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The theta angle of the strong interactions

- The value of 6 controls matter-antimatter differences in QCD

Measured today (6| < 107'° (strong CP problem)



Axions are necessarily dark matter

-is it a dynamical field? 6(¢, x)

Energy‘ —> non-perturbative QCD!
time
< V>| 0(t) = 0 cos(mgt)
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~ One parameter theory

0(t,x) =a(t,x)/fa

axion mass
102 GeV

fa

{.,'Cohe"rent oscillétfons
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(m)
1  Dark Matter Axions--

m, = 6 meV

Measured today (9| < 107'° (strong CP problem)




Simple model KSVZ

- Peccei-Quinn symmetry, color anomalous, spontaneously broken at f,
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- At energies below /2(SSB) L € 5(8@)2 | GG f_

- At energies below Agcp, o —1n' — 7 —n — ... mixing
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small mass

- non-thermal DM, Initial conditions

- Axions
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- non-thermal DM

- Axions
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Axion dark matter

falGeV]
104 1013 10'2 10M 10 10° 10® 107 10° 10° 10* 10° 102

ITT ||||||||| Fllllll ||||||||| r||||||| ||||||||| rlllllll ||’|IIIH F||||||| '||||||| ’lllllll ||||lllll F||||||| '||||||| '|||||||

| Excluded (too much DM) n

averaged initial angles-> one prediction

Excluded

correct amount by choosing initial angle
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If axions exist, they are very light and VERY weakly interacting!



Axion dark matter

- The amount of axion DM produced depends on fa

- large fa, small curvature, oscillations start later->more DM

7t

< >

- small fa, large curvature, oscillations start earlier -> less DM




lorll?

- Completely model dependent

- what about the minimal model?

The minimal model is constrained by its embedding in a consistent picture of
particle physics and cosmology

SMASH!

SM Axion See saw Hidden-scalar-Inflation



Beyond the Standard model of Partlcle Phy5|cs
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- quantum gravity? - dark matter

- hierarchy issue/problem - dark energy

- strong CP issue/problem - baryon asymmetry

- neutrino masses - inflation

- why three generations? - Higgs potential instability

- unification of forces?
- supersymmetry?



SMASH: the power of a new scalar
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quantum graV|ty7 (postponed to Mp scales) - dark matter (axin)
- dark energy (..A)
- strong CP issue/problem (axion) - baryon asymmetry (rRH nu)
- neutrino masses (RH neutrinos) - inflation (new scalar)
- Higgs potential instability
H [ A T— 0! (new scalar)
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Objective:
'built a consistent, predictive, testable ~minimal model of HEP and cosmology
try to solve the most pressmg problems allow fine- tunmgs




- Explains the flatness, homogeneity and inhomogeneity of the Universe

- Based on a period of exponential expansion of the Universe, driven by potential energy R eﬁt

V ~ Ap?

quantum fluctuations —»

We need” to introduce a non-minimal coupling to gravity

MZ
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Temperature fluctuations [ (tK” )
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Fitting the CMB |

tensor perturbations (gravity waves)

Predictions” <
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Higgs potential instability

Instability scale as a function of m,, for m, =125.09 GeV
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Higgs potential instability

Instability scale as a function of m,, for m, =125.09 GeV
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Neutrino masses, leptogenesis”

- Add 3 RH neutrinos, Majorana mass from Yukawas with new scalar!

LD— YuijqieHuj + de‘jqfiHde + GijLiHTEj + FijLieHNj;

- See-saw mechanism

_ , (0 Mp\_1 /0 Fu
Neutrino mass matrix M, = ( M MM) V2 (FTfu Yva)

Light (majorana) neutrinos without necessity of extremely small Dirac masses (F’s)
FY-1FT o2 101 GeV —FY-LFT
V2 Vo 10—

m, = —MpM;; Mj) = — = 0.04eV (

Vo

- Leptogenesis from heavy RH neutrinos AL — AB

_ H ¢7 _H s B

H "
4 '

- Axion = majoron (PO symmetry + Lepton number)



lor Il ? SMASH cosmology

- We have all ingredients and some freedom ...

107 < <1077 A% > 0.1 F's, f,
(r <0.1) (£ < 1) (stability) (nu masses and leptogenesis)
(CMB) (unitarity)

-what f,? what scenario?



SMASH history




Quartic oscillations After inflation

fluctuations are amplified around p ~ 0
by parametric resonance
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Reheating | : Non-thermal PQ restauration
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Reheating | : Non-thermal PQ restauration

Quartic oscillations After inflation 0 = arg(o ?n a slice of the Universe

fa

fluctuations are amplified around p ~ 0
by parametric resonance
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Scenario Il ruled out

- Axion fluctuations during inflation imprinted in CMB (isocurvature)
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- SMASH Il ruled out by CMB (isocurvature fluc)
- SMASH (sigma inflation) REQUIRES scenario landDM  f, ~ 10" GeV



Reheating Il : SM thermal bath

Pure sigma inflation Ay, > 0 Time, Universe expansion —
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The whole picture
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- As a plus, reheating happens as in RD so we fix the scale of inflation



Fitting the CMB ++

MUCH NARROW PREDICTION!!!!
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Predictions/conclusions

- SMASH: SM Axion See saw Hidden-scalar-Inflation
- Minimal model of Axion dark matter, HEP and cosmology

- Predictions:

(MB: ~>0.004 ns=009645+0.0015 ANT ~003 Ps=0
a~—T7x10*

Axion Dark Matter (scenario I: post inflation) : m, ~ 100 eV, miniclusters

Neutrinos : majorana, typically My ~ M5

topmass: m; < 175 GeV



