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Axions

Observations from early universe can shed light on whether primordial plasma was also
populated /affected by particles beyond the Standard Model (SM), such as...
Dark Matter:

e Gravitationally interacting form of matter, thought to be responsible for large structure
formation in the early universe.

e Would interact very weakly with other SM particles, making it a challenge to identify its
particulate nature.

One promising dark matter candidate is the QCD axion

= Very light particle, coupling to SM is controlled by scale fpg
= Also, solves Strong CP Problem in QCD

We focus on KSVZ model, where at energies well below fpq, only relevant axion interaction is with

gluons
s

87TfPQ

If the axion, a, was in equilibrium with the SM, its frozen-out abundance should be constrained by
Negr, the effective number of neutrino species in the early universe.
= Measurement of departure from SM value, AN.g can constrain fpq

Lace = a GG (1)

To understand axion impact on AN, , need to solve Boltzmann equation

Oufak) = HROx fu = D(k) s (k) = fa(k)] (2)

where: f,(k) is phase space density for axion with frequency k, H is Hubble rate, and ng(k) is
equilibrium phase space density. The quantity we are interested in is the interaction rate

D(k) = I (F) (3)

where I (k) is the retarded axion self-energy, evaluated on the light-cone. This formula is valid to
leading order in the axion-gluon coupling and to all orders in internal SM couplings.

QCD rate at weak coupling

e Using Eq. (3), Hard Thermal Loop |1| effective theory can be deployed to calculate I'(k)
perturbatively in QCD coupling, g |2, 3]
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Dy (k) ~ T > mp, (4)
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where mp ~ ¢gT is the Debye mass. Result above is only valid for k = T. See [4] for recent
extension to k = mp.

e Computation of AN.g from |2, 3, 4| predicts hot axions to freeze out above and around tem-
perature of QCD crossover, where weak-coupling assumption is strongly violated.

QCD rate at strong coupling

e From Eq. (3), we used AdS/CFT 512 7t feo® Fer(K)
correspondence [5] to compute I (k) as*Ne' T
for NN =4SYM at strong coupling. 5!
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Analytic fit :
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Extrapolation to QCD

Assuming quark-gluon plasma is approximately conformal, conjecture from [6] claims one can
estimate QCD rate through multiplication of N/ = 4 one by ratio of entropy densities.

5 161 2L AT, 2 0.16, as(T =300MeV) =~ 0.31
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Conjecture from |[6] should hold regardless of
coupling, so we can see if it is consistent with
ratio of (leading order) rates at weak-coupling

shown above (see QCD rate at
strong coupling).

Not too bad — difference comparable to
“theoretical uncertainty” associated with QCD
weak-coupling rate |2, 4]
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Theoretical contribution from SM neutrinos
yields: Neg = 3.044

Planck data |7] yields 2.99 + 0.17
Combined BBN data [8| give 2.898 4+ 0.141

Observational limits to improve by order of
magnitude with future detectors [9].

From Eq. (2), can compute axion contribution
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d°k
ex = !]X/ (273 kfx (k) (7)

is the energy density of particle X and gx its
degeneracy.

To do next: Solve Eq. (2) using I'y;(k) to
understand impact of strong-coupling effects on
A Neg.
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