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SM*A*S*H is an extension of the Standard Model of particle physics which has just the minimal

number of fields in order to solve six puzzles of particle physics and cosmology in one smash:

vacuum stability, inflation, baryon asymmetry, neutrino masses, strong CP, and dark matter. The

parameters of SM*A*S*H are constrained by symmetries and requirements to solve these puzzles.

This provides various firm predictions for observables which can be confronted with experiments.

We discuss the prospects and timeline to scrutinise or smash SM*A*S*H by cosmic microwave

background polarisation experiments, axion haloscopes, and future space-borne gravitational wave

detectors.
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1. SM*A*S*H

The acronym “SM*A*S*H” stands for “Standard Model*Axion*Seesaw*Higgs-Portal Infla-

tion” – a minimal extension of the Standard Model (SM) which solves six puzzles of particle physics

and cosmology in one smash [1, 2]: vacuum stability, inflation, baryon asymmetry, neutrino masses,

strong CP, and dark matter.1

q u d L N E Q Q̃ σ

1/2 −1/2 −1/2 1/2 −1/2 −1/2 −1/2 −1/2 1

Table 1: PQ-charge assignments of the fields in SM*A*S*H. The remaining SM fields have no PQ charge.

A SM-singlet complex scalar field σ (the Peccei-Quinn (PQ) field), a vector-like quark Q

and three SM-singlet neutrinos Ni , with i = 1, 2, 3, are added to the SM. All the new fields,

as well as the quarks and leptons of the SM, are assumed to be charged under a global U (1)PQ

symmetry, cf. Table 1. The scalar potential respecting this PQ symmetry has the general form:
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, where H is the

SM Higgs doublet. In order to ensure that both the PQ and the electroweak symmetry are broken

by the vacuum expectation values 〈H†H〉 = v
2/2, 〈|σ |2〉 = v

2
σ/2, where vσ ≫ v ≃ 246 GeV, the

scalar couplings are required to obey λH, λσ > 0, λ2
Hσ
< λH λσ . The U (1)Y hypercharge of the

vector-like quark Q is required to be −1/3, such that the most general Yukawa interactions of Q

and Ni , allowed by SM gauge and PQ symmetries, are L ⊃ −[Fi j N̄jPLLiǫH +
1
2
Yi jσN̄iPLNj +

y σQ̄PLQ + yQd i
σD̄iPLQ + h.c.], where Di , Li denote the Dirac spinors associated with the

down quarks and leptons of the ith generation, while the Ni are taken to be Majorana spinors.

Electroweak vacuum instability [8] – the instability of the Higgs potential at large field values,

present for the preferred value of the top mass – can be avoided in SM*A*S*H by the stabilizing

effect of the Higgs portal coupling λHσ [9, 10]. This requires λ2
Hσ
/λσ to be between ∼ 10−2 and

∼ 10−1 [2]. Inflation is realised in SM*A*S*H via non-minimal chaotic inflation. The inflaton is

comprised by a mixture of the real part of the PQ field and the modulus of the Higgs. Reheating

of the Universe after inflation proceeds then efficiently via the Higgs portal. SM*A*S*H predicts

a lower bound on the ratio of the power in tensor to scalar fluctuations, r & 0.004 [1, 2], a

reheating temperature around 1012 GeV [11], and a second order PQ phase transition at around

Tc ∼ 108 GeV [1, 2]. The strong CP puzzle is solved in SM*A*S*H by the PQ mechanism [12].

The axion [13, 14] – the pseudo Goldstone boson associated with the spontaneous breaking of the

PQ symmetry – is the prime candidate for cold dark matter in SM*A*S*H [15–17]. Requiring the

latter to constitute 100% of dark matter, its decay constant, fa = vσ , is predicted to be in the range

1010 GeV . fa < 2× 1011 GeV. The PQ symmetry breaking scale also gives rise to large Majorana

masses for the heavy neutrinos. This can explain the smallness of the active neutrinos’ masses

through the seesaw mechanism [18–21] and also results in the generation of the baryon asymmetry

of the universe via thermal leptogenesis [22].

In summary: The parameters in SM*A*S*H are constrained by symmetries and requirements

to solve the puzzles of particle physics and cosmology, respectively. This provides various firm

1Similar models have been considered in Ref. [3–7].
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Unfortunately, the prediction of the axion dark matter contribution from cosmic strings and

domain walls suffers from significant theoretical uncertainties which arise from the difficulty in

quantifying precisely the energy loss processes of topological defects and the generated axion

spectra. In fact, the results from present state-of-the-art first principle classical field theory simula-

tions [41–47] still allow for two extreme possibilities: the contribution from the decay of topological

defects may either be negligible [42] or overwhelming [46] in comparison to the one from the re-

alignment mechanism. In the latter case, a conservative lower bound on fa = vσ & 1.1×1010 GeV,

corresponding to an upper bound on ma . 0.5 meV, is obtained from the requirement that the

produced axions constitute 100% of the cold dark matter in the Universe. We infer from Fig. 4 that

ALPHA [48] and MADMAX [49] have good prospects to detect the axion from SM*A*S*H if

the latter constitutes 100% of the dark matter in the galactic halo.2

4. Searching for SM*A*S*H Signatures in the Cosmic GW Background

In this section, we are looking into the prospects to scrutinise SM*A*S*H in the far future, say

in the second half of this century.

Suppose, the CMB polarisation experiments have discovered, in the present decade, the B

modes induced by the primordial tensor metric fluctuations originating from quantum fluctuations

during inflation. This will result in a strong push towards the realisation of space-borne GW laser

interferometers which are designed to search directly for the GWs from inflation, such as the Big

Bang Observer (BBO) [50–53] or the Deci-Hertz Interferometer Gravitational Wave Observatory

(DECIGO) [54, 55]. In fact, in a frequency range around a Hz, these detectors have the prospected

sensitivity to discover the stochastic GW background predicted from inflation in SM*A*S*H [56],

as can be seen from Fig. 5.

After a successful detection, one may envisage an upgrade of the detectors, such that their

noise curves are determined by the quantum limit, for example to an “ultimate” DECIGO [60]. The

latter will enable a precise measurement of the shape of the spectrum in this frequency range, see

Fig. 5. Intriguingly, SM*A*S*H predicts a step in the spectrum within the sensitivity frequency

window of ultimate DECIGO, see Fig. 6 (left). This step is an observational signature of the second

order PQ phase transition in SM*A*S*H, resulting in a drastic change in the equation of state of

the thermal plasma, notably in the number of relativistic degrees of freedom, g∗ρ (T ), when the

temperature drops below the critical temperature, 2 × 107 GeV . Tc ≃ λ
1/4
σ vσ . 2 × 109 GeV,3,

see Fig. 6 (right). Entropy conservation implies that the growth rate of the Hubble radius H −1 is

diminished during the PQ phase transition. Thus, the rate at which primordial tensor modes cross

into the horizon is changed during the transition, resulting in a step in the spectrum at frequencies

corresponding to the Hubble rate at the transition, f =
a(Tc )H (Tc)

2πa0
≈ Hz

(

Tc

108 GeV

)

. Clearly, the PQ

scale vσ is the crucial parameter determining the spectrum of the primordial GWs from inflation in

SM*A*S*H, since it affects Tc ∝ vσ and therefore changes the frequency range at which the step

appears. However, in second half of this century, when ultimate DECIGO may operate, and in the

2Large density variations in the initial state of the axion field after the PQ phase transition may lead to the formation

of compact dark matter objects known as “miniclusters”. This leads to an increased theoretical uncertainty in the local

axion density for dark matter detection in the laboratory.

3Here, we have used for the range of vσ the one in which the axion can be 100% of the cold dark matter
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