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Park Radiation

* There is a discrepancy AN from the theoretical value number of effective neutrinos:
N. = 3.046 and observed value from cosmic microwave backaround (CMB) and big bang
nucleosynfhesls (BBN).

* Extra degrees of freedom from dark sector can be responsible for dark radiation (PR).

* Beyond the standard wodel physics have some proposals for PR like sterile neutrinos,
axion, ete. Moreover, gravitational wave background may have a contribution to AN .

* Future CMB experiments can put stronger bound on light relics and AN ;..

* Relativistic degrees of freedom depending on their nature can decouple at different
temperatures. They may be connected to the new physics!
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QCP Axion and Strong CP problem

* QCD axion is a solution for the strong CP problem

* (Connection to the UV completion physics through Pecci-Quinn symwmetry
restoration/breaking at high scales -> giving mass to axions as pseudo
Nambu-Goldstone bosons

* Possible contribution to the dark matter or dark radiation (m, << 1 eV)

* There are some constraints from laboratory, astrophysical and cosmological
experiments. The supernova constraint put a lower bound on axion decay
constant 7. The upper bound on that comes from the condition on the
overclosure of the universe. Axion constraints can be model dependent ...
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Axion Production

* Ag(ion production from scatterings with hadrons using chiral perturbation
theory

* Quarks and gluons scatterings with axions including QCP interactions

* |Interactions from electroweak seetor above and below the electroweak
transition

* Possible interaction with leptons for leptophilic models
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Axion Interactions with the SM Particles

A general Lagrangian for effective axion models:

Invariant under shitt symmetry < Z S =7 gell)uge e fﬁ;tter
a — a—+ const
Axion field Ferwmion coupling
FE o i\
R e acX—X“/"”X“ +0,a ¢, py'y
Axion decay constant < 13 L ST
Gauge boson coupling
SM gauge bosons: = {G,W,B(A)}
Quarks and leptons: w = {0y g dg. Ly, g

Below the QCP confinement chiral perturbation theory for hadrons should be considered for
axion-pions interaction (1/f,) 0, arnd"x .
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Computation of Axion Yield

Energy and entropy density of thermal bath:
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Boltzmann equation for the evolution of the number density of axions:
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Equation of State of Thermal Bath

Precise equation of state for thermal bath of SM at different temperatures:

Entropy density degrees of freedom
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Axion Production Rate

Axion production rate from two body interactions in a general case:
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Axion production rate from decay e.q in case of flavour violating interactions:
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Etfective Number of Extra Radiation AN,

By calculating all axion interactions for any given model the number of effective extra degrees
of freedom dominated by axions can be evalvated:

4/3
3 (11 P,
ANeff = Neff — NeSflf\/I — 7 (T) p_
Y

AN <= T4.85Y f, 7"

.

It can be constrained by CMB experiments which can falsify different axion wmodels!

When axions therwmalize (I, > H) the value of AN_; gets its maximum. If axions do not reach
the therwmal equilibrium the final valve of AN_.. depends on the initial abundance of them!
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KSVZ Model

Vanishing couplings to SM fermions —> production rate from gluons dominant, here c, = 1

To compute the rate -> consider all axion interactions with hadrons, quarks, gluons
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PFSZ Model

Nownvanishing couplings to SM ferwions, e.9. herec, =0, ¢, = 1/3.

To compute the rate -> consider all axion interactions with hadrons, quarks, gluons, electroweak
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This can be similar to a model with two Higgs doublet with ranp ~ 10.
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Rewmarks

Considering precise interaction rates of axion at different scales improves
theoretical prediction for axionic PR

Accurate treatment of thermal bath at different temperatures is necessary to
have a correct estimation of axion abundance

Predicting the precise value of AN - in different axion wmodels is complementary
for future experiments

Axions may also explain the Hubble tension and the recent XENONIT anomaly!






