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Kinetic Mixing

® Lagrangian density for U(1)y
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Kinetic Mixing

® Lagrangian density for U(1l)y < U(1)p
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Kinetic Mixing

® Lagrangian density for U(1l)y < U(1)p
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Kinetic Mixing

® Lagrangian density for U(1l)y < U(1)p
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Kinetic Mixing

® Lagrangian density for U(1l)y < U(1)p
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Kinetic Mixing
(+ fermions)

® Dirac fermion W
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Kinetic Mixing
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Milli-Charged Particles
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2. Dark Radiation



Expansion of the

Universe
Hubble parameter: H o /p gi/sz

QCD phase transition

l Neutrino decoupling
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N eff

Effective neutrino degrees of freedom Neg
Neff =3

Standard Model

Negg = 3.85 4+ 0.84 95% c.l.

for CMB (Keisler et al. (2011): 1108.4136)
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Neutrino lemperature
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Results
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Summary

® Photons of an additional unbroken U(l) alone are
unobservable

® Adding fermions leads to milli-charged particles

® Coupling these fermions to the Standard Model
accelerates expansion of the universe (Darlc Radiation)

® Observations favor an additional radiative component
(Neff >3)

® This can be explained with an additional photon and an
additional fermion
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Results
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Decoupling
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