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Problems of the SM already have possible solutions
Biggest problems in physics (grand unification not included):

1 Strong CP problem→ axion [Peccei, Quinn 1977]

2 Neutrino masses→ seesaw [Minkowski, Yanagida, Glashow, Gell-Mann,... 1977-80]

3 Baryonic asymmetry of the Universe→ leptogenesis [Fukugita, Yanagida 1986]

4 Dark matter→ sterile neutrinos, axions, ALPs, WIMPs, LSPs ...
5 Inflation→ Higgs inflation, extended scalar sector
6 Vacuum metastability→ extended scalar sector

Partial solutions:
Not yet a theory which combines all of the solutions together,
however νMSM [Asaka, Shaposnikov 2005] and some others are close enough

Combined solution:

SMASH combines all the solutions in one framework at mass scale ∼ 1011 GeV
[Ballesteros, Redondo, Ringwald, Tamarit 1608.05414, 1610.01639, Ringwald 1610.05040]
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SM + Axion + Seesaw + Higgs portal inflation (SMASH)

Minimal model to accomodate the proposed solutions:

Gen I u d e νe N1 Q
Gen II c s µ νµ N2
Gen III t b τ ντ + N3

Gauge bosons g W Z γ
Scalars H A ρ

SU(3)C×SU(2)L×U(1)Y × U(1)PQSMASH

1 Three heavy right-handed sterile Majorana neutrinos Ni

2 Colour triplets Q ∼ 3 and Q̃ ∼ 3
3 Singlet scalar ρ
4 Axion A
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Peccei-Quinn symmetry and Lagrangian
Introduction of the PQSMASH charges and YSMASH hyper-charges:

U(1)PQSMASH
qL uR dR LL N `R Q Q̃ σ H

PQSMASH 1/2 −1/2 −1/2 1/2 −1/2 −1/2 −1/2 −1/2 1 0

YSMASH 1/3 −4/3 2/3 −1 0 2 1/3 −1/3 1 1
or −2/3 or 2/3

Induces Q − dR mixing and decay of Q to dR:

−LYukawa =Y u
ij qLiεHuRj + Y d

ij qLiH†dRj + GijLLiH†`Rj

+ Y F
ij LLiεHNj +

1
2

Y NσNiNj︸ ︷︷ ︸
neutrino mass and leptogenesis

+ Y QQ̃σQ + yQ
i σQdRi︸ ︷︷ ︸

strong CP problem

+ h.c.
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Scalar sector

Higgs portal coupling stabilizes Higgs potential by giving extra contribution to βλH

[Gonderinger et al 2010]
or by tree-level threshold effect setting λ2

Hσ/λσ ∼ 10−2:
[Lebedev 2012, Elias-Miro et al 2012]

Lscalar =− R
(

1
2

M2 + ξHH†H + ξσ|σ|2
)

+ λH

(
H†H − v2

2

)2

+ λσ

(
|σ|2 − v2

σ

2

)2

+ 2λHσ

(
H†H − v2

2

)(
|σ|2 − v2

σ

2

)
︸ ︷︷ ︸

scalar potential metastability

σ =
1√
2

(vσ + ρ)eiA/vσ
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Axion sector
Lepton number symmetry is spontaneously broken, when σ develops VEV,
its phase A becoming the associated Nambu-Goldstone boson,
which works as axion in SMASH, having a mass:

mA ≈ 57× 1011 GeV
fA

µeV, with fA = vσ

1 Axion in SMASH will have a mass on the range 10 – 200 µeV
2 Axion chosen as dark matter candidate instead of sterile neutrino
3 Axion-dominated dark matter requires the axion decay constant

to be in a specific interval,

3× 1010 GeV . vσ . 5× 1011 GeV

to explain the total dark matter abundance
1 larger vσ ⇒ overproduction of DM
2 smaller vσ ⇒ partly axionic DM
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Neutrino sector

1 Basic version of SMASH utilizes Type-I seesaw mechanism:
[Minkowski, Yanagida, Glashow, Gell-Mann, Mohapatra,... 1977-80]

Mν =

(
0 MD

MT
D MM

)
=

1√
2

(
0 Y F v

Y F T v Y Nvσ

)
,

mν = −MDM−1
M MT

D = 0.04 eV× 1011 GeV
vσ

× −Y F (Y N )−1Y F T

10−4

2 Vanilla leptogenesis scenario requires the existence of heavy neutrinos,
with MM & 3× 108 GeV⇒ too unstable to be a DM candidate

3 Seesaw scale, being intermediate between SM and GUT scales,
slides well into SMASH framework, with RH neutrino mass given by VEV of σ

4 Such a heavy scale implicates negligible active-sterile mixing,
making it invisible to neutrino oscillation experiments

5 Large vσ and portal coupling will induce large corrections to µ2
H
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Visions from numerical solutions of RGE’s

[Das, Kärkkäinen, Huitu 18XX.XXXX]

Benchmark point

Y F 10−3

YN 0.0141

YQ 10−3

λσ 5× 10−9

vσ 1010 GeV

1 Two-loop corrections to β-functions produced by SARAH
[Ballesteros, Redondo, Ringwald, Tamarit 1610.01639]

2 We solved numerically the 14 coupled renormalization
group differential equations with respect to Yukawa
(Y t ,Y b,Y τ ,Y F ,Y N ,Y Q), gauge (g1,g2,g3) and scalar
(µH , µS, λH , λS, λHσ) couplings, ignoring the light SM
degrees of freedom

3 We used MATLAB’s ode45-solver
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No grand unification
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No grand unification
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Brink of the abyss
The best-fit point for mt and mH implies that we live in a metastable world,
however with very long vacuum decay timescale:
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Metastability correlations

A large value of λHσ can give positive correction at one-loop level
to push λH out of the valley of instability

The correlations of other SMASH parameters to λH are small
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Scalar potential stability regions for λHσ ≈ −10−5
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Higgs and σ bare mass parameters: Threshold at mZ

14 / 22



Higgs and σ bare mass parameters: Threshold at mρ

15 / 22



Atmospheric neutrino mass splitting around 0.05 eV
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Conclusions

1 SMASH unifies axions, seesaw and extended Higgs sector on one energy
scale, µ ∼ 1010 – 1011 GeV, solving several problems badgering the
Standard Model in one go.

2 SM vacuum is metastable, since λH turns negative around µ ' 1012 GeV,
SMASH can fix this vacuum metastability problem with λHσ & −10−5 at
two-loop RGE level.

3 SMASH shows atmospheric neutrino mass splitting is around 0.05 eV and
solar neutrino mass splitting is around 0.009 eV.
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Testing SMASH

Further investigations from cosmology part will fix the λHσ value:
• From measurements of the cosmic microwave background anisotropies

(CMB) and large scale structures (LSS) of the Universe:
Spectral index and running, tensor-to-scalar ratio, Neff.

• Axion dark matter:
Axion-photon coupling and mass.
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Backup

Strong CP 
problem

complex scalar, 

Q Q̃,

�

Axion

⇢

phase

modulus

Dark Matter

Stabilizes the
Higgs potential

Gives mass to 
RH neutrinos 

Ni

Drives Inflation 
(together with the Higgs)

Baryogenesis

and reheats the Universe

   
Small neutrino masses

(through leptogenesis)

see-saw 
mechanism
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Backup

Higgs mass

Planck mass

125

1019 GeV

GeV

10�13 GeV

GeV

1011 GeV SM instability scalefA = v�

Axion decay constant 

VEV of new scalar
⇠

Axion mass

⇤I

~ 0.15 GeV ⇤QCD
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Backup

Yukawa couplings and potential:

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 + ⇠�v2

�. (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:

See-saw

Strong CP problem (and DM)

Stability, inflation and reheating

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

✓
1011 GeV

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,

7
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Backup

After preheating: Reheating

�H� > 0

Too much axion radiation
�Ne↵ ⇠ 1

TR ⇠ 107, GeV �H� < 0 ,

�Ne↵ ⇠ 0.03

GeV

Two possibilities:

A small Higgs component in the inflaton 
of SMASH is crucial for successful reheating

4

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 ⇠ ⇢2

end/a2, 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 GeVv2.246
11

[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

Axions remain decoupled 
from thermal bath

TR ⇠ 1010

22 / 22


