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Thermal Axions: 
Production Mechanisms 

and Cosmological Signals



The QCD Axion

• Coupling to gluons and (not mandatory) 
to electroweak gauge bosons

• Derivative couplings to fermions 

The QCD axion is elusive!

Georgi, Kaplan, Randall,  PLB169 (1986)
Grilli di Cortona, Hardy, Vega, Villadoro, JHEP1601 (2016)
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Axion (zero-temperature) mass 
from non-perturbative potential 

The QCD axion is very light!



Cold Axions
(Dark Matter)

Axions in the Early Universe



In this talk: Hot axions in the early universe
How they are produced and their imprint in cosmological observables

Axions in the Early Universe

Hot Axions
(Dark Radiation)



Scatterings and/or decays involving particles 
belonging to the primordial thermal bath

(axion energy much higher than ma, i.e. “hot”)
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Additional radiation at:

• BBN (ma ≲ MeV) 
• Recombination (ma ≲ 0.3 eV)
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Thermal Production

Turner,  Phys.Rev Lett. 59 (1987)
Brust, Kaplan, Walters, JHEP 12 (2013)

Baumann, Green,  Wallisch, Phys. Rev. Lett. 117 (2016)



Dark Radiation in the CMB

Dirac Fermion
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FD, Hajkarim, Yun, JHEP 10 (2021)
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Axions may never thermalize

If they do, decoupling detail relevant 
(effect larger the experimental error)

Predicting ΔNeff
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GOAL: compute the right-hand side that accounts 
for processes changing the number of axions

FD, Hajkarim, Yun, JHEP 10 (2021)



Explicit UV Completions

KSVZ Axion

Kim, PRL 43 (1979)
Shifman, Vainshtein, Zakharov, NPB 166 (1980)

Standard Model fields are PQ-neutral

Color anomaly: heavy colored and PQ-charged fermion Ψ

DFSZ Axion

Standard Model fields charged (2 Higgs doublets)
Color anomaly: quarks

Zhitnitsky, SJNP 31 (1980)
Dine, Fischler, Srednicki, PLB 104 (1981)

FD, Hajkarim, Yun, JHEP 10 (2021)



Explicit UV Completions

KSVZ Axion

Kim, PRL 43 (1979)
Shifman, Vainshtein, Zakharov, NPB 166 (1980)

Standard Model fields are PQ-neutral

Color anomaly: heavy colored and PQ-charged fermion Ψ

DFSZ Axion

Standard Model fields charged (2 Higgs doublets)
Color anomaly: quarks

Zhitnitsky, SJNP 31 (1980)
Dine, Fischler, Srednicki, PLB 104 (1981)

FD, Hajkarim, Yun, JHEP 10 (2021)

Large coupling to 
leptons alleviate the 

Hubble tension

FD, Ferreira, Notari, Bernal, JCAP 11 (2018)



KSVZ Axion — Production Rate
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FD, Hajkarim, Yun, JHEP 10 (2021)

Mass of the 
heavy PQ 
fermion Ψ

QCDPT

FD, Hajkarim, Yun

Phys.Rev.Lett. 128 (2022)



KSVZ Axion — Production Rate
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FD, Hajkarim, Yun, JHEP 10 (2021)



KSVZ Axion — ΔNeff

FD, Hajkarim, Yun, JHEP 10 (2021)



DFSZ Axion — Production Rate
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FD, Hajkarim, Yun, JHEP 10 (2021)

QCDPT

FD, Hajkarim, Yun

Phys.Rev.Lett. 128 (2022)

Mass of the 
heavy Higgs 

bosons
EWPT

Arias-Aragon, FD, 

Ferreira, Merlo, Notari, 

JCAP 03 (2021)



DFSZ Axion — Production Rate
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FD, Hajkarim, Yun, JHEP 10 (2021)



DFSZ Axion — ΔNeff

FD, Hajkarim, Yun, JHEP 10 (2021)



FD, Yun, Phys.Rev.D 105 (2022)

<latexit sha1_base64="+fKojg6tpcWyKA5iVPidxaVzTUs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgRW8RzAOSNcxOepMhsw9mZpWw7H948aCIV//Fm3/jZLMHTSxoKKq6p6fLiwVX2ra/rZXVtfWNzdJWeXtnd2+/cnDYVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9czvPKJUPArv9TRGN6CjkPucUW2kh37+QipxmKU0G1Sqds3OQZaJU5AqFGgOKl/9YcSSAEPNBFWq59ixdlMqNWcCs3I/URhTNqEj7Bka0gCVm+Y7M3JqlCHxI2kq1CRXf0+kNFBqGnimM6B6rBa9mfif10u0f+WmPIwTjSGbL/ITQXREZhGQIZfItJgaQpnk5q+EjamkTJugyiYEZ/HkZdKu15yLWv3uvNq4LeIowTGcwBk4cAkNuIEmtICBhGd4hTfryXqx3q2PeeuKVcwcwR9Ynz9eU5Mb</latexit>a

Flavor Violating Axions
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 ̄j Target of several terrestrial experiments

What about their role in the early universe?

They mediate hot axion production
via decays and scatterings

Camalich et al., Phys.Rev.D 102 (2020)
Calibbi et al., JHEP 09 (2021) 173 



Flavor Violating Axions

FD, Yun, Phys.Rev.D 105 (2022)
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Flavor Violating Axions

FD, Yun, Phys.Rev.D 105 (2022)
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Global Cosmological Analysis

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  

Axion 
production

BBN with 
axions

CMB with 
axions

BAO with 
axions

(for gluon and photon coupling see also Caloni, Gerbino, Lattanzi, Visinelli, arXiv:2205.01637)



KSVZ Axion Mass Bound

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  
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ma  0.282(0.420) eV



DFSZ Axion Mass Bound

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  
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ma  0.209(0.293) eV



Outlook

Peccei-Quinn Mechanism and the QCD Axion

Motivated and testable scenario 
for physics beyond the standard model 

rich of cosmological consequences
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Thermal Axions
Complementary to other probes of the PQ mechanism
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Thank YOu!


