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Simple extension of the SM addressing

1. inflation

2. baryogenesis

3. dark matter

4. smallness of neutrino masses

5. strong CP problem



⌫MSM

SM + NiThree singlet neutrinos, , with Majorana masses

- Small neutrino masses from the see-saw mechanism

- The lightest of the  Ni is a DM candidate with ~ keV mass 

- Baryon asymmetry from oscillations of the two heavier  Ni

Asaka, Blanchet and Shaposhnikov 2005

- Does not solve the strong CP problem
- Inflation ?



a) Negative effective potential at large Higgs values

b) Loss of unitarity (due to large non-minimal coupling) 
and (consequently) lost of predictive power

Burgess, Lee and Trott 2009
Barbón and Espinosa 2009

Problems of Higgs inflation:

- The Higgs boson non-minimally coupled to gravity gives inflation
Bezrukov and Shaposhnikov 2008



SMASH!
Standard Model - 

Axion -  

See-saw - 

Higgs (portal inflation) 



- Three singlet neutrinos, 

- A complex singlet, 

-      and      in the fund. and anti-fund. reps. of 

Ni

Q Q̃ SU(3)c

�

New global           PQ symmetryU(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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with charges:

(with hypercharges -1/3 and 1/3, allowing them to decay)

SM +SMASH  =

Dias, Machado, Nishi, Ringwald and Vaudrevange (2014)
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Yukawa couplings and potential: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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Neutrino masses and DM
Strong CP problem and DM

Strong CP problem, DM, inflation and stability

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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Inflation

Couplings to gravity:



The strong CP problem

✓ ⌘ ✓0 � arg(detM)

quark mass 
matrix

Invariant under chiral 
transformations

✓ . 10�10

breaks CP

�S /
Z

GG̃Solution requires a transformation under which

global sym. that is anomalous under SU(3)cExample:
(there is no such sym. in the SM)

from neutron e.d.m.

LQCD 2 � ✓0
32⇡2

GG̃



The KSVZ axion

Redefine Q

L 2 1

2
@µa @

µa+ i
a

32⇡2
GG̃ a ! a+ c , @µc = 0

The coupling of the axion to QCD is a dim. 5 operator.
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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,
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– gets a mass from symmetry breaking and the same happens for the other new fields, Ni and Q
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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
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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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and integrate out |�|Q and below v� (large VEV)

Kim-Shifman-Vainshtein-Zakharov (1979)



Scalar potential and inflation
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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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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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are generated radiatively.⇠H ⇠�and
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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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⇤U =
MP

⇠H
⇠ 1014 GeV ⌧ MPp

⇠H
⇠ 1016 GeV

To restore unitarity physics must change at or below ⇤U ,
                    very likely altering the inflationary dynamics.
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Quantum fluctuations of the Higgs:

p
hh2i ⇠ H ⇠

p
Vinf(�)

MP
⇠ 10�5MP ⇠ 1014GeV � ⇤I

V (h) < 0 at h = ⇤I ⇠ 1011GeV

⇤I

V (h)

0
h
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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

171 172 173 174 175
��-�

��-�

��-�

��-�

�

mt [GeV ]

� m
in

�H� >0, �H� <0

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

Threshold stabilization 
Lebedev 2012

Elias-Miro, Espinosa, Giudice, Lee, Strumia 2012

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



Inflation in SMASH

2

endowed with a new Peccei-Quinn (PQ) global U(1)
symmetry, which also plays the role of lepton num-
ber. The charges under this 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); and the rest of the SM fields (e.g. the
Higgs) are uncharged. The new Yukawa couplings are:
L � �[FijLi✏HNj +

1
2Yij�NiNj + y Q̃�Q+ yQd i�Qdi +

h.c.]. The two first terms realise the seesaw mecha-
nism 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 ef-
fects, the angular part of � = (⇢ + v�) exp(iA/fA)/

p
2,

the axion field A, gains a potential with an absolute min-
imum at A = 0. At energies above the QCD scale, the
axion-gluon coupling is L � �(↵s/8⇡)(A/fA)GG̃, solv-
ing the strong CP problem when hAi relaxes to zero.
The latest lattice computation of the axion mass gives
mA = (57.2± 0.7)(1011GeV/fA) eV [23].

INFLATION

The scalar sector of the model has the potential

V (H,�) = �H

✓
H†H � v2

2

◆2

+ ��

✓
|�|2 � v2�

2

◆2

+ 2�H�

✓
H†H � v2

2

◆✓
|�|2 � v2�

2

◆
. (1)

In the unitary gauge, there are two scalar fields that
could drive inflation: h, the neutral component of the
Higgs doublet Ht = (0 , h)/

p
2, and the modulus of the

new singlet, ⇢ =
p
2|�|. In the context of the SM, it

was proposed in [13] 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 [24], with ⇠H ⇠ 104.
Such a large value of ⇠H is required by the constraint
⇠H ⇠ 105

p
�H to fit the amplitude of primordial fluctu-

ations and it implies that perturbative unitarity breaks
down at the scale ⇤U = MP /

p
⇠H ⌧ MP [25, 26], where

MP = 1/
p
8⇡G is the reduced Planck mass. This raises

a serious di�culty for Higgs inflation, which requires
Planckian values of h and an energy density of order ⇤2

U .
Since new physics is expected at or below ⇤U to restore
unitarity, the predictivity of Higgs inflation is lost, be-
cause the e↵ect of this new physics on inflation is unde-
termined. This issue a↵ects some completions of the SM
such as the ⌫MSM [27, 28] and the model proposed in
[18]. Instead, inflation in SMASH is mostly driven by ⇢,
with a non-minimal coupling 2 ⇥ 10�3 . ⇠� . 1. The
upper bound on ⇠� ensures that the scale of perturbative
unitarity breaking is at MP (provided that also ⇠H . 1),
whereas the lower bound on ⇠� corresponds to a tensor-

FIG. 1. The tensor-to-scalar ratio, r, vs the scalar spectral
index, ns, at k = 0.002 Mpc�1 for the SMASH inflationary
potential (2), assuming �H� ⌧ �H . The color coded con-
tours represent current observational constraints at 68% and
95% CL from [1]. The threading of thin continuous lines indi-
cates the number e-folds N from the time the scale k = 0.002
Mpc�1 exits the horizon to the end of inflation. Lines of con-
stant ⇠� are shown dotted. The thick black line takes into
account the fact that after inflation the Universe enters a ra-
diation era. The line identified as “quartic inflation” shows
the prediction of N for a purely quartic monomial potential
(⇠� ! 0), which is ruled out by the data.

to-scalar ratio r . 0.07 (as constrained by the Planck
satellite and the BICEP/Keck array [1, 29]). Neglect-
ing ⇠H , predictive slow-roll inflation in SMASH in the
Einstein frame can be described by a single canonically
normalized field � with potential

Ṽ (�) =
�

4
⇢(�)4

✓
1 + ⇠�

⇢(�)2

M2
P

◆
�2

, (2)

where � can be either �� or �̃� = ����2
H�/�H , with the

second case being possible only if �H� < 0, correspond-
ing to an inflationary valley in a mixed direction in the
plane (⇢, h). The field � is the solution of ⌦2 d�/d⇢ '
(b⌦2 + 6 ⇠2� ⇢

2/M2
P )

1/2, where ⌦ ' 1 + ⇠� ⇢
2/M2

P is the
Weyl transformation into the Einstein frame and b = 1
for � = �� or b = 1 + |�H�/�H | ⇠ 1 for � = �̃�. The
value of b determines the angle in field space described
by the inflationary trajectory: h2/⇢2 ' b � 1. The pre-
dictions in the case � = �� (or b ! 1) for r vs the scalar
spectral index ns are shown in FIG. 1 for various values
of ⇠�. The running of ns is in the ballpark of 10�4–10�3,
which may be probed e.g. by future observations of the
21 cm emission line of Hydrogen [30]. 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

�H� > 0 ⇢ = |�| � = ��,

�H� < 0
+  small Higgs component⇢ = |�|

� = �� � �2
H�/�H

or
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symmetry, which also plays the role of lepton num-
ber. The charges under this 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); and the rest of the SM fields (e.g. the
Higgs) are uncharged. The new Yukawa couplings are:
L � �[FijLi✏HNj +

1
2Yij�NiNj + y Q̃�Q+ yQd i�Qdi +

h.c.]. The two first terms realise the seesaw mecha-
nism 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 ef-
fects, the angular part of � = (⇢ + v�) exp(iA/fA)/

p
2,

the axion field A, gains a potential with an absolute min-
imum at A = 0. At energies above the QCD scale, the
axion-gluon coupling is L � �(↵s/8⇡)(A/fA)GG̃, solv-
ing the strong CP problem when hAi relaxes to zero.
The latest lattice computation of the axion mass gives
mA = (57.2± 0.7)(1011GeV/fA)µeV [23].

INFLATION

The scalar sector of the model has the potential

V (H,�) = �H
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+ 2�H�
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H†H � v2
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|�|2 � v2�
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◆
. (1)

In the unitary gauge, there are two scalar fields that
could drive inflation: h, the neutral component of the
Higgs doublet Ht = (0 , h)/

p
2, and the modulus of the

new singlet, ⇢ =
p
2|�|. In the context of the SM, it

was proposed in [13] 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 [24], with ⇠H ⇠ 104.
Such a large value of ⇠H is required by the constraint
⇠H ⇠ 105

p
�H to fit the amplitude of primordial fluctu-

ations and it implies that perturbative unitarity breaks
down at the scale ⇤U = MP /

p
⇠H ⌧ MP [25, 26], where

MP = 1/
p
8⇡G is the reduced Planck mass. This raises

a serious di�culty for Higgs inflation, which requires
Planckian values of h and an energy density of order ⇤2

U .
Since new physics is expected at or below ⇤U to restore
unitarity, the predictivity of Higgs inflation is lost, be-
cause the e↵ect of this new physics on inflation is unde-
termined. This issue a↵ects some completions of the SM
such as the ⌫MSM [27, 28] and the model proposed in
[18]. Instead, inflation in SMASH is mostly driven by ⇢,
with a non-minimal coupling 2 ⇥ 10�3 . ⇠� . 1. The
upper bound on ⇠� ensures that the scale of perturbative
unitarity breaking is at MP (provided that also ⇠H . 1),
whereas the lower bound on ⇠� corresponds to a tensor-
to-scalar ratio r . 0.07 (as constrained by the Planck

FIG. 1. The tensor-to-scalar ratio, r, vs the scalar spectral
index, ns, at k = 0.002 Mpc�1 for the SMASH inflationary
potential (2), assuming �H� ⌧ �H . The color coded con-
tours represent current observational constraints at 68% and
95% CL from [1]. The threading of thin continuous lines indi-
cates the number e-folds N from the time the scale k = 0.002
Mpc�1 exits the horizon to the end of inflation. Lines of con-
stant ⇠� are shown dotted. The thick black line takes into
account the fact that after inflation the Universe enters a ra-
diation era. The line identified as “quartic inflation” shows
the prediction of N for a purely quartic monomial potential
(⇠� ! 0), which is ruled out by the data.

satellite and the BICEP/Keck array [1, 29]). Neglect-
ing ⇠H , predictive slow-roll inflation in SMASH in the
Einstein frame can be described by a single canonically
normalized field � with potential

Ṽ (�) =
�

4
⇢(�)4

✓
1 + ⇠�

⇢(�)2

M2
P

◆
�2

, (2)

where � can be either �� or �̃� = ����2
H�/�H , with the

second case being possible only if �H� < 0, correspond-
ing to an inflationary valley in a mixed direction in the
plane (⇢, h). The field � is the solution of ⌦2 d�/d⇢ '
(b⌦2 + 6 ⇠2� ⇢

2/M2
P )

1/2, where ⌦ ' 1 + ⇠� ⇢
2/M2

P is the
Weyl transformation into the Einstein frame and b = 1
for � = �� or b = 1 + |�H�/�H | ⇠ 1 for � = �̃�. The
value of b determines the angle in field space described
by the inflationary trajectory: h2/⇢2 ' b � 1. The pre-
dictions in the case � = �� (or b ! 1) for r vs the scalar
spectral index ns are shown in FIG. 1 for various values
of ⇠�. The running of ns is in the ballpark of 10�4–10�3,
which may be probed e.g. by future observations of the
21 cm emission line of Hydrogen [30]. 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
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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

Inflation ends for 
and the inflaton oscillates in a quartic potential

Too much 
axion radiation�Ne↵ ⇠ 1�H� > 0 TR ⇠ 107, GeV

�H� < 0 �Ne↵ ⇠ 0.03, GeVTR ⇠ 1010
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- vacuum misalignment mechanism
- decay of strings and domain walls

4

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,

Inflaton = new singlet + a bit of Higgs

4

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
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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
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(T dec
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[37, 39, 40]. This small value of �Ne↵ could be probed
with future CMB polarization experiments [41, 42].
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thermal. In the phase transition, which happens at a crit-

ical temperature Tc & �
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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
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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,
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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� '
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with future CMB polarization experiments [41, 42].
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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,

ma =

✓
1012GeV

v�

◆
(5.70± 0.07)µeV

Grilli di Cortona, Hardy, Pardo Vega, Villadoro  (2016)
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pated before, in this case the background can produce
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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-
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estimate the reheating temperature by finding the time at
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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,

= v�



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



Conclusion

Solves
the strong CP problem, by the KSVZ axion

and explains:
the smallness of neutrino masses, by the see-saw;

the nature of dark matter, which is the axion;
baryogenesis, via leptogenesis

& 
and the origin of primordial inflation. 

“ SMASH = SM + KSVZ + RH    ⌫ ”


