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Axion and its basic feature

• The axion is a pseudo Nambu Goldstone boson which satisfies
• SM singlet, compact with the period 2𝜋𝑓𝑎: 𝑎 ≅ 𝑎 + 2𝜋𝑛𝑓𝑎, 𝑛 ∈ Ζ

• The axion is well described in a theory with a cut-off Λ ≪ 𝑓𝑎
• Under the Parity and Time reversal operators: 𝑃: 𝑎 → −𝑎, 𝑇: 𝑎 → −𝑎

• Possess a approximate continuous shift symmetry

• Approximate: All PQ breaking effects are generated at scales well below 𝑓𝑎

• All interactions at low energies can be described by 𝑎/𝑓𝑎
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The strong CP problem in QCD

• In the SM, the gauge symmetry allows P & T violating theta term

• The low energy consequence: Nucleon Electric Dipole Moment
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The strong CP problem in QCD

• Strong CP problem
• Why are P & T violating effects from the strong sector too small? 

• The QCD axion is an elegant solution to this problem.
• A possible candidate of the cold Dark Matter (Coherently oscillating scalar field)

• Basic idea: Peccei-Quinn (PQ) mechanism

• Promoting the theta angle to the dynamic field

• The theta dependent ground state energy becomes the scalar potential of the axion
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Axion interactions with the SM particles

• Axion-gluon interaction

• Axion-photon interaction
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Axion interactions with the SM particles

• Axion-electron interaction

• Axion-nucleons interaction

• The axion couples to the SM particles with strength inversely proportional 
to the decay constant. Hence, the axion feebly couples to the SM particles 
due to the large decay constant.
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KSVZ axion model

• The QCD anomaly is realized by introducing a heavy vector-like quark

• Interactions:

• Under PQ symmetry

• Only Φ and 𝑄 have PQ charges: 
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DFSZ axion model

• The QCD anomaly is induced by assuming 2HDM 𝐻𝑢&𝐻𝑑 couples to the 
SM quark fields.

• Interactions:

• Under PQ symmetry

• The axion as a linear combination of the CP-odd scalars can couple to 
the SM quarks:
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SN1987A: Neutrino signal

• For massive stars the nuclear fusion produces heavy elements in an onion 
structure and a degenerate iron core

• Iron in the core cannot be burnt and the star starts to collapse

• The SN core is an extreme environment

• Density: 1014g/cm3

• Temperature: 30MeV

• Magnetic field: 1015G

• From the few ҧ𝜈𝑒𝑝 → 𝑛𝑒+ events of SN 1987A we know that
• ~1053erg emitted as neutrinos with energy ~𝑂(15MeV) in ~10s
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The energy-loss argument

• The axions can be produced copiously from hot dense celestial objects 
such as supernova (SN).

• Stars can produce axions which escape, draining energy from the core

• Axions affect strongly the SN neutrino burst if 𝐿𝑎 > 𝐿𝜈~3 × 1052erg/s
• We can impose stringent bound from 𝐿𝑎 < 𝐿𝜈~3 × 1052erg/s
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Axion emission process from SN

• Two hadronic processes that can create axions inside SN

• Nucleon-nucleon bremsstrahlung (NNB) : 𝑁𝑁 → 𝑁𝑁𝑎

• It has been thought the NNB as the dominant axion emission for a while 
due to the underestimate of the 𝑛𝜋 inside SN.

• Pion-induced Compton-like scattering (PCS) : 𝜋−𝑝 → 𝑛𝑎

• Recent studies have shown that the PCS dominates over the NNB to be 
the main source of the axion emission inside SN.
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Axion emission process from SN

• We evaluate the supernova axion emission rate including the Δ resonance 
in the heavy baryon chiral perturbation theory

• For 𝑇𝑆𝑁~30MeV, 𝑘𝜋 ≈ 3𝑚𝜋𝑇𝑆𝑁 ≈ 𝑚𝜋, 𝐸𝜋~180MeV

• The 𝑚𝜋−𝑝 is somewhere in the middle of Δ and N masses.
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Heavy Baryon Chiral Perturbation Theory

• In this formalism, the nucleon is almost on-shell with a nearly unchanged 
velocity when it exchanges some tiny momentum with the pion

• Velocity-dependence baryon field

• The power counting expansion of the effective field theory for pions and 
baryons can be systematic and well-behaved.

• The algebra of the spin operator formalism can be much simpler than that 
of the gamma matrix formalism.
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Heavy Baryon Chiral Perturbation Theory

• Interactions of meson octet, baryon octet and baryon decuplet

• Spin-3/2 Rarita-Schwinger field: 

• Under the 𝑆𝑈(3)𝐿⨂𝑆𝑈(3)𝑅 symmetry,

• Representation of the Delta baryon: 
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The QCD axion Lagrangian

• 𝜐PQ,EW ≫ 𝑇 ≫ Λ𝑄𝐶𝐷 & at the leading order in 𝑎/𝑓𝑎

• Chiral transformation:  

• Next step is to replace the conserved quark currents with the conserved 
hadron currents in the HBChPT.
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The QCD axion Lagrangian

• Axion couplings to pions and baryons: 

• Axion couplings to pions, nucleons:
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The QCD axion Lagrangian

• Axion couplings to pions and baryons: 

• Axion couplings to pions, nucleons and Delta baryons:

• Notice that 𝐶𝑎𝜋𝑁 and 𝐶𝑎Δ𝑁 are not independent parameters because they 
can be expressed in terms of 𝐶𝑎𝑝 − 𝐶𝑎𝑛
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The QCD axion Lagrangian

• Numerically, we obtain
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Heavy Baryon Chiral Perturbation Theory

• Squared matrix element
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Scattering cross section vs  𝐸𝜋

•

QCHSC 2024 (Cairns, Queensland, Australia) 20



Scattering cross section vs  𝐸𝜋

•
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Supernova axion emissivity vs sin2𝛽

• The gray region is ruled out by tree-level Unitarity of fermion scattering

• Supernova axion emissivity can be enhanced at most by a factor of 5 for 
sin 𝛽 → 0 compared to the earlier studies
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Supernova axion emissivity vs Temperature

•
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Conclusion

• We have estimated the supernova axion emissivity with the ∆(1232) 
resonance in the HBChPT.

• We have noticed that the supernova axion emissivity was overestimated 
by in DFSZ and KSVZ models.

• We have shown that the supernova axion emissivity can be enhanced by a 
factor of ~4 in the KSVZ model and up to a factor of ~5 in the DFSZ model 
with compared to the case without the 𝐶𝑎𝜋𝑁 and 𝐶𝑎𝑁Δ.

• We have found that the ∆ resonance can give a destructive contribution to 
the supernova axion emissivity at high T.
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