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The strong CP problem
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The Peccel-Quinn (PQ) symmetry

A new U(1) global symmetry that is anomalous with QCD.

A PQ transformation allows to reabsorb # solving the strong CP problernr

PQ) is spontaneously broken at a scale f, which implies a pseudo-Goldstone boson:

Non-perturbative QCD dynamics generates a potential for the axion

The axion relaxes to its CP preserving minimum & = 0)

the axion
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AXION Mmass
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Model-dependent anomaly coefficient



Axion coupling to photons Oan !
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Axion coupling to photons
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Helioscopes Haloscopes

CAST Credit: CERN If axions constitute all the DM
B - their number density is:

TAXO Credit: CERN Credit: Rakshya Khatiwada, UW



Axion (cold) dark matter
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Axion (cold) dark matter
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Axion (cold) dark matter

dV
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Axion (cold) dark matter

dV
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Two scenarios for non-thermal axion dark matter production

Pre-inf3ationary:

P(Q) breaks during or before inflation and is never restored atterwards

fa I H| 1Tmax
Our current Hubble patch comes from a region with a common!; = a/f

DM from misalignment mechanismr

Post-inf3ationary:

P(Q) breaks after inflation or, if it breaks during or before, it is restored later

fa! Hi, Thax

Our current Hubble patch contains regions with all possible values c!; = a/f 5 € |0, 7]

DM from misalignment mechanism and decay of topological defects



Pre-inf3ationary scenario:

P(Q) breaks during or before inflation and is never restored atterwards

fa! H| 1Tmax

Our current Hubble patch comes from a region with a common!; = a/f
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In absence of any prior, we expect all 8; equally probable.



Pre-inf3ationary scenario:
f2(GeV)
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Post-inf3ationary scenario:
P(Q) breaks after inflation or, if it breaks during or before, it is restored later
f a I H | Tmax

Our current Hubble patch contains regions with all possible values c!; = a/f 5 € |0, 7]
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Post-inf3ationary scenario:
P(Q) breaks after inflation or, if it breaks during or before, it is restored later
f a I H | Tmax

Our current Hubble patch contains regions with all possible values c!; = a/f 5 € |0, 7]

DM from misalignment mechanism and decay of topological defects (strings and domain walls’
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Lattice computation: Ta | D
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o ! La(M)dl ! Tom  ifm,! O(10)ueV Klaer, Moore 2017. Buschmann, Foster, Safdi 2019
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Gorghetto, Hardy, Villadoro 2020 post-inf3ationary



Post-inf3ationary scenario:
P(Q) breaks after inflation or, if it breaks during or before, it is restored later
f a I H | Tmax

Our current Hubble patch contains regions with all possible values c!; = a/f 5 € |0, 7]

DM from misalignment mechanism and decay of topological defects (strings and domain walls’
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large f 5 motivations, e.g. GUTS




Isocurvature perturbations in the  pre-inf3ationary scenario
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If all species (including DM) are In thermal equilibrium before decoupling adiabatic perturbations
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If DM Is not In thermal equilibrium with all the species before decoupling DM isocurvature perturbations
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Isocurvature perturbations in the  pre-inf3ationary scenario
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If all species (including DM) are In thermal equilibrium before decoupling adiabatic perturbations

#51 (" + p) = (314D)FY Y =3H#TIT 1
If DM Is not In thermal equilibrium with all the species before decoupling DM isocurvature perturbations
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Isocurvature perturbations in the

m, !
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If all species (including DM) are In thermal equilibrium before decoupling adiabatic perturbations

#50(" + pi) = 314)E1Y = 3#TIT

If DM Is not In thermal equilibrium with all the species before decoupling DM isocurvature perturbations
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Axion and inf3aton are embedded In a complex scal:

2) ma,| >H| .

Fairbairn, Hogan, Marsh 2015

Interactions between axion and inf3ator

Nakayama, Takimoto 2015



Isocurvature perturbations in the  pre-inf3ationary scenario
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Isocurvature perturbations in the  pre-inf3ationary scenario
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Isocurvature perturbations in the  pre-inf3ationary scenario
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SMASH
Strong CP problem o _— Dark Matter
1 extra OquarkO + 1 COMPLEX SCALAR
_ (gives mass) Baryon asymmetry

MOQC

~ !

(3) RH neutrinos _

via leptogenesis

Higgs potential stability \

see-saw _
~___~ Neutrino masses

Inf3ation and reheating

GB, Redondo, Ringwald, Tamarit 2016



Isocurvature perturbations in the  pre-inf3ationary scenario

2
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_ ’ However, these models hav
1P GeV 106 GeV 1016 GeV
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P several Pelc

1) the axion is massless during and after inf3atio D a time-dependent axion mas

2) [Ructuations remain frozen when their wavelengtl
IS larger than the horizon

P a non-trivial reheating proces
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Isocurvature perturbations in the

pre-inf3ationary scenario

axion being massive during and 3uctuations not freezing during inf3atio ! O(10) correction to Isocurvature bounc
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GB, Ringwald, Tamarit, Welling, 2021

suggests anO(! 10) correction to isocurvature bounc

® PQ is restored forf, ! 10' GeV!

® Forf,> 2! 10' GeV: too much isocurvature
Up to ~ 6 orders of magnitude

caveats

e large extrapolation from lattice box to CMB scales

e NO Metric Ructuations

post-inf3ationary scenaric.
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Conclusions, QCD axion

Well-motivated DM candidate. Arises solving the strong CP problem
107 eV <m, <107'eV
Two mechanisms can contribute to axion DM In the early universe
e pre-inf3ationay: !  depends on!; ! (0,") and my4
e post-inf3ationay. depends only onmj,

Interesting problems

axion abundance
Isocurvature bounds (model dependenc



