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ABSTRACT: The general structure of Hybrid Inflation remains a very well-motivated mech-
anism for lower-scale cosmic inflation in the face of improving constraints on the tensor-

“waterfall” field in this mechanism

to-scalar ratio. However, as originally modeled, the
gives rise to a hierarchy problem (n—problem) for the inflaton after demanding standard
effective field theory (EFT) control. We modify the hybrid mechanism and incorporate a
discrete “twin” symmetry, thereby yielding a viable, natural and EFT-controlled model of
non-supersymmetric low-scale inflation, “Twinflation”. Analogously to Twin Higgs models,
the discrete exchange-symmetry with a “twin” sector reduces quadratic sensitivity in the
inflationary potential to ultra-violet physics, at the root of the hierarchy problem. The
observed phase of inflation takes place on a hilltop-like potential but without fine-tuning of
the initial inflaton position in field-space. We also show that all parameters of the model
can take natural values, below any associated EFT-cutoff mass scales and field values,
thus ensuring straightforward theoretical control. We discuss the basic phenomenological
considerations and constraints, as well as possible future directions.
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1 Introduction

Cosmic inflation (see [1] for a review) is an attractive and robust framework for helping
to explain the state of the early universe, resolving issues such as the horizon problem,
the flatness problem, and the origin of primordial fluctuations. It can be implemented
minimally by the slow rolling of a single real scalar field, the inflaton (¢), along its nearly flat
potential (V(¢)). But, this requires the inflaton to be significantly lighter than the Hubble
scale, which gives rise to a hierarchy problem known as the “n—problem” (see e.g. [2]).
Furthermore, the observations so far [3] seem to rule out or strongly constrain some
of the simplest forms of V(¢), originating from straightforward and natural microscopic
models explaining the lightness of the inflaton. They typically predict a large tensor-to-
scalar ratio, » 2 0.01, and hence a high scale of inflation. But, with the non-observation of
primordial tensor fluctuations to date, the data seems to hint towards lower-scale inflation.
The upcoming and near-future proposed experiments like BICEP Array [4], Simons Ob-
servatory [5], CMB-S4 [6], LiteBIRD [7], and PICO [8], will be able to measure 7 > 1073,



corresponding to H > 5 x 10'2GeV. It is therefore interesting to reconsider the struc-
ture of inflationary dynamics, especially keeping the n—problem in mind, to see whether
observable r is a robust prediction or whether extremely small r can be readily achieved.

Indeed, inflation may well take place at a much lower scale than above, i.e. with H <
10" GeV, with unobservably small tensor fluctuation at these near-future experiments,
although, realizing such low-scale inflation with a simple single-field model is typically
fine-tuned. This fine-tuning can come in the form of the potential, the model parameters,
and also the initial conditions (see e.g. [9-13]). On the other hand, multi-field inflation, i.e.
with the field(s) orthogonal to inflaton playing an important dynamical role in (ending)
inflation, can help in the model building for low-scale inflation. The classic example of this
is Hybrid Inflation [14]. Here, the inflaton couples to a “waterfall” field (¢) in such a way
that o has a ¢-dependent mass term. During inflation, the much heavier o is fixed at 0,
while ¢ performs the slow roll. As the inflaton rolls past a critical field value, o becomes
tachyonic and rapidly rolls down to the global minimum of the potential. This fast rolling
along the “waterfall” on the inflationary trajectory ends inflation by releasing the vacuum
energy in the o field. Hybrid inflation exhibits a separation of roles with the space-time
expansion during inflation dominantly driven by vacuum energy in o, and the slow-roll
“clock” provided by ¢, which helps in realizing low-scale inflation as we will review in
section 2. This provides a mechanism generating an effective inflationary trajectory with
an abrupt drop in vacuum energy, which is difficult to realize from a single-field perspective.
However, as we will review in section 2, hybrid inflation needs fine-tuning in the model
parameters to achieve radiative stability and EFT control. We will address this issue in
the present work and build an EFT-controlled and natural low-scale inflationary model.

The primary challenge offered by the hybrid inflation paradigm towards building a
microscopic model is the following: ¢ needs to be a light real scalar, but with sufficiently
strong non-derivative coupling with the heavy o field as required for the waterfall effect.
Even if ¢ is modeled as a pseudo-Nambu Goldstone boson (pNGB) of a global symmetry,
its coupling with o explicitly breaks the symmetry and induces quadratic sensitivity in
the effective inflationary potential to the ultra-violet (UV) physics. Hence, we need some
extra ingredient to achieve naturalness in hybrid inflation. This issue is similar to the
case of the light Higgs boson as required in the Standard Model (SM) in the presence of its
Yukawa and gauge couplings. This, hence, motivates one to apply different particle physics
mechanisms explored in the literature to address the hierarchy problem of the SM Higgs
boson, to the case of hybrid inflation mentioned above. There are various supersymmetric
constructions of hybrid inflation, see e.g. [15-19]. Little Inflaton [20, 21] is also one such
proposal addressing the issue of naturalness in hybrid inflation based on the Little Higgs
mechanism [22]. This makes use of “collective symmetry breaking” to protect the inflaton
potential from the radiative contributions sourced by its coupling with the waterfall field.
See also [23-26] for more proposals aimed at building such a radiatively stable, EFT-
controlled and viable model for hybrid inflation.

Twin Higgs [27] is another mechanism proposed to address the (little) hierarchy prob-
lem of the SM Higgs boson. Here, the light scalar is protected from radiative corrections
sourced by its non-derivative couplings by using a discrete symmetry, with a symmetry-



based cancellation of 1-loop quadratic divergences. Inspired by this, in the present work, we
make use of a Zs-symmetry structure to build a quite simple, natural and EFT-controlled
model of hybrid inflation, which we will call “Twinflation”.! As we will see in section 5,
Twinflation can naturally give rise to a viable model of inflation, with a red tilt in the pri-
mordial scalar fluctuations consistent with the observations [3], and with the inflationary
Hubble scale as low as ~ 107 GeV.

Low-scale inflation and the consequent reheating, apart from explaining the smallness
of yet-unobserved primordial tensor fluctuations, can also be motivated from other particle
physics considerations. For example, if QCD axions or axion-like particles constitute (a
significant fraction of) cold dark matter (CDM) and if Peccei-Quinn (PQ) symmetry is
broken during inflation, low-scale inflation is favored to avoid CDM isocurvature constraints
(see e.g. [3, 29, 30]). Such inflationary scenarios are also often invoked so that heavy,
unwanted relics e.g. monopoles, moduli, gravitino, which might be generated by the UV
physics (see e.g. [31-34]) are diluted away/not reheated.? Furthermore, for sufficiently
low inflationary scales, we can have complementary terrestrial particle physics probes of
inflation and reheating, such as at current and future collider experiments, see e.g. [35-38].

The paper is organized as follows. In section 2, we review the basic mechanism of hybrid
inflation, also reviewing that it requires fine-tuning of parameters to achieve radiative
stability and EFT control, the criteria of which we also explain. In section 3, we present
a simple variant of hybrid inflation with a soft (dimensionful) waterfall coupling, and
show that even this suffers from a similar naturalness problem as before. In section 4,
we describe the effective single-field inflation with the massive waterfall field integrated
out. Here, we also introduce a simplifying notation for the effective inflationary potential
that arises quite generically from hybrid inflation (irrespective of its naturalness) using
which we can estimate the inflationary observables and constrain some model parameters.
In section 5, we construct the Twinflation model, starting with a simple renormalizable
version, analysing its radiative stability and EFT consistency, and then presenting a more
complete version realizing the pNGB structure of the inflaton. In section 6, we discuss a
simple way to address the cosmological domain wall problem related to the spontaneous
breaking of a (simplifying but non-essential) o-parity at the end of inflation, via a small
explicit breaking. We conclude in section 7.

2 Hybrid inflation and naturalness

The basic mechanism of hybrid inflation can be described by the following simple vari-
ant [39] of the original potential in [14]:

1 1 1
V(p,0) = Vins + v(¢) + §M302 + ZAJU‘* - §g¢>202 ... (2.1)

"We thank N. Craig, S. Koren and T. Trott for giving us permission to re-use this name, first used by
them in the different setting of ref. [28].

2We note that it is also possible to avoid reheating heavy relics just by requiring a low reheating
temperature while still having a high-scale inflation.



Here, ¢ is the slowly rolling inflaton and o is the “waterfall” field whose dynamics ends
inflation. Inflation starts at small ¢, with 0 < g¢? < M2, such that the minimum in the
o direction is at ¢ = 0. The ellipsis in eq. (2.1) includes higher-dimensional interaction
terms ensuring global stability of the potential at large field values. A crucial ingredient of
the hybrid inflation mechanism is that during inflation the o-mass is bigger than both the
¢-mass and the Hubble scale. This ensures that ¢ remains localized at ¢ = 0, and does
not play any role until the end of inflation. Therefore, during inflation, i.e. for g¢? < M2,

V(g,0) in eq. (2.1) effectively reduces to

Vert (¢) & Vine + v(9). (2.2)

For |v(¢)| < Viyg, this implies that the detailed dynamics of the inflaton is governed by
v(¢), while the vacuum energy Viys dominantly drives the spacetime expansion. We will
see that the relaxation of Vi,s to zero, as needed at the end of inflation, can be triggered
by ¢ dynamics, rather than purely the single-field rolling of ¢. The crucial separation of
roles between v and V¢ is one of the primary reasons why the waterfall mechanism allows
for consistent low-scale models of inflation.

As inflation progresses, ¢ slowly rolls down its potential v(¢), i.e. towards larger ¢. As
it crosses a critical value ¢, = % (assumed to be smaller than the minimum of v(¢)), the
effective mass-squared for o switches sign. Consequently, the now-tachyonic o rapidly rolls
down to its new minimum. This fast rolling of the waterfall field violates the slow-roll con-
ditions and ends inflation by releasing the inflationary vacuum energy, Vins. The two fields
finally settle into the global minimum which can be characterized by some ¢y, with o, =

2 _Af2
1/ %{‘701\4". Demanding a negligible vacuum energy in the post-inflationary era fixes

2 2
g¢?nin — Mg 1- ?nin ¢z Mé Mg

In the last step above, we have considered that the ellipsis in eq. (2.1) fixes the global
minimum in ¢ only O(1) away from ¢y, i.e. ¢x ~ O(Pmin). This is also so that there is
no tuning required in the initial inflaton field location (see also section 4). As we will see
in section 5.4, all these aspects can be easily realized with ¢ being a pNGB of a global
symmetry and consequently its couplings taking trigonometric forms.

In the original hybrid inflation model [14], v(¢) = —I—%miqbQ along with an opposite
choice of signs in the potential in eq. (2.1) for the M2 and g terms, allowing inflation to
start at large ¢. This convex form of v(¢) in hybrid inflation, however, leads to blue tilt in
the power spectrum of the primordial scalar perturbations (after respecting the constaint
on tensor-to-scalar ratio) which is strongly disfavored by the Planck data [3]. In order to
get the observed red tilted spectrum, we will consider a hilltop-like v(¢) [39] with inflation
happening somewhat near its maximum. In section 4, we will see that no tuning is required
in the initial inflaton field value to achieve this. A simple example of such a potential is

v(p) = —%mw - %& +..., (2.4)

which has a hilltop at ¢ = 0. The ellipsis above refers to sub-dominant higher-dimensional
terms in ¢.



2.1 Naturalness considerations

In high-scale models of inflation, the inflaton field typically traverses super-Planckian field
distances [40], requiring special UV structures to ensure the consistency of the inflationary
effective field theory, e.g. as in [41]. Here, for our lower-scale inflation, we will aim to have
a more straightforward EFT consistency. In particular, we will be aiming to construct a
low-scale model of hybrid inflation where

o all the parameters take natural (or bigger) values,

e all the relevant mass scales and field values are smaller than the respective EFT
cutoff(s),

o the EFT cutoff(s) is (are) sub-Planckian.

In the following, we will examine the naturalness of hybrid inflation, in light of the above
requirements, first for the original model in eq. (2.1) (with a hilltop structure of v(¢)) and
then in section 3 for our simple modification with a soft waterfall coupling.

The non-derivative coupling with the waterfall field in eq. (2.1) badly breaks shift
symmetry of the inflaton and radiatively generates quadratic sensitivity in mi to the UV
cutoff scale® A:

2
2 gA
(5%) ldoop 1672 (2.5)
In order to satisfy naturalness in mi, we require
2 2 2 2 H2
S i < =
(5m¢) 1-loop ™ (m¢)tree ie. A ~ (167T T]> g ’ (26)

32V (9, .
implying that the UV cutoff A cannot be arbitrarily large. Here n = Mgl T/(q(f;(;) < 1lis the

slow-roll parameter during inflation, with (m%)tree ~nH 2. Furthermore, the requirement
that o is not dynamical during inflation, i.e. it being frozen at ¢ = 0, implies its effective
mass should be bigger than the Hubble scale,

M o = M7 — g5 ~ O(1) - g 2 H?, (2.7)

where ¢ denotes a typical inflaton field value during inflation and M g,eff ~ M2 ~ O(1)-g#3.
To satisfy conditions in eq. (2.6) and (2.7), we need

2 A?
—. 2.

Since the observed tilt of the primordial perturbations gives 7 ~ 1072, this demands inflaton
field displacement bigger than the UV scale, i.e.

b0 2 A. (2.9)

3More precisely, A should be thought of as a placeholder for the mass of some heavy field.



However, this is only marginally consistent with our requirements above, and we cannot
take ¢g < A as desired.

Furthermore, even marginally satisfying validity of the EFT, i.e. ¢ ~ A in eq. (2.9),
we need to satisfy M, 3,eff ~ H? in eq. (2.7). However, using eq. (2.3), this then requires the
post-inflationary o-VEV to be ~ M:

M2 H2
(0)post—int. ~ TU ~ Mﬁlﬁ ~ M, (2.10)
o o

which is against our EFT requirements of sub-Planckian field values mentioned earlier. In
. 2 9Pmin—MZ _ M2 (63,
detail, (0%)post—int. = “2F—= = Tz (

implying a slightly sub-Planckian o-VEV. However, this is only marginal, and we would

2
— 1), and hence <O'2>post,inf. < % is possible

have a greater confidence in the EF'T-control if the o-VEV is parametrically lower than M.

Thus, the only way to construct a consistent hybrid inflation model with eq. (2.1),
which is under EFT control, is with fine-tuning in mi, i.e. with fine cancellations between
m;tree and 5m§5717100p. Only at the cost of such a tuning, can we satisfy ¢g < A.

2.2 Allowing for different cutoff scales

Since the quadratic sensitivity of mi at 1-loop comes due to the o field running in the
loop, another solution one may try is allowing for different cutoff scales for ¢ and o, i.e.
Ay and Ag, respectively. This can come about if ¢ and o belong to two different sectors
with different physical scales involved in their UV completions. A familiar but dramatic
example is given by the chiral Lagrangian description of composite pions of QCD, cut off
by the GeV hadronic scale, while light leptons and gauge fields interacting with these pions
have a much higher cutoff.
With a choice
As 2 00 2 Ao, (2.11)

one may evade eq. (2.9) while still ensuring EFT control in the ¢—sector. Now, we examine
if hybrid inflation satisfies naturalness for all couplings, all scales being sub-Planckian and
also smaller than the respective cutoffs, i.e. mgy, p9 S Ay and My, (o) S Ay. The radiative
corrections to mé now are

(5m2) A2 glo)?  HPMp
?)1-100p 1672 ~ 1672 16m2¢2°

(2.12)

M,

where we use A, 2 (o) and (o) ~ fl/§¢>ol following eq. (2.10). Now, we can see that 1-loop

naturalness in mi, ie. (5m3§) < mi ~ nH?, can only be satisfied with

1—loop
b0 2 Mp, (2.13)

which is against our requirements to realize a truly low-scale hybrid inflation model.
Thus, even allowing for separate cutoffs, hybrid inflation is still not naturally in EFT
control.



3 Hybrid inflation with a soft “waterfall” coupling

The naturalness problem described in section 2 stems from the quadratic UV scale sensi-
tivity in mi One of the simplest solutions is to have only a soft shift symmetry breaking
for ¢, i.e. a dimensionful ¢ — ¢ interaction, e.g.

2
V(g,0) = Vins + (—m%? - ﬁ& + .. ) + (Mga? + )“’a4> _ M2y (3.1)
2 4 2 4 2

Here, during inflation, i.e. for u¢ < M2, o remains localized at o = 0, thus giving the
same effective inflationary potential as eq. (2.2). The ellipsis after the last term in eq. (3.1)
above, as in eq. (2.1), includes higher-dimensional interaction terms which ensure that the
global minimum in ¢ is only O(1) away from the critical value ¢, = MT‘% As ¢ rolls down
past ¢4, the waterfall in ¢ is triggered, thus ending inflation by releasing the inflationary
vacuum energy Vips ~ O (1)]\/\4—5, similarly to eq. (2.3). As mentioned before, this parametric
form of Vis along with ¢min ~ O(¢s) can be explicitly realized in the pNGB realization of
the inflaton which we detail in section 5.4.

3.1 Naturalness considerations
The soft coupling i generates only a logarithmic cutoff sensitivity in mi:
pIn A

1672

As in the previous case, demanding that the loop-induced inflaton mass is smaller than its

(5m35)1—100p ~ (32)

tree-level mass, i.e. 15; < nH? (taking In A ~ O(1)), and that o is non-dynamical during

inflation, i.e. Mieﬂ ~ ugo > H?, we get

H _

— < = <drn~O(1). 3.3
o S g SAmi~ o) (33)
Therefore, at the first sight, there is no constraint such as ¢y 2 A as before. However, the

i term in eq. (3.1) also generates a quadratically divergent ¢-tadpole:
pA? 5
16727

Indeed, the soft waterfall coupling breaks ¢ — —¢ symmetry allowing for a tadpole like

V(p,0) > (3.4)

above. Although it is possible for the theory to have a larger tadpole, e.g. A3¢, but it is
natural for it to have the above radiatively generated value. We take 1 < A to characterize
the small breaking of ¢ — —¢ symmetry in any coupling of the model. The tadpole in
eq. (3.4) can be absorbed in eq. (3.1) with a large shift in the ¢ field:

pA? pA? pA?

(5 ~ ~/ ~ .
¢ 1672m3  167’nH?  H?

(3.5)

Such a large shift in ¢, however, also gives large contributions to other terms in eq. (3.1), e.g.

oMy 09 phP Moo A2
M2 ¢o  H2¢o m% g5

o,eff

(3.6)



We can see from above that, in order for naturalness in M2 (and also to allow for waterfall
transition), i.e. for M2 < M2 4, we need

2 M2
% > Doeft (3.7)

This again implies ¢g = A, which is in contradiction with the EFT requirements stated

~

earlier.

3.2 Allowing for different cutoff scales

Allowing even for different cutoff scales in this hybrid inflation model with soft coupling,
we get a similar result as eq. (2.13). The radiative corrections to M2 here are

A A2 ,u,2A2
2 olg o
(5MU)1—100p 1672 + 167r2m3)' (3:8)

Naturalness for the first term on the right hand side above, as before, demands (o) < A, <

4m (o), now with (o) ~ HM(;:I. In order to satisfy naturalness for the second term (sourced
Heo

by quadratically divergent ¢-tadpole), i.e.

2
Ay ple)? My

> ~ , 3.9
R Tl ME < By " R (39)

we again need
b0 2 M. (3.10)

Thus, we see that with either marginal or soft ¢ — ¢ coupling, even with different
cutoffs for the inflaton and the waterfall field, if we demand EFT control (i.e. all scales
being smaller than the respective cutoffs) and sub-Planckian physics, the only way to have
a consistent hybrid inflation model is with fine-tuning of the relevant parameters, mé or
M? as discussed in this and the previous section. This suggests that in order to build a
natural model for hybrid inflation, we need some significant new mechanism to entirely
get rid of the quadratic UV-sensitivity in the inflaton potential coming from its necessarily
non-derivative coupling to the waterfall field.

4 Effective single-field inflation

The models described in section 2 and 3 cannot give rise to consistent hybrid inflation
under EFT control without fine-tuning of parameters. Before we propose such a natural
model for hybrid inflation in section 5, in this section we first focus on effective single-
field inflation with the massive waterfall field integrated out. We also introduce here a
simplifying notation for the effective inflationary potential that arises quite generically
from hybrid inflation. As we will see, this simplified single-field analysis allows us to
easily estimate the inflationary observables and use them to constrain the effective model
parameters, even without knowing the detailed form of the full potential. This “satellite



view” will be helpful later in section 5 by simply identifying the realistic parts of parameter
space deserving a fuller analysis.

The waterfall field, although with a ¢-dependent mass, still remains heavier than
H throughout inflation, except at the end of inflation when M2(¢) passes through zero.
Thus, prior to the end of inflation we can integrate it out and get an effective single-field
description in terms of ¢. Hybrid inflation quite generically gives this effective single-field
inflationary potential in the form of eq. (2.2), which varies as some function v(¢) with a
large vacuum energy offset Vju¢. In this section, we introduce a simplifying notation with

o6) =V F (%), (4.1)

where Vj controls the magnitude, while the shape is specified by a dimensionless function
F'. The effective inflationary potential then has the following form:

Vr(6) = Vint + Vo - F (jﬁ) Vi Ve (4.2)

The hilltop-like v(¢) that we considered earlier in eq. (2.4) has the form as in eq. (4.1). We
will also show later how this simple form arises generically from a more complete hybrid
inflation model in section 5 where the inflaton is realized as a pNGB, and where F (%)
takes a trigonometric form.

The main benefit of using this simplifying notation is that, assuming the function F
and its derivatives are ~ O(1) during inflation, which is also the case in the model that
we discuss later in section 5, we can obtain general expressions for inflationary observables
as shown below, even without specifying the explicit form of F'. We assume that inflation
starts® at ¢; which is somewhat near the hilltop of F (?) as preferred by the data [3],
and ends at ¢. by a waterfall transition along the o field. Then, the slow-roll inflation

parameters are’
V// V*O M21 1 V/ 2 f2
= —M>% ~ - =-(—) M3 ~n*L1s
n v pl Vvinf f2 ) € 9 < Vv ) pl n Mgla (4 3)
PR H>1 102H? N = $e dg 1% df O '

o Mpl V 26(¢) - nJe; F/(e) - n

The last relation above involving the number of observable e-foldings N, uses the notation

S8EME T R

0 = ¢/f. First line of eq. (4.3) shows that quite generically the slow-roll parameter e
is parametrically suppressed compared to 1 (for f < M), thereby naturally explaining
the smallness of the yet-unobserved primordial tensor fluctuations [3]. The observables —
spectral tilt of the primordial scalar fluctuations (1 — ng), tensor-to-scalar ratio (r), and
the scalar power spectrum amplitude (As)—as per the Planck CMB data [3, 42| are

1—ng=6e—2n~ —2n~0.04, r=16e < 0.06, A, ~2x 1077, (4.4)

“More precisely, when the largest scales observable today exit the horizon during inflation.

5The slow roll parameters €, i as defined above are, in general, functions of ¢. However, unless an explicit
functional argument is shown, they refer to the parameters evaluated at an epoch when the largest scales
observable today exit the horizon during inflation, normally ~50-60 e-folds before the end of inflation.



where, in the first part above, we assume € < 7 as is the case preferred by the data. Also,
as the spectral tilt constraint above shows, n < 0 is strongly preferred, especially for the
low-scale models we are considering (i.e. for small €). A convex form of F’ (?) in eq. (4.2),
or more generally convex v(¢) in eq. (2.2), e.g. v(¢) = —i—%miqﬁz as mentioned earlier, gives
n > 0 and hence a blue spectral tilt which is strongly disfavored. Hence, we consider a
hilltop-like F' (?) with inflation happening somewhat close to its maximum. Eq. (4.4)
constrains the parameters of the effective single-field inflation as described by eq. (4.2), i.e.
(‘/;nfa ‘/E)a f)a 356
f 0.1 % €

Vo
o~ ~10%, = ~10%p2A, ~ 10712, ~ —~ 0(10) 7. 4.5
"™ nJA, e Ve~ ~ OO (145

Hilltop inflation models, in order to satisfy the slow roll conditions, typically require

inflation to happen very close to the hilltop. However, with a large offset in the vacuum
energy as in eq. (4.2), this tuning in the initial inflaton field location is not required. Here,
the potential generically satisfies slow-roll conditions for all values of ¢ and not just near
its extrema. As can be seen in eq. (4.3), N & 1/n ~ O(100). Hence, the dimensionless
integral there needs only to be O(1) to get N, = 50 — 60 which can be easily satisfied with

¢i7 Cbe ~ O(f)

5 Hybrid “twinflation”

In the present section, we propose a natural model for hybrid inflation, “Twinflation”,
which satisfies naturalness for all parameters, all mass scales and field values being smaller
than the respective UV cutoff scales, and sub-Planckian physics. We will also make use of
the estimates in section 4, since the effective inflationary potential here has the same form
as in eq. (4.2), as we will see later.

In order to get rid of the quadratic sensitivity of the inflaton potential Vig(¢) to-
wards the UV physics, we consider mirroring the o-field with a Z, exchange symmetry.
Considering the original structure of hybrid inflation, eq. (2.1), one could try g¢?o? —
go? (0124 — 0?9), such that the quadratic sensitivity of the inflaton mass to the UV scale is
canceled between o4 and og. However, no symmetry protects this structure and hence it
is not radiatively stable. Instead, we consider twinning the o-field in our variant hybrid
inflation, eq. (3.1), i.e.

noo? = po (0% — o). (5.1)

Here, m% has already only log-sensitivity to the UV scale. Now the twinning in ¢ prevents a
quadratically divergent ¢-tadpole, and thereby removing the associated issues as discussed
in section 3. Also, there exists a symmetry protecting this structure: o4 — op, ¢ — —o;
along with o-parity i.e. o0; — —0o; (i = A, B) for simplicity.” So, this structure is radiatively

SWe will do a better job of estimating these parameters, especially %, in section 5.4, taking the ~ O(1)
factors in F' and its derivatives from eq. (4.2) into account.

"In the next section we will softly break the o—parity in a controlled manner to address the cosmological
domain wall problem while ensuring naturalness.
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stable. This can also be realized by a UV completion where ¢ is a pNGB of a U(1) global
symmetry with soft explicit breaking (see section 5.4).

A similar model construction to the one presented in the section 5.1, i.e. egs. (5.2)
and (5.3), was considered in ref. [43] but in the context of mirror-world models to achieve
asymmetric reheating of the mirror sector so as to avoid the AN g constraints. However,
here our primary goal is to point out the utility of the twin symmetry in eq. (5.2) to
address the n—problem for the inflaton, by constraining inflaton radiative corrections,
while reheating can proceed as in standard hybrid inflation.

5.1 Basic model

We now consider the symmetry structure described above, namely,
OA— 0B, ¢ = —¢ (5.2)

under the twin symmetry, and also o; — —o; for simplicity. The most general potential
consistent with the above symmetry is given by

1 A
V(p,04,B) = Vins + (—Qmégbg + fqzb‘l + .. >
As

1 Ao

+50(oh o) +ro” (A + %)+,

where ellipsis after the last term includes higher-dimensional interaction terms, as in
eq. (3.1). Approximate shift symmetry for the inflaton ¢ then requires

f,my < M, and K, Ay < Ao, s s (5.4)

which ensures that ¢ is much lighter and weakly coupled as compared to o;.

Let us first analyze the effective inflationary dynamics at tree-level. During infla-
tion, i.e. for u¢ < M2, both the o fields remain heavy and with vanishing VEVs. Then,
integrating them out at tree-level is simply dropping o; in eq. (5.3). This gives

Vet (¢) = Vint + (—;mid)Q + %qﬂ)‘l +.. ) = Vint + %(gfﬁ — %+ (5.5)

where f ~ mg/+/Ay and the ellipsis includes sub-dominant higher-dimensional terms in ¢.
This potential is of the form of eq. (4.2) and hence all the results of section 4, in particular
eq. (4.5), apply here. We will consider inflationary trajectory somewhat close to the hilltop
of Ve (@) (i-e. ¢ = 0), but still with a typical inflaton field value of ~ O(f) to avoid any
considerable initial location tuning. As ¢ rolls down its potential, Mgl change as

M2, (6) = M2+ pio. (5.6)

OA,B

In order for the waterfall effect to take place, we need

M2 ~ O(uf). (5.7)
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Since M2 ', always stays positive along the inflationary trajectory, o4 has no dynamical

role in the model. But op, which is the true waterfall field here, turns tachyonic at
2
Oy = % ~ O(f) and rapidly rolls down to its new minimum. The global minimum can

be characterized by

1/2 1/2
min — M2 MO’ min /
Hmin — Mg ") — <¢ - 1) . CAmin = 0. (5.8)

0B,min = ( )\U = \/E ¢*

This fast rolling to the global minimum ends inflation by releasing the vacuum energy given
by
M4 (bmin 2 :u2f2

T, ( 0. ) P 59

In the last step above, as also alluded to before in section 3, we have set ¢pmin ~ O(Ps) ~

O(f) assuming that the higher-dimensional interaction terms in the ellipsis in eq. (5.3) fix
the global minimum in ¢ at ~ O(f). As we will see later in section 5.4, this can be easily
realized in a more complete model with ¢ as pPNGB of a U(1) global symmetry.

5.2 Radiative stability and naturalness

In order for the tree-level analysis of the Twinflation model from the previous section to
be valid even at loop-level, we need the radiative corrections in eq. (5.3) to be sufficiently
small which we explore in this section. The effect of loops is two-fold: renormalizing tree-
level parameters, and giving non-analytic field-dependence via logarithmic terms in the
Coleman-Weinberg (CW) potential. First, we require that renormalization of tree-level
parameters respects radiative stability and naturalness, and get the resulting constraints
on the model parameters. Then, in section 5.3, we also consider the effects of the full CW
potential, but we will show that they can have significant effects only at the boundary
of the allowed parameter space, i.e. when naturalness in Veg(¢) is saturated, which we
examine numerically and show in figure 1. In this section, we will therefore defer the full
CW analysis in order to first identify the bulk of the viable parameter space.

Here we look for the constraints in the parameter space required to achieve naturalness
of the tree-level parameters. In the o-sector, quadratic divergence in Mg is induced by the

o self-quartic couplings as -
MAZ A2

2
5Mo',1floop ~ W 1672 (510)
Hence, naturalness in M2 demands the cutoff in o-sector to be
My My
—— S A, Sdr——. (5.11)
Vg VAs

The first constraint above is obtained by demanding that the VEV of ¢ is smaller than
the UV scale, which is one of our EFT consistency requirement. We also consider Ay < Ay
such that the upper bound on A, is controlled by A\, as above. Since both A and A\, get
the same radiative contributions as mentioned below in eq. (5.12), this is justified.

In the ¢-sector, for simplicity, first we consider an exact shift symmetry, which is then
only softly broken by the p term in eq. (5.3). Then, the loop-level one-particle irreducible

- 12 —



(1PI) effective potential has contributions as follows (here we track only the p-dependent

corrections):
2
5m3)’17100p ~ ]_6? In AO— 5
4 2
S 1 [
o ()\477 Aaa Ag)l—loop 167T2M§ 167T2f2 y (512)
Ao 12 Aol

(5 — ~ ~ .
Fl-loor ™ Jeranr2 T 16r2f

Here, we first note that there is no quadratic sensitivity to the UV cutoff scales as in
eq. (3.4), due to cancellations induced by the twin symmetry, and only a log-sensitivity in
mi Now, we will consider even tree-level hard breaking of ¢-shift symmetry, i.e. tree-level
A¢ and K couplings, which are comparable to the loop contributions above. We will take
tree-level values for the other parameters to be at least comparable or bigger than their
loop contributions. This gives

2 2 2

2 > H 3 > K -~ I - Ao fh 1
Mo tree X~ 76,2 ()\U’)\U)treeNlﬁﬂQ]Q’ Adree ™~ gz Hwee ™ T (5:13)

taking In A, ~ O(1). We note that with the above choice for mi and Ay, the ¢-transit scale
is indeed O(f). But, the tree-level A4 and « hard breaking terms now induce quadratic UV-

sensitivity in Vog(¢). However, their values satisfying the above constraints are sufficiently
small so that naturalness in mé can still be maintained as below:

2 2
5m2 ~ >\¢A¢ ~ ,LL2 A¢ ,U,2 < m2
¢,1—loop,(\g) 1672 1672 16722 ~ 1672 ~ ¢,tree » (5.14)
5m2 ~ ’%Ag ~ :u2 Az27 < ,U2 < m2 . .
$1=1oop,(9) T 1672 T 1672 1672 M2 /N, ~ 1672 0 Otree
As can be seen above, this requires cutoffs in the two sectors to be bounded as
M,
Ay Sdrf, Ay Sdn—= (5.15)

Vo

where the o-cutoff also satisfies eq. (5.11). We note that these cutoffs can still be bigger
than the respective field values.

Getting a consistent inflationary model. In order to get a consistent single-field
inflation model, we need to satisfy

mg ~nH?, My 2 H, Vigg ~ H> M ~ =2 (5.16)

The first condition above, along with eq. (5.13), requires u S O(H ). The second condition,
i.e. the o fields being at least heavier than the Hubble scale, combined with M2 ~ uf (see
eq. (5.7)) and f ~ 10°H (see eq. (4.5)), requires p > 1079 H. Together, these constrain the
model parameter pu as

1076 < % <O(1). (5.17)
The lower bound on p above also satisfies (o) < M, following eq. (5.9) and eq. (5.11). A
stronger requirement of A, ~ 4w (o) < My implies & 2 1073,
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Lower bound on the Hubble scale. The third condition in eq. (5.16), which relates
the inflationary Hubble scale to the model parameters, implies

M4 2 r2 2 H2
o R T Lo (5.18)

Ao ~ ~ =
7 H:MZ  H2M} 12 M2

~

using eq. (4.5) in the last step. Hence naturalness in \,, i.e. Ay 2 # (see eq. (5.13)),
combined with eq. (5.18) gives a lower bound on the inflationary Hubble scale within our
Twinflation model as

H 2 10°GeV. (5.19)

This also implies a lower bound on the tensor-to-scalar ratio as r > 10716,

As we can see above, naturalness in A, also implies H QMgl < 1672 f4 de. Vigr < Aé,
with the ¢-cutoff Ay < 4mf. Also, perturbativity of A\, combined with eq. (5.9) and (5.11)
implies Viys < AZ. Thus, the inflationary energy scale being smaller than the UV scales
ensures good EFT control in this model.

Thus, our Twinflation model of eq. (5.3), with the parameters satisfying the constraints
in eq. (5.13), exhibits naturalness and EFT control. All the mass scales and the field
values are less than the corresponding UV cutoff scales, especially f < Ay and (o) <
Ay. As we will see later in section 5.4, there is a significant parameter space available
satisfying Ag, Ay S My (see figure 1) such that we have a truly low-scale, sub-Planckian
hybrid inflation model under EFT control, satisfying all of our naturalness requirements
as mentioned in section 2.

5.3 One-loop Coleman-Weinberg effective potential

As we noted earlier, the ¢ fields are always heavy before the end of inflation, and hence
can be integrated out to give a 1-loop Coleman-Weinberg (CW) potential:

M} (¢) . MZ(9)
VCW((ZS) = i§B 6472 In A?f (520)
A9 wf (0 +0)? dito (g —8)2 d— o
== 647‘1’2 [<2F+> 111@"‘ f2 In f + f2 In f

The first term above renormalizes métree as in eq. (5.12). Parameterizing the tree-level

inflaton mass as
2

— Y
m?ﬁ,‘cree = C¢W ) (521)

the naturalness constraint in eq. (5.13) requires ¢y 2 O(1). Then, Vow(¢) in eq. (5.20) is
comparable to tree-level Veg(¢) in eq. (5.5) only when ¢y =~ 1, while giving sub-dominant
effects for the bulk of the natural parameter space (¢4 > 1). Nevertheless, in our full
numerical analysis in section 5.4, we will incorporate the logarithmic effects in the inflaton
that distinguish the 1-loop potential, but they are so modest as to be difficult to resolve
by eye, as we will see in figure 1.
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5.4 Pseudo-Nambu-Goldstone inflaton realization

In this section, we discuss a simple and more complete extension of the model in eq. (5.3),
realizing the inflaton as a pNGB of a global U(1) symmetry, with soft explicit breaking.
The Lagrangian is given by,

Luy = |0®* = Vo(|®]?)

+ <<;(80A) - *MQO'A - Z’Ji) +(A— B)> - %0%0123

ud
+ <2\/§(U’24 N 0123) 64?;2 (,u<I>)2 + h'C'> - g|(1>]2 (‘7124 + 0123) — Vint. (5.22)
Similar to the symmetry structure in eq. (5.2), we demand
b~ —P, 04 0B (5.23)

under the twin symmetry, and also for simplicity a Zs-symmetry under which o; — —o; for
i = A, B. Furthermore, we treat p as a U(1) “spurion” with charge —1 that compensates
the +1 charge of ® under the U(1). This spurion analysis, along with the symmetry
structure in eq. (5.23), uniquely fixes the Lagrangian in eq. (5.22) at the dimension-4 level.
There are two dimensionless coupling constants c4 and g, with pu, M., Ay, Ay being the
same as in eq. (5.3).% The potential Vg is such that it allows for a spontaneous breaking of
U(1) with the inflaton (¢) being the corresponding Nambu-Goldstone boson (NGB). The
p—term in the third line of eq. (5.22) then gives mass to the inflaton, as we will see below,
making it a pseudo-NGB. We parametrize the inflaton ¢ as & = HTX el!/r Where X is the

radial mode and (®) = f is the VEV. Integrating out x and redeﬁnlng FF ¢+ /2, we
get an effective Lagrangian from eq. (5.22) as

Lig = ((;(8UA)2—;M3.0124— );f 4) +(A—B ) —UAUB
+ %(&b)z — %f sin (jﬁ) (Uzl — 02) — c¢'gz7{2 COS (2}1)) — Vinf- (5.24)

Here we have defined M. 2 = M2+ gf?. For the waterfall mechanism to work, we need both
M2 ~ puf, which was discussed earlier, and g < p/f, which then implies MUQ ~ M2 ~ puf.
Hence, in what follows, we will drop the tilde over M2. This value of g is technically
natural since loop-contributions in the 1PI effective potential include

Ao 112 Ao b
16m2M2 1672 f

< (5.25)

591—100p ~

lat
7

8To simplify the notation, we keep using the same parameter  as before, although now it has a spurion
charge.
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Inflation starts somewhat near the hilltop along ¢ i.e. close to ¢ = 0. Expanding for
¢/f < 1in eq. (5.24), we get?

1 1 Ao Ao
L= (50707 — 50205 = ok + (4= B) ) - Fohod

2 2 4
+ %(aqs)? - %¢ (0?4 - 073) — Vint + Cﬁé;? <¢2 - (sqj”? + .. ) . (5.26)
For ¢y 2 O(1), as required by technical naturalness in eq. (5.22), this reproduces all the
interactions relevant for hybrid inflation as was studied earlier in eq. (5.3) for ¢y > 0.
During inflation, i.e. with sin (?) < Aj—;, both o4 p remain heavy and with vanishing
VEVs. Thus, integrating them out at tree-level, which is dropping them in eq. (5.24), gives
an effective inflationary potential

2 £2 9
Vet (@) ~ Vips + C¢g4i2 cos <J?) ) (5.27)
This is of the form of eq. (4.2) with the function F' (%) taking trigonometric form as above,
and hence all the results of section 4 apply here too. As inflaton rolls past a critical value

¢4 such that
. ¢*> M
sin (| — | = —, 5.28
( f mf (5.28)
waterfall is triggered along op. The fields then rapidly roll down to the global minimum
which is situated at

Gmin o -
=75 O0Amin = 0,

foo2

1 . ( bmin f (P f (5.29)
”vam:h(““m( 7 )‘Mf?):%g(l‘““(f))”“” N

The inflationary vacuum energy released during this waterfall transition is given by

Vint = ZZQ (1 ~sin (i))Q ~ om“ifz. (5.30)

Thus, as mentioned earlier in section 5.1, once ¢ is realized as a pNGB of a U(1) global
symmetry as in this section, the global minimum in ¢ is fixed only ~ O(1) away from the
critical point triggering waterfall, i.e. ¢min ~ O(¢x) ~ O(f). Consequently, the parametric
dependence of Vips (and hence H) on the model parameters is obtained as in eq. (5.30),
which is as expected in eq. (5.9).

Integrating out the heavy o fields at 1-loop level, similar to eq. (5.20), gives rise to the
following logarithmic dependence from the Coleman-Weinberg potential:
¢> W r?

Vi f==1)=
CW< f 6472

[(sin 0, + sin 0)? In (sin 0, + sin )
(5.31)
+ (sin 6, — sin #)*In (sin 6, — sin 9)} .

9The size of the cosine potential in ¢ (~ u?f?/167?) is much smaller than Vins ~ p?f2/\s, as we will
see later in eq. (5.30), and hence the constant term from the cosine can be neglected here.
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Figure 1. Available parameter space in the U(1) version of our Twinflation model (see section 5.4)
exhibiting naturalness and EF T-control: ¢, /f = 7/5 for concreteness. The right and bottom edges
of the shaded region correspond to naturalness constraints on mg and A, respectively. The top
and left edges correspond to the cutoffs Ay and A, being sub-Planckian, respectively. Ay ~ A,
on the dotted line. The parameter ¢y varies from 1 to ~ 10* as we move from right to left edge,
which makes the loop contributions to inflaton potential smaller and smaller as compared to the
tree-level term. The dashed lines show contours for H = 107,10°, 10! GeV, corresponding to
r~ 107,107, 1077, respectively. ng is fixed to 0.9649, its central value from the Planck CMB
constraints [3]. Varying its value up or down by a percent shifts the entire blue region slightly to
the left or right, respectively, by about a percent which is hardly resolvable by eye.

As mentioned earlier in section 5.2, this can give considerable effects only when naturalness
is saturated for mé, i.e. for ¢y ~ 1. These effects, numerically computed in figure 1, are
however so modest as to be difficult to resolve by eye.

Figure 1 shows the available parameter space in our Twinflation model described by
eq. (5.24), satisfying the requirements of naturalness and EFT control, and giving a viable

hybrid inflation model. Here we have fixed ¢—f* = ¢ for concreteness. This then gives the

initial field value'® % ~ 0.17 to get 60 e-foldings, using the effective potential in eq. (5.27)
and the analysis in section 4. This gives the trigonometric functions ~ O(1) for both
9% and 9}—*, as alluded to before in section 4. The other essential parameters M2 and A,
are then fixed by the model requirements in egs. (5.28), (5.30), and (4.5). The right and
bottom edges of the allowed parameter space correspond to naturalness constraints on m

10T his value changes slightly for different cg values, i.e. including the CW potential from eq. (5.31).
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(see eq. (5.17)) and A, (see eq. (5.13)), respectively. The top and left edges correspond
to the cutoffs in the ¢ and o sectors being sub-Planckian, respectively. Here we consider

Ay mAnf, Ay = 4%% saturating the constraints in eq. (5.15). Thus, the shaded region
satisfies our naturalness and EFT consistency requirements. ng is fixed to 0.9649, its
central value from the Planck CMB constraints [3]. Varying its value up or down by a
percent shifts the entire allowed region slightly to the left or right, respectively, by about a
percent. The dashed lines show contours for H which are mostly horizontal (i.e. constant
f/H, see eq. (4.5)), but bending slightly upwards close to the right edge due to the CW
potential contribution. As we can see in the figure, A4 being sub-Planckian restricts the
model to realize H < 10! GeV, while the \,-naturalness gives a lower bound on H as
~ 108 GeV as expected from eq. (5.19). The two cutoffs Ay, Ao are approximately equal on
the dotted line. Thus, as the figure shows, demanding Ay ~ A, can only realize H bigger
than ~ 10'° GeV. Only a small part of the parameter space lying above this dotted line
corresponds to Ay > A,, while a majority of the allowed region has A, > Ag.

The Lagrangian of the U(1) model in eq. (5.22) contains terms only up to dimension-4.
This will also include higher-dimensional terms respecting the symmetry in eq. (5.23) and
the spurion analysis mentioned thereafter, and thus will be of the form

(n®)" (o)™

O (5.32)

6£UV,non—ren. S Cnm
Here, the exponents n, m and the combinations of o4 p in o2 will be such that they respect
the symmetry in eq. (5.23). Also, for simplicity, we consider here a single UV cutoff scale
A suppressing these non-renormalizable terms.'! In order to satisfy naturalness in the o-
potential, it suffices to have cg,, < (167r2)m*2 Ao. This mild requirement on the coefficients

m-2 Ao, is sufficient to render the entire model

Cnm 10 eq. (5.32), i.e. cpm ~ com S (167r2)
natural, even at the non-renormalizable level, as illustrated below. The most vulnerable
terms would be the super-renormalizable terms in eq. (5.22), i.e. the bare and ®—dependent
o mass terms, which we collectively refer to as M2(®). The higher-dimensional terms in
eq. (5.32) can contribute to M2(®) at loop- or tree-level (i.e. after setting some fields to

their VEVSs) as

M) cam (@) (02" _ (16727 2(u@)" - (0)2" D) (42)" < (1Y

Mg Mg . A2(n+m—2) ~ A2(n+m—2) A2 ~\A
(5.33)
which is negligible due to the suppression from £ < % < 107%. Also, any higher-
dimensional terms in eq. (5.22) involving |®|? will be sub-dominant since they will come
2
with suppression factors of at least I% ~ ﬁ.

6 Addressing the cosmological domain wall problem

Spontaneous breaking of an exact discrete symmetry, in our model o; — —o;, during
cosmological evolution, will lead to the formation of domains (with (o) > 0 or < 0) after

1Tt can be shown that even with different cutoff scales for ¢ and o fields, analogous to what is shown
here for Ay ~ Ao, these non-renormalizable terms do not pose any danger to our model.
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the end of inflation, separated by cosmologically stable domain walls (DW). The energy
density in these domain walls redshifts slower than both matter and radiation. This gives
rise to a late-time universe dominated by domain walls contrary to what is observed during
Big-Bang Nucleosynthesis. This is the so called “cosmological domain wall problem” [44],
which our Twinflation model faces for an exact o0; — —o; symmetry. The o fields could be
charged under a U(1) gauge symmetry, which then may not give rise to domain walls, but
instead forms the much less constrained cosmic strings (see e.g. [45-47]). However, this
approach requires additional fields and structures. Here we will consider a simple solution
to the domain wall problem via small explicit breaking of the discrete symmetry.

We first note that o; — —o; symmetry is not an essential ingredient of our model and
is used so far only for simplicity. We can hence add a small soft breaking of this symmetry
in eq. (5.3) or (5.24) via

V(p,0:) > Mo}, (6.1)
where M is a dimensionful spurion of this o-parity breaking. This leads to a bias between
the previously degenerate vacua as

AVhias N M
‘/inf MJ\/E’

where in the denominator we have Vj,¢ which is also the typical size of the o-potential. This

(6.2)

bias provides a pressure force acting against the surface tension of the walls, eventually
leading to their annihilation. Then, demanding that this annihilation of domain walls
happens before their cosmological energy domination, we need [48-50)]

> AVbias. > M?

o (6.3)

o(1
W2 S A

which can be realized in our model, using eq. (6.2), by having
Mo/ Ao = M 2 My (6.4)
T T VAGM

However, the cubic term in eq. (6.1) radiatively generates the following o-tadpole:

A2 M?
s o i~ o ” .
V(gb,U)BMTS 50 MTUU (6.5)

Tadpole terms of this order shift the minimum in o; in a ¢-dependent way as

MM2Z M (| sin(@/f)\ 7"
5ai(¢)~ww”%<lismm> ’

where M2 (¢) = M2+ uf sin (¢/f) is the ¢-dependent mass-squared for o; (see eq. (5.24)).
This shift contributes to the effective inflaton potential as'?
MAME M2ME (1 sin%(¢/f) )1

Ve (6) ~ -
W)~ 2 ez "

(6.6)

(6] ) (6.7)

12As ¢ — ., i.e. towards the end of inflation, the expressions in eqgs. (6.6), (6.7) seem to diverge. However,
this is because the effective mass for op vanishes at ¢., and hence we have to balance the o-tadpole with
o-cubic which will modify these expressions close to ¢..
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Figure 2. Addressing the cosmological domain wall problem in Twinflation: the blue region (same
as in figure 1) satisfies our naturalness and EFT consistency requirements. Small explicit breaking
of o-parity (see eq. (6.1)) solves the domain wall problem. Its contribution to Veg(¢), via the natural
value of o-tadpole, is sub-dominant in the green region shown above.

Demanding that this contribution is sub-dominant to the inflaton potential implies

> WVer(¢)  16m°M* _ 167°M,

1 ~ :
N V() cpAZMZ Y cgAI M)

(6.8)

where in the last step we have used eq. (6.4). Then, using our model requirements —
4

Ao ™~ %ﬁ M2 ~ pf, % ~ 10% — we get the constraint for the allowed parameter region as
pl

2
M —17
\/c > 107 1. 6.9

This is evaluated numerically and shown in figure 2 as the green region. We can also note
here that this now gives a lower bound on the Hubble scale as

H > 10"GeV, (6.10)

which is ~ O(10) bigger than that obtained in eq. (5.19).

Thus, the cosmological domain wall problem can be solved in our model by introducing
a small explicit breaking of o-parity at the cost of some reduction in the allowed parameter
space as shown in figure 2. One might explore more general ways of explicit o-parity
breaking than the simple one we considered here via eq. (6.1), possibly allowing for viable
hybrid inflation in the entire blue region. We leave this exploration for a future study.

— 920 —



7 Discussion

In the present work, we build a viable, natural, and EFT-controlled model of low-scale
hybrid inflation, “Twinflation”. Here, inflation happens somewhat near the hilltop of the
effective inflaton potential, although without any fine-tuning of the initial position. This
gives rise to the red tilt in the scalar perturbations, consistent with the observations.
The quadratic sensitivity to the UV cutoff scales in the inflaton potential, induced by its
necessarily non-derivative coupling with the waterfall field, is removed by a twin symmetry.
All the parameters take (technically) natural values, without any fine-tuning. All the mass
scales and field values are below the respective UV cutoff scales and also the Planck scale,
thus rendering the model under (straightforward) EFT control. This model can realize low-
scale inflation with the Hubble scale as low as ~ 10° GeV (see figure 1). It is therefore easily
consistent with the smallness of the yet-unobserved primordial tensor fluctuations, which
could be unobservably small (r ~ 10716) for the lowest Hubble scales realized in our model.

Spontaneous breaking of the discrete symmetry o; — —o; towards the end of inflation
will lead to cosmic domain wall formation in the post-inflationary universe. One simple
way to be compatible with our universe on the large scales at late times, is to demand
that such domain walls should annihilate before they start dominating the cosmic energy
density. As discussed in section 6, we show that this can be easily implemented in our
model with a small explicit breaking of the o-parity, which we only considered for technical
simplification in any case. This, however, can be achieved only in the parameter space as
shown in figure 2, allowing for the smallest inflationary Hubble scale to be ~ 107 GeV. We
expect that allowing for more general ways of explicit o-parity breaking can possibly relax
this constraint, which we leave for a future study. It is also interesting that the domain
wall dynamics can give rise to a stochastic gravitational wave (GW) background observable
in future GW experiments. See [50] for a review.

Hybrid inflation models typically require fine-tuned couplings. However, our model
does not require any fine-tuning in the parameters to achieve radiative stability. With
regards to the initial conditions, we also showed that there is no tuning required in the initial
inflaton field location, i.e. it need not start very close to the hilltop and can have a transit of
~ O(f). A large initial inflaton velocity can be compensated by starting more uphill along
the potential, up to the hilltop. However, demanding that it first damps to the terminal
slow-roll velocity, then gives the required number of e-foldings of slow-roll inflation before
entering the waterfall phase, we see that the initial velocity has to be sufficiently small:
]% < % ~ 1076, (See also [51] for similar constraints.) Furthermore, there is the question
of whether inflation can begin in an inhomogeneous spacetime. Numerical simulations show
that whereas large-field inflation models are less susceptible to inhomogeneities preventing
the onset of inflation, small-field inflation models may be more so [9, 52-56]. These issues
can however be addressed, for example, by invoking tunneling from a prior metastable
vacuum in the landscape of the theory, which naturally gives rise to a state with small field
velocity and inhomogeneity (see e.g. [57-60]).

It would obviously be very interesting if we could directly observe the waterfall field(s)
(0;) via their mediation of primordial non-Gaussianity (NG), using the idea of “Cosmo-
logical Collider Physics” [61, 62]. Ordinarily such signals would be strongly “Boltzmann”-
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suppressed by e~ ™Mo /H

, since M, > H. However, the recently discussed “scalar chemical
potential” mechanism [63] may eliminate this suppression and be compatible with our twin
symmetry structure. We leave an exploration of this to future work.

As discussed in the Introduction, a variety of UV physics scenarios may give rise to
unwanted defects or relics like monopoles, moduli, gravitino (see e.g. [31-34]). Different
UV scenarios can also exhibit a meta-stable high temperature phase in which the universe
can remain stuck if the phase transition to the familiar low temperature phase fails to com-
plete [64]. Reheating of the universe at a low temperature, following inflation with a low
Hubble scale, might help to address these issues in a straightforward way. Another motiva-
tion towards low-scale inflation can come from the constraints on isocurvature perturbations
sourced by (QCD) axionic dark matter (see e.g. [3, 29, 30]). If the Peccei-Quinn symme-
try is broken during inflation, axions source dark matter isocurvature perturbations which
are stronger for higher H (for any given axion decay constant, f,), the non-observation
of which thus prefers low-scale inflation. Furthermore, with current and future collider
experiments, such as a future ~ O(100) TeV collider, we might have the opportunity to
investigate the physics during and after such a low-scale inflation in laboratory searches
too, along with the cosmological ones!
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