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A minimal extension of the standard model (SM) with a single new mass scale and providing a complete
and consistent picture of particle physics and cosmology up to the Planck scale is presented. We add to the
SM three right-handed SM-singlet neutrinos, a new vectorlike color triplet fermion, and a complex SM-
singlet scalar σ that stabilizes the Higgs potential and whose vacuum expectation value at ∼1011 GeV
breaks lepton number and a Peccei-Quinn symmetry simultaneously. Primordial inflation is produced by a
combination of σ (nonminimally coupled to the scalar curvature) and the SM Higgs boson. Baryogenesis
proceeds via thermal leptogenesis. At low energies, the model reduces to the SM, augmented by seesaw-
generated neutrino masses, plus the axion, which solves the strong CP problem and accounts for the dark
matter in the Universe. The model predicts a minimum value of the tensor-to-scalar ratio r≃ 0.004,
running of the scalar spectral index α≃ −7 × 10−4, the axion mass mA ∼ 100 μeV, and cosmic axion
background radiation corresponding to an increase of the effective number of relativistic neutrinos of
∼0.03. It can be probed decisively by the next generation of cosmic microwave background and axion dark
matter experiments.
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Introduction.—The standard model of particle physics
(SM) describes with exquisite precision the interactions of
all known elementary particles. In spite of intensive
searches, no significant deviation from the SM has been
detected in collider or other particle physics experiments
[1]. However, several long-standing problems indicate that
new physics beyond the SM is needed to achieve a
complete description of nature. First of all, there is over-
whelming evidence, ranging from the cosmic microwave
background (CMB) to the shapes of the rotation curves of
spiral galaxies, that nearly 26% of the Universe is made of
yet unidentified dark matter (DM) [2]. Moreover, the SM
cannot generate the primordial inflation needed to solve
the horizon and flatness problems of the Universe as well as
to explain the statistically isotropic, Gaussian, and nearly
scale-invariant fluctuations of the CMB [3]. The SM also
lacks enough CP violation to explain why the Universe
contains a larger fraction of baryonic matter than of
antimatter. Aside from these three problems at the interface
between particle physics and cosmology, the SM suffers
from a variety of intrinsic naturalness issues. In particular,
the neutrino masses are disparagingly smaller than any
physics scale in the SM, and, similarly, the strong CP
problem states that the θ parameter of quantum chromo-
dynamics (QCD) is constrained from measurements of the
neutron electric dipole moment [4,5] to lie below an
unexpectedly small value: jθj≲ 10−10.
In this Letter, we show that these problems may be

intertwined in a remarkably simple way, with a solution

pointing to a unique new physics scale around 1011 GeV.
The SM extension we consider consists just of a Kim-
Shifman-Vainshtein-Zakharov (KSVZ)–like axion model
[6,7] and three right-handed (RH) heavy SM-singlet neu-
trinos [8]. This extra matter content was recently proposed
in Ref. [11], where it was emphasized that, in addition to
solving the strongCP problem, providing a good darkmatter
candidate (the axion), and explaining the origin of the small
SM neutrino masses (through an induced seesaw mecha-
nism) and the baryon asymmetry of theUniverse (via thermal
leptogenesis), it could also stabilize the effective potential of
the SM at high energies thanks to a threshold mechanism
[12,13]. This extension also leads to successful primordial
inflation by using the modulus of the KSVZ SM-singlet
scalar field [14]. Adding a cosmological constant to account
for the present acceleration of the Universe, this standard
model axion seesaw Higgs portal inflation (SMASH) model
offers a self-contained description of particle physics from
the electroweak scale to the Planck scale and of cosmology
from inflation until today. Although some parts of our
SMASH model have been considered separately [14–26],
a model incorporating all of them simultaneously had not
been proposed until now. Remarkably, SMASH can accom-
modate the constraints from cosmological observations and
Higgs stability, successfully reheat the Universe, provide the
correct dark matter abundance, and explain the origin of
the baryon asymmetry. In this Letter, we present the most
important aspects andpredictions of SMASH.Further details
are given in Ref. [27].
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1. Who is the dark matter?

2. Who is the inflaton?

3. Matter/anti-matter asymmetry 

4. Smallness of the neutrino masses

5. Strong CP problem
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Ni

Q Q̃ SU(3)c

�

Dias, Machado, Nishi, Ringwald and Vaudrevange 2014

New           symmetry: PQ and lepton number U(1)

generic property of the model. We develop a semi-analytic understanding of the stability region in
parameter space and compare our results with a previous analysis of a similar extension of the SM in
which the Ni do not carry U(1) charges and in which correspondingly their masses are independent
of v� [52]. We explain in Section 3 how inflation occurs in SMASH. Importantly, we demonstrate
that Hidden Scalar Inflation in SMASH can occur for a non-minimal coupling of order unity. We
show that, within the island of stability in parameter space, the inflationary predictions are in perfect
agreement with the current observations. In Section 5, we present a comprehensive investigation
of reheating in SMASH. Importantly, unlike in many other models of inflation, here the inflaton’s
couplings (��, �H�, ⇠�) are specified and well constrained by stability and unitarity. Furthermore,
the dominant mechanism of reheating -resonant production of bosons during the oscillatory stage
of the inflaton’s evolution- is known. Therefore, solid estimates of the maximum thermalization
and reheating temperatures, as function of the couplings, can be derived and compared with the
stability and unitarity constraints. In Section 6 we return then to axion cosmology. We show that in
the parameter range satisfying the stability constraints the PQ symmetry is restored after inflation
in SMASH. This leaves us then with a preferred window in axion mass. Apart from an executive
summary, Section 7 contains a discussion of possible variants of SMASH and gives a perspective for
possible experimental tests of SMASH and further theoretical in-depth studies. Several appendices
are also included to make the paper self-contained.

2 The SMASH model {model}

The SMASH-1 model, first proposed in [27], has the following boson and fermion (Weyl spinor
notation) representations beyond the SM:

• In the scalar sector there is a new complex singlet � (“hidden scalar field”).

• Three SM-singlet neutrinos Ni, with i = 1, 2, 3,

• Q (Q̃) in the (anti)-fundamental of SU(3)c, with charge �1/3 (+1/3) under U(1)Y .

The variant SMASH-2 model has Q(Q̃) hypercharge assignment of +2/3(�2/3). It leads to almost
identical phenomenology so we will focus our discussion on SMASH-1 for simplicity and come back
to their di↵erences in Sec. 7. These hypercharge assignments ensure that the new quarks can mix
with the right-handed SM down-type or up-type quarks respectively, allowing its decay to the latter,
thereby evading problems associated with their overabundance [66,67].

All these new fields, Ni, Q, Q̃ and �, are charged under a global U(1) symmetry, which acts as
the Peccei-Quinn (PQ) and lepton number symmetries. Basically, the charges are vector-like for SM
particles and RH neutrinos and axial for the new quark Q, see Table 1.

q u d L N E Q Q̃ �
1/2 �1/2 �1/2 1/2 �1/2 �1/2 �1/2 �1/2 1

Table 1: Charge assignments of the fields in SMASH under the new U(1) PQ symmetry. The
remaining SM fields have no charge under this new symmetry.

tab:smash_charges

The most general Yukawa couplings and renormalizable scalar potential3 compatible with this PQ
3The global U(1) symmetry may actually be an accidental symmetry of the low energy e↵ective field theory emerging

from an exact discrete symmetry of a more fundamental theory which includes quantum gravity. For explicit examples,
see [27,68].
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Neutrino masses

Strong CP problem (and DM)

Stability, inflation and reheating

q u d L N E Q Q̃ �
1/2 �1/2 �1/2 1/2 �1/2 �1/2 �1/2 �1/2 1

Table 1: Charge assignments of the fields in SMASH under the new U(1) PQ and L symmetry. The remaining
SM fields have no charge under this new symmetry.

where we have included also the Higgs field H. The fields Li and Ei represent, respectively, the left-
handed lepton doublets of the SM and the left-handed fields related to the conjugates of the usual
right-handed leptons. The two last terms in the first row of (1) give rise to a neutrino mass matrix
of the form

M⌫ =

✓
0 MD

MT
D MM

◆
=

1p
2

✓
0 Fv

F T v Y v�

◆
. (2)

This realises the seesaw mechanism [21–24], explaining the smallness of the masses of the left-handed
SM active neutrinos by the hierarchy between v and v�:

m⌫ = �MDM
�1
M MT

D = �F Y �1 F T

p
2

v2

v�
= 0.04 eV

✓
1011GeV

v�

◆✓
�F Y �1 F T

10�4

◆
. (3)

The scalar potential of SMASH is

V (H,�) = �H

✓
H†H � v2

2

◆2

+ ��

✓
|�|2 � v2�

2

◆2

+ 2�H�

✓
H†H � v2

2

◆✓
|�|2 � v2�

2

◆
. (4)

The self-couplings in the scalar potential are assumed to satisfy �H ,�� > 0 and �2
H� < �H��, in

order to ensure that the minimum of the scalar potential is attained at the VEVs

hH†Hi = v2/2, h|�|2i = v2�/2 , (5)

where v = 246GeV. Instead, v� corresponds to a much higher scale; roughly v� ⇠ 1011 GeV although
we will explore all possible working values. The hidden scalar ⇢ can be defined as a fluctuation around
the VEV v�:

�(x) =
1p
2

⇥
v� + ⇢(x)

⇤
eiA(x)/v� , (6)

as it gets a mass from spontaneous symmetry breaking. The same happens for the other new fields,
Ni and Q, whose masses are mostly determined by the VEV of �:

Mij =
Yijp
2
v� +O

✓
v

v�

◆
, m⇢ =

p
2�� v� +O

✓
v

v�

◆
, mQ =

yp
2
v� +O

✓
v

v�

◆
. (7)

As long as the dimensionless couplings Yij , ��, and y are sizeable, all these masses will be large.
Therefore, as far as physics around the electroweak scale or below is concerned, these heavy particles
can be integrated out. The corresponding low-energy Lagrangian only contains a new field beyond
the SM: the axion A introduced in (6).

This field plays the role of a KSVZ-type [31, 32] axion [33, 34] and of the majoron, the NGB
of spontaneous breaking of global lepton number [25–27], which is usually called J . At energies
above the scale of strong interactions, ⇤QCD, but below electroweak symmetry breaking scale v, the
low-energy e↵ective Lagrangian of the field A/J –the NGB of SMASH– reads [25–27,29,31,32,56]

LA =
1

2
@µA@

µA� ↵s

8⇡

A

fA
Gc

µ⌫G̃
c,µ⌫ � ↵

8⇡

2

3

A

fA
Fµ⌫F̃

µ⌫�1

4

@µA

fA
⌫i�

µ�5⌫i, (8)
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The reader that is avid for knowing our main results and conclusions may now move directly to
Section 9 or consult our Letter [79]. Instead, for a gradual presentation of our findings, the outline
of the paper is the following: In Section 2 we summarise the particle content of the SMASH model
following Ref. [29] and we remind how it solves the problems (i) and (ii). In Section 3 we explain
how inflation (problem (iii)) is realised in SMASH. We show that the inflationary predictions of
SMASH are in perfect agreement with the current cosmic microwave background (CMB) observations.
Importantly, we demonstrate that Hidden Scalar Inflation is possible for a non-minimal coupling of
order unity, and in Section 4 we discuss how this solves the predictivity issue of standard Higgs
Inflation (that originates from the breakdown of perturbative unitarity). In Section 5 we determine
the parameter region in which the e↵ective potential of SMASH (including radiative corrections) is
positive up to Planckian values of the scalars. This is crucial to ensure that successful inflation is
a generic property of the model. We develop a semi-analytic understanding of the stability region
in parameter space. In Section 6, we present a comprehensive investigation of reheating in SMASH.
Importantly, unlike in many other models of inflation, here the inflaton’s couplings (��, �H�, ⇠�) are
specified and well constrained by stability and unitarity. Therefore, solid estimates of the reheating
temperature can be derived. We show that the Peccei-Quinn symmetry is e↵ectively restored during
reheating as long as fA . 1016GeV. Furthermore, the RH neutrinos are thermalised at a maximum
temperature of order 1010GeV. These predictions from reheating are key inputs for baryogenesis
(problem (iv)) and for axion dark matter (problem (v)), as will be discussed in detail in Sections 8
and 7, respectively. Apart from an executive summary, Section 9 contains a discussion of possible
variants of SMASH and gives a perspective for possible experimental tests of SMASH and further
theoretical in-depth studies. Several appendices are also included to make the paper self-contained.

2 The SMASH model

The SMASH model, first proposed in [29], has the following boson and fermion (Weyl spinor notation)
representations beyond the SM:

• In the scalar sector there is a new complex singlet � (“hidden scalar field”).

• Three SM-singlet neutrinos Ni, with i = 1, 2, 3.

• Q (Q̃) in the (anti)-fundamental of SU(3)c, with charge �1/3 (+1/3) under U(1)Y .

These hypercharge assignments5 ensure that the new quark can mix with the right-handed SM down-
type quarks, allowing its decay to the latter, thereby evading overabundance problems [45,80].

All these new fields are charged under a global U(1) symmetry, which acts as Peccei-Quinn (PQ)
and lepton number (L) symmetry.6 The charges under this symmetry are vector-like for SM particles
and RH neutrinos and axial for the new quark Q, see Table 1.

The most general Yukawa couplings compatible with the new U(1) symmetry are

L ��
"
Yuijqi✏Huj + YdijqiH

†dj +GijLiH
†Ej + FijLi✏HNj +

1

2
Yij�NiNj

+ y Q̃�Q+ yQd i�Qdi + h.c.

#
,

(1)

5It is also possible to make Q(Q̃) hypercharge assignments of +2/3(�2/3). This variant of SMASH leads to almost
identical phenomenology. In the rest of this work we will focus exclusively on the choice �1/3 (+1/3) under U(1)Y .
We will comment on the other alternative in Section 9.

6This symmetry may be an accidental symmetry of the low energy e↵ective field theory emerging from an exact
discrete symmetry of a more fundamental theory which includes quantum gravity. For explicit examples, see [29, 81].
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where we have included also the Higgs field H. Here, Li are the left-handed lepton doublets of the
SM and Ei left-handed fields related to the conjugates of the usual right-handed leptons.

The self couplings in the scalar potential are assumed to satisfy �H ,�� > 0 and �2
H� < �H�� , to

ensure that the minimum of the scalar potential is attained at the VEVs

hH†Hi = v2/2, h|�|2i = v2�/2 , (3)

where v = 246GeV and v� is expected to be at a high energy scale, very roughly v� ⇠ 1011 GeV
although we will explore all possible working values. The hidden scalar –the particle excitation ⇢ of
the modulus of the hidden scalar field � in the expansion around the VEV,

�(x) =
1p
2

⇥
v� + ⇢(x)

⇤
eiA(x)/v� , (4) {sigma:}

– gets a mass from symmetry breaking and the same happens for the other new fields, Ni and Q

Mij =
Yijp
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v
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◆
, m⇢ =

p
2�� v� +O

✓
v

v�

◆
, mQ =
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2
v� +O
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v

v�

◆
. (5) {eq:masses}

As long as the dimensionless couplings Yij , ��, and y are sizeable these masses will be large so, as
far as physics at the electroweak scale or below is concerned, these heavy particles can be integrated
out. The emerging low-energy e↵ective field theory only contains a new field, the axion A, and
automatically solves the neutrino mass and the strong CP problem, as reviewed in the next subsection.

2.1 Solving the active neutrino mass problem and the strong CP problem

The two last terms in the first row of Eq. (1) give rise to a neutrino mass matrix of the form

M⌫ =

✓
0 MD

MT
D MM

◆
=

1p
2

✓
0 Fv

F T v Y v�

◆
, (6)

realizing the see-saw mechanism [19–22], i.e. explaining the smallness of the masses of the left-handed
SM active neutrinos by the hierarchy between v and v�,

m⌫ = �MDM
�1
M MT

D = �F Y �1 F T

p
2

v2

v�
= 0.04 eV

✓
1011GeV

v�

◆✓�F Y �1 F T

10�4

◆
. (7) {seesaw}

The unavoidable Nambu-Goldstone boson (NGB) arising from the breaking of the global U(1)
symmetry, corresponding to the particle excitation of the real scalar field A parametrizing the phase in
equation (4), plays at the same time the role of a KSVZ-type [28,29] axion [31,32] and of the majoron,
the NGB of spontaneous global lepton number breaking [23–25], which is usually called J . In fact,
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Implications of Mt (and Mh) for vacuum stability

1. The metastability of the electroweak vacuum after the first LHC run

In the first LHC run we have learned that the Higgs boson exists; it is light, with mass Mh '
125 GeV [1]; and it has SM-like couplings (still with room for significant deviations). Moreover,
no trace of BSM physics has showed up, leading to bounds on the mass scale L of new physics in
the TeV range for the main BSM scenarios, supersymmetric or not. For those of us willing to hold
on to the naturalness paradigm, the hierarchy problem affecting electroweak symmetry breaking
implies that new physics should be around the corner, likely on the reach of the second LHC run.
However, it is also possible that naturalness has mislead us and we are just seeing evidence that
the SM is all there is up to very high energy scales, possibly up to L ⇠ MP. Figure 1 (left plot)
shows how the most relevant SM couplings evolve when extrapolated to very high scales [2]. It was
not guaranteed but the theory stays weakly coupled up to MP but it does. We see the three gauge
couplings almost unifying at µ ⇠ 1014 GeV. The top Yukawa coupling decreases at high energy
(due to as effects) and eventually becomes smaller than all gauge couplings. The Higgs quartic
coupling evolves in a very interesting way: it is small at the EW scale, l (Mt)⇠ 1/8, as the Higgs
boson is light, and it decreases when run to higher scales. The zoomed-in right plot in Fig. 1 shows
l becoming negative at µ ⇠ 1010 GeV.

The steep slope of l (µ) is caused by one-loop top corrections, that give the dominant contribu-
tion to bl = dl/d log µ , which dictates the evolution of l with scale. One has bl =�6y4

t /(16p2)+

... where yt is the sizable top Yukawa coupling. This dependence of bl on the fourth power of yt

explains the crucial sensitivity of the running of l on the top quark mass Mt , illustrated by the gray
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Figure 1: Left: Extrapolation of SM couplings from the Fermi scale to MPl. Right: Zoom-in on the evolution
of the Higgs quartic coupling, l (µ), for Mh = 125.7 GeV. The 3s uncertainties in Mt , as and Mh are shown
by the colored intervals as indicated. (Taken from Ref. [2]).
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is
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Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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hh2i ⇠ H ⇠ 10�5MP ⇠ 1014GeV � ⇤I

V (h)

0
h
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Fluctuations during inflaton:



Threshold stabilization

symmetry read

L ��

Yuijqi✏Huj + YdijqiH

†dj +GijLiH
†Ej + FijLi✏HNj +

1

2
Yij�NiNj

+y Q̃�Q+ yQd i�Qdi + h.c.
i
,

(1) {lyukseesaw}

and

V (H,�) = �H

✓
H†H � v2

2

◆2

+ ��

✓
|�|2 � v2�

2

◆2

+ 2�H�

✓
H†H � v2

2

◆✓
|�|2 � v2�

2

◆
, (2) {scalar_potential}

where we have included also the Higgs field H. Here, Li are the left-handed lepton doublets of the
SM and Ei left-handed fields related to the conjugates of the usual right-handed leptons.

The self couplings in the scalar potential are assumed to satisfy �H ,�� > 0 and �2
H� < �H�� , to

ensure that the minimum of the scalar potential is attained at the VEVs

hH†Hi = v2/2, h|�|2i = v2�/2 , (3)

where v = 246GeV and v� is expected to be at a high energy scale, very roughly v� ⇠ 1011 GeV
although we will explore all possible working values. The hidden scalar –the particle excitation ⇢ of
the modulus of the hidden scalar field � in the expansion around the VEV,

�(x) =
1p
2

⇥
v� + ⇢(x)

⇤
eiA(x)/v� , (4) {sigma:}

– gets a mass from symmetry breaking and the same happens for the other new fields, Ni and Q

Mij =
Yijp
2
v� +O

✓
v

v�

◆
, m⇢ =

p
2�� v� +O

✓
v

v�

◆
, mQ =

yp
2
v� +O

✓
v

v�

◆
. (5) {eq:masses}

As long as the dimensionless couplings Yij , ��, and y are sizeable these masses will be large so, as
far as physics at the electroweak scale or below is concerned, these heavy particles can be integrated
out. The emerging low-energy e↵ective field theory only contains a new field, the axion A, and
automatically solves the neutrino mass and the strong CP problem, as reviewed in the next subsection.

2.1 Solving the active neutrino mass problem and the strong CP problem

The two last terms in the first row of Eq. (1) give rise to a neutrino mass matrix of the form

M⌫ =

✓
0 MD

MT
D MM

◆
=

1p
2

✓
0 Fv

F T v Y v�

◆
, (6)

realizing the see-saw mechanism [19–22], i.e. explaining the smallness of the masses of the left-handed
SM active neutrinos by the hierarchy between v and v�,

m⌫ = �MDM
�1
M MT

D = �F Y �1 F T

p
2

v2

v�
= 0.04 eV

✓
1011GeV

v�

◆✓�F Y �1 F T

10�4

◆
. (7) {seesaw}

The unavoidable Nambu-Goldstone boson (NGB) arising from the breaking of the global U(1)
symmetry, corresponding to the particle excitation of the real scalar field A parametrizing the phase in
equation (4), plays at the same time the role of a KSVZ-type [28,29] axion [31,32] and of the majoron,
the NGB of spontaneous global lepton number breaking [23–25], which is usually called J . In fact,
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the current bounds on r and ns, fully consistent (and pre-
dictive) inflation in SMASH occurs if 10�13 . � . 10�9.

STABILITY

For the measured central values of the Higgs and top
quark masses, the Higgs quartic coupling of the SM be-
comes negative at h = ⇤I ⇠ 1011 GeV [31]. If no new
physics changes this behaviour, Higgs inflation is not vi-
able, since it requires a positive potential at Planckian
field values. Moreover, the instability of the e↵ective
potential is also a problem even if another field drives
inflation. This is because scalars that are light (in com-
parison to the Hubble scale, H) acquire fluctuations of
order ⇠ N H/2⇡, where N is the number of e-folds before
the end of inflation. They would make the Higgs tunnel
into the instability region of the potential, contradicting
the present electroweak vacuum [32]. Remarkably, the
the Higgs portal term / �H� in (1) allows absolute sta-
bility (even when the corresponding low-energy SM po-
tential would be negative if extrapolated to large h) via
the threshold-stabilisation mechanism of [7, 8, 22]. In
SMASH, instabilities could also originate in the ⇢ direc-
tion due to quantum corrections from the RH neutrinos
and KSVZ fermions. For �H� > 0, absolute stability
requires

⇢
�̃H , �̃� > 0, for h <

p
2⇤h

�H ,�� > 0, for h >
p
2⇤h

, (3)

where we define ⇤2
h = �H� v

2
�/�H , �̃H = �H � �2

H�/��

and �̃� = �� � �2
H�/�H . Instead, for �H� < 0, the

stability condition is �̃H , �̃� > 0, for all h [33].
An analysis based on two-loop renormalization group

(RG) equations for the SMASH couplings and one-loop
matching with the SM [22] shows that stability can be
achieved for � ⌘ �2

H�/�� between 10�3 and 10�1, de-
pending onmt, see FIG. 2. The Yukawas must satisfy the
bound 6y4 +

P
Y 4
ii . 16⇡2��/ log

�
30MP /

p
2��v�

�
. It

will prove convenient to define SMASH benchmark units:

�10 =
��

10�10
; �3 =

�

0.03
; v11 =

v�
1011 GeV

. (4)

REHEATING

Understanding the properties of reheating in SMASH
is essential to determine whether the PQ symmetry is re-
stored after inflation and whether e�cient baryogenesis
occurs. Slow-roll inflation ends at a value of ⇢ ⇠ O(MP ),
where the e↵ect of ⇠� is negligible and the inflaton starts
to undergo Hubble-damped oscillations in a quartic po-
tential, with the Universe expanding as in a radiation-
dominated era, which lasts until reheating. After the

FIG. 2. Minimum value of the threshold correction to the
Higgs quartic coupling, � = �2

H�/��, for stable SMASH po-
tentials at RG scales µ = m⇢ (solid) and µ = 30MP (dashed),
for �H� > 0 (black) and �H� < 0 (blue).

latter, radiation domination continues, though driven by
a bath of relativistic particles. This fixes the thick black
line of FIG. 1 as the prediction for r, ns and N in
SMASH, see e.g. [34]. The line spans values of N (as
a function of ns) in the interval ⇠ (60, 62) and its width
(⇠ 0.8 e-folds) measures the uncertainty on the transient
regime from the end of inflation to radiation domination.
We recall that for �H� < 0 the inflaton has a Higgs

component, whereas for �H� > 0 the inflaton is just
⇢, the modulus of �. In any case, during the first
⇠ 14 oscillations, the fluctuations of � grow very fast by
parametric resonance until the PQ symmetry is restored
non-thermally as in [35]. Only if v� were larger than
⇠ 10�2MP there would not be enough time for the fluc-
tuations of � to grow and the PQ symmetry would not be
restored by nonthermal e↵ects, but such high values of v�
are ruled out by CMB axion isocurvature constraints [9].

Parametric resonant production of Higgs fluctuations
(particles) produced during inflaton crossings (Ṽ (⇢) = 0)
is quenched by the large value of the Higgs self-coupling
[36] (and their fast enough decay into tt̄ and gauge
bosons for �H� > 0). Gauge bosons are produced in
the same way if the inflaton has a Higgs component, i.e.
if �H� < 0. In this case, resonant production is pre-
vented by fast decays into light quarks and leptons, but
the mass of the gauge bosons does not stop oscillating
at the onset of the non-thermal PQ restoration (in con-
trast to the Higgs mass in purely �-inflation, �H� > 0)
and the accumulated particle production can dominate
reheating, as we explain below. RH neutrinos and Q, Q̃
are also produced during this preheating stage but their
occupation numbers stay low.

For �H� > 0, reheating takes place when the inflaton
fluctuations decay after the spontaneous PQ symmetry
breaking at h⇢i ⇠ v�. The corresponding temperature

⇠ 10�2

MP µ

SM

⇤I

SMASH

�H(µ)

At low energies, below the mass of |�|

�(SM)
H = �H � �

�



Inflation from the Higgs?

3 Inflation {inflation}

In this section we discuss inflation in SMASH, which in principle may occur with the Higgs (Higgs
Inflation, HI), the hidden scalar (HSI) or a mixture of both (HHSI) playing the role of the inflaton.
We will see that HI should be discarded in favour of HSI and HHSI for reasons related to the violation
of perturbative unitarity at large field values in HI, as anticipated in the Introduction. Throughout
the section we assume that the potentials are absolutely stable and find the relevant parameters to
fit cosmological observations. In the next section we will investigate the stability issues and construct
explicit models that give successful inflation as described here.

3.1 Two-field inflation with non-minimal couplings to R

Our analysis builds upon Higgs Inflation [7], realizing (in a particularly well motivated model) the
ideas of e.g. [125–132] for two fields non-minimally coupled to gravity. Including gravity, the most
general SMASH action at operator dimension four4 is completed (in the Jordan frame) by including
a term

S � �
Z

d4x
p�g


M2

2
+ ⇠H H†H + ⇠� �

⇤�

�
R , (48) {Lmain}

where ⇠H and ⇠� are dimensionless non-minimal couplings to the curvature scalar R, and the mass
scale M is related to the actual Planck mass by

M2
P = M2 + ⇠Hv2 + ⇠�v

2
�. (49) {eq:MMP}

We recall that these non-minimal couplings are generated radiatively, even if they are set to zero at
some scale, and therefore they should be included in a general analysis. As we will only be interested
in inflation for absolutely stable potentials, we point out that the non-minimal couplings ⇠� and ⇠H
will not a↵ect our considerations on the stability.

In the following, we will assume that both non-minimal couplings are positive. We will also
require that �H� > �p

�H��, which is needed for tree-level absolute stability. As far as the tree-level
dynamics is concerned, it is su�cient to consider the Higgs in the unitary gauge and the modulus of
the hidden scalar, which we will often discuss two components of a vector field � ,

|H(x)| = 1p
2

✓
0

h(x)

◆
, |�(x)| = ⇢(x)p

2
, �(x) = (h(x), ⇢(x)) . (50) {choiceg}

Performing a Weyl transformation to the Einstein frame, in which the metric is

g̃µ⌫(x) = ⌦2(h(x), ⇢(x)) gµ⌫(x), (51) {weyl}

where ⌦2 is defined as

⌦2 = 1 +
⇠H(h2 � v2) + ⇠�(⇢2 � v2�)

M2
P

, (52) {conf_fac}

we get that the relevant part of the action reads

S(E)
SMASH �

Z
d4x

p
�g̃

2

4�M2
P

2
R̃+

1

2

1,2X

i,j

Gij g̃
µ⌫@µ�i@⌫�j � Ṽ

3

5 , (53) {Eact}

4Notice, however, that once the graviton is properly normalized by giving it dimensions of mass, the operators
⇠H H†H R and ⇠� �⇤� R have dimension five by power-counting.
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...

Ṽ ⇠ �H

⇠2H
M4

P

inflation ends (assuming this occurs when (V 0/V )2 ⇠ 2M2
P ), obtaining:

21

Ne ' 3

4

⇣
x� log

h⇣
2
p
3� 3

⌘
x
i
� 1

⌘
�

p
3

2
. (67) {eq:Nxigg1}

A numerical evaluation of Ne, following the method of [122] based on the integration of the equation
of motion with the number of e-folds as time variable, shows that this expression is accurate to
the 0.5% level or better. Figures 12 and 13 show, for the potential (64), the relations between the
various parameters of the spectrum of primordial perturbations, the number of e-folds and the value
of the inflaton in the slow-roll approximation used to obtain the previous expressions. We can give a
numerical example imposing ns ' 0.967 (corresponding approximately to the current central value at
0.002 Mpc�1 [126]) for which we obtain that the initial value of the canonically normalized inflaton
field is �e↵|in = 5.42MP , and (using the technique of [122]) inflation ends for �e↵|end = 0.94MP ,
producing a total of Ne = 59.70 e-folds. The values of the other primordial parameters evaluated
at this number of e-folds before the end of inflation are r = 3.11 ⇥ 10�3 and ↵ = �5.51 ⇥ 10�4.
All of these have an excellent compatibility with the most recent CMB measurements from the
Planck [84, 126–128] and BICEP2/Keck [129] collaborations, which show a preference for plateau-
like inflationary potentials. See [130] for a Bayesian approach to inflationary model comparison in
agreement with this conclusion.22

These results have been obtained using only the tree-level form of the action for inflation. A more
detailed analysis should in principle include radiative corrections from matter and graviton loops.
The generic form of these corrections for matter (which are the least suppressed) has been studied
in [132,133] and their estimated numerical value does not change significantly the results.

We stress that the previous (tree-level) results are independent of �̃e↵, whose value can only be
determined from the amplitude of the primordial spectrum:

As ' �̃e↵

128⇡2

(x� 1)4

x2
. (68)

Requiring inflation to last 50–60 e-folds and taking into account that As ' 2 ⇥ 10�9 (at a scale of
0.002 Mpc�1) [126], we see that the e↵ective coupling �̃e↵ is constrained to be of the order

�̃e↵ ⇠ 10�10 . (69) {ct}

Depending on the specific realization of inflation that occurs among the various possibilities of SMASH
listed in Table 3, this relation constrains the relative values of di↵erent couplings of the actual e↵ective
potential of the model (43).

In the case in which inflation proceeds along the Higgs direction (HI) the e↵ective coupling of
(64), which can be read e.g. from (52), is:

�̃e↵ =
�H

⇠2H
, (70) {eq:lambdaeffHI}

which implies that
⇠H ⇠ 105

p
�H ⇠ 104, (71) {ampl_constr_HI}

which is the usual result for standard Higgs inflation.23

21See footnote 20.
22Other plateau-like models not included in [130], such as the general formulation of [131] for renormalizable potentials,

are also able to fit well the data, supporting further this conclusion.
23The relevant value of �H is the one evaluated at the field value of the Higgs during inflation, roughly an order of

magnitude smaller than it is at the electroweak scale.
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Inflation with the new singlet

3 Inflation {inflation}

In this section we discuss inflation in SMASH, which in principle may occur with the Higgs (Higgs
Inflation, HI), the hidden scalar (HSI) or a mixture of both (HHSI) playing the role of the inflaton.
We will see that HI should be discarded in favour of HSI and HHSI for reasons related to the violation
of perturbative unitarity at large field values in HI, as anticipated in the Introduction. Throughout
the section we assume that the potentials are absolutely stable and find the relevant parameters to
fit cosmological observations. In the next section we will investigate the stability issues and construct
explicit models that give successful inflation as described here.

3.1 Two-field inflation with non-minimal couplings to R

Our analysis builds upon Higgs Inflation [7], realizing (in a particularly well motivated model) the
ideas of e.g. [125–132] for two fields non-minimally coupled to gravity. Including gravity, the most
general SMASH action at operator dimension four4 is completed (in the Jordan frame) by including
a term

S � �
Z

d4x
p�g


M2

2
+ ⇠H H†H + ⇠� �

⇤�

�
R , (48) {Lmain}

where ⇠H and ⇠� are dimensionless non-minimal couplings to the curvature scalar R, and the mass
scale M is related to the actual Planck mass by

M2
P = M2 + ⇠Hv2 + ⇠�v

2
�. (49) {eq:MMP}

We recall that these non-minimal couplings are generated radiatively, even if they are set to zero at
some scale, and therefore they should be included in a general analysis. As we will only be interested
in inflation for absolutely stable potentials, we point out that the non-minimal couplings ⇠� and ⇠H
will not a↵ect our considerations on the stability.

In the following, we will assume that both non-minimal couplings are positive. We will also
require that �H� > �p

�H��, which is needed for tree-level absolute stability. As far as the tree-level
dynamics is concerned, it is su�cient to consider the Higgs in the unitary gauge and the modulus of
the hidden scalar, which we will often discuss two components of a vector field � ,

|H(x)| = 1p
2

✓
0

h(x)

◆
, |�(x)| = ⇢(x)p

2
, �(x) = (h(x), ⇢(x)) . (50) {choiceg}

Performing a Weyl transformation to the Einstein frame, in which the metric is

g̃µ⌫(x) = ⌦2(h(x), ⇢(x)) gµ⌫(x), (51) {weyl}

where ⌦2 is defined as

⌦2 = 1 +
⇠H(h2 � v2) + ⇠�(⇢2 � v2�)

M2
P

, (52) {conf_fac}

we get that the relevant part of the action reads

S(E)
SMASH �

Z
d4x

p
�g̃

2

4�M2
P

2
R̃+

1

2

1,2X

i,j

Gij g̃
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3

5 , (53) {Eact}

4Notice, however, that once the graviton is properly normalized by giving it dimensions of mass, the operators
⇠H H†H R and ⇠� �⇤� R have dimension five by power-counting.
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Ṽ ⇠ �

⇠�
M4

P

�H� < 0
� = �� � �2

H�/�H

+ small Higgs component,
inflaton = |�|

�H� > 0 � = ��,inflaton = |�|

2

THE SMASH MODEL

We extend the SM with a new complex singlet scalar
field � and a Dirac fermion Q, which can be split in
two Weyl fermions Q and Q̃ in the 3 and 3̄ represen-
tations of SU(3)c with charges �1/3 and 1/3 under
U(1)Y . This ensures that Q can coannihilate and de-
cay into SM quarks, thereby evading possible overabun-
dance problems [26, 27]. We also add three RH fermions
Ni. The model is endowed with a new Peccei-Quinn
(PQ) global U(1) symmetry [28], which also plays the
role of lepton number in our case. Using left-handed
Weyl spinors, we denote by qi, ui and di the SM quark
doublet and the conjugates of the right-handed quarks of
each generation i = 1, 2, 3; and by Li and Ei the corre-
sponding lepton doublet and the conjugate of the right-
handed lepton. Denoting the Higgs by H, the charges
under the PQ symmetry are: q(1/2), u(�1/2), d(�1/2),
L(1/2), N(�1/2), E(�1/2), Q(�1/2), Q̃(�1/2), �(1),
H(0). The most general Yukawa couplings involving
the new fields are: L � �[FijLi✏HNj + 1

2Yij�NiNj +

y Q̃�Q + zi �Qdi + h.c.], where ✏ is the two-component
antisymmetric symbol. The Yukawa couplings F and Y
realise the seesaw mechanism once � acquires a vacuum
expectation value (VEV) h�i = v�/

p
2, giving a neutrino

mass matrix of the form m⌫ = �FY �1FT v2/(
p
2v�),

with v = 246 GeV. The strong CP problem is solved
as in the standard KSVZ scenario, with the role of the
axion decay constant, fA, played by v� = fA. Due
to non-perturbative QCD e↵ects, the angular part of
� = (⇢ + v�) exp(iA/fA)/

p
2, the axion field A [29, 30],

gains a potential with an absolute minimum at A = 0.
At energies above the QCD scale, the axion-gluon cou-
pling is L � �(↵s/8⇡)(A/fA)GG̃, solving the strong
CP problem when hAi relaxes to zero[31]. The lat-
est lattice computation of the axion mass gives mA =
(57.2± 0.7)(1011GeV/fA)µeV [32].
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In the unitary gauge, there are two scalar fields that
could drive inflation: h, the neutral component of the
Higgs doublet Ht = (0 , h)/
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2, and the modulus of the

new singlet, ⇢2 = 2 |�|2. In the context of the SM, it
was proposed in [16] that h could be the inflaton if it is
non-minimally coupled to the scalar curvature R through
a term L � �p�g ⇠H H†H R [34], with ⇠H ⇠ 104.

FIG. 1. The tensor-to-scalar ratio, r, vs the scalar spectral
index, ns, at k0 = 0.002 Mpc�1 for the inflationary potential
(2), assuming |�H�| ⌧ �H . We show lines of constant ⇠�
(dashed) and constant number of e-folds from the time the
scale k0 = 0.002 Mpc�1 exits the horizon to the end of in-
flation (thin solid). In SMASH, the EOS of the Universe is
like w = 1/3 immediately after inflation, which allows to pre-
dict N (thick red line). Coloured regions show observational
constraints at 68% and 95% CL from [33].
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Reheating after inflation
A small Higgs component in the inflaton of SMASH 

guarantees successful reheating

�H� > 0 ,
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The first oscillations of the inflaton constitute a phase
of so-called preheating [51], during which fluctuations of
� in the direction orthogonal to the inflaton increase ex-
ponentially. The post-inflationary background can be
understood as a homogeneous condensate of particles
with energy given by the oscillation frequency !(t) ⇠p
�⇢end/a(t), where a(t) is the scale factor of the Uni-

verse and t denotes cosmic time [52]. In SMASH, � is
the weakest coupling and thus SM particles coupled to
the inflaton have e↵ective masses / ⇢(t), which are much
larger than !(t) except when ⇢(t) ⇠ 0. Higgs particles
and electroweak bosons could in principle be produced by
parametric resonance [53] at these crossings but they ei-
ther have large self-interactions or decay very e�ciently
into SM fermions. In contrast, the e↵ective mass of �
excitations is ⇠

p
�⇢(t) ⇠ !(t), which allows them to

grow by parametric resonance. The growth of fluctua-
tions of a complex inflaton field in a quartic potential was
studied analytically in [53] and numerically in [54]. Our
own numerical simulations [25] corroborate their results.
After the first ⇠ 14 oscillations after inflation, the fluc-
tuations of � become as large as the inflaton amplitude
h|�|2i ⇠ ⇢2end/a

2, so the PQ symmetry is non-thermally
restored. Only if v� were larger than ⇠ 10�2MP , the
field ⇢ would get trapped around its minimum ⇢ = v�
before the non-thermal restoration can occur. However,
such high values of v� are ruled out by CMB axion isocur-
vature constraints [12] [55].

Aside from these common features, reheating pro-
gresses di↵erently for HSI and HHSI. The reason is
that the small Higgs component of the inflaton in HHSI
(which is lacking in HSI) accelerates in that case the
production of SM particles. We will now discuss the two
cases separately.

Reheating for HSI (�H� > 0): During pre-
heating, Higgs bosons are non-resonantly produced
during inflaton crossings because of the large value of
the Higgs self-coupling [56], as well as the fast decay
of Higgses into tops and gauge bosons. When the
PQ symmetry is non-thermally restored, the induced
Higgs mass

p
�H�

p
h|�|2i stabilises around a large

value
p
�H�⇢end/a(t) � !(t), thus blocking Higgs

production. E�cient reheating has to wait until the
spontaneously symmetry breaking (SSB) of the PQ
symmetry, i.e. when h|�|2i becomes ⇠ v2�. We have
simulated numerically the phase transition, finding that
the energy initially stored in � fluctuations becomes
equipartitioned into axions and ⇢ particles. The lat-
ter can soon decay into Higgses and reheat the SM
sector. The corresponding reheating temperature is

TR ⇠ v11�
3/8
10 �

�1/8
3 107 GeV, where we introduce SMASH

benchmark values: v11 = v�/(1011 GeV), �10 = 1010��,
�3 = �/0.03 [57]. The accompanying axions are relativis-
tic and remain decoupled from such a low temperature
SM thermal bath [58]. They contribute to the late

Universe expansion rate as extra (relativistic) neutrino
species. We estimate �N e↵

⌫ ⇠ 0.96 (�10/�3v11)1/6 above
the SM value N e↵

⌫ (SM) = 3.046 [59]. Current CMB and
baryon acoustic oscillation data give N e↵

⌫ = 3.04 ± 0.18
at 68% CL [2], disfavouring HSI.

Reheating for HHSI (�H� < 0): As in HSI, the
direct production of Higgs excitations stops when the
PQ symmetry is non-thermally restored. However, the
Higgs component of the inflaton continues to oscillate
around h ⇠ 0 so that W and Z gauge bosons can still be
produced during crossings. The fast decay of W,Z into
light fermions when h moves away from zero prevents
their exponential accumulation but makes the comoving
energy in light fermions increase. When light particles
thermalise, a population of W,Z bosons is created by the
thermal bath during crossings (when their mass is below
the temperature) and decays when their mass grows with
h. This mechanism enhances the drain of energy from
the inflaton to the SM bath. Using Boltzmann equations
with thermal and non-thermal sources, and accounting
for the energy loss of the background fields, we have cal-
culated numerically the reheating temperature, finding
TR ⇠ O(1010GeV) for the values of � and � satisfying
the requirements for inflation and stability.

The critical temperature for the PQ phase transition is
Tc ' 2

p
6�� v�/

p
8(�� + �H�) +

P
i Y

2
ii + 6y2 [25]. For

SMASH benchmark values |�H�| � ��, and requiring
the previous stability bound on the Yukawa couplings
of the new fermions, Tc ⇠ 0.01 v� < TR. Therefore, the
PQ symmetry, which had been non-thermally restored
by preheating, is also restored thermally at the end
of reheating. A few Hubble times after, the temper-
ature drops below Tc and the PQ symmetry becomes
spontaneously broken, this time for good. We thus
predict a thermal abundance of axions, which decouple
at min{Tc, T

dec
A } where T dec

A ' 2 ⇥ 109 GeVv2.24611

[58, 60, 61]. Considering g
⇤

= 427/4 relativistic degrees
of freedom at axion decoupling we get 4N e↵

⌫ ' 0.03,
which is much smaller than in HSI and in good agree-
ment with current data. This small value of 4N e↵

⌫

could be probed with future CMB polarisation experi-
ments [62, 63]. As discussed in [64], a non-detection of
new thermal relics with future CMB probes reaching
�N e↵

⌫ ⇠ 0.01 will imply that if such relics exist they
were never in thermal equilibrium with the SM.

Finally, we remark that the EOS of the Universe is
w = 1/3 both in the period of inflaton oscillations in a
quartic potential [65] and the non-thermally PQ restored
phase because the evolution is conformal in a quartic
potential. This is so both for HHSI and HSI. However, in
HSI, there is a small period of matter domination before
the ⇢ particles decay to reheat the SM, whose e↵ects on
N are within the uncertainties.

from CMB and BAO data

GeV

Too much axion radiation

�Ne↵ ⇠ 1

TR ⇠ 107 GeV �H� < 0 ,

�Ne↵ ⇠ 0.03Axions remain decoupled 
from thermal bath

TR ⇠ 1010

CMB S4, Simons O. ...





3

|�H�| required for stability (see below) typically means
that b ⇠ 1 in HHSI, which makes impossible distinguish-
ing in practice between HSI and HHSI from the inflation-
ary potential. However, even a small Higgs component
in the inflaton is relevant for reheating, as we will later
discuss. The predictions of the potential (2) in the case
� = �� (or b ! 1 in HHSI) for the tensor-to-scalar ratio
r vs the scalar spectral index ns are shown in FIG. 1 for
various values of ⇠�.

In SMASH, the equation of state (EOS) of the Universe
after inflation is w = 1/3 (radiation-like) uninterruptedly
until the standard epoch of matter-radiation equality is
reached; see the reheating section below. This allows
to compute the number of e-folds of inflation, N(k), for
any comoving scale, k, matching precisely the predictions
for the inflationary spectrum with the observations of
the CMB [40]. This determines the thick line of FIG.
1 as the SMASH prediction for r(ns) and N(k0) at the
fiducial scale k0 ⌘ 0.002 Mpc�1, which we use through
the Letter for all the primordial inflationary parameters.
The prediction spans N ⇠ (59, 62), depending on ns, and
its width (⇠ 1 e-fold) quantifies the small uncertainty on
the transient regime from the end of inflation to radiation
domination.

Note that the the condition ⇠� . 1 corresponds to
r & 0.004, which is within the planned sensitivities of
PIXIE [41], LiteBird [42], CMB-S4 [43] and COrE+
(which will measure r with an error of �r ⇠ 4 ⇥ 10�4).
The joint constraints of the Planck satellite and the BI-
CEP/Keck array [2, 44] give r < 0.07 at 95% CL, cor-
responding in SMASH to ⇠� & 6 ⇥ 10�3. Taking into
account the former constraints, the spectral index ns at
k = k0 lies in the interval (0.962, 0.966), and its run-
ning ↵ = dns/d ln k lies in the range (�7,�6) ⇥ 10�4,
which may be probed e.g. by future observations of the
21 cm emission line of Hydrogen [45]. Since inflation
is e↵ectively single-field slow-roll, non-Gaussian features
are suppressed by ⇠ (1 � ns) [46, 47]. These values of
the primordial parameters are perfectly compatible with
the latest CMB data, and the amount of inflation that is
produced solves the horizon and flatness problems. Given
the current bounds on r and ns, and the fact that fitting
the amplitude of primordial scalar fluctuations requires
⇠� ⇠ 105

p
�, fully consistent (and predictive) inflation in

SMASH occurs if 5⇥ 10�13 . � . 5⇥ 10�10.

STABILITY

For the measured central values of the Higgs and top
quark masses [1], the Higgs quartic coupling of the SM
becomes negative at h = ⇤I ⇠ 1011 GeV [48]. If no new
physics changes this behaviour, Higgs inflation is not vi-
able, since it requires a positive potential at Planckian
field values. Moreover, this instability is a problem even
if another field drives inflation. This is because scalars

FIG. 2. Minimum value of the threshold correction to the
Higgs quartic coupling, � = �2

H�/��, for stable SMASH po-
tentials at RG scales µ = m⇢ (solid) and µ = 30MP (dashed),
for �H� > 0 (black) and �H� < 0 (blue).

that are light compared to the Hubble scale, H, acquire
fluctuations of order ⇠ N H/2⇡, where N is the num-
ber of e-folds before inflation ends. These can make the
Higgs field move into the instability region of the poten-
tial, which would contradict the present electroweak vac-
uum [49]. Remarkably, the Higgs portal term / �H� in
(1) allows stability via the threshold-stabilisation mecha-
nism of [10, 11]. For �H� > 0, absolute stability requires

⇢
�̃H , �̃� > 0, for h <

p
2⇤h

�H ,�� > 0, for h >
p
2⇤h

, (3)

where ⇤2
h ⌘ �H� v

2
�/�H , �̃H ⌘ �H � � and the thresh-

old correction is � ⌘ �2
H�/��. Instead, for �H� < 0,

the stability condition is just �̃H , �̃� > 0, for all h.
The Higgs direction is the one most prone to be desta-
bilised (from top loops) and the potential must remain
positive beyond the h ⇠ MP values needed for infla-
tion. A one-loop analysis shows that a value of � above
10�3–10�1 (depending on the top mass, see FIG. 2) en-
sures stability up to h30 u 30MP for a Higgs mass of
125.09 GeV. Finally, in SMASH, instabilities could also
originate in the direction of ⇢ due to quantum corrections
from Ni and Q, Q̃. Stability in this direction, requires
6y4 +

P
Y 4
ii . 16⇡2��/ log

�
h30/

p
2��v�

�
[50].

REHEATING

SMASH provides a complete model of cosmology for
which the evolution after inflation can be calculated. The
PQ symmetry is spontaneously broken during inflation
by the large evolving value of ⇢. Slow-roll inflation ends
at ⇢end ⇠ O(MP ), where the e↵ect of ⇠� is negligible.
Since ⇢end � v�, the inflaton starts to undergo Hubble-
damped oscillations in a quartic potential.

Primordial spectrum
CMB + unitarity:

(CORE, LiteBird, Pixie, CMB S4)

Small non-Gaussianities and isocurvature 

0.962 . ns . 0.966

↵ ' �7⇥ 10�4Spectral index running:

(21 cm line of neutral Hydrogen)

0.004 . r . 0.07
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can be estimated as TR ⇠ 107 GeVv11�
3/8
10 �

�1/8
3 . How-

ever, for the benchmark values (4) of SMASH there is
typically an excessive amount of dark radiation stored
in relativistic axions. They are copiously produced dur-
ing reheating and remain decoupled in the case of such
a low reheating temperature [37], leading to a signifi-
cant increase �N e↵

⌫ ⇠ 0.96 (�3v11/�10)�1/6 of the e↵ec-
tive number of relativistic neutrino species beyond the
SM value N e↵

⌫ (SM) = 3.046 [38]. This is strongly con-
strained (N e↵

⌫ = 3.04 ± 0.18 at 68% CL) by CMB and
baryon acoustic oscillation data [1].

This problem does not arise for �H� < 0. As antici-
pated before, in this case the background can produce
fast-decaying weak gauge bosons, leading to a steady
growth of the density of their decay products. When
these light particles thermalise, they can produce addi-
tional gauge bosons. These gain energy from the back-
ground as their mass increases, and transfer it to the
light particles when decaying. Using Boltzmann equa-
tions with thermal and non-thermal sources, and ac-
counting for the energy loss of the background, we can
estimate the reheating temperature by finding the time at
which the energy densities of the inflaton and the ther-
mal bath are equal. The reheating temperature turns
out to be ⇠ 1010 GeV for � ⇠ 0.05 (see FIG. 2) and
�̃� ⇠ 10�10 (which satisfy the requirements for stabil-
ity and inflation). Such temperature ensures a ther-
mal restoration of the PQ symmetry for the relevant
region of parameter space, since the critical tempera-
ture Tc of the PQ phase transition goes as Tc/v� '
2
p
6��/

p
8(�� + �H�) +

P
i Y

2
ii + 6y2. As we mentioned

above, in this case there is no dark radiation problem;
the corresponding increase in the e↵ective number of rel-
ativistic neutrino species is just 4N e↵

⌫ ' 0.03, assum-
ing g

⇤

(T dec
A ) = 427/4 relativistic degrees of freedom at

thermal axion decoupling, T dec
A ' 2 ⇥ 109 GeVv2.24611

[37, 39, 40]. This small value of �Ne↵ could be probed
with future CMB polarization experiments [41, 42].

DARK MATTER

For �H� > 0, the PQ symmetry is restored non-
thermally after inflation and then spontaneously broken
again before reheating. On the other hand, for �H� < 0
and e�cient reheating, the restoration and breaking are
thermal. In the phase transition, which happens at a crit-

ical temperature Tc & �
1/4
� v�, a network of cosmic strings

is formed. Its evolution leads to a low-momentum pop-
ulation of axions that together with those arising from
the realignment mechanism [43–45] constitute the dark
matter in SMASH. Requiring that all the DM is made of
axions restricts the symmetry breaking scale to the range

3⇥ 1010 GeV . v� . 1.2⇥ 1011 GeV, (5)
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FIG. 3. SMASH predictions for the axion-photon coupling
(thick solid horizontal line) with current bounds on axion DM
(ADMX,BRF) and prospects for next generation axion dark
matter experiments, such as ADMX2(3) [54], CULTASK [50],
MADMAX [51], ORPHEUS [52], X3 [55], and the helioscope
IAXO [56].

which translates into the mass window

50µeV . mA . 200µeV, (6)

updating the results of [46] with the latest axion mass
data [23]. The main uncertainty now arises from the
string contribution [46, 47], which is expected to be di-
minished in the near future [48, 49]. Importantly, the
SMASH axion mass window (6) will be probed in the
upcoming decade by axion dark matter direct detection
experiments such as CULTASK [50], MADMAX [51], and
ORPHEUS [52], see also [23, 53] and FIG. 3 for our esti-
mates of their future sensitivity.

BARYOGENESIS

The origin of the baryon asymmetry of the Universe
is explained in SMASH from thermal leptogenesis [57].
This requires massive RH neutrinos acquiring equilib-
rium abundances and then decaying when production
rates become Boltzmann suppressed. If �H� < 0, then
TR > Tc for stable models in the DM window (5). The
RH neutrinos become massive after the PQ phase tran-
sition, and those with masses Mi < Tc retain an equi-
librium abundance. The stability bound on the Yukawas
Yii enforces Tc > M1, so that at least the lightest RH
neutrino stays in equilibrium. Moreover, the annihila-
tions of the RH neutrinos tend to be suppressed with re-
spect to their decays. This allows for vanilla leptogenesis
from the decays of a single RH neutrino, which demands
M1 & 5⇥108 GeV [58, 59]. However, for v� as in (5), this
is just borderline compatible with stability. Nevertheless,

vacuum misalignment:

and decay of Peccei-Quinn strings
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is formed. Its evolution leads to a low-momentum pop-
ulation of axions that together with those arising from
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(ADMX,BRF) and prospects for next generation axion dark
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MADMAX [51], ORPHEUS [52], X3 [55], and the helioscope
IAXO [56].

which translates into the mass window
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updating the results of [46] with the latest axion mass
data [23]. The main uncertainty now arises from the
string contribution [46, 47], which is expected to be di-
minished in the near future [48, 49]. Importantly, the
SMASH axion mass window (6) will be probed in the
upcoming decade by axion dark matter direct detection
experiments such as CULTASK [50], MADMAX [51], and
ORPHEUS [52], see also [23, 53] and FIG. 3 for our esti-
mates of their future sensitivity.
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is explained in SMASH from thermal leptogenesis [57].
This requires massive RH neutrinos acquiring equilib-
rium abundances and then decaying when production
rates become Boltzmann suppressed. If �H� < 0, then
TR > Tc for stable models in the DM window (5). The
RH neutrinos become massive after the PQ phase tran-
sition, and those with masses Mi < Tc retain an equi-
librium abundance. The stability bound on the Yukawas
Yii enforces Tc > M1, so that at least the lightest RH
neutrino stays in equilibrium. Moreover, the annihila-
tions of the RH neutrinos tend to be suppressed with re-
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from the decays of a single RH neutrino, which demands
M1 & 5⇥108 GeV [58, 59]. However, for v� as in (5), this
is just borderline compatible with stability. Nevertheless,
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librium abundance. The stability bound on the Yukawas
Yii enforces Tc > M1, so that at least the lightest RH
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tions of the RH neutrinos tend to be suppressed with re-
spect to their decays. This allows for vanilla leptogenesis
from the decays of a single RH neutrino, which demands
M1 & 5⇥108 GeV [58, 59]. However, for v� as in (5), this
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where we have included also the Higgs field H. Here, Li are the left-handed lepton doublets of the
SM and Ei left-handed fields related to the conjugates of the usual right-handed leptons.

The self couplings in the scalar potential are assumed to satisfy �H ,�� > 0 and �2
H� < �H�� , to

ensure that the minimum of the scalar potential is attained at the VEVs

hH†Hi = v2/2, h|�|2i = v2�/2 , (3)

where v = 246GeV and v� is expected to be at a high energy scale, very roughly v� ⇠ 1011 GeV
although we will explore all possible working values. The hidden scalar –the particle excitation ⇢ of
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As long as the dimensionless couplings Yij , ��, and y are sizeable these masses will be large so, as
far as physics at the electroweak scale or below is concerned, these heavy particles can be integrated
out. The emerging low-energy e↵ective field theory only contains a new field, the axion A, and
automatically solves the neutrino mass and the strong CP problem, as reviewed in the next subsection.

2.1 Solving the active neutrino mass problem and the strong CP problem

The two last terms in the first row of Eq. (1) give rise to a neutrino mass matrix of the form
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realizing the see-saw mechanism [19–22], i.e. explaining the smallness of the masses of the left-handed
SM active neutrinos by the hierarchy between v and v�,
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The unavoidable Nambu-Goldstone boson (NGB) arising from the breaking of the global U(1)
symmetry, corresponding to the particle excitation of the real scalar field A parametrizing the phase in
equation (4), plays at the same time the role of a KSVZ-type [28,29] axion [31,32] and of the majoron,
the NGB of spontaneous global lepton number breaking [23–25], which is usually called J . In fact,
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the current bounds on r and ns, fully consistent (and pre-
dictive) inflation in SMASH occurs if 10�13 . � . 10�9.

STABILITY

For the measured central values of the Higgs and top
quark masses, the Higgs quartic coupling of the SM be-
comes negative at h = ⇤I ⇠ 1011 GeV [31]. If no new
physics changes this behaviour, Higgs inflation is not vi-
able, since it requires a positive potential at Planckian
field values. Moreover, the instability of the e↵ective
potential is also a problem even if another field drives
inflation. This is because scalars that are light (in com-
parison to the Hubble scale, H) acquire fluctuations of
order ⇠ N H/2⇡, where N is the number of e-folds before
the end of inflation. They would make the Higgs tunnel
into the instability region of the potential, contradicting
the present electroweak vacuum [32]. Remarkably, the
the Higgs portal term / �H� in (1) allows absolute sta-
bility (even when the corresponding low-energy SM po-
tential would be negative if extrapolated to large h) via
the threshold-stabilisation mechanism of [7, 8, 22]. In
SMASH, instabilities could also originate in the ⇢ direc-
tion due to quantum corrections from the RH neutrinos
and KSVZ fermions. For �H� > 0, absolute stability
requires

⇢
�̃H , �̃� > 0, for h <

p
2⇤h

�H ,�� > 0, for h >
p
2⇤h

, (3)

where we define ⇤2
h = �H� v

2
�/�H , �̃H = �H � �2

H�/��

and �̃� = �� � �2
H�/�H . Instead, for �H� < 0, the

stability condition is �̃H , �̃� > 0, for all h [33].
An analysis based on two-loop renormalization group

(RG) equations for the SMASH couplings and one-loop
matching with the SM [22] shows that stability can be
achieved for � ⌘ �2

H�/�� between 10�3 and 10�1, de-
pending onmt, see FIG. 2. The Yukawas must satisfy the
bound 6y4 +

P
Y 4
ii . 16⇡2��/ log

�
30MP /

p
2��v�

�
. It

will prove convenient to define SMASH benchmark units:

�10 =
��

10�10
; �3 =

�

0.03
; v11 =

v�
1011 GeV

. (4)

REHEATING

Understanding the properties of reheating in SMASH
is essential to determine whether the PQ symmetry is re-
stored after inflation and whether e�cient baryogenesis
occurs. Slow-roll inflation ends at a value of ⇢ ⇠ O(MP ),
where the e↵ect of ⇠� is negligible and the inflaton starts
to undergo Hubble-damped oscillations in a quartic po-
tential, with the Universe expanding as in a radiation-
dominated era, which lasts until reheating. After the
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FIG. 2. Minimum value of the threshold correction to the
Higgs quartic coupling, � = �2

H�/��, for stable SMASH po-
tentials at RG scales µ = m⇢ (solid) and µ = 30MP (dashed),
for �H� > 0 (black) and �H� < 0 (blue).

latter, radiation domination continues, though driven by
a bath of relativistic particles. This fixes the thick black
line of FIG. 1 as the prediction for r, ns and N in
SMASH, see e.g. [34]. The line spans values of N (as
a function of ns) in the interval ⇠ (60, 62) and its width
(⇠ 0.8 e-folds) measures the uncertainty on the transient
regime from the end of inflation to radiation domination.
We recall that for �H� < 0 the inflaton has a Higgs

component, whereas for �H� > 0 the inflaton is just
⇢, the modulus of �. In any case, during the first
⇠ 14 oscillations, the fluctuations of � grow very fast by
parametric resonance until the PQ symmetry is restored
non-thermally as in [35]. Only if v� were larger than
⇠ 10�2MP there would not be enough time for the fluc-
tuations of � to grow and the PQ symmetry would not be
restored by nonthermal e↵ects, but such high values of v�
are ruled out by CMB axion isocurvature constraints [9].

Parametric resonant production of Higgs fluctuations
(particles) produced during inflaton crossings (Ṽ (⇢) = 0)
is quenched by the large value of the Higgs self-coupling
[36] (and their fast enough decay into tt̄ and gauge
bosons for �H� > 0). Gauge bosons are produced in
the same way if the inflaton has a Higgs component, i.e.
if �H� < 0. In this case, resonant production is pre-
vented by fast decays into light quarks and leptons, but
the mass of the gauge bosons does not stop oscillating
at the onset of the non-thermal PQ restoration (in con-
trast to the Higgs mass in purely �-inflation, �H� > 0)
and the accumulated particle production can dominate
reheating, as we explain below. RH neutrinos and Q, Q̃
are also produced during this preheating stage but their
occupation numbers stay low.

For �H� > 0, reheating takes place when the inflaton
fluctuations decay after the spontaneous PQ symmetry
breaking at h⇢i ⇠ v�. The corresponding temperature

3

|�H�| required for stability (see below) typically means
that b ⇠ 1 in HHSI, which makes impossible distinguish-
ing in practice between HSI and HHSI from the inflation-
ary potential. However, even a small Higgs component
in the inflaton is relevant for reheating, as we will later
discuss. The predictions of the potential (2) in the case
� = �� (or b ! 1 in HHSI) for the tensor-to-scalar ratio
r vs the scalar spectral index ns are shown in FIG. 1 for
various values of ⇠�.

In SMASH, the equation of state (EOS) of the Universe
after inflation is w = 1/3 (radiation-like) uninterruptedly
until the standard epoch of matter-radiation equality is
reached; see the reheating section below. This allows
to compute the number of e-folds of inflation, N(k), for
any comoving scale, k, matching precisely the predictions
for the inflationary spectrum with the observations of
the CMB [40]. This determines the thick line of FIG.
1 as the SMASH prediction for r(ns) and N(k0) at the
fiducial scale k0 ⌘ 0.002 Mpc�1, which we use through
the Letter for all the primordial inflationary parameters.
The prediction spans N ⇠ (59, 62), depending on ns, and
its width (⇠ 1 e-fold) quantifies the small uncertainty on
the transient regime from the end of inflation to radiation
domination.

Note that the the condition ⇠� . 1 corresponds to
r & 0.004, which is within the planned sensitivities of
PIXIE [41], LiteBird [42], CMB-S4 [43] and COrE+
(which will measure r with an error of �r ⇠ 4 ⇥ 10�4).
The joint constraints of the Planck satellite and the BI-
CEP/Keck array [2, 44] give r < 0.07 at 95% CL, cor-
responding in SMASH to ⇠� & 6 ⇥ 10�3. Taking into
account the former constraints, the spectral index ns at
k = k0 lies in the interval (0.962, 0.966), and its run-
ning ↵ = dns/d ln k lies in the range (�7,�6) ⇥ 10�4,
which may be probed e.g. by future observations of the
21 cm emission line of Hydrogen [45]. Since inflation
is e↵ectively single-field slow-roll, non-Gaussian features
are suppressed by ⇠ (1 � ns) [46, 47]. These values of
the primordial parameters are perfectly compatible with
the latest CMB data, and the amount of inflation that is
produced solves the horizon and flatness problems. Given
the current bounds on r and ns, and the fact that fitting
the amplitude of primordial scalar fluctuations requires
⇠� ⇠ 105

p
�, fully consistent (and predictive) inflation in

SMASH occurs if 5⇥ 10�13 . � . 5⇥ 10�10.

STABILITY

For the measured central values of the Higgs and top
quark masses [1], the Higgs quartic coupling of the SM
becomes negative at h = ⇤I ⇠ 1011 GeV [48]. If no new
physics changes this behaviour, Higgs inflation is not vi-
able, since it requires a positive potential at Planckian
field values. Moreover, this instability is a problem even
if another field drives inflation. This is because scalars

FIG. 2. Minimum value of the threshold correction to the
Higgs quartic coupling, � = �2

H�/��, for stable SMASH po-
tentials at RG scales µ = m⇢ (solid) and µ = 30MP (dashed),
for �H� > 0 (black) and �H� < 0 (blue).

that are light compared to the Hubble scale, H, acquire
fluctuations of order ⇠ N H/2⇡, where N is the num-
ber of e-folds before inflation ends. These can make the
Higgs field move into the instability region of the poten-
tial, which would contradict the present electroweak vac-
uum [49]. Remarkably, the Higgs portal term / �H� in
(1) allows stability via the threshold-stabilisation mecha-
nism of [10, 11]. For �H� > 0, absolute stability requires

⇢
�̃H , �̃� > 0, for h <

p
2⇤h

�H ,�� > 0, for h >
p
2⇤h

, (3)

where ⇤2
h ⌘ �H� v

2
�/�H , �̃H ⌘ �H � � and the thresh-

old correction is � ⌘ �2
H�/��. Instead, for �H� < 0,

the stability condition is just �̃H , �̃� > 0, for all h.
The Higgs direction is the one most prone to be desta-
bilised (from top loops) and the potential must remain
positive beyond the h ⇠ MP values needed for infla-
tion. A one-loop analysis shows that a value of � above
10�3–10�1 (depending on the top mass, see FIG. 2) en-
sures stability up to h30 u 30MP for a Higgs mass of
125.09 GeV. Finally, in SMASH, instabilities could also
originate in the direction of ⇢ due to quantum corrections
from Ni and Q, Q̃. Stability in this direction, requires
6y4 +

P
Y 4
ii . 16⇡2��/ log

�
h30/

p
2��v�

�
[50].

REHEATING

SMASH provides a complete model of cosmology for
which the evolution after inflation can be calculated. The
PQ symmetry is spontaneously broken during inflation
by the large evolving value of ⇢. Slow-roll inflation ends
at ⇢end ⇠ O(MP ), where the e↵ect of ⇠� is negligible.
Since ⇢end � v�, the inflaton starts to undergo Hubble-
damped oscillations in a quartic potential.
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where aend is the value of the scale factor at the end of
inflation and ak is its value when the scale k equalled aH
during inflation.2 We will use Nhor to indicate N(a0H0).

To determine the number of e-foldings corresponding
to a scale measured in terms of the present Hubble scale,
we need a complete model for the history of the Uni-
verse. At least from nucleosynthesis onwards, this is now
well in place, but at earlier epochs there are consider-
able uncertainties. At this stage, we make the following
simple assumptions for the sequence of events after infla-
tion, considering possible alternatives in the next section.
We assume that inflation is followed by a period of re-
heating, during which the Universe expands as matter
dominated (this assumption is not true in all models —
see subsection II C). This then gives way to a period of
radiation domination, which according to the Standard
Cosmological Model lasts until a redshift of a few thou-
sand before giving way to matter domination, and then
finally at a redshift below one to a cosmological constant
or quintessence dominated era. We assume sudden tran-
sitions between these epochs, labelling the end of the re-
heating period by ‘reh’ and the matter–radiation equality
epoch by ‘eq’. This is illustrated in Figure 1.

We can therefore write

k

a0H0
=

akHk

a0H0
= e−N(k) aend

areh

areh

aeq

Hk

Heq

aeqHeq

a0H0
(2)

Some useful factors are (see e.g. Ref. [4])

aeqHeq

a0H0
= 219 Ω0h ; (3)

Heq = 5.25 × 106 h3 Ω2
0H0 ; (4)

H0 = 1.75 × 10−61 h mPl with h " 0.7 (5)

Using the slow-roll approximation during inflation to
write H2

k " 8πVk/3m2
Pl, we obtain

N(k) = − ln
k

a0H0
+

1

3
ln

ρreh

ρend
+

1

4
ln

ρeq

ρreh

+ ln

√

8πVk

3m2
Pl

1

Heq
+ ln 219Ω0h . (6)

which agrees with Refs. [4, 5] while being more precise
about the prefactor. In fact ultimately the dependence
on the matter density Ω0 will cancel out, and though a
dependence on h remains this parameter is now accu-
rately determined by observations.

2 As discussed by Liddle, Parsons and Barrow [3], it makes more
logical sense to define the amount of inflation as the ratio of aH,
rather than a. More on that later; for now we follow the standard
usage.
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Rad
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Matter
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ln a

Reheating

lnH   /a−1

FIG. 1: A plot of ln(H−1/a) versus ln a shows the different
epochs in the e-foldings calculation. The solid curve shows the
evolution from the initial horizon crossing to the present, with
the dashed lines showing likely extrapolations into the past
and future. The condition for inflation is that ln(H−1/a) be
decreasing. Lines of constant Hubble parameter (not shown)
lie at 45 degrees (running top left to bottom right). The limit
of exponential inflation gives a line at this angle, otherwise
the inflation line is shallower. During reheating and matter
domination H−1/a ∝ a1/2, while during radiation domina-
tion H−1/a ∝ a. The recent domination by dark energy has
initiated a new era of inflation. The horizontal dotted line
indicates the present horizon scale. The number of e-foldings
of inflation is the horizontal distance between the time when
H−1/a first crosses that value and the end of inflation.

A. A plausible upper limit

The evolution of the Universe as described above is a
plausible model for its entire history. Nevertheless, there
are significant uncertainties in applying Eq. (6). Vk is
a quantity we would hope to extract from the perturba-
tions, but presently only upper limits exist, as the density
perturbation amplitude depends on a combination of the
potential and its slope, being unable to constrain either
separately. Detection of primordial gravitational waves,
which so far has not been achieved, is needed to break
this degeneracy. We do not know how prolonged the re-
heating epoch might be, which is needed to determine
ρreh, nor how much lower the energy density ρend at the
end of inflation might be as compared to Vk.

Nevertheless, we can impose a plausible maximum
on the number of e-foldings by making an assumption,
namely that there is no significant drop in energy density
during these last stages of inflation, so that Vk = ρend.
Note however that this is not the correct way to maximize
Eq. (6), a topic we return to in subsection II D, and so is
a non-trivial assumption. Having made it, the inflation
line in Figure 1 lies at 45 degrees, and we can maximize
the number of e-foldings by assuming that reheating is
instantaneous, so that ρreh = ρend. Focussing now on the
current horizon scale, this gives a maximum number of

Liddle and Leach, 2003

Matter
Reheating 
in SMASH

Reheating with a quartic potential



Figure 15: 2D slice of our 3D simulations of the growth of perturbations of the inflaton during preheating
at ⌧ = 400 showing patches of the Universe with di↵erent values of ✓. The length in the abscissa is given in
comoving units 1/(

p
��

end

).

p
���0(t). Hence for an oscillating � = �, which induces oscillating masses, the decays or annihilations

can only happen when � crosses the origin and the induced masses approach zero. This is possible
during preheating, i.e. ⌧ . 100, but not after because e↵ective masses are actually proportional to
h|�|2i which soon tends to 0.5�2

end/a
2 (and will decrease very slowly but without further crossing

zero), see Fig. 14. This implies that the masses of the particles coupling directly to the inflaton set on
values much above the frequency of oscillation !. This closes the particle production channels from
the background condensate. The decays of the excitations themselves are also closed at this stage, as
their typical momentum is of the order of !.

Thus, reheating is quenched until our assumption of neglecting fA is not valid anymore. When
the amplitudes become of the order of fA, the PQ symmetry becomes broken. This happens when
quadratic terms in the potential become relevant, and the � fluctuations end up confined in potential
wells around |�| = fA/

p
2. After the PQ symmetry breaking, the physics is described more easily

using a massive modulus excitation ⇢, with mass m⇢ =
p
2��fA and a massless axion; see equations

46

PQ symmetry
non-thermally
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~14 oscillations

✓

Preheating
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Matter/anti-matter asymmetry
Obtained from thermal leptogenesis:

3M1 . M3 ⇠ M2

For a thermal distribution of the lightest RH neutrino 
and neglecting flavour effects, the observed baryon asymmetry 

is generated if

Figure 3: The value of the initial misalignment ✓I,c that fits the observed cold dark matter abundance
⌦ch2 = 0.12 as a function of fA for di↵erent values of n = 3, 4, 5, 6, 7, 8, 9 from top to bottom. We
plot 2 tan(✓I,c/2) which coincides with ✓I,c when small and with 1/(⇡ � ✓I,c) when large. {thetaIDM}

one finds that the observed baryon asymmetry is generated as long as [95–97]

M1 & 5⇥ 108 GeV; (MDM
T
D)11/M1 . 10�3 eV, (47) {leptogenesis}

for a thermal initial abundance of N1. Remarkably, this can be the case in SMASH, as we will find in
Sections 5 and 6. However, we will see that this turns out to be a very strong constraint in SMASH
that we want to circumvent.

Leptogenesis can happen for smaller values of M1 in scenarios in which the mass di↵erences among
the right-handed neutrinos are of the order of their decay widths. In that case there is a resonant
enhancement of CP violation in the decays of the heavy neutrinos, giving rise to the mechanism of
“resonant leptogenesis” [98,99]. This allows for a substantial relaxation of the mass bound of equation
(47), so that right-handed neutrinos can have masses even in the TeV range.

WRITE ABOUT ANNIHILATIONS AND MOTIVATION FOR LOW ⇤).

Finally, it is worth mentioning that in SMASH, axionic strings can support zero modes of the
right-handed neutrinos and the new quark Q. This allows lepton number to be trapped in strings in
RH neutrinos, which are released when string loops collapse and decay out of equilibrium injecting
new lepton number in the Universe. Numerical estimates show that the contribution to the baryon
asymmetry is negligible for the relatively small values of M1 in which we are interested [100–102] but
the conclusions are based on poor knowledge about the evolution of the string network so an updated
study might be worth but is beyond the scope of this paper .
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For larger RH masses, resonant leptogenesis may occur  

Hierarchical RH neutrino mass spectrum 
(determined by the Yukawas in our case)

Vanilla leptogenesis:

Pilaftsis and Underwood, 2003

Davidson and Ibarra, 2002 

Fukugita and Yanagida, 1986

Buchmüller, di Bari and Plumacher 2002


