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Motivation

New light particles are ubiquitous in BSM physics 

• QCD axion (strong CP problem) 

• Solutions 3, 9, 10 (& 1,2) to the hierarchy problem 

• Light (sub-MeV) dark matter 

• Light mediators of new forces (perhaps DM-SM) 
!

Often very weakly coupled / experimentally elusive 
!

!

see N. Craig’s talk



Toy Model

Axion-like couplings to gauge bosons: 

!

!

Familon/Axion-like couplings to matter 

!

At low-energies 

!

!



Astrophysical Constraints

Stellar Cooling 

!

!

!

!

!

!Image from ESO

e.g. Raffelt  
(hep-ph/0611350)



Astrophysical Constraints

White Dwarf cooling 

!

!

!

!

!

!Image from ESO

e.g. Hanson et al.  
(arXiv:1507.05665)



SN 1987a 

!

!

!

!

!

!

Astrophysical Constraints

Image from HST



SN 1987a 

!

!

!

!

!

!

Astrophysical Constraints

e.g. Raffelt (hep-ph/0611350)



Astrophysical Constraints

General lesson from astrophysics  

•  Free streaming particles have distinct effects 

•  Results are sensitive to neutrino cooling 

•  New light particles must be more weakly coupled 

•  Especially strong constraint for dim 4, 5 operators 

Essentially the same is true of the early universe 

!

!



Cosmic Neutrinos

Freeze-out below 

!

!

!

!

!

Redshift alone would still leave 
!

!
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!

!

!

Perfect decoupling : 

Imperfect decoupling : 

Imperfect decoupling + QED : 

! Salas & Pastor (2016); 
Mangano et al. (2005)

Cosmic Neutrinos



Light Relics

Neff > 3.045



Freeze-out is quite universal 

!

!

!

If                       then  

Observable predictions quite model-independent 

Depends on spin and freeze-out temperature 

for

Light Relics
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Axions

ADMX Stellar Cooling

Helioscopes (CAST)

QCD
 ax

ion

Baumann, DG & Wallisch (2016)



Axions

SN 1987A
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Freeze-in

Freeze-in possible below electro-weak scale 
!

!

!

Efficient production at low-temperature 
!

!

!

!

!

Equilibrium when 
!
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Thermalized at 

  

Freeze-in
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Freeze-in

Baumann, DG & Wallisch (2016)



Freeze-in

DG & Rajendran (2016)

DM cross-section with nuclei 
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Observational Status



CMB

Image from Follin et al. (2015)
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Planck collaboration (2015)



CMB
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CMB
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Large Scale Structure (BAO)



Image from Eisenstein et al. (2006)

BAO



BAO

BOSS (Beutler et al.) (2016)



BAO

Baumann, DG & Zaldarriaga (2016)
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Image from Eisenstein et al. (2006)
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Image from Padmanabhan et al. (2012)

BAO



Baumann, DG & Zaldarriaga (2016)
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Dodelson et al. (2016)

Stage V / BOA — ‘Spectroscopic LSST’

BAO



Summary



Summary
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