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ABSTRACT: In the quest for unification of the Standard Model with gravity, classical scale
invariance can be utilized to dynamically generate the Planck mass Mp;. However, the
relation of Planck scale physics to the scale of electroweak symmetry breaking pp requires
further explanation. In this paper, we propose a model that uses the spontaneous breaking
of scale invariance in the scalar sector as a unified origin for dynamical generation of both
scales. Using the Gildener-Weinberg approximation, only one scalar acquires a vacuum

10'6=17) GeV, thus radiatively generating Mp; ~ ﬁé/Qvg and

expectation value of vg ~ (
pg via the neutrino option with right handed neutrino masses my = yyvs ~ 107 GeV.
Consequently, active SM neutrinos are given a mass with the inclusion of a type-I seesaw
mechanism. Furthermore, we adopt an unbroken Zs symmetry and a Zs-odd set of right-
handed Majorana neutrinos y that do not take part in the neutrino option and are able
to produce the correct dark matter relic abundance (dominantly) via inflaton decay. The
model also describes cosmic inflation and the inflationary CMB observables are predicted
to interpolate between those of R? and linear chaotic inflationary model and are thus well

within the strongest experimental constraints.
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1 Introduction

The quest to dynamically generate the Planck mass mp; (or the reduced Planck mass
Mp) = mpy/+/87) has existed for quite some time. Scale invariance, whether it be global [1-
4] (and recently in Refs. [5-14]) or local [15-28| (recently in Refs. [29-32]), scale symmetry
has played a central role based on the fact that it forbids the presence of an Einstein-
Hilbert term in the action. Similarly to Einstein’s theory of gravity, which contains a
single dimensionful parameter mp; (apart from the cosmological constant), the Higgs mass
term parameter pg is the only dimensionful parameter in the Standard Model (SM) of
particle physics. The scale invariant limit of the SM i.e. in the limit puy goes to zero, was
investigated by Coleman and Weinberg [33], who found that radiative corrections can change
the tree level form of the Higgs potential and thus break the electroweak gauge symmetry
spontaneously. Recent experimental observations in astrophysics and particle physics indeed
hint that Einstein’s theory and the SM should both be extended in a (classically) scale
invariant fashion.

With respect to gravity, the Planck measurements of the CMB [34, 35] show that, not
only is the idea of new inflation [36-38| consistent with their data, but also that the scalar



spectral index ng of the gravitational fluctuations is close to one, and in particular that the
ratio r of tensor to scalar power spectra of fluctuations can be nearly zero. Accordingly,
R? inflation [39-41] and also Higgs inflation [42] seem to be the most promising candidate
models [35]. The main reason for the success is a (super) flat inflationary scalar potential
expressed in the Einstein frame after a local Weyl scaling from the Jordan frame [42,
43| where r is proportional to the gradient of the scalar potential. The super flatness in
the scalar potential in both models is caused by the relative suppression of the non scale
invariant Einstein-Hilbert term R compared respectively to the scale invariant terms of R?
inflation (y R%, with v ~ O(10°))[43, 44] and Higgs inflation (8| H|?R with 8 ~ O(10%))[42],
where R is the Ricci curvature scalar and H is the SM Higgs doublet. In this sense, CMB
data suggests a scale invariant extension of Einstein’s theory of gravity not only because
of the close-to scale invariant spectral tilt ng, but also because of the suppression of r.
Furthermore, it can be argued that gravity equipped with local scale symmetry can be
rendered renormalizable [28, 29, 45| due to higher derivative terms in the action [46].!

The SM, on the other hand, describes our microscopic world with remarkable success
despite its various shortcomings. Remarkably, the Higgs mass my, has turned out to be [54,
55| such that the SM remains perturbative i.e. it contains no Landau poles, below the
Planck scale [56-59|. That is, the mass parameter p g can logarithmically run all the way
to the Planck scale so that, according to Bardeen [60], the SM does not, by itself, have a
fine-tuning problem. We regard this as a strong evidence [61] for extending the SM in a
scale invariant way [62, 63|, because the logarithmic running of ug up to the Planck scale
means that scale invariance is broken only by the scale anomaly [64, 65|, except of course,
by the soft breaking due to .

In this paper we thus pursue the idea that the Planck mass mp; and the Higgs mass
parameter py have a unified origin, namely, the spontaneous breaking of scale invari-
ance. Consequently, a real SM singlet scalar field S acquires a finite vacuum expectation
value (VEV) (S). However, since Mp; is of order 10'8 GeV and pp is of order 10? GeV,
we must also address the question of how it may be possible to generate Mp; and pyr and,
in particular, their hierarchy from a common source. In fact, this is the central question of
our scenario, and even though it may be still far from ultimate and satisfactory, our answer
demonstrates how to soften this huge hierarchy.

The solution is based on the observation that heavy right-handed neutrinos N con-
tribute an important correction to M%ﬁ the finite term A,u%l is proportional to ygm?\, /A2
[66-69], where y,, stands for the Dirac-Yukawa coupling and my is the representative mass
of N. The large contribution can be used to radiatively generate an appropriately sized
Ap?; ie. Ap? ~ p?, including its sign. This is the idea of the “neutrino option" [70], and
when the seesaw mechanism [71-74] is implemented to obtain light active neutrino masses,

The inclusion of the Weyl tensor squared term is well-known to lead to a violation of unitarity. This is
intimately related to the presence of a spin-2 ghost which is addressed in e.g. Refs. [47-49] and it is beyond
the scope of the present work. Other possible solutions to the ghost problem are based on the presence of
higher-curvature terms [50-53] which would be dangerous for our model as they would modify the scalar
potential and spoil global scale invariance. Assuming the absence of such terms, hence, is crucial for our
discussion but introduces additional model dependence.



one finds that my ~ 107 GeV and y, ~ 107%. The neutrino option thus establishes a link
between the heavy right-handed neutrinos and the electroweak scale [70]. This scenario can
be neatly extended in a scale invariant manner [75], where the mass of NV is generated from
the Majorana-Yukawa coupling ysSNTCN, where C is the charge conjugation matrix,
hence, my = ya(S).

We adopt this mechanism here to soften the huge hierarchy between Mp) and pp by
many orders of magnitudes. The dimensionless parameter Sg of the non-minimal coupling
BsS%R gives Mp) ~ /Bs (S). Since Bg ~ O(10?73) for realistic inflation, we have that
(S) ~ O(10%~17) GeV so that my of the order 107 GeV can be obtained if yy; is of the
order 10~(=10) The smallness of 7 is technically natural in the sense of 't Hooft [76], since
an anomaly-free global U(1)p_r, is restored in the limit yy; — 0 (together with another
Yukawa coupling to be discussed below). However, the scenario is not without problems:
The Higgs portal coupling AysS? |H|?, which would give a large contribution to ,u,%{ for
large (S), can not be forbidden by any symmetry. Nonetheless, we can set up the model
(at least on a flat background spacetime) such that the radiative correction to Agg remains
sufficiently small such that they do not spoil our scenario of a unified origin of energy scales.
This is possible because the radiative corrections, in the absence of y;s, are proportional to
Amg itself.

In the next section we begin by writing down the Lagrangian of the model. The
spontaneous scale symmetry breaking is achieved by the Gildener-Weinberg mechanism [77],
for which we introduce an additional real scalar field . We also impose a discrete symmetry
Zo, which not only simplifies the form of the scalar potential, but also stabilizes the Zs-
odd particles if it is not spontaneously broken. Accordingly, Zs-odd Majorana particles
x are introduced as dark mater candidates. In section III spontaneous scale symmetry
breaking is discussed, and Mp is identified in such a way that mp; can be related to
the renormalization scale. In section IV we derive the effective action for inflation in the
Jordan frame and subsequently perform a Weyl transformation to the Einstein frame where
we calculate inflationary parameters. We explain under which conditions the scalaron-S
system can be approximated as a single inflaton system. We perform benchmark point
studies as well as a parameter scan to work out the predictions of the model. Dark matter
is treated in section V. There are two kinds of Zs-odd particles in the model, o (boson)
and y (fermion), and the flat direction approximation of the Gildener-Weinberg mechanism
works in such a way that the Zs symmetry remains unbroken. Because it is necessary for
successful inflation, o becomes heavier than S. Hence, S can decay into two x, while a decay
into two o is not possible |78, 79]. This process is nothing more than a freeze-in mechanism
[80] for the dark matter y so that it may reach the observed value of relic abundance. In
section VI we briefly review the neutrino option |70], and refer to the literature cited there
for details. The last section is devoted to our conclusions.

2 The model

Our total Lagrangian L7 consists of four parts: (i) Low is, after including quantum cor-
rections, responsible for the spontaneous breaking of global conformal symmetry and the



generation of a unified scale. (ii) Lgr is responsible for the identification of the Planck scale,
thereby generating the Einstein-Hilbert action. (iii) Lgn describes the SM interactions, and
(iv) Ly is responsible for generating light neutrino masses via a type-I see-saw mechanism
which at the same time radiatively induces the Higgs mass term and accommodates for
dark matter. Altogether,

Lt = Low + Lar + Lsm + Ly (2.1)
where
f/(iﬁg = %gwausa,,s + %g’“’@ua&,a - i)\ss“ - iAga“ - 3&05%2 : (2.2)
\E/C;f; _ _%(5552 + B,0° + B HTH) R+~ R? 4+ £W,0s W | (2.3)
j% = Lol — §(nsS” + Augo?) HTH, (2.4)

&

i 1 = 1
X _ CNON — Sy SNTON + Lxdx — Sy SxTOx

2

— (yNXUNTCX + 9, LH L(1+~5)N + h.c.) : (2.5)

Here, R denotes the Ricci curvature scalar, W,,og is the Weyl tensor, N and x denote the
(three+three) right-handed Majorana neutrinos, while H (H = iooH*) and L are the SM
Higgs and lepton doublets. Lgn| =0 18 the SM Lagrangian without the quadratic Higgs
term, and we suppress flavor indices throughout, though strictly speaking, the Yukawa cou-
plings Y, Yy, YNy and g, should all be matrices in generation space. However, we will not
consider details of the flavor structure here, and therefore, we treat them as representative
real numbers. The total Lagrangian L1 presents the most general function that respects
the SM gauge symmetries, general diffeomorphism invariance,? global conformal invariance
at the classical level, and a discrete Zs symmetry with o and x being the only Z3-odd fields.
We suppress a possible Gauf-Bonnet surface term in Eq. (2.3).

We note that the set of real scalars S and ¢ is the most economic way to successfully
realize the spontaneous breaking of scale invariance a la Coleman-Weinberg [33, 77]. We will
see that the real scalar S has a triple role: (i) It is the only scalar that forms a condensate
and thereby breaks global conformal invariance spontaneously, (ii) it is the mediator that
transmits the energy scale inherent in the condensate to the gravity (Lgr) and neutrino
(Lny) sectors, and subsequently to the SM sector, and (iii) it serves as the inflaton.

3 Spontaneous conformal breaking and the Planck mass

In order to simultaneously avoid the domain wall problem [81] and stabilize the DM candi-
date x, we choose a flat direction of the scalar potential such that the Z5 symmetry remains
unbroken. The desired (approximate) flat direction, S # 0 and o = 0, can be realized if [77]

As € Ase and g < A; . (3.1)

2Due to the presence of minimal fermion-gravitational couplings, the use of the vierbein formalism is
quietly understood with respect to these terms, even though it does not play a role in our analysis.



As we see from Eq. (2.3), a non-zero VEV of S denoted by vg will generate the Einstein
term —(1/2)M3, R with the (reduced) Planck mass Mp ~ \/Bsvg. At the same time, the
Majorana neutrinos N and x become massive due to the Yukawa interactions in Eq. (2.5);
my = ymvs ~ yu Mp1/\/Bs and m, = y,vs ~ y, Mp1/\/Bs. Furthermore, in order
to utilize the neutrino option we must assume that the Higgs portal couplings Agg and
A\irs are extremely suppressed and that my is of order 107 GeV, implying that yp; ~
VBs(my/Mpy) ~ O(10719) for Bg ~ 103. It is important to note that the set of couplings
AHSs AHor YM, Yy, and yy, remain zero at higher order in perturbation theory if they
are set equal to zero at tree-level. Therefore, the smallness of these couplings is in some
sense natural even though no enhancement of symmetry is associated (see, however, [82]).
Similarly, we assume an approximately vanishing coupling Sz ~ 0 so that the Higgs-Ricci
scalar term in Eq. (2.3) can be neglected.®> Neglecting the aforementioned couplings we
integrate out the quantum fluctuations 4S and do at one-loop in the background with
S # 0 and o = 0 to obtain the effective potential

(i n[m2 /] + my Infma /u?])

(3.2)

1 1 1
UeH(S’ R7 U) = Z)‘SS4 + 1)\00'4 + 1)\805202 + 12

where
1
mg = 3)\582 + 65R and Thg = 5)\5‘052 + 50R~ <33)

Here we have used the MS scheme and the constant —3/2 is absorbed into the renormal-
ization scale p.4

Because of (o) = 0, the field o does not play any role for inflation and so we suppress it
throughout the following discussions. To compute vg = (S), we assume that SsR < 3\g5?
and B, R < (1/2)As5S? (during inflation), such that the effective potential U.g in Eq. (3.2)
can be expanded in powers of SgR and [, R,

Ueir(S, R, 0 = 0) = Uy + Ucw(S) + U1)(S) R+ Ugg)(S)R* + O(R?), (3.4)

where

S4
6472

Ucw(S) = i/\sS“ + {9AE In[3AsS?/p?] + (1/4)A%, In[(1/2)AseS?/p*] } — U,

(3.5)

3Specifically, we assume that Sz R < AgsS? during inflation so that the resulting correction to Eq. (3.2)
can be neglected. Since Aps, Axs, and Bg are all very small by assumption, the Higgs plays no role in this
scenario of inflation.

4The integration does not only give the desired Coleman-Weinberg potential, but also divergences that
can be absorbed into Ag, 7, and Bs. This agrees with the earlier computation of e.g. Ref. [83] (see also [84]
and references cited therein). Strictly speaking, also note that Ss and 8, in Eq. (3.3) should read 8s —1/6
and B, — 1/6, respectively, if one properly takes into account the non-flatness of space-time background
and the integration of the quantum fluctuations [85]. However, since 8s will turn out be large (i.e.2 10?)
for realistic cosmic inflation and the inflationary parameters will depend barely on ., we will be ignoring
the constants 1/6 throughout the paper.



Uy(S) = Toa? {68sAsS? (1 + 21n[3)Ag5%/p?])
+ BoAsoS? (14 2n[(1/2)As052/p?]) } (3.6)
U)(9) = ﬁ {88 (3+2m[3XsS5%/p?]) + B (34 2In[(1/2)As65?/1%]) } - (3.7)

Since we are assuming a negligibly small (but, of course, nonzero during inflation) value of
the curvature scalar R, we obtain the R-independent leading-order vg from the potential
Ucw(S). The zero-point energy density Up is chosen such that Ucw (S = vg) = 0 is
satisfied, which is consistent with (R) = 0 at the leading order. That is, our effective
potential now reads

ﬁeﬁ(s’ R) = Ueﬁ(S’ R, 0) —Up = UCW(S) + U(l)(S)R + U(2)(S)R2 + O(Rg) ) (38)

and we find that Uy can be written as

Uy = —u* %S exp [~1 —16C/Bxs] , (3.9)

where

1 1 1 1
Brs = 152 (18)\ + 2)\?gg> , and C= f)\5+ ] (9)\25 m(3As) + ;A5 ln(ASU/2)> :
(3.10)

Note that )4 is the one-loop S-function for Ag in the absence of yj; and y,. The nega-
tive zero-point energy density Uy is a consequence of the spontaneous breaking of global
conformal symmetry. This zero-point energy density, which is the cosmological constant, is
finite in dimensional regularization because of the scale invariance of the total Lagrangian
in Eq. (2.1). Our choice to subtract the zero-point energy density corresponds to an ex-
plicit super-soft breaking of scale invariance at tree level, which is the cost of remedying
the cosmological constant problem in this model. Nonetheless, we note that the zero-point
energy cannot be uniquely determined within the framework of quantum field theory in flat
spacetime. To properly address the cosmological constant problem one should also take
into account gravitational quantum fluctuations, including contributions arising from the
(possibly) unitarity-violating Weyl tensor term in the action. We set this issue aside for
the purpose of this work and continue with our discussion.

The identification of Mp; follows from the first term in Eq. (2.3) along with Eq. (3.4):

Mpy = (BS + 2U(1)(vg)/v§) 1/2 Vg, (3.11)

where 2U(1)(vs) can be written in an analytic form as

3Aso
1672

2
)\S’US

20(1)(vs) = = 253 ya
W 3602 + A2,

<12/BS)\S + 28550 — [—685As + BsAso] ln(ﬁ/\s/)\sa)> :

(3.12)

Since vg = pfs(As,Ass) (as can be seen in Eq. (3.5)), Eq. (3.11) relates Mp; with p:
Mpy = pfp(Bs, By As, Ase), where fg and fp are dimensionless functions.



4 Inflation

4.1 Effective action for inflation

To overcome the problems of old inflation [86], at least one bosonic degree of freedom, the
inflaton field, must be present [36-38|. Despite the fact that the scalaron exists as a bosonic
degree of freedom in the R? model inflation [39-41], it can not generate the spontaneous
breaking of scale invariance. Similarly, in Higgs inflation [42], even though the Higgs field
is bosonic, the Coleman-Weinberg mechanism does not work successfully. It is for this
reason that we have introduced a set of two real scalars, S and o, from the start. The first
consequence of spontaneous breakdown of scale invariance is that the non-minimal coupling
to R in Lgr produces the Einstein-Hilbert term along with —(1/2)3s(2vg S’ +S?) R where
S’ = S — vg, which suggests that S can play the role of an inflaton as in the case of Higgs
inflation [42]. In this section we will pursue this scenario.

Before doing so, we comment on previous literature regarding inflation realized in scale
invariant models. While in some Refs. [13, 32, 87-92| inflation is not based (explicitly)
on a Coleman-Weinberg type potential, other Refs. [6, 14, 93-98] employ the Coleman-
Weinberg mechanism to generate the inflaton potential. Most similar to our approach are
Refs. [95, 96|, even though their inflaton potentials are derived differently. Their first step
is to go from the Jordan to the Einstein frame, already implicitly assuming that scale
invariance is broken, since otherwise the Weyl rescaling is not possible. The resulting
Einstein-frame potential consists of two types of scalar fields: Scalar fields stemming from
the matter Lagrangian and the scalaron, which describes the degree of freedom related to
the R? term i.e. it originates from the gravitational degrees of freedom. The Gildener-
Weinberg approach is then applied to these scalars and quantum corrections are computed
in the Einstein frame to trigger the breaking of scale invariance. By contrast, our effective
Lagrangian (4.1), which includes all 1-loop corrections, is written in the Jordan frame. Since
the slow-roll parameters are frame independent {99, 100], it must, in principle, be possible
to compute them in the Jordan frame. Nevertheless, we perform the transformation to the
Einstein frame to compute the slow-roll parameters and investigate the slow-roll dynamics
explicitly. Finally, it should be noted that a transformation between the Jordan and Einstein
frames should be taken with care, since as demonstrated in [101, 102], the quantum theories
based on the respective classical Lagrangians are not necessarily equivalent. However, this
inequivalence only occurs in theories where quantum fluctuations of the metric are included
in the 1-loop potential. Since the present model treats gravity in a purely classical fashion,
the metric does not enter the path integral measure and the possible inequivalence is of no
concern here.

We now proceed with our case. As previously noted, we assume that the higher or-
der terms in Eq. (3.4) can be neglected for inflation. We will, however, check throughout
whether the aforementioned inequalities SsR < 3AgS? and B,R < (1/2)AssS? are satis-
fied.> Furthermore, we shall assume that &, the coefficient the Weyl tensor squared term

5To perform this check, we will use the fact that the Ricci scalar R during inflation can be approximated
by 12H?, where H is the Hubble parameter.



in Eq. (2.3), is small enough that it can be neglected for our discussion. The equation of

motion of S does not depend on this term in any case. With these remarks in mind, we

write down (the relevant part for inflation of) the effective Lagrangian in the Jordan frame,’

1

c, 1 y

—g9J

where ¢" (g7 = det g/{l,) and Rj denote the inverse of the metric g;{u and the Ricci scalar
of Jordan-frame spacetime, respectively, and

B(S) = —5 (BsS® +2U1y(S)) and  G(S) =~ —Uy)(S). (4.2)

Uqy(S) and Uy (S) have been given in Egs. (3.6) and (3.7), respectively, and Mpy is defined
in Eq. (3.11).

We proceed by introducing an auxiliary field 1) with mass dimension two to remove the
R2 term from Eq. (4.1):

G(S)R% — 2G(S)Ryp — G(S)p? . (4.3)
We then perform a Weyl rescaling of the metric, g,, = Q2 9;{1/ with

_ 4GSy

0(5:4) = BS) =~ (14)

to go to the Einstein frame and arrive at

[’gf _ 1 2 3 ng 2 2 g;u/
Nerin —5 M| E— 59 0, In Q=(S, ) 0, In (S, %) | + m@as&/s = V(S,4),
(4.5)
where V' denotes the scalar potential in the Einstein frame,
Ucw (5) + G(S)y?
V(S.0) = oW FCOW (4.6)

[B(S)M3, —4G(S)¥ ]

Due to the second term of Eq. (4.5), ¥ is promoted to a propagating scalar field in the
Einstein frame. Its canonically normalized expression, the scalaron field ¢ [110, 111], is

defined as
3 2
(;5 = iMPl ln{Q ‘ . (4.7)

The Einstein-frame Lagrangian for the coupled S-scalaron system then becomes
Lo
V=g

A similar Lagrangian with a priori arbitrary functions B, G, and U has been studied in [103-107] for

1 1 1
=-3 M R+ 3 9" 8,h D, + 5 @) g1 9,58,8 — V (S, ), (4.8)

purely phenomenological reasons. Here we follow Ref. [91], in which the effective Lagrangian is obtained
after scale invariance is spontaneously broken by strong dynamics as proposed in Refs. [108, 109].



where ® (¢) = v/2 ¢/+/3 Mpy, and the potential V given in Eq. (4.6) as a function of S and
¢ now reads

V(S.8) = e-2%@ | U () + 16‘7\2%3) (B(S)—e¢<¢>)2] . (4.9)

4.2 Valley approximation

With the scalar potential in Eq. (4.9) at hand, we could proceed by studying the real-
ization of inflation using multifield techniques (see e.g. Ref. [112]). We refrain from this
complicated approach and instead base our analysis on an effective one-field model to de-
rive predictions for CMB observables. This simplification is based on the observation that
the scalar potential exhibits a clear valley form along which the potential is relatively flat
and thus suitable for slow-roll evolution. Hereafter we will assume that the inflationary
trajectory is confined to this valley and that the slow-roll evolution along this contour is
parameterized by a single field. This behavior was confirmed in Ref. [6] for a similar model
in which the classical trajectories with different initial conditions converge to an inflationary
attractor line, i.e. the valley contour. The existence of a valley form in the scalar potential
is guaranteed as long as a large hierarchy between the two mass eigenvalues of the scalar
mass matrix exists. This behavior reflects itself as a gradient along the valley which is
hierarchically smaller than the gradient perpendicular to it. To determine the contour of
the valley we use two different approaches and compare them in appendix A, where we also
show that the viability of each approach depends on the region of parameters.

The first approach is based on the observation (see e.g. Fig. 9) that there is precisely
one local extremum in the scalaron direction for each S > v which can be obtained by

oV (S,9) - 3 16G(S)Ucw (5)
—_— =0 = ¢(S) =4/=Mp;In B(S) + R (4.10)
00 |s=g(s) 2 B(S) My,
defining the valley contour in the two-dimensional field space as

oV (S, ) ‘
9 ly=4(s)

C=1{S,4(S)} where =0. (4.11)
Due to the valley structure of the potential V (S, ¢), we may assume Eq. (4.10) is approxi-
mately satisfied during inflation. The viability of this approximation can be quantified by
the requirement

— > 1, (4.12)

where my is the scalaron mass along the contour C and Hjy¢ is the Hubble parameter during
inflation. If this relation is satisfied, the heavy scalaron mass is able to stabilize the contour
C during the slow-roll phase and the motion in the scalaron direction away from C can be
neglected. Inserting ¢(S) into V (S, $(S)) of Eq. (4.9) we obtain the inflaton potential along
this contour,

- . Ucw(S)
Vine(S) = V(5,¢(9)) = B(S)2+16 G(S)Ucw(S)/Mp,

(4.13)



Consequently, the kinetic term for S is modified as

e gy, S0, S + g9, (S)d, $(S) = F(S)2g" 9, 58, S , (4.14)
where
1 3
F(S) = 1+4A(S) B(S)+ = M ([1 +4A(S) B'(S
S) = sy g {1+ AT BE) + 5 M ([1+44() B(5)
2 4G(S)Ucw (S)
1 A'(8)B(S5))? th A(S) = —22ZCWL2) 415
HA(S)BE) L with AS) = =5t (4.15)
Finally, we arrive at the effective Lagrangian,
‘Cg:f 1 2 1 2 _uv
Ve = —5 Mp R+ 5 F(5)" 9" 9.5 9,5 = Vine (5) , (4.16)
where the canonically normalized inflaton field S can be obtained from
A S
3(8) = / do F(z). (4.17)
vs

The second approach applies if Eq. (4.12) is violated. An alternative to obtain the
contour then is by looking for local minima in the direction of the field S, yielding the
contour and inflationary potential,

oV (S, ¢)

B =0, V() =V(5(0),¢).  (418)

C'={S5(¢),¢}, where

5=S(¢)

Completely analogous to the treatment in the first case, the field normalization (replacing
Eq. (4.15)) is

~ 2
F2(¢) = [1+4¢e72@) (%Eﬁ) : (4.19)

4.3 One-field description of the slow-roll dynamics

As shown in the previous section, the two-field system can be approximately treated as a
single field system, either using the contour C or C’ and the corresponding one-dimensional
inflationary potentials (see Eqgs. (4.13), (4.11) and (4.18)). When using the contour C, the
canonically normalized effective inflaton field S is defined in Eq. (4.17). To compute the
slow roll parameters it is not necessary to use S however; instead we employ the following

formulae:
E(S) — MF2’1 < i;f(S)>2 (4 20)
2F%(S) \Vine(S) ) 7 '
MR (Vite(S)  F'(S) Vie(S)
"9 = ey (7208~ 78 V) 2
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The number of e-folds N, can be computed as

Send F2(S) Vipe(S)
s. M3 Vi(S)’

inf

N, =

(4.22)

where S, is the value of S at the time of CMB horizon exit and S.,q is that of S at the end
of inflation, i.e. max{e(S = Send), [7(S = Send)|} = 1. The CMB observables, namely the
scalar power spectrum amplitude Ag, the scalar spectral index ng and the tensor-to-scalar
ratio r, can be calculated from

V}nf *

:m, ns:1+277*—65*, 7“:165*, (423)

S
where the quantities with an asterisk are evaluated at S = S,. The parameters of our
model that are relevant for inflation are: Ag, Ags, 83, 85 and v, where the renormalization
scale p in the effective potential (3.2) is fixed through the identification of Mp; given in
(3.11). We emphasize that all these parameters (except u) are dimensionless. Because of
the flat direction condition (3.1), Ag and f3, are less relevant and they do not enter Mpy, see
Eq. (3.11), to leading order. Therefore, we consider the model prediction at a fixed value
of Ag and S,. The observables (4.23) are measured or constrained by the latest data from
the Planck satellite mission [34, 35].

For our purpose we assume N, >~ 50 - - - 60 e-folds from CMB horizon exit until the end
of inflation and constrain the parameter space spanned by Ag,, s and -, such that the
following relation is satisfied |34, 35]

In(10"A4,) = 3.044 £ 0.014 . (4.24)

4.4 Numerical analysis of inflation

To discuss the dependence of predictions for CMB observables connected to inflation on the
free parameters of the model, we perform a parameter scan using the methods outlined in
the previous section. As it turns out, using either the method corresponding to contour C or
C’ has little influence on the prediction for CMB observables. Thus, we mainly use contour
C, since it allows for an analytic expression of the inflation potential. A numeric comparison
of the two valley approximations and detailed discussions can be found in appendix A.
For all following results, we have fixed Ag = 0.005 and 8, = 1 as these parameters
have little influence on the inflation potential. The free parameters left are the portal
coupling Ag,, the R? coupling v and the non-minimal coupling 3g. Furthermore, the tight
observational constraint on the scalar power spectrum amplitude A, in Eq. (4.24) can be
used to effectively remove one free parameter of the model. We use this to obtain a relation
between Bg and - which is illustrated in Fig. 1. Once N and \g, are fixed, we can express
the Bg dependence of CMB observables in terms of v only. One can also see that there are
maximally allowed values (s max ~ 103 and Ypax ~ 109) due to this constraint. The exact
values of 85 max and Ymax depend on N, and Ag,. We utilize this constraint and illustrate
the parameter dependence in the ng — r plane in Fig. 2. All predictions shown there are
for points in the parameter space that satisfy Eq. (4.24) (or equivalently, points which are
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shown in Fig. 1). Hence, there is no s dependence displayed as it is fixed due to the method
outlined above. As we see from Fig. 2, the lower end of the prediction corresponds to that
of R? inflation [39-41], while the upper end is reminiscent of linear chaotic inflation [113]"
Thus, we see that our predictions interpolate between these two theories.

Contour C Contour C’

Bs y N r As | Send/l | S/l | ns r As | Pend/1 | 4/
1.01 x 102 | 5.24 x 108 | 0.967 | 0.004 | 3.032 | 0.09 | 0.11 | 0.965 | 0.004 | 3.088 | 0.83 | 4.75
5.69 x 102 | 1.68 x 108 | 0.972 | 0.010 | 3.041 0.11 0.45 | 0.972 | 0.010 | 3.075 2.02 13.46
8.67 x 102 | 2.80 x 107 | 0.973 | 0.034 | 3.038 0.13 2.56 | 0.973 | 0.034 | 3.040 2.74 23.46

w o =T

Table 1. Parameters of the benchmark points marked in Fig. 1. For all points we have fixed As, = 0.77,
As = 0.005 and B, = 1 i.e. the VEV in each case is vs = 0.088u. The last six columns show predictions
of CMB observables and related field values by either using the inflaton potential along contour C or C’ for
N. = 55 e-folds. See appendix A for more details of the valley approximation.

3.020 = In(10%%A,) = 3.058

26 = Ne=50 6
§‘ mes N =55
= — N, =60

41 O Benchmark point 1 4

O Benchmark point 2
2 A Benchmark point 3 | ,

2.0 2.2 2.4 2.6 2.8 3.0 20 22 24 26 28 30 32
10910(Bs) 10910(Bs)

Figure 1. The lines indicate the parameter combinations of v and 8s for which the scalar power spectrum
amplitude A, prediction is fixed to the Planck constraint, Eq. (4.24), for a varying number of e-folds N,
(left) or varying Aso (right). For all points we have fixed , = 1 and As = 0.005. The three benchmark
points defined in table 1 are marked.

5 Reheating

During and after the end of inflation the energy density stored in the inflation is converted to
radiation - this process is known as reheating (see, for instance, Refs. [116, 117]). Instead
of considering a specific model for reheating, we follow [118, 119] according to whom it
is possible to take into account the effect of the reheating phase to some extent without
specifying the reheating mechanism. The basic unknown quantities in this approximation
are the expansion rate aeng/arm of the universe during the reheating phase and the energy
density prp at the end of reheating, where a is the scale factor. These uncertainties can be
expressed in a single parameter [119]

a p 1/4
Rrad = end <end> ) (51)

GRH \ PRH

"The results of linear inflation were also reproduced in another context in [114, 115].
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Figure 2. Predictions for the scalar spectral index ns and the tensor-to-scalar ratio r with varying number
of e-folds N, (top) and varying As., (bottom). For all points we have fixed 8- = 1 and As = 0.005. Only
points which satisfy the scalar power spectrum As constraint (4.24) are displayed i.e. the 8s dependence
is fixed in light of Fig. 1. In the top panel we included the Planck TT,TE,EE-+lowE+lensing+BK15 68%
and 95% CL regions taken from Ref. [35].

where pend = ps(Send) i the energy density of the inflaton field at the end of inflation, and
pru is the energy density of radiation at the end of the reheating phase. The reheating
temperature is defined through

2

i
PRH = 55 9RH Tiu (5.2)

where gry corresponds to the relativistic degrees of freedom at the end of reheating. In the
following discussion we assume that R;,q can be written as [119]

1—-3w PRH
In Ry = ] , .
8 Rrad 12<1+w>“<pend> (5:3)

where w is the average equation of state parameter in the reheating phase.

Next, we constrain the number of e-folds N, = In (@enq/a+). Here a, is the scale factor
at the time of CMB horizon exit and is defined as k, = a.H,, where k, is the pivot scale
set by the Planck mission [34, 35|, and H, is the Hubble parameter at a = a.. One
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finds [119, 120]®

Qend ORH pi{é k 1 V2f

N.=1In en):]m — —ln< *>—|—ln(in* >—|—lnRr , (5.4
¢ ( ay V/3ag Hy aoHo 4 M, pend (Braa) , (54)
where ap = 1 and Hy = h2.13 x 107*2 GeV are the present values of the scale factor and
the Hubble parameter, respectively, k, = 0.002 Mpc™! [34], and gry = 106.75 + (7/8)12 =
117.25. The first term of Eq. (5.4) can be computed by using Eq. (5.2) and the conservation
of entropy ady sru = af so, giving arn/ao = (q0/qru)"® To/Tru, where go = 43/11, and
qru = gru are the degrees of freedom that enter via entropy at the present day and at the

end of the reheating phase, respectively. Then, using Ty = 2.725 K one finds [35, 121]

1/4
aRH PRH 1
In| ——— ] =66.89 — —In . 5.9
(\/gao Ho) 75 M gRi (5.5)

The energy density at the end of inflation pe,q can be expressed in terms of the slow-roll
parameter as

‘/end(g - 5*)
(3 - 5end) ’

where Veng = V(Send, #(Send)), €end = €(Send), and e, = &(Sx). The average equation
of state parameter w in Eq. (5.3) can be found from the behavior of the scalar potential
V (S, ¢) near the potential minimum. Noticing from Eq. (4.2) together with Eqs. (3.6) and
(3.7) that B(S) ~ 14+ 0O(S —wvg), G(S) ~~v+... and also that ¢(S) ~ O(S —vg), we have
exp [®(P(S))] ~ 14 O(S — vg) near S = vg, and so we find

Pend = (56)

V(S,4(9)) ~ Uow(S) = 3AsvE +...)82 + 0(5%) (5.7)

where S ~ S —vg (because F(S) ~ 1+ O(S — vg) which can be understood from Eq. (4.14)
near S = vg). Here, “...” stands for the higher order contribution in the effective potential
Eq. (3.5). The constant term V' (vg, ¢(vs)) is absent because we have subtracted the zero-
point energy Uy. The term linear to S is also absent because S = 0 is the position of the
minimum of Ucw. Therefore, we deduce from Eq. (5.7) that p = 2 and w = (p—2)/(p+2) =
0 [122].7 Therefore, once the slow roll parameters and the pivot scale k. are fixed, the only
quantity on rhs of Eq. (5.4) that is not free is the reheating temperature Try. That is,
Eq. (5.4) can be understood as a constraint on N, assuming that (1 TeV)* < pru < pend 18
satisfied [35]. On the other hand, since 49 < N, < 59 must also be satisfied [35], Eq. (5.4)
gives a constraint on Try if pru € [1(TeV)?, pena] is simultaneously satisfied. As we see
later when discussing dark matter (and also briefly leptogenesis), the reheating temperature
Tru plays an important role.

We have used the relation between N, and Try in Eq. (5.4) to demonstrate how varying
N, effects the inflation parameters (r, ng) via the corresponding reheating temperatures in

8Eq. (5.4) can be derived from @end/a+ = Ryad (aRlelx/é‘/\ﬁang) (\/EH*/pi,/,j) (aoHo/k+), where Ryaq
is defined in Eq. (5.1).
9p is defined from the behavior of the potential near the minimum: V ~ S?.
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Figure 3. Predictions for the scalar spectral index ns and the tensor-to-scalar ratio r with varying number
of e-folds N. € [50,60] and (slightly) varying 8s to account for the constraint on A, from Eq. (4.24). Tru
is shown using its dependency on the number of e-folds Ne, from Eq. (4.22). For all points we have fixed
As = 0.005, Aso = 0.77, B, = 1 and + for each line respectively as seen in the figure. We also show the
Planck TT,TE,EE+lowE+lensing+BK15 68% and 95% CL regions taken from Ref. [35].

! H_ N
: \\\ //’ \\\
I \
o u-channel '
! + 1% X g
I /I
1 - (N Vs

Figure 4. Feynman diagramms for the scattering process xx > NN (left) and two-loop contribution to
the Higgs mass term (right).

Fig. 3. Here all couplings are fixed to benchmark point 1,2 or 3 (see table 1), but we vary
the assumed N, € [50,60] and adjust Sg (slightly) such that the constraint on A; is fulfilled.
Because of the lower bound on fg, we only display N, € [53.5,60] in the line corresponding
to benchmark point 1. The reheating temperature Tgry is then shown via color-scaling
on the usual ng — r plot (see Fig. 1). Note that any resulting constraints on Ty can be
converted into constraints on N, and vice versa, using the aforementioned relation from

Eq. (5.4).

6 Dark matter

Since the discrete Zs symmetry is not spontaneously broken, the Zs-odd particles o and x
are stable and, therefore, good dark matter candidates. Dark mater can be produced during
or after the reheating phase, see e.g. [78, 79, 123]. Because of the inequality Eq. (3.1), which
is needed to realize the desired flat direction, o is always heavier than S. This implies that
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the inflaton S cannot decay into o, and o is not produced during the reheating stage |79].
In contrast to o, x can be produced; either through the inflaton decay S — x x or by the
scattering process N N — x x. The corresponding diagram is shown in the left panel of
Fig. 4,'° where a thermal abundance of right-handed neutrinos N is assumed to exist since
N has contact with the SM sector through the Dirac-Yukawa coupling y,,. However, the
cross section oy, ~ (yjlvx/w) max{m?\,,mi}/mﬁ, which corresponds to the the scattering
process in Fig. 4, is extremely suppressed simply due to the fact that o is very heavy i.e.
Mg ~ 1072 Mpy, while my = vs yy and vg = my/yny. This leads to

4 2 2 4 2 _
108 nyyx) (m) ~ <9N7>§yx> [1016GeV] ™2, for my < my,

2 M4
oy~ NS (6.1)
108 yl;”‘) (A”;—g’l) ~ (Z/’;X> [1025Ge\/]_2 , for mn >m,,

where we have used my = 107 GeV, Mp; = 2.43 x 10'® GeV and yy; = my/vs ~ 10710,
Furthermore, yy, can be constrained due to the two-loop diagram (shown in the right panel
of Fig. 4) that contributes to the Higgs mass term Apuy, which should be much smaller
than O(10?) GeV in order to realize the neutrino option. A rough estimate of the two-loop
diagram gives Spipr ~ Yy Yny Mo /1672, from which we find yy, < O(1078). Inserting this
into (6.1), we immediately find that oxy is too small to be relevant for the production of
X before, as well as after the end of reheating [78]. Therefore, we ignore this process in
the following discussion and concentrate on the decay of S into two y. The corresponding
decay width is given by

- 3y>2<mg
= 167

Note that x has contact with the SM particles only through N. Therefore, because of the
constraint yy, < O(1078), its contact with the SM is extremely suppressed.

(1 —4m2/m3)"/2. (6.2)

With the assumptions above we finally arrive at a system!'! containing only the inflaton
S and the dark matter field x. We can now consider the coupled Boltzmann equations [78]

d

S — _3Hng —Tgng, (6.3)
dt

d

—ZX = —3Hny + B,I'sng, (6.4)

where n, stands for the number density of x, the energy density of S is denoted by pg =
msng, By = vy/T's, and I'y is the total decay width of S. Eq. (6.3) is not coupled and
can be solved [116] to find

3
ns(a) = /;:;: [ge;d} €*FS (t*tend), (65)

0There is also an s-channel diagram for the process N N — x x, but this process is absent if the scalar
field S is treated as a classical field. Even if the process exists, the decay S — x x is dominant due to the
fact that the former process is proportional to yiy?\/f while the later one to o yi.

Here we assume that S is the dominant part of the inflaton field, which is a mixture of S and ¢ in
general. If the mixing is large, one can incorporate it into the decay width (6.2).
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where a is the scale factor at t > tend, Gend 1S @ at the end of inflation teng and peng =
ps(aend). To solve Eq. (6.4) we insert the solution (6.5) and find

ny(a) = By Pend {ae—nd} ’ (1 —eTs (tfte"d)> . (6.6)

mg a

The freeze-in value of n, is the value at ¢ = oo, which implies that the relic abundance
Q, h? is given by

0 h2 — m. B Pend | Gend s Mlgl (6 7)
X XX mgs ago 3(H[)/h)2 ’ '

where ap = 1 and Hy = h2.1332 x 10742 GeV with h ~ 0.674 [34] stand for the present
value of the scale factor and the Hubble parameter, respectively. Note that aenq/ag can be
computed similarly to the derivation of Eq. (5.4),

Gend _ <aend ) pil’/li ARH p%{/{{l \/3 Hy (6 8)
ag aRH pgﬁl V3ag Hy 1/4 ' .

Pend

As we see from Eq. (6.8), the product of the first two expressions is R;.q defined in Eq. (5.1)
and the quantity in the third parenthesis is exactly exp(66.89 — In gry1/12). Note that the
Pend dependence in Qxh2 cancels because the average equation of state w is zero in our case
(see the discussion below Eq. (5.7)), and also gru cancels if Eq. (5.2) is used for pru. We
then find

B Ho 71'2 1/4 m
QO h? = . X — X\ 7 .
«h? = V3 exp(3 x 66.89) 22 <30> <ms> RH (6.9)
TRH
~2.04 x 10° B, [ I 1
04> 10 X<m5> 1GeV’ (6.10)

which is in accordance with the results of Ref. [79]. The branching ratio By = 7,/I's can
be obtained by using Eq. (6.2) for v, and by assuming that 1/I's can be identified with
the time scale at the end of the reheating phase [78, 116] i.e. 1/H (arm) = (3 M3,/ pru )1/2.
For the benchmark point 2 in table 1 (mg ~ 4.4 x 105 GeV ,vg ~ 1.0 x 107 GeV , Try =~
1.9 x 109 GeV , k, = 0.002 Mpc™!) we obtain

Qh® ~ 4.4 x10% 32 ~0.12, for y,~14x107', (6.11)

from which we also find that m, = y, vg ~ 4.3 X 10 GeV. In Fig. 5 we plot my against
Tru, where we have varied g from the benchmark point value 5.69 x 10% (with all the
other input parameters fixed to the benchmark point values). The interval of Sg is chosen
such that N, varies between 50 and 60, where Try = 6.8 x 10> GeV at N, = 50 and
Tru = 4.1 x 10'6 GeV at N, = 60. The reheating temperature Try changes considerably
as N, changes. This can be understood using the fact that N = (1/3)InTri + . . ., as one
can see from Eq. (5.4) together with Eqgs. (5.2) and (5.3). Accordingly, m, (and also y,)
varies quite a lot. The black dotted line is the lower bound on Tryg for a viable thermal
leptogenesis with my 2 107 GeV [124].
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Figure 5. Dark matter mass m, against reheating temperature Tru. We have varied Bs around the
value 5.69 x 10? of benchmark point 2 (see table 1), while all the other input parameters are fixed to the
benchmark point values. The result is found to be quite insensitive against the change of these parameters.
The black dotted line shows the lower bound on Try for a viable thermal leptogenesis with my = 2 X 107
GeV [124].
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Figure 6. Neutrino contributions to the Higgs mass term (left) and Higgs portal coupling (right).

7 Neutrino option

Heavy right-handed neutrinos introduce important corrections to the Higgs mass term,
—u%, HTH, due to the diagram shown in Fig. 6 (left). The finite term of this contribution,
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which, in general, depends on the renormalization scale, is given by [66—69]

2,,2
yumN

Ap?| ~

(7.1)

The neutrino option, as presented in [70], assumes that (7.1) is the dominant contribution
for the Higgs mass term, i.e. Au? ~ p% ~ 2(125GeV)?. Requiring at the same time that
the light SM neutrino masses are generated via a type-I seesaw mechanism [71-74], i.e.
my, ~ ygvfb/mN ~ 0.1 eV with v, = 246 GeV, we find that my is of order 107 GeV and v,
is of order 10~ [70](see also Refs. [125, 126]). In Refs. [75, 127, 128] the original model of
Ref. [70] has been embedded into a classically scale invariant theory. In the scale invariant
extension, A,u%{ = 0 before spontaneous scale symmetry breaking while radiative correction
to the dimensionless coupling Agrg exist, mainly due to the diagram shown in Fig. 6 (right).
Consequently, for the neutrino option to work, we must assume that the one-loop correction
proportional to ygy%/[ /1672 is the main origin of Agg. After the spontaneous breaking of
scale symmetry we then obtain A,ulzq ~ ygy?\/lv% /472, In the present model of a unified
origin of energy scales, the origin of my is the therefore the same as for Mpy:

my = Yypmvs = yMMPI (ﬁs + 2U(1)(’U5’)/’U§v)_1/2 s (72)

where the analytic expression for 2U(y)(vg) is given in Eq. (3.11). Since Bg > 2U(1)(Us)/1j?g
is satisfied in the parameter space we consider, we find

1/2 1/2
my By ~10 Bs
~—=2_~10 — . 7.3
yM Mp; . (103 ( )

As already mentioned in the introduction, the smallness of y, is technically natural in the
sense of 't Hooft 76|, because U(1)p_r, is restored as yas and yn, go to zero (recall that
in the previous section when discussing dark matter, we argued that yy, < 1078).

At last we would like to emphasize that leptogenesis [129, 130], i.e. the generation
of the baryon asymmetry of the Universe works successfully within the frame work of the
neutrino option [131, 132]. If we assume that the right-handed neutrinos NV can be reheated
only through the contact with the SM particles,'? the bound Try 2 2 x 10° GeV must be
satisfied in order to realize thermal leptogenesis with my 2 2 x 107 GeV [124]. This lower
bound on Try is shown in Fig. 5 (black dotted line). For the three benchmark points in
table 1, we find that thermal leptogenesis works under our assumptions only if N, & 54.

8 Conclusions

We have investigated a framework for unifying the origin of the fundamental energy scales
in Nature, namely the Planck and electroweak scales, utilizing a classically scale invariant
model. The energy scales span several orders of magnitude and relate physical scales which
are typically treated independent of each other. The pivotal guiding principle of this work
is classical scale invariance for which there are manifold motivations.

12The direct reheating is very small because the coupling yas of N to S is very small as seen from Eq. (7.3).
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The starting point is the formulation of our model in the Jordan frame, consistent
with gauge symmetries, global scale invariance, and general diffeomorphism invariance. To
achieve the Coleman-Weinberg-type breaking of scale invariance, the SM is extended by
two additional scalars with negligible couplings to the Higgs boson (and thus also to the
SM). The study of the radiatively generated minimum is carried out by resorting to the
Gildener-Weinberg approach which is based on the existence of a flat direction along which
1-loop quantum fluctuations induce a finite VEV vg for the scalar S while the second scalar
o can subsequently be integrated out due to its high mass. The VEV wvg breaks scale
invariance spontaneously which gives rise to both the Planck scale Mp; ~ B}q/ 21)5, as well as
to right-handed neutrino masses my = ypvg. The latter radiatively generates the Higgs
mass term, which in turn, triggers electroweak symmetry breaking while simultaneously
generating the light neutrino masses via the type-I seesaw mechanism; a scenario dubbed
the “neutrino option”. For this process to work, we require right-handed neutrino masses of
order my ~ 107 GeV, which can be obtained if the Yukawa coupling to the scalar S is of
the order ya; ~ 10~(9=10) — 5 “smallness” that is technically natural. In addition, the Higgs
portal Apyg must be tuned to a small value in order to avoid generating a large Higgs mass
term directly from vg. This fine-tuning is not technically natural but we have argued that
it is not spoiled by quantum corrections if y,s is small enough.

Once a finite scale has been generated, one can perform a Weyl rescaling of the metric
to transform to the Einstein frame. In this frame, the gravity sector is described by the
sum of the Einstein-Hilbert action and non-minimal coupling interactions which are trans-
mitted to an involved scalar potential that we use to realize cosmic inflation consistent with
observational data. Including the globally scale invariant R?-term effectively yields a new
scalar degree of freedom, the scalaron, yielding a two-field scalar potential in the Einstein
frame. A general feature of this potential, related to the absence of an explicit mass scale,
is the existence of a flat valley structure in field space along which the slow-roll conditions
of inflation are satisfied. Assuming that the inflationary slow-roll trajectory is confined to
this valley (which is justified by a detailed analysis presented in appendix A), we have used
an effective one-field inflaton potential to simplify the study of inflation and predict CMB
observables. We have performed a parameter scan resulting in values of the scalar spectral
index in the range 0.964 < ns < 0.975 and tensor-to-scalar ratio r < 0.08, see Fig. 2. The
inflaton potential considered here is, therefore, consistent with the tightest observational
constraints of the Planck collaboration.

Devoid of an explicit reheating mechanism, we can, given the curvature of the potential
around the minimum and assuming the number of e-folds between horizon crossing of the
pivot scale to the end of inflation to be in the range 50 < N. < 60, estimate a bound
on the reheating temperature. Given these bounds, we also estimate the production of
particle dark matter during reheating. To this end, we include an additional set of right-
handed Zs-odd Majorana neutrinos y that do not participate in the neutrino option. The
dominant production process is identified as the direct decay of the inflaton S — xx, and
the correct relic abundance is obtained for a dark matter mass ranging from 10* — 108 GeV,
which is in turn directly related to the reheating temperature Ty, which varies between
103 — 10'7 GeV, see Fig. 5.
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Our discussion may be extended in the following directions: (i) The scale anomaly,
which is responsible for the spontaneous symmetry breaking of scale invariance, also gen-
erates a finite zero-point energy that is much larger than the observed cosmological con-
stant. We set aside this problem in this work, arguing that the cosmological constant
might be matched by other sectors. Eventually, a model should be formulated in which the
scale anomalies from different sectors are matched explicitly. (ii) To derive the Coleman-
Weinberg potential, we only considered 1-loop fluctuations due to the matter sector. A next
step would be to also include gravitational 1-loop corrections to the scalar potential (see, e.g.
Ref. [14]), and account for any changes brought on by the inclusion of a non-zero frame dis-
criminant after transforming to the Einstein frame [102]. (iii) As our construction is based
on scale invariance, the Weyl tensor squared term should not be omitted in a complete
model. We have assumed this term to be negligible to study inflation, while it is generally
known that this term is problematic because it gives rise to a spin-2 ghost. This issue might
be remedied, for instance, by using the recently introduced fakeon-prescription [49], where
the effect on inflation is investigated in Ref. [133]. See also [50-53] and the discussion in
footnote 1. (iv) Furthermore, we have assumed throughout that the breaking of the global
scale symmetry and the global dark-matter-stabilizing Zs symmetry by non-perturbative
effects in quantum gravity [134, 135] (see also [136] for an investigation based on AdS/CFT
correspondence) is negligibly small. Indeed, a non-negligible breaking of scale invariance,
for example a mass term A2S? in the effective potential (3.4), would considerably change
our predictions of inflationary parameters. It will be a challenging future task to estimate
such quantum effects in a classically scale invariant model like ours.'® Ultimately, hence,
one would like to extend our framework and promote scale invariance to a local symmetry
which would not be susceptible to breaking by quantum gravity effects and explore the
alterations of predictions as compared to the present study. (v) Finally, this work could be
extended by a full two-field study of inflation and its effect on primordial non-Gaussianities
(see, e.g. Ref. [112]). These additional topics aside, we hope that the work presented here
may propagate new ideas for dynamical generation of all scales in Nature and, in particular,
for the interplay of scale generation and cosmic inflation.

A Discussion on the valley approximation

In this appendix we return to the task of determining the valley contour of the effective po-
tential in the two-dimensional field space. In particular, we compare two different methods
for obtaining the valley contour numerically for different parameters of the model. This
corroborates the discussion in section 4.2 and justifies the method used in section 4.4. The
method used so far is based on searching for minima in the ¢-direction, yielding the con-
tour C (4.11). Alternatively, one can compute the minima along the S direction to define
the contour €’ (4.18). In the latter case we have to solve for S(¢) numerically by finding

BHowever, note that neglecting effects of a potential breaking of the global scale symmetry seem well-
justified given the presence of the conformal anomaly, which gives small contributions to the gravitational
field equations that lead to the absence of the problematic wormhole solutions to the gravitational equations
of motion as demonstrated in [135].
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the minimum for each value of ¢ in the S-direction. To this end we fit to a seventh or-
der polynomial and yielding the one-dimensional inflationary potential parameterized by
the scalaron ¢. Thus, the inflaton field is identified with ¢ and the slow-roll parameters
and number of e-folds are defined accordingly (cf. Egs. (4.20) - (4.22)). To exemplify
the two mentioned methods above, we show contour plots of the two-dimensional potential
including the contours specifying the two valley approximations in Fig. 7 - 9 for the three
benchmark points defined in table 1 (see also Fig. 10).
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Figure 7. Scalar potential for benchmark point 1 defined in table 1. The two contours defined in

Egs. (4.11) and (4.18) are shown on top of the contour plot of V (S, ) (4.9) (right) and the corresponding
1d inflaton potentials (left).

On the left hand side of these figures we show the one-dimensional inflationary poten-
tials which correspond to the contours C and C’. In the case of C, the free variable of the
potential is S, while in the case of C’ the variable is ¢. Alternatively, we could, for example,
invert S(¢) = S to make both one-dimensional potentials dependent on S and then directly
compare them. However, as the inflation predictions are computed with Vine(S)(Vint(¢))
for contour C(C’) we have chosen to plot parameterizations as given. Comparing the three
contour plots shows that for lower value of v the valley extends more in the S-direction,
indicating that contour C is the better choice. However, both methods give very similar
results (see e.g. Fig. 9) and approximate the valley contour well. For even lower values for v
than in benchmark point 3, we run into numerical problems using the contour C’; indicating
that the lowest value where we can test both contours is v ~ 107. The two contours deviate
more from each other as the parameter v grows large. For large « the inflation field becomes
better identified with the scalaron ¢ and the valley points more in that direction. Here the
two contours start to deviate and contour C’ is expected to be the better approximation.
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A more quantitative comparison indeed shows that the difference of the two contours
at large ~y leads to different predictions for the CMB observables. Fig. 10 shows how the
experimental constraint on A, is satisfied for different pairs of v and Sg when comparing
both methods. Note that this results in different relations between v and (g for both
methods which are used in the following. We use the relations in Fig. 11 to show the
effect on predictions for ns and r separately, and with varying . The figures show that
it is mostly the ng predictions at large v which vary with the contour. The deviation is
relatively small, which justifies the use of contour C for the larger parameter scan in section
4.4.
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Figure 10. The lines indicate the parameter combinations of v and 8s for which the scalar power spectrum
amplitude A, prediction is fixed to the Planck constraint (4.24) for the two inflationary contours defined in

Egs. (4.11) and (4.18). For all points we have fixed 8- = 1 and As = 0.005. The three benchmark points
defined in table 1 and displayed in Fig. 7 - 9 are marked.
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Figure 11. Inflation parameters computed along the two contours C and C’: Tensor-to-scalar ratio r (left)
and scalar spectral index ns (right). Note that the relation between v and Bs is different for contours C
and C’, which can be understood from Fig. 10.
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