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QCD axion

• Strong CP problem of QCD:  

• Most elegant solution: QCD axion 

• Phenomenology determined by one parameter   

• Many ongoing experiments try to search for the (QCD) axion 

• Current best bounds on   are from SN and NS cooling

θ < 10−10
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Axion bound from SN1987A

• Neutrino burst observed in two independent neutrino experiments 

•  neutrinos in a time span of  were observed in each experiment 

• By energy loss arguments additional new particles emitted by the SN would alter the signal 
duration 

• This gives a constraint on the emissivity of possible new particles  

• For the axion this means  corresponding to  

≈ 10 ≈ 10 sec

εa ≲ 1 × 1019 erg g−1 s−1

ma ≲ 16 meV fa ≳ 4 × 108 GeV



Supernova bound
• axion emission leads to an additional energy loss 

• This would shorten the neutrino signal -> strong bound on   

• Typical calculations of the axion emissivity just involve tree level diagrams (Brinkmann, 
Turner ’88), those are used to set bounds (see e.g arXiv:0611350 (Raffelt)) 

• At typical SN densities, loop corrections as well as density corrections can play a 
significant role 

• Recent calculation include different corrections, but the calculations are not 
systematic 

• Also density effects are highly relevant for neutron star cooling
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arXiv:2003.04903• First studies have es-mated that the couplings might change by a  factor 
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 We now calculate this systematically

• First studies have es-mated that the couplings might change by a  factor 
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Chiral perturbation theory

• At low energies QCD confines and develops a chiral condensate 
, breaking the global symmetry 

• Low energy d.o.f. are described as fluctuations of the condensate 

• Leads to EFT of mesons and baryons at low energies 

⟨q̄RqL⟩

E < Λχ

SU(2)L × SU(2)R → SU(2)R+L

U(π(x)) = ei πa(x)τa
fπ



Chiral perturbation theory

• Systematic description of low energy (nuclear) physics by PT 

• Expansion in powers of  

• Well established effective field theory with many applications: 

• pion decay ; pion-pion scattering 

• pion-nucleon scattering 

• Interaction of pions and nucleons with gauge bosons and other fields

χ

p
Λχ

π+ → μ+νμ

ℒ(1)
πN = 𝒩 (iγμDμ − m +

gA

2
γμγ5uμ) 𝒩

ℒ(2)
π =

1
4

f 2
π {Tr [∇μU† ∇μU + χ†U + χU†]}



Heavy baryon ChPT + finite density

• Heavy baryon ChPT: non-relativistic limit of ChPT 
• Adding density effects by a modified nucleon propagator: 

• Gives a systematic expansion in density 

• gauge bosons and other fields (e.g. axion, neutrino) can be added to 
the theory



Coupling axion-nucleon

• Tree level Lagrangian 

• Leads to the couplings 

Q: How do they look at finite density?

,

Accidental cancelation!



Vertex corrections



Vertex corrections results

Leads to density dependence of the amplitude squared |M|2 



Vertex correction results
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Vertex corrections results including Temperatur
(Here just the density loops at zero T are compared with density loops at finite T.) 
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