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Strong CP

Dark Matter

QCD Axion: 2 Birds with 1 Stone
Dark Matter

Strong CP



No detection of time 
reversal invariance violation 

by strong interactions

Why is the θ parameter 
of the QCD Lagrangian 

so small?
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The Strong CP Problem



The Peccei-Quinn Mechanism

New global U(1)PQ symmetry 

• spontaneously broken at the scale fa 
(with fa ≫ weak scale)

• anomalous under strong interactions

Peccei, Quinn, Phys.Rev.Lett. 38 (1977) and Phys.Rev.D 16 (1977)

Dynamical solution to the strong CP problem



The Peccei-Quinn Mechanism
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Pseudo Nambu-Goldstone boson in the 
low-energy spectrum (“QCD axion”) 
with (“anomalous”) coupling to gluons



The Peccei-Quinn Mechanism

fa

EWPT

QCDPT

<latexit sha1_base64="g+qMXxtW9GVsjVkKfdoq/DPeNEQ="></latexit> a

fa

↵s

8⇡
Gµ⌫G̃µ⌫

V (a) ' 1

2
m2

aa
2

<latexit sha1_base64="SPRB6uaLtnHg+oSKeEYcdDZShO4=">AAACGnicbVBNSwMxFMz6WetX1aOXYBH0UnaLoMeiF48VbC10a3mbvtVgsrsmWaGE/R1e/CtePCjiTbz4b0xrD2odCAwz7zEvE2WCa+P7n97M7Nz8wmJpqby8srq2XtnYbOs0VwxbLBWp6kSgUfAEW4YbgZ1MIchI4EV0czLyL+5QaZ4m52aYYU/CVcJjzsA4qV8J2nuwT0PNJd7SMFbAbFDYekFlHy7r1IbjCKtwUFgoCif1K1W/5o9Bp0kwIVUyQbNfeQ8HKcslJoYJ0Lob+JnpWVCGM4FFOcw1ZsBu4Aq7jiYgUffsOLegu04Z0DhV7iWGjtWfGxak1kMZuUkJ5lr/9Ubif143N/FRz/Ikyw0m7DsozgU1KR31RAdcITNi6Agwxd2tlF2D68e4NsuuhODvl6dJu14L/FpwdlBtHE/qKJFtskP2SEAOSYOckiZpEUbuySN5Ji/eg/fkvXpv36Mz3mRni/yC9/EFGO6gTw==</latexit><latexit sha1_base64="SPRB6uaLtnHg+oSKeEYcdDZShO4=">AAACGnicbVBNSwMxFMz6WetX1aOXYBH0UnaLoMeiF48VbC10a3mbvtVgsrsmWaGE/R1e/CtePCjiTbz4b0xrD2odCAwz7zEvE2WCa+P7n97M7Nz8wmJpqby8srq2XtnYbOs0VwxbLBWp6kSgUfAEW4YbgZ1MIchI4EV0czLyL+5QaZ4m52aYYU/CVcJjzsA4qV8J2nuwT0PNJd7SMFbAbFDYekFlHy7r1IbjCKtwUFgoCif1K1W/5o9Bp0kwIVUyQbNfeQ8HKcslJoYJ0Lob+JnpWVCGM4FFOcw1ZsBu4Aq7jiYgUffsOLegu04Z0DhV7iWGjtWfGxak1kMZuUkJ5lr/9Ubif143N/FRz/Ikyw0m7DsozgU1KR31RAdcITNi6Agwxd2tlF2D68e4NsuuhODvl6dJu14L/FpwdlBtHE/qKJFtskP2SEAOSYOckiZpEUbuySN5Ji/eg/fkvXpv36Mz3mRni/yC9/EFGO6gTw==</latexit><latexit sha1_base64="SPRB6uaLtnHg+oSKeEYcdDZShO4=">AAACGnicbVBNSwMxFMz6WetX1aOXYBH0UnaLoMeiF48VbC10a3mbvtVgsrsmWaGE/R1e/CtePCjiTbz4b0xrD2odCAwz7zEvE2WCa+P7n97M7Nz8wmJpqby8srq2XtnYbOs0VwxbLBWp6kSgUfAEW4YbgZ1MIchI4EV0czLyL+5QaZ4m52aYYU/CVcJjzsA4qV8J2nuwT0PNJd7SMFbAbFDYekFlHy7r1IbjCKtwUFgoCif1K1W/5o9Bp0kwIVUyQbNfeQ8HKcslJoYJ0Lob+JnpWVCGM4FFOcw1ZsBu4Aq7jiYgUffsOLegu04Z0DhV7iWGjtWfGxak1kMZuUkJ5lr/9Ubif143N/FRz/Ikyw0m7DsozgU1KR31RAdcITNi6Agwxd2tlF2D68e4NsuuhODvl6dJu14L/FpwdlBtHE/qKJFtskP2SEAOSYOckiZpEUbuySN5Ji/eg/fkvXpv36Mz3mRni/yC9/EFGO6gTw==</latexit><latexit sha1_base64="SPRB6uaLtnHg+oSKeEYcdDZShO4=">AAACGnicbVBNSwMxFMz6WetX1aOXYBH0UnaLoMeiF48VbC10a3mbvtVgsrsmWaGE/R1e/CtePCjiTbz4b0xrD2odCAwz7zEvE2WCa+P7n97M7Nz8wmJpqby8srq2XtnYbOs0VwxbLBWp6kSgUfAEW4YbgZ1MIchI4EV0czLyL+5QaZ4m52aYYU/CVcJjzsA4qV8J2nuwT0PNJd7SMFbAbFDYekFlHy7r1IbjCKtwUFgoCif1K1W/5o9Bp0kwIVUyQbNfeQ8HKcslJoYJ0Lob+JnpWVCGM4FFOcw1ZsBu4Aq7jiYgUffsOLegu04Z0DhV7iWGjtWfGxak1kMZuUkJ5lr/9Ubif143N/FRz/Ikyw0m7DsozgU1KR31RAdcITNi6Agwxd2tlF2D68e4NsuuhODvl6dJu14L/FpwdlBtHE/qKJFtskP2SEAOSYOckiZpEUbuySN5Ji/eg/fkvXpv36Mz3mRni/yC9/EFGO6gTw==</latexit>

CP-conserving minimum!
Strong CP Problem Solved!



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)
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Axion (zero-temperature) mass 
from non-perturbative potential 

The QCD axion is very light!



Axion-Like-Particles (ALPs)

Ubiquitous in motivated 
extension of the Standard Model 

• Pseudo-Nambu-Goldstone-bosons in field theory
• Axions in string theory
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Axion Signals

Very light and weakly coupled: 
• detection challenging
• prominent role in the early universe

Irastorza and Redondo, Prog.Part.Nucl.Phys. 102 (2018)



Axion Signals

Very light and weakly coupled: 
• detection challenging
• prominent role in the early universe

Irastorza and Redondo, Prog.Part.Nucl.Phys. 102 (2018)

In this talk:
Axions in the early universe
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Cold Axions
(Dark Matter)



Bae, Huh, Kim, JCAP 0809 (2008)

Axion Misalignment
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• 3H(T) > ma(T): axion stuck by “Hubble friction”

• 3H(T) < ma(T): axion oscillates, energy density as cold matter

Misalignment



Bae, Huh, Kim, JCAP 0809 (2008)

Axion Misalignment
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• 3H(T) > ma(T): axion stuck by “Hubble friction”

• 3H(T) < ma(T): axion oscillates, energy density as cold matter

Misalignment

See talk by Lingxiao Xu 

in this session for a 

possible variation

“Axion Free-kick 

Misalignment Mechanism”



Bae, Huh, Kim, JCAP 0809 (2008)
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+ma(T )

2
a = 0

Misalignment

Axion initial field value? It depends…

Was PQ broken during inflation?
If yes, was it restored afterwards?

Axion Misalignment



Post-Inflation Scenario

Borsanyi et al., Nature 539 (2016)

Post-Inflation Scenario:
PQ broken after inflation

Average over initial value of axion field
Additional contribution from topological defects 

(significant uncertainty)
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Pre-Inflation Scenario

Borsanyi et al., Nature 539 (2016)

Pre-Inflation Scenario:
PQ broken during inflation and not restored afterward

Axion field homogenized
One single (unknown) value of over the entire horizon

No Fourier higher-modes, no topological defects

θi ~ O(1) 
“natural”
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Pre-Inflation
Finite temperature axion 

mass from lattice

Post-Inflation

QCD Axion Cold Dark Matter

Axion cold dark matter 
from strings

Borsanyi et al., 
Phys.Lett.B 752 (2016)  

Nature 539 (2016)

Range for fa (with caveats):

• Larger fa: dilute dark matter abundance or fine-tune initial field value
• Lower fa: axion sub-dominant dark matter component

<latexit sha1_base64="clDX74d+dii3EuCBnIVBOcK6ty0="></latexit>

109 GeV . fa . 1011 GeV

Klaer and Moore, JCAP 10 and JCAP 11 (2017)

Gorghetto, Hardy, Villadoro
JHEP 07 (2018) and SciPost Phys.10 (2021)

Buschmann, Foster, Safdi
PRL124 (2020) and Nature Commun. 13 (2022)



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”)

B1 B2 ! B3 a
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Additional radiation at:

• BBN (ma ≲ MeV) 
• CMB formation (ma ≲ 0.3 eV)
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Thermal Axions



Dark Radiation in the CMB

Dirac Fermion
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FD, Hajkarim, Yun, JHEP 10 (2021)



Dirac Fermion

Massive Vector
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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



Scenarios for Thermal Axions
Single Coupling Switched On

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

UV Completions

• DFSZ Axion: Standard Model fields charged (two Higgs 
doublets) and color anomaly from quarks Zhitnitsky, SJNP 31 (1980)

Dine, Fischler, Srednicki, PLB 104 (1981)

• KSVZ Axion: Standard Model fields are PQ-neutral and 
color anomaly from heavy colored and PQ-charged fermion Ψ 

Axion coupled to a given 
Standard Model field

Ferreira, Notari, Phys.Rev.Lett. 120 (2018)
FD et al, JCAP 11 (2018)

Arias-Aragón et al., JCAP 11 (2020) and JCAP 03 (2021)
Green at al., JCAP 02 (2022)

FD et al., Phys.Rev.Lett. 128 (2022) 

FD, Hajkarim, Yun, JHEP 10 (2021)



FD, Ferreira, Notari, Bernal, JCAP 1811 (2018) Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP 03 (2021)
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Single Coupling Switched On
Leptons

<latexit sha1_base64="VIXbi+WOBV34sQnetCQXefHh7Js=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgQstMEXVZdOOygn1AZyyZNNOGJpkxyRTK0O9w40IRt36MO//G9LHQ1gOXezjnXnJzwoQzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HbiN4dUaRbLBzNKaCBwT7KIEWysFPgifTw/Q77BtneKJbfsToGWiTcnJZij1il++d2YpIJKQzjWuu25iQkyrAwjnI4LfqppgskA92jbUokF1UE2PXqMTqzSRVGsbEmDpurvjQwLrUcitJMCm75e9Cbif147NdF1kDGZpIZKMnsoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYELzFLy+TRqXsXZYr9xel6s08jjwcwTGcggdXUIU7qEEdCDzBM7zCmzN0Xpx352M2mnPmO4fwB87nD4KpkUk=</latexit>

µ�, ⌧�

3rd Gen. Quarks

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



FD, Ferreira, Notari, Bernal, JCAP 1811 (2018) Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP 03 (2021)

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

<latexit sha1_base64="0YZ47X6urfGZkPCSwWSNH+Tt1iw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5SkiHqSghePFewHtKFstpt26e4m7G6EEvoXvHhQxKt/yJv/xk2ag7Y+GHi8N8PMvCDmTBvX/XZKa+sbm1vl7crO7t7+QfXwqKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3L/O4TVZpF8tHMYuoLPJYsZASbXLpAwbBac+tuDrRKvILUoEBrWP0ajCKSCCoN4VjrvufGxk+xMoxwOq8MEk1jTKZ4TPuWSiyo9tP81jk6s8oIhZGyJQ3K1d8TKRZaz0RgOwU2E73sZeJ/Xj8x4Y2fMhknhkqyWBQmHJkIZY+jEVOUGD6zBBPF7K2ITLDCxNh4KjYEb/nlVdJp1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIHABJ7hFd4c4bw4787HorXkFDPH8AfO5w9Zm43H</latexit>

t, b

<latexit sha1_base64="DSCrN24U74K+NE8hv2I0e1VljeM=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1gEF1KSIupKCm5cVrAXaEOZTCft0MmFmZNCCX0TNy4UceubuPNtnKZZaOsPAx//OYdz5vcTKTQ6zre1tr6xubVd2inv7u0fHNpHxy0dp4rxJotlrDo+1VyKiDdRoOSdRHEa+pK3/fH9vN6ecKVFHD3hNOFeSIeRCASjaKy+bfd8qjKcXZIc/FnfrjhVJxdZBbeAChRq9O2v3iBmacgjZJJq3XWdBL2MKhRM8lm5l2qeUDamQ941GNGQay/LL5+Rc+MMSBAr8yIkuft7IqOh1tPQN50hxZFers3N/2rdFINbLxNRkiKP2GJRkEqCMZnHQAZCcYZyaoAyJcythI2oogxNWGUTgrv85VVo1arudbX2eFWp3xVxlOAUzuACXLiBOjxAA5rAYALP8ApvVma9WO/Wx6J1zSpmTuCPrM8faLSTgg==</latexit>

t̄, b̄
<latexit sha1_base64="HYCtfzml08E+c6wQNbVUo2nUZAM=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIsgKGWmiLosunFZwT6gM5ZMmmlDk8yYZApl6He4caGIWz/GnX9j+lho64HLPZxzL7k5YcKZNq777eRWVtfWN/Kbha3tnd294v5BQ8epIrROYh6rVog15UzSumGG01aiKBYhp81wcDvxm0OqNIvlgxklNBC4J1nECDZWCnyRPp6dI99g2zvFklt2p0DLxJuTEsxR6xS//G5MUkGlIRxr3fbcxAQZVoYRTscFP9U0wWSAe7RtqcSC6iCbHj1GJ1bpoihWtqRBU/X3RoaF1iMR2kmBTV8vehPxP6+dmug6yJhMUkMlmT0UpRyZGE0SQF2mKDF8ZAkmitlbEeljhYmxORVsCN7il5dJo1L2LsuV+4tS9WYeRx6O4BhOwYMrqMId1KAOBJ7gGV7hzRk6L8678zEbzTnznUP4A+fzB3yJkUU=</latexit>

µ+, ⌧+

Single Coupling Switched On
Leptons

<latexit sha1_base64="VIXbi+WOBV34sQnetCQXefHh7Js=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgQstMEXVZdOOygn1AZyyZNNOGJpkxyRTK0O9w40IRt36MO//G9LHQ1gOXezjnXnJzwoQzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HbiN4dUaRbLBzNKaCBwT7KIEWysFPgifTw/Q77BtneKJbfsToGWiTcnJZij1il++d2YpIJKQzjWuu25iQkyrAwjnI4LfqppgskA92jbUokF1UE2PXqMTqzSRVGsbEmDpurvjQwLrUcitJMCm75e9Cbif147NdF1kDGZpIZKMnsoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYELzFLy+TRqXsXZYr9xel6s08jjwcwTGcggdXUIU7qEEdCDzBM7zCmzN0Xpx352M2mnPmO4fwB87nD4KpkUk=</latexit>

µ�, ⌧�

3rd Gen. Quarks

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

They can 
alleviate 

the Hubble 
tension

Smooth rate 
across EWPT, 
within reach 
of  CMB-S4 

surveys



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

QCDPT
FD, Hajkarim, Yun

Phys.Rev.Lett. 128 
(2022)

Heavy PQ 
fermion Ψ



KSVZ Axion — ΔNeff

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

FD, Hajkarim, Yun, JHEP 10 (2021)

QCDPT
FD, Hajkarim, Yun

Phys.Rev.Lett. 128 
(2022)

EWPT
Arias-Aragon, FD, 

Ferreira, Merlo, 
Notari, 

JCAP 03 (2021)

Heavy 
Higgs 
bosons



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
<latexit sha1_base64="X8ppljHSoYBOiAGUWdzLLdLioxw="></latexit>

L(a)
FV =

@µa

2fa

X

 i 6= j

 ̄i�
µ
⇣
cV i j

+ cA i j
�5

⌘
 j

<latexit sha1_base64="RKfSbfjS74FSU3yU9tzl+GPLddE=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME84BkCbOzvcmY2dllZlYIITc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1090VpIJr47pfzsrq2vrGZmGruL2zu7dfOjhs6iRTDBssEYlqB1Sj4BIbhhuB7VQhjQOBrWB4M/Vbj6g0T+S9GaXox7QvecQZNVZqdlPNe7xXKrsVdwayTLyclCFHvVf67oYJy2KUhgmqdcdzU+OPqTKcCZwUu5nGlLIh7WPHUklj1P54du2EnFolJFGibElDZurviTGNtR7Fge2MqRnoRW8q/utpe8oAw4X1Jrryx1ymmUHJ5tujTBCTkGkeJOQKmREjSyhT3D5A2IAqyoxNrWiT8RZzWCbNasW7qFTvzsu16zyjAhzDCZyBB5dQg1uoQwMYPMAzvMCr8+S8Oe/Ox7x1xclnjuAPnM8ftYmYBg==</latexit>

 i

<latexit sha1_base64="zMSeoYE78/1ehEChOyzdqnY1Isc=">AAACCXicbVBLSgNBEK2Jvxh/UZduGoPgKswEUZdBNy4jmA8kQ+jpqUna9Hzs7hHCkBN4ALd6BHfi1lN4Aq9hJ5mFJj4oeLxXRVU9LxFcadv+sgorq2vrG8XN0tb2zu5eef+gpeJUMmyyWMSy41GFgkfY1FwL7CQSaegJbHuj66nffkSpeBzd6XGCbkgHEQ84o9pIbs+jMuslik/696RfrthVewayTJycVCBHo1/+7vkxS0OMNBNUqa5jJ9rNqNScCZyUeqnChLIRHWDX0IiGqNxsdvSEnBjFJ0EsTUWazNTfExkNlRqHnukMqR6qRW8q/uspc8oQ/YX1Orh0Mx4lqcaIzbcHqSA6JtNYiM8lMi3GhlAmuXmAsCGVlGkTXskk4yzmsExatapzXq3dnlXqV3lGRTiCYzgFBy6gDjfQgCYweIBneIFX68l6s96tj3lrwcpnDuEPrM8fFHaa9g==</latexit>

 ̄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) 



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
<latexit sha1_base64="X8ppljHSoYBOiAGUWdzLLdLioxw="></latexit>

L(a)
FV =

@µa

2fa

X

 i 6= j

 ̄i�
µ
⇣
cV i j

+ cA i j
�5

⌘
 j

<latexit sha1_base64="RKfSbfjS74FSU3yU9tzl+GPLddE=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME84BkCbOzvcmY2dllZlYIITc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1090VpIJr47pfzsrq2vrGZmGruL2zu7dfOjhs6iRTDBssEYlqB1Sj4BIbhhuB7VQhjQOBrWB4M/Vbj6g0T+S9GaXox7QvecQZNVZqdlPNe7xXKrsVdwayTLyclCFHvVf67oYJy2KUhgmqdcdzU+OPqTKcCZwUu5nGlLIh7WPHUklj1P54du2EnFolJFGibElDZurviTGNtR7Fge2MqRnoRW8q/utpe8oAw4X1Jrryx1ymmUHJ5tujTBCTkGkeJOQKmREjSyhT3D5A2IAqyoxNrWiT8RZzWCbNasW7qFTvzsu16zyjAhzDCZyBB5dQg1uoQwMYPMAzvMCr8+S8Oe/Ox7x1xclnjuAPnM8ftYmYBg==</latexit>

 i

<latexit sha1_base64="zMSeoYE78/1ehEChOyzdqnY1Isc=">AAACCXicbVBLSgNBEK2Jvxh/UZduGoPgKswEUZdBNy4jmA8kQ+jpqUna9Hzs7hHCkBN4ALd6BHfi1lN4Aq9hJ5mFJj4oeLxXRVU9LxFcadv+sgorq2vrG8XN0tb2zu5eef+gpeJUMmyyWMSy41GFgkfY1FwL7CQSaegJbHuj66nffkSpeBzd6XGCbkgHEQ84o9pIbs+jMuslik/696RfrthVewayTJycVCBHo1/+7vkxS0OMNBNUqa5jJ9rNqNScCZyUeqnChLIRHWDX0IiGqNxsdvSEnBjFJ0EsTUWazNTfExkNlRqHnukMqR6qRW8q/uspc8oQ/YX1Orh0Mx4lqcaIzbcHqSA6JtNYiM8lMi3GhlAmuXmAsCGVlGkTXskk4yzmsExatapzXq3dnlXqV3lGRTiCYzgFBy6gDjfQgCYweIBneIFX68l6s96tj3lrwcpnDuEPrM8fFHaa9g==</latexit>

 ̄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) 

See talk by Clemente 
Smarra in this session for 

an explicit construction

“The axion-flavour 
connection”



Flavor Violating Axions - Leptons
<latexit sha1_base64="w/TiulijHJ1ca16APBmk2ia55hA="></latexit>

F↵ i j
⌘ 2fa

c↵ i j

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



Flavor Violating Axions - Hadrons

<latexit sha1_base64="w/TiulijHJ1ca16APBmk2ia55hA="></latexit>

F↵ i j
⌘ 2fa

c↵ i j

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



QCD Axion Mass Bound

Axion 
production

BBN with 
axions

CMB with 
axions

BAO with 
axions

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, JCAP 09 (2022)



KSVZ Axion Mass Bound

<latexit sha1_base64="A8YYywOy9nxCXtzKy9Go1bAp1gk=">AAACIHicbVDLSgNBEJyNrxhfUY9ehgQhgiy7S9Acg148RjAPyIYwO+kkQ2Z215lZISy5+x1+gFf9BG/iUX/A33DyOGhiQUNR1U13VxBzprTjfFqZtfWNza3sdm5nd2//IH941FBRIinUacQj2QqIAs5CqGumObRiCUQEHJrB6HrqNx9AKhaFd3ocQ0eQQcj6jBJtpG6+ILoE+xzusWN7FQ+XHLvsOWfYP8epLwWGxqSbLzq2MwNeJe6CFNECtW7+2+9FNBEQasqJUm3XiXUnJVIzymGS8xMFMaEjMoC2oSERoDrp7JcJPjVKD/cjaSrUeKb+nkiJUGosAtMpiB6qZW8q/uspc8oQekvrdb/SSVkYJxpCOt/eTzjWEZ6mhXtMAtV8bAihkpkHMB0SSag2meZMMu5yDquk4dnuhe3dlovVq0VGWXSCCqiEXHSJqugG1VAdUfSIntELerWerDfr3fqYt2asxcwx+gPr6we0uqAf</latexit>

ma  0.282(0.420) eV

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, JCAP 09 (2022)



DFSZ Axion Mass Bound

<latexit sha1_base64="3Y6f6isboN7Pb4vzhsDOsiIiqyE=">AAACIHicbVDLSgMxFM34rPVVdekmtAgVpMxUUbsrunFZwT6gU0omc6cNTWbGJCOUoXu/ww9wq5/gTlzqD/gbpo+Fth4IOZxzL/fe48WcKW3bn9bS8srq2npmI7u5tb2zm9vbb6gokRTqNOKRbHlEAWch1DXTHFqxBCI8Dk1vcD32mw8gFYvCOz2MoSNIL2QBo0QbqZvLiy7BLod7bJfKdgUXzVc5PcbuCU5dKTA0Rt1cwS7ZE+BF4sxIAc1Q6+a+XT+iiYBQU06Uajt2rDspkZpRDqOsmyiICR2QHrQNDYkA1Uknt4zwkVF8HETSvFDjifq7IyVCqaHwTKUguq/mvbH4r6fMKn3w58br4LKTsjBONIR0Oj1IONYRHqeFfSaBaj40hFDJzAGY9okkVJtMsyYZZz6HRdIol5zzUvn2rFC9mmWUQYcoj4rIQReoim5QDdURRY/oGb2gV+vJerPerY9p6ZI16zlAf2B9/QDAOKAm</latexit>

ma  0.209(0.293) eV

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, JCAP 09 (2022)



Outlook

Peccei-Quinn Mechanism and the QCD Axion

Motivated and testable scenario 
for physics beyond the standard model 

rich of cosmological consequences



Outlook

&

Thermal Axions
Complementary to other probes of the PQ mechanism



Outlook

&

THank you!


