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Classically scale-invariant (and perturbative) theories provide a way to understand large hierarchies, as
scales are generated through dimensional transmutation. They always lead to first-order phase transitions,
since symmetries are radiatively broken, and they generically feature quasiflat potentials, which are suitable
for inflation. We construct a simple but fully realistic model of this kind that accounts for all observational
evidence of new physics and is remarkably compatible with the most recent constraints on inflationary
observables from both the Planck/BICEP/Keck and the Atacama Cosmology Telescope Collaborations.
This model illustrates how classical scale invariance generically leads to a nonstandard cosmology in which
inflation occurs in two stages: a slow-roll stage and a thermal stage, separated by a radiation-dominated era.
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I. INTRODUCTION

Cosmology offers the possibility of testing particle-
physics theories at energies much higher than those
accessible at particle accelerators. A classic example is
inflation, which can involve energies a few orders of
magnitude below the Planck scale. Moreover, after infla-
tion, a period of radiation dominance takes place and the
high temperatures reached during such an epoch can restore
symmetries that are broken at zero temperature [1]. When
the temperature 7" drops to a sufficiently low value, phase
transitions (PTs) can occur, and those symmetries are
broken again. Both inflation and PTs, if first order and
sufficiently strong, can lead to observable consequences.
They leave observable imprints in the cosmic microwave
background (CMB) and can produce gravitational waves
(GWs) that can be tested with current and/or future GW
detectors [2].

The Standard Model (SM) of particle physics is known to
be incomplete due to well-established phenomena such as
neutrino oscillations, dark matter, and the baryon asymme-
try. A significant portion of these phenomena has a cosmo-
logical origin. It is therefore natural to use cosmological data
to test SM extensions that address these observational issues.

Furthermore, the SM does not offer any explanation of
the huge hierarchy between the Planck and the Fermi
scales. SM extensions with no (fundamental) scales, also
known as classically scale invariant (CSI) theories provide
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an explanation [3.,4]. In these theories, mass scales are
generated through dimensional transmutation: the electro-
weak (EW) symmetry is broken radiatively (through
quantum corrections) because mass scales are not present
in the classical theory. In the general radiative-symmetry-
breaking (RSB) scenario, there must exist a flat direction of
the effective potential at some RG scale value i and a
quartic coupling must then vanish at i [3,5-7]. The flat
direction is parametrized by a real scalar, which we call y.
Dimensional transmutation can lead to exponentially large
hierarchies. This is because the renormalization group (RG)
running of a generic dimensionless coupling « is logarith-
mic in the RG (energy) scale y. So order-one variations of k
correspond to exponentially large variations of u. This is
why physicists do not consider the large hierarchy between
the scale below which quarks are confined into hadrons and
the Planck mass to be puzzling; rather, it is seen as a natural
feature.

While dimensional transmutation has the potential to
explain large hierarchies, it should be kept in mind that this
mechanism does not automatically satisfies 't Hooft’s
principle of naturalness [8] (the fact that a parameter is
naturally small when taking it to zero leads to an enhanced
symmetry). According to this definition, a naturally small
parameter remains small when one takes into account
quantum corrections coming from states heavier than the
largest energy consistently described by the model (the
cutoff). In order to satisfy such naturalness criterion, a
model with dimensional transmutation should be
embedded in a theory where the smallness of the parameter
under study (e.g., the ratio between the Planck and the
Fermi scales) is protected by a symmetry.

The goal of this paper is to identify and investigate a
simple yet realistic CSI model. By “realistic,” we mean a
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model that is consistent with all experiments and obser-
vations, including those performed at colliders, the above-
mentioned evidence of new physics and all available
information on inflation.

We do not attempt here to embed this realistic CSI model
into a more complete theory where 't Hooft naturalness is
satisfied and large quantum corrections from the heavier
states responsible for the UV completion of all interactions
(gravity included) are avoided through extra symmetries.

It is also appropriate to mention that in our work scale
invariance is a global symmetry. Constructions where scale
symmetry is gauged, such as [9], have redundant degrees of
freedom that can be eliminated through a gauge fixing.

In Refs. [10,11], the Atacama Cosmology Telescope
(ACT) Collaboration provided the most recent determina-
tions of several inflationary observables. One of the most
evident differences with respect to the previous values given
by the Planck and BICEP/Keck (BK18) Collaborations
[12,13] is a higher favored value for the spectral index
of scalar perturbations: when the new ACT observations are
combined with Planck and baryon acoustic oscillation data
from the Dark Energy Spectroscopic Instrument (DESI) [14]
(this combination is denoted here Planck-ACT-LB) Ref. [10]
finds n, = 0.9743 £ 0.0034.

If one requires perturbativity, CSI theories predict a
nearly flat potential density for y, as long as a sizable CSI
nonminimal coupling between y and the Ricci scalar is
present [15—17]. This feature can accommodate the most
recent ACT values [18-20]. Furthermore, in the CSI
scenario RSB is always associated with strong first-order
PTs [6,21]. Evidence of first-order PTs in the form of GW's
would provide further evidence of new physics (as the SM
does not predict this type of transition in cosmological
settings) and constitute an intriguing indication that the
SM extension we are seeking is CSI. First-order PTs in the
CSI scenario can also lead to primordial black holes
(PBHs) [22-28]

The paper is organized as follows. In Sec. II, one of the
most economical, if not the most economical model, with
all the above-mentioned properties is identified. In Sec. 111,
we demonstrate that this model is compatible with the most
recent inflationary observations. In Sec. IV, we show that,
after an initial period of slow-roll inflation and the
subsequent reheating and radiation dominance, another
inflationary period occurs because of the first-order PT
associated with EW symmetry breaking. The conclusions
are in Sec. V.

II. BUILDING THE MODEL

One of the most economical ways to account for neutrino
oscillations, dark matter, and baryon asymmetry is to add
three right-handed neutrinos featuring Majorana masses
much below the EW scale (see, e.g., [29,30]). We thus
introduce such neutrinos N; (with i =1, 2, 3).

Moreover, an extra scalar beyond the Higgs field is
needed here because, as well-known, identifying the Higgs
field with y would lead to a Higgs mass significantly
smaller than the observed value. We thus introduce a scalar
A. We take it with a nonvanishing lepton number to reduce
the number of independent terms in the action and thus
simplify the model.

The corresponding Majorana mass terms can then be
promoted to scale-invariant Yukawa interactions,

1
S VAN, + He., (1)

where the y;; are the corresponding Yukawa couplings.

The symmetries of the theory also allow for a portal
interaction between the Higgs doublet  and A of the form
Aan|A*|H[?. This interaction and (1) are responsible,
respectively, for the radiative breaking of the lepton
symmetry and the EW symmetry when A acquires a
vacuum expectation value (VEV). This VEV has to be
at a sufficiently high mass scale and the portal coupling 4,
should be sufficiently small to fulfil the experimental
bounds and generate the observed value of the EW scale.
A value of 1,, a few orders of magnitude below 1 is
sufficient to this purpose. In this limit, the flat direction
should be, at least approximately, along |A| and the quartic
coupling 4, that vanishes should be, at least approximately,
the quartic coupling 4, of |A|.

With only A and the N; as beyond-the-SM fields, the
effective coupling of y to the other fields is too small for the
bubbles not to be diluted by the expansion of the Universe,
at least if gravity is neglected in the nucleation process [24].
Taking into account gravity, on the other hand, one could
avoid this problem but, as we will discuss in Sec. IV, a
number of inflationary e-folds N, some tens larger than 60
is obtained (see, e.g., [31,32] for an upper limit on N,).

This inconvenient feature can be entirely avoided by
gauging the Abelian U(1) symmetry acting on A. As well
known, in order to avoid gauge anomalies, such new gauge
symmetry must correspond to B—L. So we call it
U(1)g_;. Therefore, all leptons (including the N;), all
quarks and A are charged under U(1)g_;. Choosing the
gauge coupling ¢| of U(1),_, sizable, the bubbles are
eventually not diluted by the expansion of the Universe
even if gravity is neglected in the nucleation process [24].
We will take such a value of ¢} in this paper in a way that
the effective coupling of y is dominated by ¢/.

The matter Lagrangian is given by [33]

= 1
gmatter = [sli/[ + DﬂATDﬂA + NJIDN] — ZBI/“'B/W/
1
+ (YijLiHNj + S YijAN;N; + H.C.>

2
_la|A|4+Aah|A|2|H 2’ (2)
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where .23}, represents the classically scale-invariant SM
Lagrangian with gauged B — L and the L; are the three
families of SM lepton doublets. Here, D, is the covariant
derivative with respect to the full gauge group
SUB)exSUR), x U(l)y x U(1)p_y,

D, =0, + igsT°G% + ig, T*W¢ + igy VB,
+ilgnY + 91(B - L)]B,, 3)

which involve the gluons G, the triplet of W bosons W as
well as the gauge fields B, and B, of U(1)y and U(1)p_,
(as usual B, = 9,B, — d,B,) together with the respective
generators 7%, 7% Y,B—L and gauge couplings
93. 92. gy. ¢, Here, g,, corresponds to the Abelian mixing
between U(1), and U(1),_,. This CSI matter Lagrangian
has been previously considered in Refs. [24,34], but
without accounting for the observational signals of new
physics and inflation at the same time.

Including the dynamics of gravity, the Lagrangian of the
model is given by

Lr )R- Ao, (4)

L = gmalter - 2

where
f(¢) EM%+2§a|A|2+2§h|H|2’ (5)

includes the nonminimal couplings between the scalars ¢ and
the Ricci scalar R [35]. In the presence of gravity, the action is

S = [d*x\/|det§|.Z, where det § is the determinant of the
spacetime metric. The nonminimal couplings &, and &,
respect classical scale invariance. In this work, we add the
standard Einstein-Hilbert term with the reduced Planck mass
M p and a cosmological constant term A, which explicitly
break classical scale invariance. However, it is possible to
introduce another sector of the theory that can also generate
Mp and A, radiatively [36-41]. The specific choice and
analysis of such a sector is beyond the scope of this paper and
is left for future work. It is always possible to choose the
typical energy scales of this sector large enough that the
results discussed in this paper are valid. In this context, it may
be possible to remove, or dynamically generate, another
hidden fundamental mass scale (the cutoff) that appears even
at the classical level [38,42—-46], a necessary step to obtain a
fully CSI theory. Here, we do not attempt to achieve this
ambitious goal and to give an explanation of the observed
value of the cosmological constant.

The one-loop quantum effective potential renormalized
at ji and along the flat direction has the well-known
Coleman-Weinberg form [3,5],

V) = ’g <logf0 - %)){4, (6)

where f3 is the beta function of the quartic coupling that
vanishes at ji (see the Appendix for the relevant one-loop
beta functions in this model). In our setup,

647
4r)?

Nel
N

fr > 0. (7)

—~

Also, y is the VEV of y.

Since yo # 0 breaks U(1)g_, the spin-1 particle Z’
associated with U(1)g_, acquires a mass my = my (y),
where

myz(x) = 2g\x, (8)

is the background-dependent mass (we take ¢; > 0). Also

the fluctuation field y — y, acquires a mass m, = \/E)(o- If
Aan # 0, this RSB also induces EW symmetry breaking.

The expression in (6) is the universal form of the one-
loop quantum effective potential. However, the relation
between y, and /i is renormalization-scheme dependent: the
definition of renormalized couplings is given in some
renormalization scheme. Let us use the modified minimal
subtraction (MS) scheme. A simple relation between y, and
ft can be found noting that the largest contribution to V, in
our setup is given by the U(1)z_, gauge vector so in the
MS scheme, we get

3 m2,(x)\ 5
Vq(;()zmm‘é,(;() [Iog< 22 ) _E] 9)
Equation (8) then leads to

1/6
0 24, Y on 1

1/6 ~

my =~ e/,

The quantum corrections to the derivative part of the
effective action can be neglected for our purposes: essen-
tially, we will use the effective potential during inflation
and to study the FOPT. During inflation, the temperature is
absent, and the quantum corrections to the derivative part
are suppressed as usual by loop factors, ~1/(4x)?. In the
FOPT, supercooling guarantees that those quantum cor-
rections are small even if 7 # 0 [6].

III. INFLATION

The action can be simplified by performing a Weyl
transformation (sometimes called “conformal transforma-
tion”) of the metric,

M2
g;w - Tpgpw' (10)
The resulting field variables constitute what is known as the
Einstein frame, while the original field variables form the
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Jordan frame. After this Weyl transformation, the scalar-
tensor part of the Lagrangian is given by

0P 30,0O) _ Mp

L = M3
st Ploaf 412 2

(11)

where U = M4V /f? and V is the effective potential in the
Jordan frame.

Here, we explore the possibility that inflation is driven
by y. In general, two scalars, A and H, can take part in
inflation. However, by setting &, negative and large
enough, it is possible to render H inactive during inflation
and the metastability of EW vacuum [47] harmless at the
same time [48] (see also Refs. [49,50]). The phase of A, on
the other hand, provides the longitudinal component of Z’
as yo # 0 and U(1),_, is spontaneously broken. In this
setup, f = M?% + &y?, for an appropriately defined cou-
pling &, and V coincides with V, in (6). Moreover, we can
introduce a canonically normalized scalar y; (which is a
function of y).

In the slow-roll approximation, we can use well-known
expressions to compute the number of e-folds N during
inflation, ng, the tensor-to-scalar ratio r and the curvature
power spectrum Pp (at horizon exit). Imposing the
observed value of Py (we use (2.10 £ 0.03) x 10~ given
in [12]) one obtains f as a function of &.

Figures 1-3 show, respectively, U(yg) and the predic-
tions of the model for n, and r for some benchmark points
and N = 50, 60. We checked that the slow-roll approxi-
mation used is valid. Our results provide a realization of the
inflationary results of [18] within a concrete and realistic
model. In Figs. 2-3, we also show the constraints of the
ACT Collaboration [11] and the Planck and BKIS
Collaborations [13]. As explained above, our setup effec-
tively leads to a single-field inflationary model, which
satisfies the assumptions of Refs. [11,13]. The spectrum of
primordial fluctuations is almost, but not quite, scale
invariant;  nonadiabatic ~ perturbations and  non-
Gaussianities are negligibly small.

One interesting feature of the predictions in Figs. 2-3 is
the presence of a minimal value of r, which is within the
reach of future CMB observations, such as those of
LiteBIRD [51] and CMB-S4 [52]. This minimal value
depends very weakly on y, for our benchmark points (given
in the caption of Fig. 1). For reasons that will be clear in
Sec. 1V, taking y, much below the minimal one in the
benchmark points would lead to a scalar y — y with a mass
m,, too small and a coupling 4, too large to be phenom-
enologically viable. On the other hand, taking y, much
above the maximal one in the benchmark points, would
lead to extremely tiny values of 4,,, which we want to
avoid. As a result, in the region of parameter space we are
interested in, the minimal value of r is very close to that in
Figs. 2-3.

xe/Mp

0.0 I I ] I I 1 1

0 1 2 3 4 5 6 7 8
XE / ]\/[ P
FIG. 1. Einstein-frame potential. The stars correspond to the field

values N e-folds before the end of inflation and the following
benchmark points are considered: (i) blue (f ~ 0.0028,
70~ 9.7x 10° GeV), (ii) orange (B~ 0.0032, v, ~ 2.8 x
10* GeV), (iii) green (5 ~ 0.0036, y, ~ 8.3 x 10* GeV), (iv) pink
(f~0.0038, yo~2.4x10° GeV), (v) vyellow (f~ 0.0040,
2o = 1.1 x 10° GeV).

The benchmark points are chosen in a way that § [and
thus ¢}, cf., Eq. (7)] is not too small because of the reasons
discussed in Sec. II. We will explain in more detail the
motivations for this setup in Sec. IV. Now we can note,
looking at Figs. 2-3, that these benchmark points corre-
spond to a rather large value of & (of order 10*). In the
context of Higgs inflation [53,54], such a large value of &
leads to a breaking of perturbative unitarity in flat space-
time at the energy scale Mp /& [S5-59] when the inflaton is
at the point of minimum of the potential, which is much
smaller than Mp/&. However, as pointed out in [60], the
cutoff of the theory is significantly larger than M p/& when
the inflaton is much larger than Mp/&, which is the case
during inflation, such that a value of £ of order 10% is still
within the regime of validity of the effective theory.
Although in our case, the inflaton potential is different
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0.05 T
Planck TT, {TE, EE + lowE + lensing + BK18 +BAO
0.04F Planck-ACTLB-BK18
0.03
r
0.02
0.01F N =50
! L
0.950  0.955 0.970  0.975 0.980 0.985 0.
s
T T T T Ty
10-!
10-2
_ 1078
ﬁ 107
10tk 10-°
: 1011
10718
I
r

1072

1072 10° 10? 10*

3

FIG. 2. Predictions of the model for n; and r together with the
bounds from [12,13] (in gray) and the more recent ones from
[10,11]. The dot corresponds to the benchmark point given in the
caption of Fig. 1 with the same color. The other points on the line
are obtained by taking different values of S (and thus, of &) as
indicated in the inset, but keeping the same value of y.
Here, N = 50.

than in Higgs inflation, we have checked that the same
conclusion holds in our model too.

It is important to note that N here is the number of e-folds
during slow-roll inflation, but it is not the full number of
inflationary e-folds N, because a period of thermal inflation
is predicted by the present model after a radiation-dominated
era, which follows the initial (slow-roll) inflation, as we will
discuss in Sec. IV.

IV. REHEATING AND THERMAL INFLATION

Just after the initial phase of inflation we have described
in Sec. III, reheating takes place. If the portal coupling 4,
is not extremely small the reheating temperature T, is
much above y,. This occurs because y has a nonvanishing
(although small) component along H.

0.05 p—r——r——"— 77T T
Planck TT, TE, EE + lowE + lensing + BK18 +BAO
0.04F Planck-ACT-LB-BK18
0.03F
T
0.02F
0.01f N =60
I I A
0.950 0.955 0.960 0.965 0.975 0.980 0.985 0.9
U 1 1 U nd - -
107!
1073
1072
ﬂ 1077
1071 10-*
10-1
10-1
B T T T
r
1072

1072 10° 10% 10*

4

FIG. 3. The same as in Fig. 2 but for N = 60.

To illustrate this point note that in any gauge the classical
scalar potential in the Jordan frame is

1 1 1
Vcl(h’ a) = Zﬂaa4 -+ Z}'hhét - Z/lah/ﬂaz, (12)

where 4, is the Higgs quartic coupling. We have decom-
posed H and A into real scalar fields h, z;, a, and 7,

H=el 0 4 i 3
— el7iTi , A= el”a’ 1
() Vi "

V2

where the 7; are the three Pauli matrices, such that in any
gauge the potential involves only two real gauge-invariant
fields, 4 and a. One can express them in terms of y and the
(observed) Higgs field H,

a=ycosa— Hsina,
{n (14)

h =ysina+ Hcosa,

where the mixing angle «a is defined by
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Aan
= 15

tana =

So Ay, # 0 ensures that y has a nonvanishing component
along h. This leads to a portal between the inflationary
and the SM sectors, which allows EW RSB and
reheating.

To show that T, is much above y, for some viable values
of 1., note that after inflation ends the inflaton performs
large oscillations around the point of minimum of the
potential. In particular, there are regions of the potential
where the effective inflaton mass,

U (@)i((‘l)w> (16)

dyy \dy) dy\\dy dy

is much larger than the EW scale. We call M2 the maximal
value of the effective inflaton mass with respect to y, which
is assumed for some value, y..c,» of ¥. When the inflaton
performs these large oscillations, it decays into SM
particles and reheats the Universe up to

2 g2 \ 1/4
Ty~ <453FX¢> , (17)
dr g*(Trh)
where the fast-reheating approximation is used. Here, I, , is
the total decay width of y; and g¢.(7) is the effective
number of relativistic species at temperature 7. One of the
main decay channels is that into a top-antitop pair, with
decay width,

dy\?  3y’sin’a
I', ..~ |- M, 18

xe—tt ( d)(E)XXmaX 167 eff ( )
where y, is the top Yukawa coupling. For the benchmark
points given in the caption of Fig. 1, which are represen-
tative of the setup adopted in this work, this channel alone
reheats the Universe up to a temperature at least of
order 10'° GeV > y,.

A precise calculation of 7'y, is an interesting target for
future research. However, it is not needed here: all we will
need to know regarding 7', in the rest of the paper is that
Ty > yo and, therefore, T, significantly exceeds the
critical temperature above which RSB does not occur.

As a result, after reheating, y is trapped in the symmetry
preserving vacuum, y = 0. When the temperature becomes
small enough, the Universe undergoes a phase of thermal
inflation with Hubble rate,

21,2
H, = \/B)(o .
4v/3Mp

We note that this thermal inflation is realized with a
potential similar to that used in warm inflation in [61].

(19)

We leave for future work to establish whether during such
thermal inflation a significant amount of particles are
produced too. Understanding this point is interesting, but
not essential for this work.

During thermal inflation 7 decreases exponentially
(supercooling) and the effective potential increasingly
resembles the zero-temperature one, Eq. (6), except for
a barrier that obstructs the decay of the false vacuum
x = 0 and is always present as long as T # 0 [6]. Note
that supercooling guarantees that higher-loop correc-
tions are suppressed by loop factors of the same order
as the zero-temperature ones, ~1/(4x)? [6]. Therefore,
the relative uncertainties due to neglecting higher-loop
corrections is of order 1/(4x)% Note also that, using the
gauge-invariant scalar fields & and a defined in
Eq. (13), the corresponding thermal effective action
for y is gauge independent because the effective action
inherits the linear symmetries of the action [62], and y
is gauge independent; see Eq. (14). The bubbles of the
true vacuum are diluted by the expansion of the
Universe as long as the decay rate per unit of volume,
Iy, is much smaller than H%. When T is small enough
the condition,

I, ~ Hf, (20)
might be realized and the PT starts being effective. The
value of T such that Eq. (20) is satisfied (if any) is
called nucleation temperature, 7,.

If there is a solution of Eq. (20) for T,, the Universe
undergoes a nearly exponential expansion from roughly the
time when the radiation energy density equals the vacuum
energy density with temperature,

s (1B \V
4 \87%g. (T,
T g*( eq)

and the nucleation time with temperature 7,. The corre-
sponding number of e-folds can then be estimated as

T
N[zlog<%>.

There are two possible situations. Either the space-
time curvature is irrelevant in the vacuum decay process
or not. The former (latter) case occurs when T, is (not)
much larger than the typical curvature scales. More
precisely, the spacetime curvature remains negligible as
long as the characteristic size R; of the bounce is much
smaller than the linear size n/H, of the Euclidean de
Sitter spacetime and also the effective mass of y
receives a negligible contribution from the nonminimal
coupling &. In general, R, ~ 1/m, where m = gT /12
and g plays the role of a “collective coupling” of y with
all fields of the theory [6,24]: in our setup, g~ 2\/§g’1.

(21)

(22)
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So the condition for the spacetime curvature to be
negligible in the vacuum decay process is

m > max <\/T|§| 1>H,. (23)

,—
T

When the temperature becomes so small that this
condition is not satisfied anymore, one should take into
account the spacetime curvature. If &> 1/(122%) the
spacetime curvature manifests itself just as a negative
correction to the effective squared mass of y, which favors
and eventually always leads to the completion of the
transition even if a solution of Eq. (20) for 7', does not
exist [26]. The number of e-folds N, during thermal
inflation is then approximately given by

N 9T o4
N, =log (12\/51‘1,) . (24)

Setting y, not too many orders of magnitude above the
EW scale (to avoid extremely small values of 1,,) and
avoiding to choose & extremely large, N, turns out to be
quite large, around some tens. Taking £ not much larger
than 1/(127%) leads to an even larger N, because the
right-hand side of (24) is a decreasing function of &.
Setting £ <0 leads to an even larger N, because a
negative ¢ impede the transition. This situation renders
problematic the realization of inflation with an overall
number of inflationary e-folds N, around 60. For this
reason, we restrict the analysis to values of the param-
eters such that the spacetime curvature is irrelevant in the
vacuum decay process.

In this case, we can use the model-independent formulas
of [24], which are valid for large-enough supercooling: the
quantity,

g

= 25
6plog (25)

should be below 10 in order of magnitude for the relevant
temperatures, T~ T .

The results in our setup are summarized in Fig. 4 paying
particular attention to the benchmark points in the caption
of Fig. 1 and Table I, which represent some examples of our
viable setup.

At the scale i where the flat direction occurs, we
imposed the conditions,

ﬂah = 2\/ j‘aﬁh’

where v is the SM VEV. Using (15), these equations allow
us to determine A,, and A, at the scale /i in terms of y,
which are used in Fig. 4. The gauge mixing parameter g,
has been fixed to a negligibly small value at the scale ji.

v = sinay,, (26)

mgz [GeV] )

I

-
b

x1073 b x107t
6

3.1

TG

G

Tg>11

Ty
My

106(&{'----...

Xo =
L
N
>

=2.4
10% 104 10° 108

ii[GeV]

FIG. 4. Values of 1., yo and m,, as functions of m and g} . The

dots represent the benchmark points in the caption of Fig. 1 and in
Table I.

We observe that the smaller y,, is the bigger 4., turns out to
be, as shown in Fig. 4. So extremely small values of 4,;, can
be avoided when the mass and coupling of the new degree
of freedom y required by RSB get closer to the reach of the
Large Hadron Collider. All benchmark points shown in
Fig. 4 are, however, all well within the experimental
bounds.

The GW spectrum and the primordial-black-hole abun-
dance, mass and spin that are predicted by this RSB model
can be extracted from the model-independent results
of [24,63]. For example, considering the benchmark points
in Fig. 4, the predicted GWs can be tested by the future
Laser Interferometer Space Antenna (LISA) [64] and the
fraction of PBH dark matter produced is very small, less
than ~1% for y, ~ 10° GeV.

Reheating after thermal inflation in this model is
guaranteed by the sizable couplings of the inflaton to
the SM particles and produces sterile neutrinos, which can
account for the observed dark matter abundance [65].

We also verified, by employing the renormalization
group equations (RGEs) given in the Appendix, that the
benchmark points in Fig. 4 are not affected by Landau poles
and preserve perturbativity up to the Planck scale. In Fig. 5,

TABLE 1. Approximate values of the nucleation temperature
T, and the number of e-folds N, during thermal inflation for the
benchmark points (BMs) given in the caption of Fig. 1.

BM T, [GeV] N,
Blue 0.35 7
Orange 4.1 6
Green 30 5
Pink 88 5
Yellow 2.4 x 10? 5
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FIG. 5. Running of the couplings. The initial conditions

correspond to the blue benchmark point. All Yukawa couplings
different from y, are so small to be invisible in this plot for
our setup.

we show the running couplings corresponding to the blue
benchmark point. Figures for other benchmark points are
given in the Appendix. One aspect that is perhaps worth
noting is that the smallness of 1, is preserved by the RG
evolution.

V. CONCLUSIONS

We constructed and explored a fully realistic and well-
motivated CSI model that accounts for all evidence of new
physics and is compatible with the most recent constraints
on inflationary observables. Classical scale invariance
offers a way to understand large mass hierarchies and
increases the predictivity of the model as masses are
radiatively generated, they are not independent parameters
(see, e.g., [66]).

CSI perturbative theories suggest a nonstandard cosmol-
ogy in which inflation occurs in two stages, separated by a
radiation-dominated era, as illustrated by our well-
motivated realistic model. Therefore, this model can be
considered a concrete implementation of a “rollercoaster
cosmology” [67].

The two stages consist here of an initial slow-roll
inflation and a thermal inflation associated with the first-
order PT. The presence of thermal inflation is a generic
prediction of CSI theories because RSB is always asso-
ciated with a first-order PT [6,21]. The fact that some
e-folds, N,, are produced by thermal inflation implies that
the inflationary observables (n,, r, Pg, etc.) can be
computed at a correspondingly lower value of e-folds N
before the end of slow-roll inflation.

Given that thermal inflation produces in our setup a
number of e-folds N, somewhat between 5 and 10, cf,,
Table I, Fig. 2 shows that our model is compatible at 1o

level with remarkably both the bounds in [12,13] (Planck
and BKI18 Collaborations) and the more recent ones
in [10,11] (ACT Collaboration) for an acceptable number
of total inflationary e-folds N, between 55 and 60.
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APPENDIX

In this Appendix, we provide the one-loop RGEs of the
model, neglecting the small contributions of the Yukawa
couplings involving SM fermions lighter than the top. We
have derived these RGEs by using the general approach
of [68],

dgi _ g1 41
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where g, = 1/5/3¢y. To simplify the expressions above we

have put, without loss of generality, the Yukawa matrix
with elements y;; in diagonal form with diagonal elements
y; real by means of a unitary transformation acting on the
N;. This is known as the complex Autonne-Takagi fac-
torization; see, e.g., [69].

In Fig. 6, we show the running couplings corresponding
to the orange and yellow benchmark point in Fig. 4,
obtained by solving the RGEs above.
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FIG. 6. Like in Fig. 5 but for the orange (upper plot) and yellow
(lower plot) benchmark points.
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