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Minimal model of particle physics and cosmology

SM*A*S*H extends the SM 

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 4

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 5

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 6

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like quark

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 7

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 8

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves six puzzles in particle physics and cosmology
in one smash

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 9

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves six puzzles in particle physics and cosmology
in one smash: 

1. Strong CP problem (Peccei-Quinn (PQ) mechanism)
2. Dark matter (Axion)

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 10

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves six puzzles in particle physics and cosmology
in one smash: 

1. Strong CP problem (Peccei-Quinn (PQ) mechanism)
2. Dark matter (Axion)
3. Neutrino masses and mixing (Typ I seesaw mech.)

4. Baryon asymmetry (Thermal leptogenesis)

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 11

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves six puzzles in particle physics and cosmology
in one smash: 

1. Strong CP problem (Peccei-Quinn (PQ) mechanism)
2. Dark matter (Axion)
3. Neutrino masses and mixing (Typ I seesaw mech.)

4. Baryon asymmetry (Thermal leptogenesis)
5. Inflation (Higgs-portal inflation)

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 12

Standard Model*Axion*Seesaw*Higgs-Portal Inflation 

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

Minimal model of particle physics and cosmology

SM*A*S*H extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves six puzzles in particle physics and cosmology
in one smash: 

1. Strong CP problem (Peccei Quinn (PQ) mechanism)
2. Dark matter (Axion)
3. Neutrino masses and mixing (Typ I seesaw mech.)

4. Baryon asymmetry (Thermal leptogenesis)
5. Inflation (Higgs-portal inflation)
6. Vacuum stability

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]



Page 13
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Parameters and their values constrained by symmetries and requirements to solve puzzles

• Peccei-Quinn charge assignments: 

• PQ-invariant Lagrangian:  

  

[Shin 88; Dias et al. 14; Boucenna et al. 14; Ballesteros et al. 16]

DARK MATTER
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[Ballesteros,Redondo, AR,Tamarit, 1610.01639]

• Stability in Higgs direction:

• SM-singlet scalar     helps to stabilize scalar potential in 
Higgs direction through threshold effect associated with 
Higgs portal

• Stability up to Planck scale ensured if                             
exceeds a minimum value dependent on top mass

• Stability in     direction: 

• imposes upper limit on the Yukawas of the right-handed 
neutrinos and the exotic quark:

Constraints on scalar and Yukawa couplings

[Lebedev 12; Elias-Miro et al. 12]
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Higgs-portal inflation

• The scalar potential in the Einstein frame has a valley = attractor at 
large field values along the line                                ,                    , 
provided that                        and    

  

[Ballesteros, Redondo, AR, Tamarit, arXiv:1610.01639]
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Higgs-portal inflation

• The scalar potential in the Einstein frame has a valley = attractor at 
large field values along the line                                ,                    , 
provided that                        and    

• Results in effectively single field inflation along that field direction 
with potential (in Einstein frame)

      where canonically normalized inflaton field     and     are related by

      with                               and              

  [Ballesteros, Redondo, AR, Tamarit, arXiv:1610.01639]
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Confronting with CMB data

• Quantum fluctuations during slow-roll inflation 
along this potential produce power spectra of 
density waves (scalar metric perturbations) 
and gravitational waves (tensor metric pertur-
bations) which can be parametrized as 
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• Predicted spectral index            and tensor-to-
scalar ratio                                     consistent 
with newest constraints from CMB temperatu-
re and polarization data for

beyond perturbative control

[AR,Tamarit, arXiv:2203.00621]
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[Ballesteros, Redondo, AR, Tamarit, arXiv:1610.01639]
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Confronting with CMB data

• Quantum fluctuations during slow-roll inflation 
along this potential produce power spectra of 
density waves (scalar metric perturbations) 
and gravitational waves (tensor metric pertur-
bations) which can be parametrized as 

• Predicted spectral index            and tensor-to-
scalar ratio                                     consistent 
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re and polarization data for

• Taking into account complete expansion hi-
story predicted in SM*A*S*H provides a sharp 
prediction of           vs.            that can be en-
tirely explored with the upcoming generation 
of CMB polarization experiments 

[AR,Tamarit, arXiv:2203.00621]

SM*A*S*H smashed if CMB-S4 or LiteBird 
do not discover B-modes from inflation!

SM*A*S*H
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PQ symmetry restoration

• Inflation ends at a value of 

 

      

  
[Ballesteros, Redondo, AR, Tamarit, arXiv:1610.01639]
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[Garcia-Bellido 99]
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PQ symmetry restoration

• Inflation ends at a value of 

• Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with universe 
expanding as in a radiation-dominated era

• Copious production of fluctuations of bosonic 
fluctuations from parametric resonance 
(preheating) restores PQ symmetry after few 
oscillations

• Decays of Higgs component of inflaton into SM 
particles (mainly top quarks) reheats universe 
efficiently 

• Reheating temperature from lattice simulations: [AR,Tamarit, arXiv:2203.00621]

energy density of inflaton and fluctuations

energy density of SM radiation bath
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PQ symmetry breaking scale / axion mass
• PQ symmetry restored in preheating
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[Hiramatsu et al. ]   



Page 31

Dark Matter in SM*A*S*H

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

PQ symmetry breaking scale / axion mass
• PQ symmetry restored in preheating

• Latest PQ symmetry breaking occurs during the
radiation-dominated hot big bang phase

• Axion dark matter produced by misalignment
and the collapse of network of strings and do-
main walls

 

 

 

[Hiramatsu et al. ]   



Page 32

Dark Matter in SM*A*S*H

| Prospects to scrutinise or smash SM*A*S*H | Andreas Ringwald, Cosmology Seminar, Helsinki Institute of Physics, Helsinki, Finland, April 17, 2024

PQ symmetry breaking scale / axion mass
• PQ symmetry restored in preheating

• Latest PQ symmetry breaking occurs during the
radiation-dominated hot big bang phase

• Axion dark matter produced by misalignment
and the collapse of network of strings and do-
main walls

• Contribution of the latter determined by lattice
simulations and extrapolations – still large un-
certainties in predicted decay constant or mass
to explain DM 

 

 

[Hiramatsu et al. ]   
[Hiramatsu et al. 11,12,13; 
Kawasaki,Saikawa,Segikuchi
15; AR,Saikawa `16; 
Borsanyi et al. `16; 
Klaer,Moore `17; 
Gorghetto,Hardy,Villadoro
`18; Buschmann et al. 19; 
Hindmarsh 19; 
Gorghetto,Hardy,Villadoro
’20; Buschmann et al. 21 
Saikawa et al. 24;...]
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• PQ symmetry restored in preheating

• Latest PQ symmetry breaking occurs during the
radiation-dominated hot big bang phase

• Axion dark matter produced by misalignment
and the collapse of network of strings and do-
main walls

• Contribution of the latter determined by lattice
simulations and extrapolations – still large un-
certainties in predicted decay constant or mass
to explain DM 

• Conservative upper (lower) bound on             ob-
tained by exploiting QCD lattice results on topolo-
gical susceptibility and using only the misalignment
contribution, i.e. neglecting axions from strings

 

[Hiramatsu et al. ]   

[Borsanyi et al., 
Nature `16 [1606.0794]]

[Hiramatsu et al. 11,12,13; 
Kawasaki,Saikawa,Segikuchi
15; AR,Saikawa `16; 
Borsanyi et al. `16; 
Klaer,Moore `17; 
Gorghetto,Hardy,Villadoro
`18; Buschmann et al. 19; 
Hindmarsh 19; 
Gorghetto,Hardy,Villadoro
’20; Buschmann et al. 21 
Saikawa et al. 24;...]
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PQ symmetry breaking scale / axion mass

• SM*A*S*H prediction will be probed in the upcoming generation of axion haloscopes:

 

 

 

      

[AR 2312.14679, adapted fromhttps://github.com/cajohare/AxionLimits]
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[AR 2312.14679, adapted fromhttps://github.com/cajohare/AxionLimits]

• SM*A*S*H smashed if axion dark matter experiments 
discover an axion with a mass below 26 micro-eV  
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PQ symmetry breaking scale / axion mass

• SM*A*S*H prediction will be probed in the upcoming generation of axion haloscopes:

 

 

 

      

[AR 2312.14679, adapted fromhttps://github.com/cajohare/AxionLimits]

• SM*A*S*H smashed if axion dark matter experiments 
discover an axion with a mass below 26 micro-eV  

• ALPHA and MADMAX have good prospects to detect
axion from SM*A*S*H 
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Can be probed directly by future space-born interferometer [AR, Saikawa, Tamarit, arXiv:2009.02050]
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Cosmic history of SMASH imprinted on SGWB  

photon last scattering

matter-radiation equality

e+e- annihilation

neutrino decoupling

QCD crossover

electroweak crossover

axion decoupling

PQ phase transition
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[AR, Saikawa, Tamarit, arXiv:2009.02050]
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[AR, Saikawa, Tamarit, arXiv:2009.02050]

Standard Model EOS

SMASH
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Ultimate DECIGO sensitive to step in SGWB spectrum due to step in EOS at PQ phase transition
Axion 100% DM:

Viable inflation:
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[AR, Saikawa, Tamarit, arXiv:2009.02050]

Standard Model EOS

SMASH

ultimate
DECIGO
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Ultimate DECIGO sensitive to step in SGWB spectrum due to step in EOS at PQ phase transition
Axion 100% DM:

Viable inflation:

Future space-born GW laser interferometer such as 
Ultimate DECIGO can probe details of PQ sector that 
may not be reached in other high-energy experiments
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Stochastic GW Background from SM*A*S*H
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Complete spectrum [AR, Carlos Tamarit, arXiv:2203.00621]
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Stochastic GW Background from SM*A*S*H
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Confronting with current upper bounds from Ultra-High-Frequency (UHF) GW experiments

produced by online tool from [Muia, AR, Tamarit, in prep.]

inflation

preheating
thermal

SM*A*S*H
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Stochastic GW Background from SM*A*S*H
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Confronting with projected sensitivities of proposed GW experiments

produced by online tool from [Muia, AR, Tamarit, in prep.]

inflation

preheating
thermal

SM*A*S*H

ET
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Stochastic GW Background from SM*A*S*H
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Confronting with projected sensitivities of proposed GW experiments

produced by online tool from [Muia, AR, Tamarit, in prep.]

SM*A*S*H

inflation

A hypothetical detection of the 
complete spectrum in different 
frequency ranges would allow to 
cross-check for the correlations 
predicted in SM*A*S*H, opening 
new possibilities for falsifying the 
model.

preheating
thermal

ET
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Timeline for establishing SM*A*S*H as effective field theory of particle physics and cosmology
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A Pipe Dream 
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• In 2030s: CMB-S4 and LiteBird discover B modes consistent with predictions from SM*A*S*H 

 
[AR,Tamarit, arXiv:2203.00621]

Timeline for establishing SM*A*S*H as effective field theory of particle physics and cosmology

SM*A*S*H
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A Pipe Dream 
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• In 2030s: ALPHA and MADMAX discover axion dark matter in the mass region predicted by SM*A*S*H

 

Timeline for establishing SM*A*S*H as effective field theory of particle physics and cosmology

[AR 2312.14679, adapted fromhttps://github.com/cajohare/AxionLimits]
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A Pipe Dream 
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• In 2060s: Space-born laser interferometer detects SGWB background predicted from inflation in SM*A*S*H

 

      

Timeline for establishing SM*A*S*H as effective field theory of particle physics and cosmology
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A Pipe Dream 
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• In 2080s: Upgraded space-borne GW detector discovers step in SGWB from PQ phase transition in 
SM*A*S*H 

Timeline for establishing SM*A*S*H as effective field theory of particle physics and cosmology
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A Pipe Dream 
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• In 2080s: Upgraded space-borne GW detector discovers step in SGWB from PQ phase transition in 
SM*A*S*H 

• SM*A*S*H parameter ranges inferred from the position of the step is consistent with the parameter ranges 
inferred from the measurements at CMB polarisation experiments and axion haloscopes

Timeline for establishing SM*A*S*H as effective field theory of particle physics and cosmology
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A Pipe Dream 
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• In 20??s: New Ultra-high-frequency GW detectors may allow to scrutinise also SM*A*S*H predictions from 
preheating and thermal plasma

Timeline for establishing SM*A*S*H as effective field theory of particle physics and cosmology
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Summary 
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• Presented state-of-the-art predictions for the 
complete spectrum of primordial stochastical 
GWs in a well-motivated and highly predictive 
minimal model of particle physics 

• Can be seen as a conservative benchmark for 
the expected GWs from the early universe 

• Provides strong motivation for future space-born 
GW interferometers such as Ultimate DECIGO 
and for the development of new GW detectors 
sensitive at MHz to GHz frequencies 

• Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs 
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• Presented state-of-the-art predictions for the 
complete spectrum of primordial stochastical 
GWs in a well-motivated and highly predictive 
minimal model of particle physics 

• Can be seen as a conservative benchmark for 
the expected GWs from the early universe 

• Provides strong motivation for future space-born 
GW interferometers such as Ultimate DECIGO 
and for the development of new GW detectors 
sensitive at MHz to GHz frequencies 

• Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs

 

https://indico.cern.ch/event/1074510/
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• Presented state-of-the-art predictions for the 
complete spectrum of primordial stochastical 
GWs in a well-motivated and highly predictive 
minimal model of particle physics 

• Can be seen as a conservative benchmark for 
the expected GWs from the early universe 

• Provides strong motivation for future space-born 
GW interferometers such as Ultimate DECIGO 
and for the development of new GW detectors 
sensitive at MHz to GHz frequencies 

• Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs

 

https://indico.cern.ch/event/1257532/
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Summary 
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• Presented state-of-the-art predictions for the 
complete spectrum of primordial stochastical 
GWs in a well-motivated and highly predictive 
minimal model of particle physics 

• Can be seen as a conservative benchmark for 
the expected GWs from the early universe 

• Provides strong motivation for future space-born 
GW interferometers such as Ultimate DECIGO 
and for the development of new GW detectors 
sensitive at MHz to GHz frequencies 

• Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs

• Revealing the cosmic history sets an ambi-
tious, but rewarding goal for this enterprise

https://indico.cern.ch/event/1257532/
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• Presented state-of-the-art predictions for the 
complete spectrum of primordial stochastical 
GWs in a well-motivated and highly predictive 
minimal model of particle physics 

• Can be seen as a conservative benchmark for 
the expected GWs from the early universe 

• Provides strong motivation for future space-born 
GW interferometers such as Ultimate DECIGO 
and for the development of new GW detectors 
sensitive at MHz to GHz frequencies 

• Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs

• Revealing the cosmic history sets an ambi-
tious, but rewarding goal for this enterprise

https://indico.cern.ch/event/1074510/



Page 58

GWs from Stochastic Scalar Fluctuations during Reheating
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Lattice simulations
• Simulated 3 real scalars,                                                                     ,  with    decaying into a relativistic bath 

of SM particles with energy density            , in an expanding FRW universe:

• Used modified version of “CLUSTEREASY”                           . Changes account for Higgs decay, SM radia-
tion and impact on scale factor evolution, modified initial conditions for super-horizon modes

• Used lattices with 2563 points 

• Used 8 powerful CPU cores running for ~7 days, 

• Computed up to  tau = 2000 (rescaled conformal time in program units) 

[Felder, Tkachev 08]

[Ballesteros,AR,Tamarit,Welling,  arXiv:2104.13847; AR,Tamarit, arXiv: 2203.00621]
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GWs from Stochastic Scalar Fluctuations during Reheating
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Power spectra obtained by lattice simulations [AR, Carlos Tamarit, arXiv: 2203.00621]

Power spectra of         (left) and         (right) for BP1, as a function of today's frequency for subsequent values of the conformal 
time. The red line corresponds to the final time of the simulation.
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GWs from Stochastic Scalar Fluctuations during Reheating
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Power spectra obtained by lattice simulations [AR, Carlos Tamarit, arXiv: 2203.00621]

Present energy density of GWs for BP1, with the source integrated up to different times. The red line corresponds to the 
final time of the simulation.
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GWs from Thermal Fluctuations after Reheating
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• At large wavelengths, corresponding to small wave numbers,           , CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

• At small wavelengths, corresponding to large wave numbers,           , CGMB sourced by particle collisions:

• Corresponding source term suppressed by gauge couplings and Boltzmann factor:

• Known to complete leading order for generic weakly interacting BSM extension (gauge fields, fermions, scalars)

• For N=4 SUSY YM known also for strong coupling  

Cosmic Gravitational Microwave Background (CGMB)

[Ghiglieri,Laine ’15; Ghiglieri,Jackson,Laine,Zhu ’20; AR,Schütte-Engel,Tamarit ‘20]
[Castells-Tiestos, Casalderrey-Solana ´22]
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Is SM*A*S*H smashed by swampland conjectures?
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• This is not expected, since ordinary Higgs inflation can be in landscape:

• Could be an interesting prospect to investigate whether the requirement of being in the landscape gives
further restrictions to the allowed parameter space in SM*A*S*H  

[Cheong et al., arXiv:1811.03622; Liu, arXiv:2112.14571]
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Is SM*A*S*H smashed by swampland conjectures? 
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• In observationally constrained SM*A*S*H inflation, inflaton field travels a distance of O(10) MP:

 

SM*A*S*H

[AR,Tamarit, arXiv:2203.00621]
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Backup: Resonant Cavity Detector
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• Based on conversion of GWs to EMWs in magnetic field background through inverse Gertsensthein effect 

 

[Füzfa, https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019129745]
[Füzfa, https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019129746]

[https://arxiv.org/abs/2203.15668]
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Stochastic GW Background from SM*A*S*H
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Confronting with current upper bounds from Ultra-High-Frequency (UHF) GW experiments

[AR, Carlos Tamarit, arXiv:2203.00621]
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Stochastic GW Background from SM*A*S*H
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Confronting with projected sensitivities of proposed GW experiments

[AR, Carlos Tamarit, arXiv:2203.00621]
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Stochastic GW Background from SM*A*S*H
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Confronting with projected sensitivities of proposed GW experiments

A hypothetical detection of the 
complete spectrum in different 
frequency ranges would allow to 
cross-check for the correlations 
predicted in SM*A*S*H, opening 
new possibilities for falsifying the 
model.

[AR, Carlos Tamarit, arXiv:2203.00621]


