1 + 2λ2

2 + 4λ2
3 + 3

4(g4
Y + 3g4

L − 2g2
Y g

2
L)

− 3λ1

(
g2
Y + 3g2

L − 4y2
t −

4
3Tr(h

†h)
)
,

Dλ2 = 2(λH + λHν )λ2 + 8λ1λ2 + 4λ2
2 + 16λ2

3 − 3λ2

(
g2
Y + 3g2

L − 2y2
t −

2
3Tr(h

†h)
)

+ 3g2
Y g

2
L ,

Dλ3 = 4(λH + λHν )λ3 + 8λ1λ3 + 12λ2λ3 − 3λ3

(
g2
Y + 3g2

L − 2y2
t −

2
3Tr(h

†h)
)
,

(5.3)
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where d(R) is the dimension of the representation R and h is the Yukawa coupling matrix
of the neutrinos defined in eq. (4.2). Moreover, the RGEs of the gauge couplings in this
concrete model are given by

DgHC = −
(11

3 C2(A)− 8
3NFT (R)

)
g3

HC ,

DgY =
(

7 + 4
3NFd(R)

(
4Y (QL)2 + 1

2

))
g3
Y ,

DgL = −
(

3− 2
3NFd(R)T (R)

)
g3
L ,

DgC = − 7g3
C ,

(5.4)

where T (R) is the index of the representation R, C2(A) is the quadratic Casimir of the
adjoint representation, gC is the strong gauge coupling and Y (Ψi) is the hypercharge of
the SU(2)L hyper-fermion doublets, Ψi, which is zero in our case. Finally, the RGEs for
the Yukawa couplings in eqs. (3.7), (3.10), (4.2) and (4.3) can be written as

Dyt =
(9

2y
2
t −

17
12g

2
Y −

9
4g

2
L − 8g2

C + d(R)(y2
U + y2

D)
)
yt ,

DyU =
(
−6C2(R)g2

HC −
9
4g

2
L −

17
12g

2
Y + 3y2

t +
(
d(R) + 3

2

)
y2
U + d(R)y2

D

)
yU ,

DyD =
(
−6C2(R)g2

HC −
9
4g

2
L −

5
12g

2
Y + 3y2

t +
(
d(R) + 3

2

)
y2
D + d(R)y2

U

)
yD , (5.5)

Dy1 =
(
−6C2(R)g2

HC −
9
4g

2
L −

17
12g

2
Y + 3y2

t +
(
d(R) + 3

2

)
y2

1 + d(R)y2
2

)
y1 ,

Dy2 =
(
−6C2(R)g2

HC −
9
4g

2
L −

5
12g

2
Y + 3y2

t +
(
d(R) + 3

2

)
y2

2 + d(R)y2
1

)
y2 ,

Dh =h

(3
2h
†h+ Tr(h†h)− 3

4g
2
Y −

9
4g

2
L

)
.

As in the RG analysis in ref. [1], we neglect the effects on the quartic coupling running
during the confinement and assume that the top-Yukawa and the EW gauge couplings run
as in the SM below the compositeness scale, ΛHC. In the following, we, therefore, use the
SM RGEs up to three loops in ref. [97] below ΛHC. We assume further that no composite
states other than the Higgs state affect the running of λH below ΛHC ∼ f , since all these
states are integrated out below f due to the fact that their masses are between f and ∼ ftβ
for small t−2

β . Finally, above ΛHC, the RG running of the different couplings in this model
are described by the RGEs in appendix A in ref. [13] without neutrinos and the above
RGEs with neutrinos, given by eqs. (5.3)–(5.5). However, if the energy scale, where the
above RGEs switch to the SM-like RGEs in the RG analysis, is lowered from ΛHC ≈ 4πf to
a value between f and ΛHC, there are no significant changes of the following conclusions.

5.2 Numerical results

By temporarily ignoring the neutrinos, the model features eight parameters relevant to our
study: m1, m23 ≡ m2 + m3, yUD ≡ yU + yD, mH , λH , sθ, f and tβ ; and four constraint
equations including the EW scale in eq. (3.1), the two vacuum conditions in eq. (3.14)
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Figure 2. The stability of the vacuum in the model examples without (upper panel) and with
scotogenic neutrinos (lower panel) in the tβ–f parameter space. The orange and green parameter
points give rise to metastable and stable Higgs vacua, respectively. The top mass is in the 2σ band
set by CMS, mt = 170.59 . . . 173.65GeV [96]. In this RG analysis, we have randomly scanned over
the dimensionless variables in the ranges 0.1 ≤ λHν , λ1,2,3 ≤ 1, 0.5 ≤ y1,2 ≤ 5 and 0.01 ≤ hij ≤ 10,
while mH = mHν

= Mi = f and m1,2,3 ≈ 0.3f .

and the Higgs mass in eq. (3.18). In this section, we set m1 = m23/2 for simplicity (e.g.
m1 = m2 = m3). Furthermore, the SM naturalness problem is alleviated by a large
mH . However, the vacuum quickly becomes unstable when we increase mH above f [13].
Therefore, we assume mH = f with a large f , which requires a technically natural small
sθ. Thus, we can assume that f and tβ are free parameters. If the neutrinos are added,
we also have following parameters: mHν , Mi, λHν , λ1,2,3, y1,2 and hij . Firstly, we assume
mHν = mH = f for avoiding a new hierarchy problem. Secondly, the RHN masses are set
to be Mi = f , which makes it easier to introduce a scale invariance in the model when
all the dimensionful fundamental parameters in the model are of the order of f . Finally,
the vector-like masses are given by eq. (3.14) to be m1,2,3 ≈ 0.3f . Altogether, we have
mH = mHν = Mi = f and m1,2,3 ≈ 0.3f . In the following RG analysis, we randomly scan
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Figure 3. Comparison of the RG running of the quartic coupling λH for a stable (tβ = 20)
and metastable vacuum (tβ = 5) with and without induced neutrino masses. In these cases,
mH = f = 1012 GeV and Cg = 1, while mHν

= f , λHν
= 0.1, y1,2 = 1 and 0.28 > |hij | > 0.02 when

loop-induced neutrino masses are included. The top mass is set to its central value 172.13GeV set
by CMS [96]. Finally, we assume the mass hierarchy M2,3 = 10M1 = f .

over the dimensionless variables in the ranges 0.1 ≤ λHν , λ1,2,3 ≤ 1, 0.5 ≤ y1,2 ≤ 5 and
0.01 ≤ hij ≤ 10 in the tβ–f parameter space. Finally, we assume that the non-perturbative
coefficient of the potential contribution from the EW gauge interactions in eq. (3.12) is in
the interval 0.5 ≤ Cg ≤ 5.

In figure 2, phase diagrams of the vacuum stability are depicted for the model ex-
amples without (upper panel) and with scotogenic neutrinos (lower panel) in terms of tβ
and f , where we assume that the top mass is within the 2σ band set by CMS: mt =
170.59 . . . 173.65GeV [96]. The orange and green parameter points represent, respectively,
metastable and stable vacua in the tβ–f parameter space, while the gray dashed line rep-
resents the value of f ≈ 1.9× 1017 GeV giving rise to a compositeness scale at the Planck
scale, ΛHC = mP . As shown in figure 2 in ref. [1], for the special case with ΛHC = mP

and without neutrinos, we need a relative large tβ & 13 to acquire a stable vacuum. On
the other hand, according to upper panel in figure 2 without neutrinos, it seems that
the required minimum magnitude of tβ providing a stable vacuum decreases slightly for
decreasing decay constant f . However, a smaller decay constant f introduces a new nat-
uralness problem, since mH = f . In the case with neutrinos, we also need a large tβ , but
we cannot achieve a stable vacuum with ΛHC = mP as discussed in section 4. However,
according to the lower panel in figure 2, the vacuum can be stable if the decay constant
is somewhere in the interval 109 GeV . f . 1014 GeV for tβ & 9. In what follows, it
will become clear that inflation along with a technically natural Higgs and loop-induced
neutrino masses can be realized in various scenarios when the decay constant has a value
in the range 109 GeV . f . 1014 GeV.

Figure 3 shows some examples of the RG running of the quartic coupling λH for
f = 1012 GeV without and with neutrinos, where the vacuum is either stable (tβ = 20) or
metastable (tβ = 5). We have set Cg = 1 for all four examples, while λHν = 0.1 and y1,2 = 1
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for the two examples including loop-induced neutrino masses. For each of the two neutrino
cases, there exists one positive, real solution of the neutrino Yukawa coupling constants
in eq. (4.2) with maximal number of zeroes by using eq. (4.8). For these two examples
with stable and metastable vacuum, the matrices of the neutrino Yukawa couplings are,
respectively, given by

hij =

0.14 0.09 0.02
0 0.18 0.22
0 0 0.26

⇒ Stable vacuum

hij =

0.15 0.10 0.02
0 0.20 0.24
0 0 0.28

⇒ Metastable vacuum

(5.6)

For these examples, we have assumed that the RHN masses are M2,3 = 10M1 = f , which
is an interesting mass hierarchy with respect to the leptogenesis in this concrete model,
discussed later in section 7. If O(0.1)f . Mi . O(10)f , a change of the mass hierarchy
of them has no significant effect on the RG analysis and does not change the order of
magnitude of the Yukawa couplings hij .

In the following section, we will explore the diverse avenues for realizing cosmic inflation
within the TNH framework, both in scenarios without and with the inclusion of neutrinos.

6 The inflationary paradigm

In this section, we partially follow the naturalness analysis performed in ref. [51] of three
different inflation mechanisms: original Higgs inflation [28], Starobinsky R2 inflation [29]
and scale-invariant inflation [30–35]. However, according to ref. [51], the Higgs/R2 inflation
model introduce significant corrections to the SM Higgs mass, leading to an unacceptable
hierarchy problem. The observed Higgs mass requires an extremely unnatural cancellation
with the bare mass term with accuracy much greater than 1 part in 1013 for the orig-
inal Higgs inflation and 108 for Starobinsky inflation, smaller but still unnatural large.
Therefore, they considered the case where inflation is driven by the R2 term with a scale-
invariant extension. In this case, hierarchy problem is reduced further such that we need
a cancellation with the accuracy 1 part in 104, which is still large.

We will show that each of these inflation approaches can be realized in the TNH
framework both without and with neutrinos, while the above mentioned hierarchy problem
can be completely remedied. In what follows, we will first introduce the three inflation
scenarios, then we will analyze the parameter space where these scenarios can be realized in
the TNH framework, and finally we will calculate the reheating temperature after inflation
of a concrete scale-invariant TNH model and give the results of the reheating after the
Higgs/R2 inflation from ref. [102].

6.1 Mixed Higgs/R2 inflation

Now, we will introduce the scale dependent Higgs/R2 inflation model [103]. When the
Z2-odd elementary Higgs doublet, H in eq. (3.6), is present, in the unitary gauge, the
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Starobinsky inflation model is given by the action

S =
∫ √
−g

(
1
2g

µν∂µσH∂νσH −
1

6f2
0
R2 − αH

12 σ
2
HR+ m2

P

2 R− λH
4
(
σ2
H − v2

)2
)
, (6.1)

where σh is the CP-even neutral component of H in eq. (3.6), R(g) is the Ricci scalar of
the metric gµν and mP is the Planck mass.

The R2 term in the above action contains an additional scalar degree of freedom [104,
105] due to the fact that it involves fourth order derivatives. These fourth order derivatives
can be reduced to second order by introducing the auxiliary field χ, called scaleron. With
this reduction, the action can now rewritten as

S =
∫ √
−g

(
1
2g

µν∂µσH∂νσH + m2
P

2 RΩ2 − λχ
4 χ4 − λH

4
(
σ2
H − v2

)2
)
, (6.2)

where
λχ ≡

1
24f

2
0α

2
χ

Ω2 ≡ 1− αH
6m2

P

σ2
H −

αχ
6m2

P

χ2 ≡ exp
( 2ω√

6mP

)
.

(6.3)

If the R2 term dominates the inflation, the field ω will be identified as the inflaton.
According to refs. [106, 107], the anomalous couplings to the Ricci scalar, proportional

to αH and αχ, provide contact terms in the effective Lagrangian below the Planck scale,
which is driven by single graviton exchange. In refs. [106, 107], they show that these
contact terms are obtained from a Weyl transformation where the action transforms from
the Jordan frame to the Einstein frame, while for the effective Lagrangian the Jordan
frame is already the Einstein frame. By including these contact terms or performing a
Weyl transformation, the action is given by

S =
∫ √
−g
(1

2Ω−2gµν∂µσH∂νσH + 1
2g

µν∂µω∂νω + m2
P

2 R− λχ
4 Ω−4χ4

− λH
4 Ω−4

(
σ2
H − v2

)2
)
,

(6.4)

where the quartic term of the auxiliary scaleron field χ can be rewritten as

λχ
4 Ω−4χ4 = 3

8m
4
P f

2
0

[
1−

(
1− αH

6m2
P

σ2
H

)
exp

(
− 2ω√

6mP

)]2

. (6.5)

6.2 Scale-independent R2 inflation

The above mixed Higgs/R2 model can be made scale-invariant by replacing the Planck
mass term in the action in eq. (6.1) as follows

m2
P

2 R→ 1
2g

µν∂µφ∂νφ−
λφ
4 φ4 − 1

12αφφ
2R , (6.6)
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where the Planck scale is induced via the new scalar field φ achieving a VEV due to a
spontaneous breaking of the scale invariance [30–35]. Then a scale-invariant action can be
written as

S=
∫ √
−g
(1

2g
µν (∂µφ∂νφ + ∂µσH∂νσH) + m2

P

2 RΩ2 − λχ
4 χ4 − λφ

4 φ4 − λH
4 σ4

H

)
, (6.7)

where
Ω2 ≡ − αχ

6m2
P

χ2 − αφ
6m2

P

φ2 − αH
6m2

P

σ2
H . (6.8)

This action is invariant under a global Weyl (scale) symmetry, where the fields transforms
under this symmetry as follows

gµν(x)→ Ω−2gµν(x) , gµν(x)→ Ω2gµν(x) ,
√
−g → Ω−4√−g ,

R(x)→ Ω4R(x) , {σH(x), φ(x), χ(x)} → Ω{σH(x), φ(x), χ(x)} .
(6.9)

Due to the fact that this model is invariant under this Weyl symmetry transformation,
there exists a conserved Weyl current associated to this scale symmetry. This model un-
dergoes inertial spontaneous scale symmetry breaking [108], where there appears a mass-
less dilaton, σ(x). This symmetry transformation leads to a conserved Noether current
Kµ = ∂µK, where the kernal is given by

K = 1
6
[
(1− αφ)φ2 + (1− αH)σ2

H − αχχ2
]
. (6.10)

It is convenient to change the variables as follows

gµν = e2σ(x)/fσ ĝµν , (σH , φ, χ) = e−σ(x)/fσ(σ̂H , φ̂, χ̂) , (6.11)

where fσ has dimension of energy. Then, we can rewrite the kernal as

K = 1
6
[
(1− αφ)φ̂2 + (1− αH)σ̂2

H − αχχ̂2
]
e−2σ/fσ ≡ Ke−2σ/fσ , (6.12)

whereK is a constant. We can view the inertial symmetry breaking [108] as a red shifting of
the dilaton to a constant VEV vσ, i.e. σ(x)→ vσ + σ̂(x), leading to K → Ke−2vσ/fσ ≡ m2

P .
Thus, we can write the action as follows

S =
∫ √
−g
(1

2g
µν
(
∂µσ̂∂ν σ̂ + ∂µφ̂∂ν φ̂+ ∂µσ̂H∂ν σ̂H

)
+ m2

P

2 RΩ̂2

− λχ
4 χ̂4 − λφ

4 φ̂4 − λH
4 σ̂4

H

)
,

(6.13)

where
Ω̂2 = 1− 1

6m2
P

φ̂2 − 1
6m2

P

σ̂2
H ≡ exp

( 2θ√
6mP

)
. (6.14)

Finally, due to single graviton exchanges, the anomalous couplings in eq. (6.7) are
replaced by contact terms in the effective Lagrangian (equivalent to a Weyl transforma-
tion [106]). The final form of the scale-invariant inflation action is then given by

S =
∫ √
−g
(
m2
P

2 R+ 1
2g

µν∂µθ∂νθ + 1
2Ω̂−2gµν

(
∂µσ̂∂ν σ̂ + ∂µφ̂∂ν φ̂+ ∂µσ̂H∂ν σ̂H

)
− λχ

4 Ω̂−4χ̂4 − λφ
4 Ω̂−4φ̂4 − λH

4 Ω̂−4σ̂4
H

)
,

(6.15)
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where the quartic term of the auxiliary scaleron field χ̂ can be written as

V = λχ
4 Ω−4χ̂4 = 3

8m
4
P f

2
0

1 +
(

1− φ̂2

6m2
P

− σ̂2
H

6m2
P

)−1(
αφ

6m2
P

φ̂2 + αH
6m2

P

σ̂2
H

) . (6.16)

6.3 Inflation parameters

According to refs. [109–111], there is an attractor behaviour, resulting in that the scalar
fields (the elementary Higgs scalar and the scaleron) fall into one of the two valleys in the
potential of them. This leads to slow roll inflation, driven by the elementary Higgs scalar
or the scaleron, corresponding to Higgs or Starobinsky R2 inflation, respectively, as the
dominant mechanism during inflation. Due to the correlation between the elementary Higgs
scalar and the scaleron in the valley, this mixed Higgs/R2 inflation can be interpretted as
a single field inflation, which can be studied analytically. The scalar fields are in the valley
corresponding to Starobinsky inflation driven by the R2 term in the region [109]

0 ≤ αH ≤ αc/
√

2 , (6.17)

while in the region
αc/
√

2 ≤ αH ≤ αc (6.18)

the inflation is in the second valley corresponding to Higgs inflation. Finally, when αH > αc,
the model is non-perturbative. Here, we define

αc ≡ 2.6× 104

√
λH
0.01 ,

(6.19)

while λH is the quartic coupling of H at the scaleron mass.
The only constraint on these inflation parameters comes from the normalisation of the

scalar amplitude of the primordial curvature fluctuations, which is maintained when [111]
λH

α2
H + 24λH/f2

0
≈ 1.2× 10−11 . (6.20)

The other constraints from the spectral index of scalar perturbations, nS , and the tensor-
to-scalar ratio, r, are independent of the parameters and both Higgs and R2 inflation are
in the same universal attractor regime. To leading order in 1/N ,3 these constraints are
0.939 < nS < 0.967 and 3.8 × 10−3 < r < 0.079 [110], which are in agreement with data
from the Planck collaboration [27].

Mixed Higgs/R2 inflation: for Higgs inflation, the constraint in eq. (6.20) requires
f2

0 � 24λH/α2
H . Due to the fact that higher order corrections to the inflationary pa-

rameters diverge when λH/(αHf2
0 ) goes against zero [110], there is an upper bound f2

0 ≤
4λH/αH . Thus, for Higgs inflation, the constraint on f0 is given by

2× 10−5 � f0 . 3× 10−3
(
λH
0.01

)1/4
. (6.21)

For R2 inflation, the condition in eq. (6.20) requires that f0 ≈ 1.7× 10−5.
3N is the number of e-foldings in Einstein or Jordan frame, since these two frames are the same when

the contact terms are added.
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After inflation, the scaleron mass is given by mω = mP f0/
√

2. Thus, from the require-
ment above, this mass is

3× 1013 GeV� mω . 5× 1015
(
λH
0.01

)1/4
GeV (6.22)

for Higgs inflation and mω ≈ 3× 1013 GeV for R2 inflation.

Scale-independent R2 inflation: for scale-invariant inflation, we need that f0 ≈ 1.7×
10−5. In the following, we ignore the VEV of σH due to its small value compared to the
VEV of φ = vφ + φ̂, which is given by

vφ =
√

6mP√
1− αφ

(6.23)

for negligible λφ. Assuming that the fields φN , σH,N and σN normalize the kinetic terms
in eq. (6.15), then we have that

φ = − αφ
1− αφ

φN , σH =
√
− αφ

1− αφ
σH,N , σ =

√
− αφ

1− αφ
σN . (6.24)

Thus, the mass of the normalized field φN is given by mφ =
√

1− αφmP f0/
√

2. With
current constraints on the scalar spectral index, nS , from the Planck collaboration (nS =
0.9649± 0.0042 [26, 27]), we obtain the tight bound |αφ| < 0.019 [112]. This bound leads
to a clear prediction for the tensor-to-scalar ratio 0.0026 < r < 0.0033 [112], which is
comfortably within current observational bounds (r . 0.064 [26, 27]). This bound on αφ
and the fact that f0 ≈ 1.7× 10−5 result in the mass mφ ≈ 3× 1013 GeV.

6.4 The Higgs mass parameter

In this section, we will determine the magnitude of the radiative corrections to the mass
mH of the elementary Higgs H (introduced in eq. (3.7)) for the three inflation model
examples. By assuming that non-minimal couplings of the Ricci scalar to the Z2-odd and
–even scalar doublet, respectively, are approximately equal (i.e. αHν ≈ αHν ), the loop-
induced mass parameter of Hν will be mHν ≈ mH . For the scale-invariant case, additional
mass contributions can also be transferred from the VEV vφ, given by eq. (6.23), to the
masses mH and mHν by having non-negligible couplings of the forms H†Hφ2 and H†νHνφ

2,
respectively.

Mixed Higgs/R2 inflation: for mixed Higgs/R2 inflation, the one-loop induced mass
of H (derived in ref. [107]) is given by

δm2
H = 1

192π2m
2
P f

4
0αH(αH − 3) ln

(
mP

mω

)
. (6.25)

According to the calculations of these radiative corrections in ref. [107], the elementary
doublet Hν can also achieves such an induced mass without affecting the inflation physics
if we add a new non-minimal coupling αHν of the form H†νHνR to the action in eq. (6.1).
Thus, the induced mass of Hν will be δmHν ∼ δmH for αHν ∼ αH .
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For Higgs inflation, this induced mass ofH is constrained by the various constraints dis-
cussed in the previous section. From these constraints, we have
δmH � 1 × 1012√λH/0.01GeV and δmH . 3 × 1016 GeV for λH = 0.01. Moreover,
the compositeness scale ΛHC ≈ 4πf can be pushed up to the Planck scale with mH = f if
λH & 0.05. From the vacuum analysis in section 5, the quartic coupling λH evaluated at
the scaleron mass of O(1013)GeV is typical between 0.005 . . . 0.01. Therefore, for the case
of Higgs inflation, the induced Higgs mass is constrained to the interval

1× 1012 GeV� δmH . 3× 1016 GeV . (6.26)

However, in this inflation case, it is necessary that the Higgs vacuum is stable. Therefore,
according to upper panel in figure 2, this inflation mechanism can be realized in the TNH
model without neutrinos for tβ & 9. On the other hand, for the model with neutrinos
(see lower panel in figure 2), there is a restricted area in the tβ–f parameter space, where
Higgs inflation may be realized. As depicted, there are only few parameter points in the
parameter space providing stable vacua and fulfilling the constraints in eq. (6.26), perhaps
for the case with mH = f ∼ 1014 GeV. Therefore, Higgs inflation may be possible to realize
in this model framework, but only for a constrained parameter space.

For R2 inflation, the loop-induced mass parameter of H in eq. (6.25) is approximate
given by

δmH ≈ (5.5× 107 GeV)
√
αH(αH − 3) . (6.27)

For this inflation scenario, it is possible that the vacuum is in the second minimum provided
one is driven to the unstable, but long-lived minimum at the EW scale. For the central
value of the top mass 172.13+0.76

−0.77 GeV set by CMS [96], the Higgs vacuum instability
is triggered for αH > 11 − 12 [113]. Futhermore, a lower bound αH > 0.06 [113] at the
scaleron mass scale is needed to overcome the second minimum during inflation. Therefore,
if the vacuum is metastable the loop-induced mass should be δmH < (5 − 6) × 108 GeV.
According to lower panel in figure 2 including neutrinos, few parameter points around
tβ = 5 (with f = mH < (5 − 6) × 108 GeV) allow metastable vacua. On the other
hand, it is easier to achieve a stable vacuum by requiring tβ & 9 and mH & 3 × 109 GeV
(obtained by demanding αH & 50). Finally, without neutrinos, a realization of R2 inflation
is much less constrained since there are much more parameter points below the required
limit f < (5 − 6) × 108 GeV with metastable vacua and thus smaller values of tβ . The
loop-induced Higgs mass parameter is, however, constrained from above δmH . 1 × 1012

by the upper limit αH . αc/
√

2 in eq. (6.17) ensuring the R2 inflation.

Scale-independent R2 inflation: in the scale-invariant inflation scenario, a one-loop
induced mass parameter of H is also derived in ref. [107], which is given by

δm2
H = 1

192π2m
2
P f

4
0αH(αH − αφ)(1− αφ) ln

(
mP

mφ

)
. (6.28)

By using the constraints discussed in the previous section, we obtain that

δmH ≈ (5× 107 GeV)αH , (6.29)
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αϕ=-0.01

αϕ=-10-3

αϕ=-10-4

Figure 4. The mass parameter of the elementary Higgs, H, as function of the non-minimal coupling
αH for various −αφ = 0.01, 10−3, 10−4. According to figure 2, parameter points in the orange-green
striped region can both lead to a metastable or stable vacuum, while the orange and green regions
require a metastable and stable vacuum, respectively. The unshaded regions give rise to either an
unstable vacuum or that one of the neutrino Yukawa couplings is outside the range 0.01 ≤ hij ≤ 10.

which is maintained when αH & 1 by the constraint |αφ| < 0.019 [112]. Furthermore, we
have δmH . 1 × 1012 GeV from the upper limit αH . αc/

√
2 in eq. (6.17). Therefore,

these limits lead to the same viable areas in the parameter space in figure 2 as in the case
of scale dependent R2 inflation. However, to achieve scale-invariant R2 inflation, we need
that all the mass-dependent parameters (also the vector-like masses of the hyperfermions,
m1,2,3, and the Majorana masses of the RHNs, Mi) are generated by a scale-invariant UV
mechanism.

These mass-dependent parameters can be induced in a simple way via Yukawa cou-
plings of the hyper-fermions and the RHNs to the scalar φ of the form (ψ1ψ2+ψ3ψ4+ψ5ψ6)φ
and NR,iNR,iφ, respectively. A smallness of these Yukawa couplings is technically natural
due to global chiral symmetries of these fermions. Moreover, by adding a mixing term of
the form σ2

Hφ
2 to the action in eq. (6.7), a larger mass parameter mH can be induced com-

pared to its loop-induced mass, which will open up the parameter space further. In same
way, the mass parameter of Hν can be generated by adding a term of the form H†νHνφ

2.
This results in a modified version of the action in eq. (6.15), given by

S =
∫ √
−g
(1

2Ω̂−2gµν
(
∂µσ̂∂ν σ̂ + ∂µφ̂∂ν φ̂+ ∂µσ̂H∂ν σ̂H + ∂µĤ

†
ν∂νĤν

)
+ 1

2g
µν∂µθ∂νθ + m2

P

2 R− λχ
4 Ω̂−4χ̂4 − λφ

4 Ω̂−4φ̂4 − λH
4 Ω̂−4σ̂4

H

− λHν
4 Ω̂−4(Ĥ†νĤν)2 − λHφ

4 Ω̂−4σ̂2
H φ̂

2 − λHνφ
4 Ω̂−4Ĥ†νĤν φ̂

2
)
,

(6.30)

where
Ω̂2 = 1− φ̂2

6m2
P

− σ̂2
H

6m2
P

− Ĥ†νĤν

6m2
P

≡ exp
( 2θ√

6mP

)
, (6.31)
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vϕ: λHϕ=100λϕ=10-4

vϕ: λHϕ=100λϕ=10-5

vϕ: λHϕ=100λϕ=10-6

mϕ

Treh: λHϕ=100λϕ=10-4

Treh: λHϕ=100λϕ=10-5

Treh: λHϕ=100λϕ=10-6

Figure 5. The VEV of the scaleron vφ (red lines) and the reheating temperature Treh (black lines)
as function of the non-minimal coupling αφ for λHφ = 100λφ = 10−4, 10−5, 10−6, ensuring the
slow-roll conditions λH � λHφ � λφ. The blue line represents the mass of the inflaton, mφ. The
purple shaded area is excluded by the constraint |αφ| < 0.019 set by the Planck collaboration given
in refs. [26, 27].

and

λχ
4 Ω−4χ̂4 = 3

8m
4
P f

2
0

[
1 + Ω̂−2

(
αφ

6m2
P

φ̂2 + αH
6m2

P

σ̂2
H + αHν

6m2
P

Ĥ†νĤν

)]
. (6.32)

We assume that the fields φN , σH,N , Hν,N and σN normalize the kinetic terms in the
modified action in eq. (6.30), which are given by

φ = − αφ
1− αφ

φN , σH =
√
− αφ

1− αφ
σH,N ,

Hν =
√
− αφ

1− αφ
Hν,N , σ =

√
− αφ

1− αφ
σN .

(6.33)

Thus, the above action gives rise to a VEV and mass of φ, which can be written as

vφ =
√

6f2
0m

2
Pαφ

f2
0 (1− αφ)αφ − 24λφ

,

m2
φ =

f2
0m

2
Pα

3
φ(f2

0 (1− αφ)αφ − 24λφ)3

2(1− αφ)2(f2
0α

2
φ + 24λφ)3 ,

(6.34)

while the mass parameters of H and Hν are given by

m2
H = m2

Hν = 3f2
0m

2
Pαφ(f2

0 (1− αφ)αφ − 24λφ)(2αHλφ − αφλHφ)
(1− αφ)(f2

0α
2
φ + 24λφ)2 . (6.35)

In figure 4, the mass parameter mH = mHν = f is shown for varying αH for vari-
ous −αφ = 0.01, 10−3, 10−4 (obeying the constraint |αφ| < 0.019 [112]). The parameter
points in the orange-green striped area are allowed for both a stable or metastable vacuum,
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while the points in the orange and green areas require a metastable and stable vacuum,
respectively. The unshaded regions lead to either an unstable vacuum or that one of the
neutrino Yukawa couplings is outside the range 0.01 ≤ hij ≤ 10. These different regions are
determined from the stability analysis gathered in figure 2. Therefore, for αH = O(1), we
obtain that the mass parameter mH = O(1012)GeV, where both a stable and metastable
vacuum can be obtained. To enforce the slow-roll conditions for this scenario, according
to refs. [30, 112, 114], we need the hierarchy of the couplings λH � λHφ � λφ where
λH ∼ 0.01. In the absence of gravity, this hierarchy of these scalar couplings is techni-
cally natural due to the underlying shift symmetry of the scale-invariant scalar potential
in eq. (6.30). This shift symmetry is broken by the non-minimal couplings, but a calcula-
tion of gravitational radiative corrections are required to determine whether the hierarchy
survives. We have left the execution of such calculations to future work.

The red lines in figure 5 represent the VEV vφ of φ (given in eq. (6.34)) as function of
the non-minimal coupling αφ for various scalar couplings λHφ = 100λφ = 10−4, 10−5, 10−6,
fulfilling the slow-roll conditions by ensuring the hierarchy λH � λHφ � λφ. The purple
shaded area is excluded by the constraint |αφ| < 0.019 set by the Planck collaboration [26,
27]. For λHφ = 100λφ = 10−4 and |αφ| ∼ O(0.01), we have vφ = O(1015)GeV. Thus,
according to figure 4, the Yukawa couplings to φ providing the RHN masses, Mi, and
the vector-like masses, mi, should be O(10−2) for αH = O(10) (leading to Mi,mi ∼
O(1013)GeV) and O(10−3) for αH = O(1) (Mi,mi ∼ O(1012)GeV). The smallness of these
Yukawa couplings is technically natural due to global chiral symmetries of these fermions.
However, if αH > 11 − 12 [113], the vacuum has to be stable. According to figure 4
and 5, in this stable scenario, the Yukawa couplings can take values up to O(0.1) with
Mi,mi < 1014 GeV. For smaller λHφ = 100λφ resulting in a larger vφ, smaller Yukawa
couplings are needed.

6.5 Reheating

Now, we will consider what happens at the end of inflation for the three inflation scenarios
discussed in previous section. At a certain temperature after the inflationary period, the
inflaton will begin to decay into lighter particles, resulting in reheating of the Universe.
In ref. [102], they found this reheating temperature to be ∼ 1014 GeV for Higgs inflation
and ∼ 1013 GeV for Starobinsky R2 inflation, while in the following we will calculate the
reheating temperature for the scale-invariant model example including a non-negligible
coupling λHφ.

At the end of the scale-invariant inflation, the inflaton φ will begin to decay dominantly
into a pair of either the SM-like Higgs, h1 defined in eq. (3.16), or the dilaton, σ, where the
decay rates into fermions are suppressed by the factor (mf/mP )2 [115]. These processes
lead to the reheating of the Universe after the inflation in which the fields acquire large
kinetic energy which is subsequently rapidly dampened by expansion. Here we define the
reheating temperature, Treh, as the temperature the radiation would have at the time when
the Universe becomes radiation dominated if it were in thermal equilibrium.
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The reheating temperature is given by

Treh =
( 90
g∗π2

)1/4√
mPΓtot , (6.36)

where Γtot is the total inflaton decay rate and the number of relativistic species at the
inflaton decay is given by the SM value, g∗ = 106.75. To tree-level, the dominant decay
rate of φ is into a pair of the observed SM-Higgs h1 in eq. (3.16), which is given by

Γφh1h1 =
g2
φh1h1

8πmφ

(6.37)

with the decay coupling of φ into a pair of h1

gφh1h1 = c2
α

α2
φ

[
f2

0 (1− αφ)αφ − 24λφ
]2

4
√

6(1− αφ)2(f2
0α

2
φ + 24λφ)3

√
f2

0m
2
Pαφ

f2
0 (1− αφ)αφ − 24λφ

(
288λHφλφ+

f4
0 (1− αH)(1− αφ)α2

φ + 12f2
0

[
(αφ − 2)αφλHφ + 2(αH − (1− αH)αφ)λφ

])
.

(6.38)
Here α is the mixing angle between the elementary and composite Higgs states in eq. (3.16),
where cα ≈ 1. Finally, the coupling of φ into dilatons is gφσσ ≈ gφh1h1/2, and thus the
inflaton decay rate associated with these decays is Γφσσ ≈ Γφh1h1/4.

In figure 5, the inflaton mass mφ (the blue line) is compared with the reheating tem-
perature Treh (the black lines), given by eq. (6.36), as function of non-minimal coupling αφ
for various couplings λHφ = 100λφ = 10−4, 10−5, 10−6, where the purple shaded area is ex-
cluded by the Planck collaboration [26, 27]. For the entire interesting region studied in the
previous section, the reheating temperature is always smaller than the inflaton mass. For
λHφ = 100λφ = 10−4 and |αφ| ∼ O(0.01), the reheating temperature is Treh ∼ O(1010)GeV,
while the inflaton mass is mφ ∼ 3Treh.

In this section, we have addressed the three inflation scenarios under consideration
and demonstrate their ability to resolve the naturalness problem outlined in ref. [51]. This
problem arises from the significant hierarchy between a large loop-induced mass parameter
of the Higgs boson, mH , and its observed value. Importantly, we show that the TNH
framework offers a viable solution to this naturalness issue, even when accounting for
neutrino masses. In the subsequent section, we will delve into the quest to elucidate the
observed matter-antimatter asymmetry in the Universe through thermal leptogenesis. We
will explore how the scotogenic neutrino sector, integrated into these specific TNH models,
may provide valuable insights into this phenomenon.

7 Leptogenesis

The baryon asymmetry of the Universe (BAU) cannot be explained within the SM of
particle physics. The amount of BAU is typical quantified by the cosmic baryon-to-photon
ratio ηobs

B ' 6.1 × 10−10 [52, 53]. An appealing way to dynamically generate the BAU is
baryogenesis via leptogenesis in the early Universe [54]. In this section, we show that the
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Figure 6. The decay constant f producing the observed value ηobs
B ' 6.1 × 10−10 [52, 53] as

function of the lightest neutrino mass ml for various RHN masses M1,3, where we assume the
hierarchy M1 < M2 .M3.

scotogenic neutrino sector of this model may provide thermal leptogenesis due to the fact
that a CP asymmetry is generated by RHN decays, Ni → lL,iHν , lL,iH

∗
ν . Finally, the EW

sphalerons transfer this lepton asymmetry into a baryon asymmetry. There exist various
studies of thermal leptogenesis in the scotogenic model in the literature. It was first time
proposed by E. Ma in ref. [55] and studied in more detail subsequently in refs. [56–60].
According to ref. [60], none of the leptogenesis studies in refs. [56–59] seem completely
exhaustive. Therefore, in the following, we will focus on the results of the leptogenesis
analysis done in ref. [60]. A more comprehensive summary of leptogenesis studies in the
scotogenic model can be found in ref. [61].

The observed value of BAU can be produced, if the lightest RHN mass is given by [60]

M1 ≈
ξ1
ξ3

ml

mh
2× 1011 GeV , (7.1)

where ml,h are the masses of the lightest and heaviest active neutrino, respectively, and we
define

ξi ≡
[

1
8

M2
i

m2
R −m2

I

(
m2
R

m2
R −M2

i

ln
(
m2
R

M2
i

)
− m2

I

m2
I −M2

i

ln
(
m2
I

M2
i

))]−1

. (7.2)

Here mR,I are the masses of the mass eigenstates σ̃R,I of the mass matrices in eq. (4.7),
consisting mostly of the neutral components σR,I in eq. (4.1), respectively. This analytical
expression is valid for ml . 10−3 eV down to ml ≈ 10−6 eV where ∆L = 2 washout
becomes relevant. Below this point (ml . 10−6 eV), according to ref. [60], the mass M1
must be larger compared to the approximation given by eq. (7.1) — but not larger than
for ml > 10−6 eV — to produced the observed BAU. In the following, we consider the
production of BAU for the three inflation scenarios:

Mixed Higgs/R2 inflation: in figure 6, the decay constant f producing the observed
value ηobs

B ' 6.1 × 10−10 [52, 53] is plotted as function of the lightest neutrino mass ml
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for various RHN masses M1,3, where we assume the hierarchy M1 < M2 .M3. For Higgs
inflation, it is difficult to produce small enough asymmetry due to the fact that we need
f = mH � 1012 GeV as found in eq. (6.26) and, therefore, we need M1 � f giving rise
to small neutrino Yukawa couplings hij � 0.01. However, for the R2 inflation case, it can
be realized both for f < (5 − 6) × 108 GeV (tβ ≈ 5 and αH = O(1)) allowing metastable
vacuum and f & 3 × 109 GeV requiring a stable vacuum (tβ & 9 and αH & 50). Thus,
we have M1 = O(f) and hij > 0.01 and, therefore, we do not need to tune them down to
smaller values as in the Higgs inflation case.

Scale-independent R2 inflation: finally, in the case with scale-invariant inflation, the
parameters M2,3 ≈ f = O(1012)GeV, M1 = O(0.1)f and ml ∼ 10−3 eV can provide
the observed asymmetry (see the blue solid line in figure 6). For this example, we have
αH = O(1) with αφ ∼ −0.01 (according to figure 4), while some Yukawa couplings should
be O(10−3) to generate the masses M2,3,m1,2,3 and O(10−4) to induce M1 (by consider-
ing figure 5). According to figure 4, the vacuum of this example is allowed to be either
metastable (2 . tβ . 16) or stable (tβ & 9) depending on the value of tβ and the re-
maining parameters, illustrated by the lower panel in figure 2. In figure 3, the solid curves
show the RG running of λH for a metastable (with tβ = 5) and stable vacuum (tβ = 20),
where f = 1012 GeV and M2,3 = 10M1 = f as in this example. Such a model with these
parameters may explain the BAU.

In the next section, we will investigate the possibility for a composite super-heavy DM
candidate in these concrete TNH models, non-thermally produced by the weakness of the
gravitational interactions.

8 Composite super-heavy dark matter

Now, we consider the possibility that the DM may be composite super-heavy DM (SHDM)
candidates in this model framework, heavier than the inflaton, where its relic density today
is non-thermally produced by the weakness of the gravitational interactions [62–68]. As
long as there are stable particles with mass of the order of the inflaton mass, the sufficient
abundance will be generated quite independently of the non-gravitational interactions of the
DM candidates. Indeed, this non-thermal gravitational production of the DM abundance
during inflation is the only experimentally verified DM production mechanism, since the
observed CMB fluctuations have exactly the same origin [69]. Therefore, it seems that
SHDM is the most natural candidate of DM in this model framework due to the fact that
the other DM candidates have no experimental verification yet.

This may be realized simply by extending the spectrum of hyper-fermions in table 1
with only one extra Dirac (two Weyl) fermion, called λ, transforming adjoint under the
new strong gauge group GHC = SU(2)HC, which is the real representation. We can arrange
these two Weyl spinors in a vector transforming under the fundamental representation of
the SU(2)Λ chiral symmetry group: Λ = (λL, λ̃L)T with λ̃L ≡ ελ∗R. Altogether, the hyper-
fermion sector features the global (chiral) symmetry SU(6)Ψ ⊗ SU(2)Λ ⊗ U(1)Θ at the
quantum level. We add to the underlying Lagrangian in eq. (3.7) an underlying fermionic
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Lagrangian of Λ, which can be written as

LΛ = Λiγµ∂µΛ−
(1

2ΛTMΛΛ + h.c.
)
, (8.1)

where the vector-like mass of Λ are given by the matrix

MΛ =
(

0 mΛ
mΛ 0

)
. (8.2)

In the scale-invariant TNH model, this mass can be induced via Yukawa coupling of the
form yλφλLλ̃L+h.c. when the φ achieves a VEV, vφ, by the spontaneous symmetry breaking
of the Weyl symmetry.

Upon the condensation, the dynamical condensate in eq. (3.2) formed by the hyper-
fermions in the Φ-sector is thus extended by the condensate by the hyper-fermion in the
Λ-sector, which is given by

〈ΛAα,iΛBβ,j〉εαβδij ∼ f3
ΛE

AB
Λ , (8.3)

with A,B flavour, α, β spin and i, j HC gauge indices, while the Λ-sector vacuum matrix
is EΛ = σ1. We expect the Goldstone boson decay constants f and fΛ to be of the same
order [72, 73] and will for simplicity take them to be identical. These condensates break
these global symmetries SU(6)Ψ to Sp(6)Ψ resulting in the composite pNGBs listed in
table 2 and SU(2)Λ ⊗U(1)Θ to U(1)Λ ⊗ Z2 providing one complex and one real composite
pNGB, denoted Φ and Θ, respectively. The pNGB matrix Σ given in eq. (3.4) is modified
as follows

πaXa

f
→ πaXa

f
+ 1

3
Θ
fΘ

14 , (8.4)

while the Goldstone excitations from the Λ-sector around the vacuum EΛ is then parame-
terized by

ΣΛ = exp
[
2
√

2i
(
πaΛX

i
Λ

f
+ 1

6
Θ
fΘ

12

)]
EΛ (8.5)

with the broken generatorsXi
Λ = σi, i = 1, 2. Furthermore, we have the unbroken generator

given by the third Pauli matrix σ3, which is associated with the unbroken U(1)Λ global
symmetry. For simplicity, we will, henceforth, use the notations Φ ≡ (π1

Λ − iπ2
Λ)/
√

2 and
Φ ≡ (π1

Λ + iπ2
Λ)/
√

2, which have the U(1)Λ charges ±1, respectively.
Below the condensation scale, the Lagrangian of eq. (8.1) yields

Leff,Λ = f2
Λ
8 Tr[∂µΣ†Λ∂

µΣΛ]− 2πZΛf
3
ΛTr[MΛΣ†Λ + ΣΛM

†
Λ] , (8.6)

where the first term contains the kinetic terms of the pNGBs, while the second term is
the effective potential contribution from the Λ-sector. Here ZΛ is a non-perturbative O(1)
constant that can be suggested by lattice simulations. Among the composite pNGBs, DM
may be identified as the composite complex pNGB Φ, studied in refs. [70–75], which remains
protected from decaying by the unbroken U(1)Λ global symmetry and has the mass

m2
Φ = 8πZΛfΛmΛ . (8.7)
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For mΛ close to f and fΛ ≈ f , the mass of this composite DM candidate is of the order
of f . Such a DM candidate may identified as SHDM. From ref. [116], a simple estimate
of the ratio of the SHDM density to the critical density today based on gravitational
production is given by

ΩΦ(t0) ≡ ρΦ(t0)
ρc(t0) ' 2× 10−3ΩR

8π
3

(
Treh
T0

)(
mχ/φ

mP

)2
(
mΦ
mχ/φ

)5/2

exp
(
− 2mΦ
mχ/φ

)
, (8.8)

where T0 = 2.3 × 10−13 GeV is the CMB temperature today and ΩR = 4 × 10−5 is the
radiation density today. From Planck observations of the CMB, the mean DM density in
the Universe in units of the critical density has been measured to be ΩDMh

2 = 0.1198 ±
0.0015 [26], with h = 0.678 ± 0.009 km s−1Mpc−1, resulting in ΩDM = 0.261. According
to section 6.5, the reheating temperature is Treh ∼ 1014 GeV for Higgs inflation and Treh ∼
1013 GeV for Starobinsky R2 inflation, while Treh is given in figure 5 for the scale-invariant
inflation scenario as a function of various parameters.

Mixed Higgs/R2 inflation: if we assume that the vector-like mass mΛ = m1,2,3 ≈ 0.3f
and the decay constant fΛ ≈ f in the Λ-sector, the DM mass is about 4f . For the
Higgs inflation, we need 1 × 1013 GeV � mΦ . 7 × 1017 GeV to obtain the observed
DM abundance, which requires 3 × 1012 GeV � f . 2 × 1017 GeV. This range is further
constrained from above by f . 3 × 1016 GeV in eq. (6.26), resulting in the DM mass
of 1 × 1013 GeV � mΦ . 1 × 1017 GeV. According to lower panel in figure 2, when
scotogenic neutrinos are included for this inflation scenario, we need f ∼ 1014 GeV resulting
in mΦ ∼ 4× 1014. For the R2 inflation, the DM mass may be mΦ ∼ 9× 109 GeV to obtain
the observed DM relic density, which requires f ∼ 2 × 109 GeV. According to lower panel
in figure 2, this value of f ∼ 2 × 109 GeV is in between the two viable regions, resulting
in a metastable or stable vacuum, but it can easily be smaller or larger depending on
more precise calculations of the reheating temperature, the value of the non-perturbative
coefficient ZΛ in eq. (8.6) and the hierarchy of the vector-like hyper-fermion masses.

Scale-independent R2 inflation: by following the scale-invariant inflation example
with f = O(1012)GeV (for αH = O(1) and αφ ∼ −0.01) alleviating the various problems
discussed so far, the scaleron (identified as the inflaton) has the mass mφ ∼ 3 × 1010 GeV
while the reheating temperature is Treh ∼ 1 × 1010 GeV according to figure 5. Thus, the
DM mass is O(1012)GeV, giving mΦ/mφ ∼ 100. However, this results in a vanishingly
small DM relic density in eq. (8.8) due to the exponential suppression from the large mass
ratio mΦ/mφ. To obtain the observed DM relic abundance from this SHDM candidate
(ΩΦ(t0) = ΩDM), mΦ/mφ ∼ 5 is needed. It can be achieved by assuming mΛ ∼ 10−3f ,
but it requires an Yukawa coupling between φ and the Λ-hyper-fermion of yΛ ∼ 10−6.
This small Yukawa coupling is technically natural according to G. ’t Hooft’s naturalness
principle [14] as it reveals the restoration of the global chiral SU(2)Λ symmetry when
yΛ → 0. The total DM abundance can also be produced for mΛ = m1,2,3 if the non-
perturbative constant in eq. (8.7) is ZΛ ∼ 0.01. Moreover, this scenario can be tested
by lattice calculations of ZΛ. Finally, the observed DM relic density can be obtained by
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decreasing f to 2 × 1011 GeV, requiring αH ∼ 0.01 and a stable vacuum (i.e. tβ & 9)
according to figure 4. This scenario with f ∼ 2 × 1011 GeV can also alleviate the other
problems discussed so far.

In conclusion, the observed DM relic abundance in our Universe may be non-thermally
produced as SHDM by the weakness of the gravitational interactions in the TNH framework
for the three inflation scenarios. For these cases, the DM is identified as a composite
complex scalar, Φ, consisting of only one extra Dirac hyper-fermion, which is protected
from decaying by a global U(1)Λ symmetry. If we assume mΛ = m1,2,3, the DM mass is
1×1013 GeV� mΦ . 1×1017 GeV for Higgs inflation, which is consistent with constraints
on f . For R2 inflation, mΦ ∼ 9× 109 GeV for mΛ = m1,2,3, which may be consistent with
constraints on f depending on more precise calculations of the reheating temperature, the
value of the non-perturbative coefficient ZΛ in eq. (8.6) and the hierarchy of the vector-
like hyper-fermion masses. In the scale-invariant inflation scenario, the DM mass is about
O(1011)GeV. This can be achieved by a technically natural small Yukawa coupling between
scaleron and the new hyper-fermion of yΛ ∼ 10−6, a non-perturbative constant ZΛ ∼ 0.01,
a reduction of f to 2×1011 GeV requiring αH ∼ 0.01 or a combination of these possibilities.

9 QCD axion dark matter

In this section, we will only focus on the scale-invariant inflation scenario, where we will
investigate the advantage of assuming that the inflaton, φ, is a complex scalar. By making
this assumption, the strong CP problem [76, 78, 79] can be solved, while DM may be
identified as a so-called QCD axion.4 In this case, the inflaton is charged under a global
lepton U(1) symmetry, which is spontaneously broken by the VEV of φ and its angular
part a will be identified as a NGB. To solve the CP problem, we just have to introduce
a new chiral pair of SU(3)C coloured triplets QL,R with lepton numbers such that they
couple to φ via Yukawa interactions. This leads to that this lepton U(1) symmetry becomes
colour-anomalous, and therefore it is identified as a Peccei-Quinn symmetry and a becomes
the QCD axion. This PQ mechanism [76] thus solves the strong CP problem [120, 121],
providing a tiny small mass to the axion given by [78, 79, 122]

ma ' 0.57×
(

1013 GeV
fa

)
µeV . (9.1)

Here the axion decay constant fa is identified with the VEV of φ, i.e. fa = vφ. As we
will see, if we have a standard misalignment in the interval of 0.01 − 0.1, the axion relic
abundance can explain the observed DM relic density.

Note that if there is more than one extra Dirac quark Q that contributes to the colour
anomaly of the PQ symmetry [123], this solution of the strong CP problem leads to a
Universe dominated by the energy of very energetic domain walls. Therefore, we only add
one extra quark. This extra quark Q is thus cosmologically stable if it is an EW singlet

4However, there are also recently other resolutions [117–119] of the strong CP problem proposed within
QCD and thus we do not need new particles beyond the SM such as a QCD axion and a new QCD coloured
quark triplet.
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without hypercharges [124], resulting in a substantial relic abundance of them hadronises
with the SM-quarks and becomes heavy hadrons with electric charge. This is strongly
constrained by searches of charged massive stable particles [125–128]. However, this can
be avoided by assuming that Q’s have hypercharges −1/3 and +2/3 such that they mix
with the SM-quark singlets, which leads to possible co-annihilation and decay of the Q’s.

Charge assignments of the various fields in this scale-invariant TNH model under the
global PQ and lepton U(1) symmetry are −1/2 for the fermions qL, uR, dR, lL, NR, eR, Q
and Q̃, and +1 for φ. The remaining fields are not charged under this new symmetry. This
new symmetry is thus preserved in the Yukawa interaction terms in eqs. (3.10) and (4.2).
With these charge assignments, we can also write the Yukawa couplings:

LY ⊃ −yQQ̃φQ− yiQdQφdR,i + h.c. . (9.2)

Notice Q and Q̃ transform, respectively, under the fundamental and antifundamental rep-
resentation of SU(3)C and have the hypercharges ∓1/3, where QL,R form a Dirac fermion
with mass mQ = yQvφ/

√
2.

For the concrete scale-invariant TNH model with f = O(1012)GeV and αφ ∼ −0.01,
the axion decay constant is fa = vφ ∼ 1015 GeV, see figure 5. According to figure 1 in
ref. [80], if this Kim-Shifman-Vainshtein-Zakharov-like (KSVZ-like) axion discussed above
is produced from the standard misalignment mechanism with an initial misalignment angle
ai = O(1), it leads to an overproduction of DM. However, in the case where ai between
0.01 and 0.1, this axion accounts for the cold DM in the Universe and corresponds to a
QCD axion with the mass ma ∼ 6 × 10−9 eV (from eq. (9.1)) which solves the strong CP
problem. Furthermore, the PQ symmetry breaking takes place before inflation (fa � Treh)
and never gets restored after inflation. In this circumstance, the initial misalignment
angle of the axion is uniform throughout the Universe. Hence, the axion sits in the same
sub-domain with a tiny quantum fluctuation, which avoids the formation of the domain
wall below the QCD scale [129]. Finally, this axion may be observed by the future axion
experiment Heterodyne Superconducting Radio Frequency (SRF) with its resonant SRF
scan, see ref. [130].

10 Other open questions in fundamental physics

In this section, we will provide a brief discussion of the potential for the TNH framework
to address the open questions related to quantum gravity and the cosmological constant
problem. However, we will limit our discussion to the scale-invariant inflation scenario, as
the presence of scale invariance may offer a promising approach to addressing these issues.

Quantum gravity theory: in the scenario with scale-invariant inflation, UV comple-
tions of gravity where the low energy Einstein gravity emerges from seem softened due
to the fact that there is no graviton propagator in this theory until the Planck scale is
dynamically induced. Such a UV completion of gravity has to be scale-invariant, while
the theory might only contain a metric, matter fields with non-minimal couplings, general
covariance and no curvature terms standing alone. A possible example may be found in
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ref. [32], where they have studied this theory with the action in eq. (6.7) in the case where
the General Relativity is replaced by Unimodular Gravity. Moreover, a quantization of
such a theory is discussed in ref. [131]. However, implementation of this setup into our
model requires a more detailed investigation of such a theory, which is beyond the scope
of the present paper.

The cosmological constant problem: another important aspect of scale invariance
is the absence of scales, resulting in a vanishing cosmological constant in the classical ac-
tion. However, the cosmological constant is required to be vanishingly small [132, 133]
to explain the observed accelerated expansion of the Universe, as established by bayonic
acoustic oscillations (BAO) [134], Ia supernova observation [135, 136] and cosmoic mi-
crowave background (CMB) anisotropies [26]. In this scale-invariant model, this smallness
may be explained if the contributions from the quantum effects (vacuum polarization) are
weak enough.

After reheating in the scale-invariant inflation scenario, the fields can enter a second
slow-roll phase which leads to an effective cosmological constant given by [30]

Λeff = λφ/4 + λHµ
4/4 + λHφµ

2/2
αφ + αHµ2 φ2

0 , (10.1)

where µ ≡ 〈σH,f 〉/〈φf 〉 � 1. With above ordering of the coupling, λH � λHφ � λφ,
we have that Λeff ≤ λHσ

4
H,f/(4m2

P ). If this cosmological constant is non-zero, a second
slow-roll phase will result in eternal inflation. To require zero cosmological constant, the
couplings have to be fine-tuned such that the potential has the form of a perfect square
(further discussed in ref. [30]). We left a more in-depth study of the naturalness of these
couplings to future work.

11 Summary and conclusions

In this work, we explore the potential of Technically Natural Higgs (TNH) models to
tackle key questions in fundamental physics. Specifically, we focus on six challenges: elec-
troweak (EW) naturalness problem, neutrino masses and flavour mixing, inflation, matter-
antimatter asymmetry, dark matter (DM) and the strong CP problem.

Our findings reveal that TNH models, featuring an interplay between elementary and
composite Higgs states at a much higher scale than the EW scale (f � vEW), provide a
promising solution to the EW naturalness problem. Traditionally, reaching such a high
compositeness scale would demand an implausibly fine-tuned vacuum alignment. These
models, as proposed in ref. [1], introduce a mechanism that softly breaks a global Z2 sym-
metry, dynamically driving EW symmetry breaking (EWSB) and fermion mass generation
at scales as large as the Planck mass, effectively resolving the EW naturalness problem.

In section 3, we demonstrated this mechanism in a minimal partially composite two-
Higgs model with the SU(6)/Sp(6) coset, featuring both Z2-odd and –even Higgs doublets
as pseudo-Nambu-Goldstone bosons (pNGBs). Notably, the Z2-odd scalar doublet trig-
gers EWSB and charged fermion mass generation based on a small vacuum misalignment
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(sin θ � 1), leading to softly breaking the Z2 symmetry of the composite dynamics. Fur-
thermore, as shown in section 4, a natural near-degeneracy of the neutral components of the
Z2-even scalar doublet features small loop-induced neutrino masses, where the composite
dynamics generates this non-degeneracy via the EW gauge and Yukawa interactions. Con-
versely, in the fundamental scotogenic model, achieving such a near-degeneracy requires a
very small scalar coupling [20].

In section 5, we analyzed vacuum stability for this TNH model across different compos-
iteness scales, ranging from TeV to Planck mass. Figure 2 shows phase diagrams illustrating
stability for scenarios with and without scotogenic neutrinos. When ΛHC ≈ 4πf = mP

with scotogenic neutrinos, only a metastable vacuum is possible. For smaller f within
109 GeV . f . 1014GeV, a stable vacuum is attainable. However, a smaller decay con-
stant f introduces a new naturalness challenge, as it necessitates mH . O(f) to prevent
instability. With both a light 125GeV Higgs boson and a heavy Higgs state around O(f),
we can observe the realization of various inflation scenarios within this model. Remarkably,
this involves the radiative induction of a bare Higgs mass parameter, mH ≈ f , within the
range of 109 GeV . mH . 1014 GeV.

Additional investigations in section 6 delve into these diverse inflation scenarios, encom-
passing the original Higgs inflation, Starobinsky R2 inflation and scale-invariant inflation.
These scenarios typically suffer from hierarchy problems arising from radiative corrections
to the Higgs mass parameter. Within the TNH framework, these corrections do not jeop-
ardize the lightness of the SM-like Higgs boson, as the generation of large mass parameters
remains technically natural. In sections 7–9, we have also examined possibilities for an-
swering the remaining open questions. Thermal leptogenesis is explored as an explanation
for the matter-antimatter asymmetry, where CP asymmetry from right-handed neutrino
(RHN) decays contributes to the observed baryon-to-photon ratio. Additionally, we pro-
pose a scenario for explaining DM through the existence of a composite super-heavy DM
(SHDM) particle. For scale-invariant inflation, the angular component of the inflaton may
solve the strong CP problem and provide DM by becoming a QCD axion DM candidate.

In the following, we will provide a summary of the conclusions drawn from this study,
focusing on the extent to which TNH models within the three inflation scenarios can offer
solutions to the six fundamental physics problems:

(i) Original Higgs inflation: this inflationary scenario restricts the Higgs bare mass to
the range of 1 × 1012 GeV � mH . 3 × 1016 GeV, necessitating the existence of
a stable Higgs vacuum. Including neutrinos (lower panel in figure 2), viable Higgs
inflation is feasible at f = mH ∼ 1014 GeV and tβ > 10, with reheating at around
1014 GeV [102]. This example requires M1 � f (as depicted in figure 6) to produce
the observed baryon asymmetry of the Universe (BAU), because of the high value
of f = mH � 1012 GeV, which leads to small neutrino Yukawa couplings (hij �
0.01). Hence, generating a sufficiently small asymmetry through thermal leptogenesis
without the need for fine-tuning presents a challenge. On the other hand, a composite
SHDM with approximately 4 × 1014 GeV mass (comprising identical hyper-fermion
masses) emerges as a promising solution for DM.
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In summary, within this inflation framework, the TNH model potentially addresses
four out of the six issues for f ∼ 1014 GeV. However, challenges persist in solving the
BAU and strong CP problems. Moreover, the conventional setup of the original Higgs
inflation requires a large non-minimal coupling to the Ricci scalar, αH ∼ 104, leading
to a cutoff scale significantly below the Planck scale, Λ . mP /αH � mP [36–40],
which gives rise to the unitarity problem. This prompts exploration of alternative
inflation scenarios.

(ii) Starobinsky R2 inflation: In this inflationary paradigm, the loop-induced Higgs
bare mass is approximately given bymH ≈ (5.5×107 GeV)

√
αH(αH − 3). Within the

range of 0.06 < αH < 11−12, the vacuum can exist in a metastable state, resulting in
a Higgs bare mass ofmH < (5−6)×108 GeV. This stands in contrast to the traditional
Higgs inflation framework, where a stable vacuum is required. Additionally, the
reheating temperature for this scenario is estimated to be approximately 1013 GeV, as
reported in ref. [102]. When f falls within the range of approximately (5−6)×108 GeV
or 3×109 . f . 1×1012 GeV, thermal leptogenesis successfully generates the observed
BAU. Additionally, a composite SHDM candidate with a mass of approximatelymΦ ∼
9× 109 GeV can account for the observed DM relic abundance through gravitational
interactions.

Altogether, this TNH model, incorporating Starobinsky R2 inflation, has the po-
tential to address five out of the six open questions. This can be achieved with
f < (5− 6)× 108 GeV (resulting in a metastable vacuum and tβ ≈ 5) or in the range
3 × 109 . f . 1 × 1012 GeV (yielding a stable vacuum and tβ & 9). Finally, we
explored the scale-invariant extension.

(iii) Scale-independent R2 inflation: for scale-invariant inflation, radiative mass pa-
rameters emerge for the elementary weak doublets, H and Hν , with approximate
values of mH,Hν ≈ (5 × 107 GeV)αH . This aligns with the scale-dependent R2 in-
flation scenario. However, the introduction of mixing terms such as H†H|φ|2 and
H†νHν |φ|2 results in larger mass parameters, thereby expanding the parameter space,
as illustrated in figure 4.

The lower panel of figure 2 demonstrates that favorable parameter points, lead-
ing to either stable or metastable vacua, are predominantly clustered around f =
O(1012)GeV. These scenarios lead to both neutrino mass generation and resolution
of the EW hierarchy problem up to this scale. Notably, these neutrino masses are
naturally suppressed due to a near-degeneracy of the neutral components of the scalar
doublet Hν , arising from the composite dynamics through the EW gauge and Yukawa
interactions (refer to eq. (4.7)). In contrast, the fundamental scotogenic model pro-
posed in ref. [55] relies on an extremely small scalar coupling to achieve a similar
near-degeneracy. Indeed, this interesting scale of approximately f = O(1012)GeV
can be loop-induced, particularly by introducing scale-invariant inflation. Coinciden-
tally, this is achievable via a non-minimal coupling αH of order unity, as depicted
in figure 4. Moreover, given that neutrino masses have already been radiatively

– 36 –



J
H
E
P
1
0
(
2
0
2
3
)
0
6
8

generated through the scotogenic mechanism, it becomes plausible to account for the
observed BAU via leptogenesis during the early Universe. Importantly, this approach
does not necessitate additional ingredients but is intriguing in that it requires RHN
masses to be close to the interesting scale, as shown in figure 6.

Finally, an elegant and minimal solution to both the DM puzzle and the strong
CP problem involves considering the angular component of the inflaton field, φ,
as a QCD axion, thereby identifying it as a candidate for DM. This interpreta-
tion can be realized with the special compositeness scale f = O(1012)GeV and an
initial misalignment angle of 0.01 − 0.1. Consequently, the axion decay constant
is determined as fa = vφ ∼ 1015 GeV, where vφ is the VEV of φ. Remarkably,
φ serves a dual role as both inflaton and QCD axion DM, while also contributing
to the emergence of the Planck mass through scale symmetry breaking. Further-
more, through Yukawa and scalar couplings, the VEV vφ generates masses for heavy
particles (mi,Mi,mH,Hν ∼ O(1012)GeV and mQ ∼ O(1015)GeV), yielding an eco-
nomically appealing framework. Thus, φ plays an additional role by also providing
the mass-dependent parameters (approximately O(1012)GeV) within the high-scale
partially composite dynamics, while the underlying composite dynamics dynamically
explains the hierarchy between this compositeness scale and the EW scale, as well as
accounting for the small neutrino masses and the observed BAU.

In conclusion, this paper illuminates the significance of an intriguing scale, approxi-
mately atO(1012)GeV, within the minimal TNH framework. For the scale-invariant version
of the minimal TNH model, this scale plays a vital role in effectively addressing all of the
aforementioned challenges in particle physics and cosmology.
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