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The QCD Axion

[Peccei,Quinn ’77; Wilczek’78; Weinberg ’78]

Maybe the best motivated BSM particle we have

Dynamical solution to 
the Strong CP Problem

Viable DM candidate in vast 
parts of parameter space

 The Goldstone Boson of a spontaneously broken, 
global U(1) symmetry that has a QCD anomaly 

[Preskill,Wise,Wilczek; Abbott,Sikivie; Dine,Fischler ’83]



Effective Lagrangian
Axion coupling respects shift symmetry 
that is broken only by gauge anomalies
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anomalous coupling to 
gluon field strengths

anomalous coupling to 
EM field strengths

derivative coupling 
to SM fermions
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The only contribution to axion potential
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non-PT 
effects

has trivial minimum: QCD 𝛳-term dynamically set to zero

generates tiny axion mass
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Provides axion couplings to photons: 
most common axion search channel

Haloscopes Helioscopes 
a �! �
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ADMX CAST/IAXO 



Axion coupling respects shift symmetry 
that is broken only by gauge anomalies
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3 + 6 couplings in each fermion sector
(diagonal vector couplings unphysical)

Effective Lagrangian

 flavor-conserving 
constrained mainly by 

astrophysics

flavor-violating 
constrained mainly by 

rare decays 



Constraints from Astrophysics

Axion couplings to matter allow to efficiently 
radiate off energy in astrophysical objects

White Dwarf cooling: 
constrains electron couplings

Supernova neutrino burst duration: 
constrains nucleon couplings

Evolution of Horizontal Branch stars: 
constrains photon couplings 
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Flavor-violating axion couplings allow for rare 
decays with invisible & massless final state
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Constraints from Flavor Physics



Present and Future Constraints
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<latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit>

ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)
<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
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Origin of Axion-Fermion Couplings
Axion couples to PQ current: in fermion mass basis 
given by PQ charges folded with unitary rotations  

CV,A
uiuj

=
⇣
V †
ULPQqVUL

⌘

ij
±
⇣
V †
URPQuVUR

⌘

ij
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diagonal PQ charge 
matrix of LH quarks

Induce flavor-violating couplings whenever 
SM fermions carry non-universal PQ charges

unitary rotations that 
diagonalize Yukawas

e.g. non-universal DFSZ models; size given by (free) rotation angles

very predictive framework: PQ = FN (“axiflavon”/“flaxion”) 
Calibbi, Goertz, Redigolo, RZ, Zupan ’16 / Ema et al. ’16 Wilczek ‘82

V †
ULMuVUR = Mdiag

u
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Model-Independent Bounds

2

where 2N is the domain wall number. Clearly
o↵-diagonal couplings generically arise when PQ
charges are not diagonal in the same basis as
Yukawas yf , and depend on this misalignment
parametrized by the unitary rotations Vf . With-
out specifying the origin of Yukawa couplings, i.e.
in the absence of a theory of flavor, one should be
agnostic and try to use experimental data to con-
strain flavor-violating axion couplings as best as
possible, as proposed in e.g. [23]. It is clear from
Eq. (3) that any given coupling CV,A

fi 6=fj
can be O(1)

while all others being zero, provided a suitable set
of PQ charges and appropriate flavor structure SM
Yukawas. For example, one can realize a situation
where CV

bs = CA
bs ⇠ 1 and all other CV,A

fi 6=fi
= 0, by

taking XqL = XuR = 1, (XdR)2 6= (XdR)3, with
down Yukawas yd such that the only non-vanishing
rotation is in the 2-3 RH sector, sRd

23 ⇠ 1. More-
over, while one would generically expect axial and
axialvector couplings to be of the same order, vec-
tor couplings can be suppressed in a situation where
XfR = �XfL and VfR = VfL , which can arise in
models where PQ charges are compatible with a
grand unified structure (see Ref. (??) for a recent
example in SO(10)), and Yukawas are hermitian,
positive definite matrices (see e.g. Ref. (??) for a
realization of this scenario in SO(10)).
In the next sections, we will discuss the flavor phe-

nomenology of flavor-violating axion couplings and
use the corresponding observables to derive bounds
on the e↵ective vector and axial couplings FV,A

fi 6=fj
defined by

FV,A
fifj

=
2fa

CV,A
fifj

. (4)

Bounds from Meson Decays and Mixing In
this section we briefly review and update the bounds
on flavor-violating axion couplings obtained from
meson decays and meson mixing.
The decay rate for a pseudoscalar meson P1 de-

caying to a light meson P2 and a massless axion is
given by

�P1!P2+a =
1

16⇡

M3
1

(FV
q1q2)

2
�3[f+(0)]

2 , (5)

where Mi are the meson masses, � = 1 �

M2
2 /M

2
1 , and the form factors in the limit of

zero momentum transfer f+(0) are defined as
hP2(p0)|q1�µq2|P1(p)i = f+(0)(p + p0)µ. They are
taken from Lattice data [27] (previous results using
light cone sum rules from Ref. [28] are very similar)
and summarized in Table I. A rough estimate of the
bound on FV

q1q2 can be obtained by approximating
the total width of the charged pseudoscalar meson
with the SM prediction for its semi-leptonic decay
and neglecting form factors, giving

FV
q1q2 . v2

m`Vq1q0
1/

q
BRexp

P1!P2a
, (6)

f+(0) fP [MeV]
sd 1 155.6(0.4)
cu 0.74(6)(4) 211.9(1.1)
bd 0.27(7)(5) 190.9(4.1)
bs 0.32(6)(6) 227.2(3.4)

TABLE I. Form factors f+(0) and decay constants fP
entering

where v = 174GeV is the electroweak breaking
scale, m` is the mass of the relevant lepton (mµ for
K+ andD+ decays andm⌧ for B+ decays) and Vq1q0

is the relevant CKM matrix element (Vus for K+ de-
cays, Vcs forD+ decays and Vcb for B+ decays). The
experimental bounds on the branching ration of the
invisible two-body charged meson decay BRexp

P1!P2a
can be obtained from experiments looking for the
corresponding SM process where the axion is re-
placed by a neutrino pair. Using the 90% CL exper-
imental bounds BR(K+

! ⇡+a) < 7.3 · 10�11 [29],
BR(B+

! K+/⇡+a) < 4.9 · 10�5 [30] (note that
no bound exist for D-mesons, so we can only take
BR(D+

! ⇡+a) < 1), we obtain the constraints in
Table ??, which agrees well with the above scal-
ing argument. Include bound from K ! ⇡⇡a,
B ! K⇤a Can improve D+ by calculating SM
or removing observed channels? Discussion, future
prospects: NA62, Belle II....

FV
q1q2 [GeV] FA

q1q2 [GeV]
sd 6.9 · 1011 2.3 · 106
cu 3.3 · 105 2.4 · 106
bd 1.0 · 108 1.4 · 106
bs 1.2 · 108 3.0 · 105

TABLE II. Lower bounds on FV
q1q2 from meson decyays

and FA
q1q2 from meson mixing.

We now turn to bounds on axial couplings ob-
tained from meson mixing, which are constrained by
the contribution from tree-level axion exchange con-
tributing to neutral meson mass di↵erence. discuss
theoretical problems in expression. For simplicity
we follow Ref. [23] and use the the following rough
estimate for the contribution to the neutral meson
mass di↵erence

�Mnew
P ⇡

5

6

f2
PMP

(FA
q1q2)

2
, (7)

where fP are the meson decay constants summa-
rized in Table I and MP is the neutral meson mass.
To constrain this new contribution we use the re-
sult of the UTFit collaboration [31, 32], which pro-
vide 95 % CL intervals for New Physics contribu-
tions to �F = 2 mixing amplitudes for sd, bs and
bd transitions. The upper limits (which provide the
most conservative bounds) read Csd

95 = 2.07, Cbd
95 =

1.28, Cbs
95 = 1.252. We use these constraints together

with the measured neutral meson mass di↵erences
�M exp

P to bound the axion contribution by requir-

Feng, Moroi, Murayama, 
Schnapka ’97

Björkeroth, Chun, 
King ’18

Meson decays to PS + axion Neutral Meson Mixing
BR(K+ ! ⇡+a) < 7.3 · 10�11
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E787 + E949 ’07 

no dedicated search 

CLEO ‘01

�MK ⇡ f2
KMK�
FA
sd

�2
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Plenty of Room for Improvement
recast D ! ⌧⌫, ⌧ ! ⇡⌫
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CLEO ‘08

B ! K/K⇤⌫⌫
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BaBar ‘13

BR(B ! Ka) < 1.6 · 10�5
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(Belle cuts away q2=0 signal region) 
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FIG. 5: (color online) The sB distribution for (from top
to bottom) B+

→ K+νν, B0
→ K0νν, B+

→ K∗+νν,
and B0

→ K∗0νν events after applying the full signal selec-
tion. The expected combinatorial (shaded) plus mES-peaking
(solid) background contributions are overlaid on the data
(points). The signal MC distributions (dashed) are normal-
ized to branching fractions of 20× 10−5 for B+

→ K+νν and
50×10−5 for the other channels. Events to the left of the ver-
tical lines are selected to obtain SM-sensitive limits, while the
full spectra are used to determine partial branching fractions.

over the full sB spectrum. Tables IV and V summa-
rize the number of observed data events within the sB
signal region (0 < sB < 0.3), expected backgrounds,
B → K(∗)νν signal efficiencies, branching fraction cen-
tral values, and branching fraction limits at the 90% CL.
Combining the signal channels, we determine upper lim-
its of B(B → Kνν) < 3.2 × 10−5 and B(B → K∗νν) <
7.9×10−5. Since we see a small excess over the expected
background in the K+ channel, we report a two-sided
90% confidence interval. However, the probability of ob-
serving such an excess within the signal region, given
the uncertainty on the background, is 8.4% which cor-
responds to a one-sided Gaussian significance of about
1.4 σ. Therefore, this excess is not considered significant.

Using the same procedure as when combining signal
decay channels, the B → Kνν branching fraction cen-
tral values are combined with a previous semileptonic-tag
BABAR analysis that searched within a statistically inde-
pendent data sample [15]. We obtain combined BABAR

upper limits at the 90% CL of

B(B+ → K+νν) < 1.6× 10−5,

B(B0 → K0νν) < 4.9× 10−5, and

B(B → Kνν) < 1.7× 10−5.

(4)

The combined central value is B(B → Kνν) =
(0.8+0.7

−0.6) × 10−5, where the uncertainty includes both
statistical and systematic uncertainties. These combined
results reweight the sB distribution to that of the ABSW
theoretical model (dashed curve in Fig. 5), which de-
creases the signal efficiencies published in Ref. [15] by
approximately 10%. The B → K∗νν central values also
can be combined with the semileptonic-tag results from
a previous BABAR search [16]. In order to obtain approxi-
mate frequentist intervals, the likelihood functions in the
previous search are extended to include possibly negative
signals. We obtain combined BABAR upper limits at the
90% CL of

B(B+ → K∗+νν) < 6.4× 10−5,

B(B0 → K∗0νν) < 12 × 10−5, and

B(B → K∗νν) < 7.6× 10−5.

(5)

The combined central value is B(B → K∗νν) =
(3.8+2.9

−2.6)× 10−5.
Since certain new-physics models suggest that en-

hancements are possible at high sB values, we also
report model-independent partial branching fractions
(∆Bi) over the full sB spectrum by removing the low-sB
requirement. The ∆Bi values are calculated in intervals
of sB = 0.1, using Eq. (3) (with the Nobs

i , Npeak
i , N comb

i ,

and εsigi values found within the given interval) multiplied
by the fraction of the signal efficiency distribution inside
that interval. Figure 6 shows the partial branching frac-
tions. The signal efficiency distributions are relatively
independent of sB, which are also illustrated in Fig. 6.
To compute model-specific values from these results, one
can sum the central values within the model’s dominant
interval(s) (with uncertainties added in quadrature) and
divide the sum by the fraction of the model’s distribu-
tion that is expected to lie within the same sB intervals.
These partial branching fractions provide branching frac-
tion upper limits for several new-physics scenarios at the
level of 10−5.
The B → K(∗)νν decays are also sensitive to the short-

distance Wilson coefficients |Cν
L,R| for the left- and right-

handed weak currents, respectively. These couple two
quarks to two neutrinos via an effective field theory point
interaction [33]. Although |Cν

R| = 0 within the SM, right-
handed currents from new physics, such as non-SM Z0

penguin couplings, could produce non-zero values. Using
the parameterization from Ref. [1],

ϵ ≡
√

|Cν
L|2 + |Cν

R|2

|Cν
L,SM|

, η ≡
−Re(Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (6)

=
m2

⌫⌫

m2
B
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Many interesting channels for Belle II 
B ! Ka,B ! K⇤a,B ! ⇡a,B ! ⇢a, . . .
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Camalich, Vuong, RZ, 
Zupan, in progress

see also Kamenik, Smith ‘11



Summary

• Precision flavor experiments allow to look for QCD 
axion complementarily to usual axion searches

• NA62 will test PQ breaking scales up to 1012 GeV!

• Flavor-violating axion couplings are generic and sizable 
whenever SM fermions have non-universal PQ charges

• Interesting prospects also for Belle II using 2-body 
phase space region in samplesB ! (K/⇡/K⇤/⇢) ⌫⌫
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Axion Models

[Dine, Fischler, Srednicki, 
Zhitnitsky ’80]

[Kim, Shifman, Vainshtein, 
Zakharov ’80]

[Peccei, Quinn, 
Wilczek, Weinberg ’78]

U(1)PQ ⇥ SU(3)2c

BSM fermionsSM fermions

2Higgs 2Higgs+Singlet Higgs+Singlet

DFSZ KSVZPQWW

ex
clu

de
d

hSingleti � v : “Invisible” axion modelsJ/ ! �a
see however 1710.03764

Specify anomalous breaking of PQ (fermion sector) 
& spontaneous breaking of PQ (scalar sector) 
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Flavor Constraints
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Ci 6=j = 1(for )

µe bs
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The Axiflavon

sdNA62

Natural axion DM 
window testable at 

NA62 (and ADMX-II)

Present bound 
from E787+E949

Expected future 
bound from NA62



Axions as Dark Matter

When PQ breaking before inflation axion can be 
dark matter through “misalignment mechanism”

At QCD phase transition axion 
starts oscillating around minimum: 

energy stored in oscillations 
contributes to DM energy density

Correct abundance for

[axion essentially stable for                       ]

⌦DMh2 ⇡ 0.1
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