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• QCD axion

• Why astrophobic axion?

• Simple astrophobic axion models

• Thermal production of astrophobic axions and the 
impact on CMB



QCD axion

QCD axion - one of the best candidates for New 
Physics

• predicted by Peccei-Quinn (PQ) mechanism 
solving the strong CP problem 

• constitutes a good dark matter candidate

• axion is PNGB of U(1) PQ symmetry broken 
by non-perturbative QCD effects



DFSZ Models

SM fermions + 2Higgs + Singlet{
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Construct 2HDM Lagrangian invariant under single U(1)
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H2
<latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit><latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit><latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit><latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit>

flavor-universal

U(1) PQ charges
Lyuk = yuijQiUj

<latexit sha1_base64="7mooeFiPku+sN+ZwceXDrKJQK3g=">AAACGnicbVDNS8MwHE39nPOr6tFLcAieRiuCXoShFw8eNrDbYK0lzdItW/pBkgol9O/w4r/ixYMi3sSL/43ptoNuPgg83vu9JL8XpIwKaVnfxtLyyuraemWjurm1vbNr7u23RZJxTBycsIR3AyQIozFxJJWMdFNOUBQw0gnG16XfeSBc0CS+k3lKvAgNYhpSjKSWfNNWLkYM3ha+cnkE82xcwEuY32e+oqMCuokOl3erVuFT6Pgj6Js1q25NABeJPSM1MEPTNz/dfoKziMQSMyREz7ZS6SnEJcWMFFU3EyRFeIwGpKdpjCIiPDVZrYDHWunDMOH6xBJO1N8JhSIh8ijQkxGSQzHvleJ/Xi+T4YWnaJxmksR4+lCYMSgTWPYE+5QTLFmuCcKc6r9CPEQcYanbrOoS7PmVF0n7tG5bdbt1VmtczeqogENwBE6ADc5BA9yAJnAABo/gGbyCN+PJeDHejY/p6JIxyxyAPzC+fgAABKDS</latexit><latexit sha1_base64="7mooeFiPku+sN+ZwceXDrKJQK3g=">AAACGnicbVDNS8MwHE39nPOr6tFLcAieRiuCXoShFw8eNrDbYK0lzdItW/pBkgol9O/w4r/ixYMi3sSL/43ptoNuPgg83vu9JL8XpIwKaVnfxtLyyuraemWjurm1vbNr7u23RZJxTBycsIR3AyQIozFxJJWMdFNOUBQw0gnG16XfeSBc0CS+k3lKvAgNYhpSjKSWfNNWLkYM3ha+cnkE82xcwEuY32e+oqMCuokOl3erVuFT6Pgj6Js1q25NABeJPSM1MEPTNz/dfoKziMQSMyREz7ZS6SnEJcWMFFU3EyRFeIwGpKdpjCIiPDVZrYDHWunDMOH6xBJO1N8JhSIh8ijQkxGSQzHvleJ/Xi+T4YWnaJxmksR4+lCYMSgTWPYE+5QTLFmuCcKc6r9CPEQcYanbrOoS7PmVF0n7tG5bdbt1VmtczeqogENwBE6ADc5BA9yAJnAABo/gGbyCN+PJeDHejY/p6JIxyxyAPzC+fgAABKDS</latexit><latexit sha1_base64="7mooeFiPku+sN+ZwceXDrKJQK3g=">AAACGnicbVDNS8MwHE39nPOr6tFLcAieRiuCXoShFw8eNrDbYK0lzdItW/pBkgol9O/w4r/ixYMi3sSL/43ptoNuPgg83vu9JL8XpIwKaVnfxtLyyuraemWjurm1vbNr7u23RZJxTBycsIR3AyQIozFxJJWMdFNOUBQw0gnG16XfeSBc0CS+k3lKvAgNYhpSjKSWfNNWLkYM3ha+cnkE82xcwEuY32e+oqMCuokOl3erVuFT6Pgj6Js1q25NABeJPSM1MEPTNz/dfoKziMQSMyREz7ZS6SnEJcWMFFU3EyRFeIwGpKdpjCIiPDVZrYDHWunDMOH6xBJO1N8JhSIh8ijQkxGSQzHvleJ/Xi+T4YWnaJxmksR4+lCYMSgTWPYE+5QTLFmuCcKc6r9CPEQcYanbrOoS7PmVF0n7tG5bdbt1VmtczeqogENwBE6ADc5BA9yAJnAABo/gGbyCN+PJeDHejY/p6JIxyxyAPzC+fgAABKDS</latexit><latexit sha1_base64="7mooeFiPku+sN+ZwceXDrKJQK3g=">AAACGnicbVDNS8MwHE39nPOr6tFLcAieRiuCXoShFw8eNrDbYK0lzdItW/pBkgol9O/w4r/ixYMi3sSL/43ptoNuPgg83vu9JL8XpIwKaVnfxtLyyuraemWjurm1vbNr7u23RZJxTBycsIR3AyQIozFxJJWMdFNOUBQw0gnG16XfeSBc0CS+k3lKvAgNYhpSjKSWfNNWLkYM3ha+cnkE82xcwEuY32e+oqMCuokOl3erVuFT6Pgj6Js1q25NABeJPSM1MEPTNz/dfoKziMQSMyREz7ZS6SnEJcWMFFU3EyRFeIwGpKdpjCIiPDVZrYDHWunDMOH6xBJO1N8JhSIh8ijQkxGSQzHvleJ/Xi+T4YWnaJxmksR4+lCYMSgTWPYE+5QTLFmuCcKc6r9CPEQcYanbrOoS7PmVF0n7tG5bdbt1VmtczeqogENwBE6ADc5BA9yAJnAABo/gGbyCN+PJeDHejY/p6JIxyxyAPzC+fgAABKDS</latexit>

LiEj
<latexit sha1_base64="WkmKTTK2ZrpA2YhPlmqlmuYIupU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE0GVRBBcuKtgHtCFMptN27GQSZiZCCPVX3LhQxK0f4s6/cdJmoa0HBg7n3MO9c4KYM6Ud59sqrayurW+UNytb2zu7e/b+QVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047weQq9zuPVCoWiXudxtQL8UiwISNYG8m3q6gfGT+PZ7dTn6Fr/8G3a07dmQEtE7cgNSjQ9O2v/iAiSUiFJhwr1XOdWHsZlpoRTqeVfqJojMkEj2jPUIFDqrxsdvwUHRtlgIaRNE9oNFN/JzIcKpWGgZkMsR6rRS8X//N6iR5eeBkTcaKpIPNFw4QjHaG8CTRgkhLNU0MwkczcisgYS0y06atiSnAXv7xM2qd116m7d2e1xmVRRxkO4QhOwIVzaMANNKEFBFJ4hld4s56sF+vd+piPlqwiU4U/sD5/AEaSlIM=</latexit><latexit sha1_base64="WkmKTTK2ZrpA2YhPlmqlmuYIupU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE0GVRBBcuKtgHtCFMptN27GQSZiZCCPVX3LhQxK0f4s6/cdJmoa0HBg7n3MO9c4KYM6Ud59sqrayurW+UNytb2zu7e/b+QVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047weQq9zuPVCoWiXudxtQL8UiwISNYG8m3q6gfGT+PZ7dTn6Fr/8G3a07dmQEtE7cgNSjQ9O2v/iAiSUiFJhwr1XOdWHsZlpoRTqeVfqJojMkEj2jPUIFDqrxsdvwUHRtlgIaRNE9oNFN/JzIcKpWGgZkMsR6rRS8X//N6iR5eeBkTcaKpIPNFw4QjHaG8CTRgkhLNU0MwkczcisgYS0y06atiSnAXv7xM2qd116m7d2e1xmVRRxkO4QhOwIVzaMANNKEFBFJ4hld4s56sF+vd+piPlqwiU4U/sD5/AEaSlIM=</latexit><latexit sha1_base64="WkmKTTK2ZrpA2YhPlmqlmuYIupU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE0GVRBBcuKtgHtCFMptN27GQSZiZCCPVX3LhQxK0f4s6/cdJmoa0HBg7n3MO9c4KYM6Ud59sqrayurW+UNytb2zu7e/b+QVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047weQq9zuPVCoWiXudxtQL8UiwISNYG8m3q6gfGT+PZ7dTn6Fr/8G3a07dmQEtE7cgNSjQ9O2v/iAiSUiFJhwr1XOdWHsZlpoRTqeVfqJojMkEj2jPUIFDqrxsdvwUHRtlgIaRNE9oNFN/JzIcKpWGgZkMsR6rRS8X//N6iR5eeBkTcaKpIPNFw4QjHaG8CTRgkhLNU0MwkczcisgYS0y06atiSnAXv7xM2qd116m7d2e1xmVRRxkO4QhOwIVzaMANNKEFBFJ4hld4s56sF+vd+piPlqwiU4U/sD5/AEaSlIM=</latexit><latexit sha1_base64="WkmKTTK2ZrpA2YhPlmqlmuYIupU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE0GVRBBcuKtgHtCFMptN27GQSZiZCCPVX3LhQxK0f4s6/cdJmoa0HBg7n3MO9c4KYM6Ud59sqrayurW+UNytb2zu7e/b+QVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047weQq9zuPVCoWiXudxtQL8UiwISNYG8m3q6gfGT+PZ7dTn6Fr/8G3a07dmQEtE7cgNSjQ9O2v/iAiSUiFJhwr1XOdWHsZlpoRTqeVfqJojMkEj2jPUIFDqrxsdvwUHRtlgIaRNE9oNFN/JzIcKpWGgZkMsR6rRS8X//N6iR5eeBkTcaKpIPNFw4QjHaG8CTRgkhLNU0MwkczcisgYS0y06atiSnAXv7xM2qd116m7d2e1xmVRRxkO4QhOwIVzaMANNKEFBFJ4hld4s56sF+vd+piPlqwiU4U/sD5/AEaSlIM=</latexit>

QiUj
<latexit sha1_base64="RKei4PjpVuSwpwG/Ik4dAUR5Pdg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFNy5bMG2hDWEynbRjJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstPXAwOGce7h3TphyprTjfFulldW19Y3yZmVre2d3z94/aKkkk4R6JOGJ7IRYUc4E9TTTnHZSSXEcctoORzdTv/1ApWKJuNPjlPoxHggWMYK1kQL7CPUS40/jeXMSMOQF9yiwq07NmQEtE7cgVSjQCOyvXj8hWUyFJhwr1XWdVPs5lpoRTieVXqZoiskID2jXUIFjqvx8dv0EnRqlj6JEmic0mqm/EzmOlRrHoZmMsR6qRW8q/ud1Mx1d+TkTaaapIPNFUcaRTtC0CtRnkhLNx4ZgIpm5FZEhlphoU1jFlOAufnmZtM5rrlNzmxfV+nVRRxmO4QTOwIVLqMMtNMADAo/wDK/wZj1ZL9a79TEfLVlF5hD+wPr8AcN/lMI=</latexit><latexit sha1_base64="RKei4PjpVuSwpwG/Ik4dAUR5Pdg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFNy5bMG2hDWEynbRjJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstPXAwOGce7h3TphyprTjfFulldW19Y3yZmVre2d3z94/aKkkk4R6JOGJ7IRYUc4E9TTTnHZSSXEcctoORzdTv/1ApWKJuNPjlPoxHggWMYK1kQL7CPUS40/jeXMSMOQF9yiwq07NmQEtE7cgVSjQCOyvXj8hWUyFJhwr1XWdVPs5lpoRTieVXqZoiskID2jXUIFjqvx8dv0EnRqlj6JEmic0mqm/EzmOlRrHoZmMsR6qRW8q/ud1Mx1d+TkTaaapIPNFUcaRTtC0CtRnkhLNx4ZgIpm5FZEhlphoU1jFlOAufnmZtM5rrlNzmxfV+nVRRxmO4QTOwIVLqMMtNMADAo/wDK/wZj1ZL9a79TEfLVlF5hD+wPr8AcN/lMI=</latexit><latexit sha1_base64="RKei4PjpVuSwpwG/Ik4dAUR5Pdg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFNy5bMG2hDWEynbRjJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstPXAwOGce7h3TphyprTjfFulldW19Y3yZmVre2d3z94/aKkkk4R6JOGJ7IRYUc4E9TTTnHZSSXEcctoORzdTv/1ApWKJuNPjlPoxHggWMYK1kQL7CPUS40/jeXMSMOQF9yiwq07NmQEtE7cgVSjQCOyvXj8hWUyFJhwr1XWdVPs5lpoRTieVXqZoiskID2jXUIFjqvx8dv0EnRqlj6JEmic0mqm/EzmOlRrHoZmMsR6qRW8q/ud1Mx1d+TkTaaapIPNFUcaRTtC0CtRnkhLNx4ZgIpm5FZEhlphoU1jFlOAufnmZtM5rrlNzmxfV+nVRRxmO4QTOwIVLqMMtNMADAo/wDK/wZj1ZL9a79TEfLVlF5hD+wPr8AcN/lMI=</latexit><latexit sha1_base64="RKei4PjpVuSwpwG/Ik4dAUR5Pdg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFNy5bMG2hDWEynbRjJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstPXAwOGce7h3TphyprTjfFulldW19Y3yZmVre2d3z94/aKkkk4R6JOGJ7IRYUc4E9TTTnHZSSXEcctoORzdTv/1ApWKJuNPjlPoxHggWMYK1kQL7CPUS40/jeXMSMOQF9yiwq07NmQEtE7cgVSjQCOyvXj8hWUyFJhwr1XWdVPs5lpoRTieVXqZoiskID2jXUIFjqvx8dv0EnRqlj6JEmic0mqm/EzmOlRrHoZmMsR6qRW8q/ud1Mx1d+TkTaaapIPNFUcaRTtC0CtRnkhLNx4ZgIpm5FZEhlphoU1jFlOAufnmZtM5rrlNzmxfV+nVRRxmO4QTOwIVLqMMtNMADAo/wDK/wZj1ZL9a79TEfLVlF5hD+wPr8AcN/lMI=</latexit>

QiDj
<latexit sha1_base64="PEVhewRqtEz7x4OS/GBlWPoyjpA=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi6LKoC5ct2Ae0IUymk3bsJBNmJkINxV9x40IRt/6HO//GSZuFth4YOJxzD/fOCRLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0qkktAmEVzIToAV5SymTc00p51EUhwFnLaD0XXutx+oVEzEd3qcUC/Cg5iFjGBtJN8+RD1h/DyeNSY+Qzf+PfLtilN1pkCLxC1IBQrUffur1xckjWisCcdKdV0n0V6GpWaE00m5lyqaYDLCA9o1NMYRVV42vX6CTozSR6GQ5sUaTdXfiQxHSo2jwExGWA/VvJeL/3ndVIeXXsbiJNU0JrNFYcqRFiivAvWZpETzsSGYSGZuRWSIJSbaFFY2JbjzX14krbOq61TdxnmldlXUUYIjOIZTcOECanALdWgCgUd4hld4s56sF+vd+piNLllF5gD+wPr8AamIlLE=</latexit><latexit sha1_base64="PEVhewRqtEz7x4OS/GBlWPoyjpA=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi6LKoC5ct2Ae0IUymk3bsJBNmJkINxV9x40IRt/6HO//GSZuFth4YOJxzD/fOCRLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0qkktAmEVzIToAV5SymTc00p51EUhwFnLaD0XXutx+oVEzEd3qcUC/Cg5iFjGBtJN8+RD1h/DyeNSY+Qzf+PfLtilN1pkCLxC1IBQrUffur1xckjWisCcdKdV0n0V6GpWaE00m5lyqaYDLCA9o1NMYRVV42vX6CTozSR6GQ5sUaTdXfiQxHSo2jwExGWA/VvJeL/3ndVIeXXsbiJNU0JrNFYcqRFiivAvWZpETzsSGYSGZuRWSIJSbaFFY2JbjzX14krbOq61TdxnmldlXUUYIjOIZTcOECanALdWgCgUd4hld4s56sF+vd+piNLllF5gD+wPr8AamIlLE=</latexit><latexit sha1_base64="PEVhewRqtEz7x4OS/GBlWPoyjpA=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi6LKoC5ct2Ae0IUymk3bsJBNmJkINxV9x40IRt/6HO//GSZuFth4YOJxzD/fOCRLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0qkktAmEVzIToAV5SymTc00p51EUhwFnLaD0XXutx+oVEzEd3qcUC/Cg5iFjGBtJN8+RD1h/DyeNSY+Qzf+PfLtilN1pkCLxC1IBQrUffur1xckjWisCcdKdV0n0V6GpWaE00m5lyqaYDLCA9o1NMYRVV42vX6CTozSR6GQ5sUaTdXfiQxHSo2jwExGWA/VvJeL/3ndVIeXXsbiJNU0JrNFYcqRFiivAvWZpETzsSGYSGZuRWSIJSbaFFY2JbjzX14krbOq61TdxnmldlXUUYIjOIZTcOECanALdWgCgUd4hld4s56sF+vd+piNLllF5gD+wPr8AamIlLE=</latexit><latexit sha1_base64="PEVhewRqtEz7x4OS/GBlWPoyjpA=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi6LKoC5ct2Ae0IUymk3bsJBNmJkINxV9x40IRt/6HO//GSZuFth4YOJxzD/fOCRLOlHacb2tpeWV1bb20Ud7c2t7Ztff2W0qkktAmEVzIToAV5SymTc00p51EUhwFnLaD0XXutx+oVEzEd3qcUC/Cg5iFjGBtJN8+RD1h/DyeNSY+Qzf+PfLtilN1pkCLxC1IBQrUffur1xckjWisCcdKdV0n0V6GpWaE00m5lyqaYDLCA9o1NMYRVV42vX6CTozSR6GQ5sUaTdXfiQxHSo2jwExGWA/VvJeL/3ndVIeXXsbiJNU0JrNFYcqRFiivAvWZpETzsSGYSGZuRWSIJSbaFFY2JbjzX14krbOq61TdxnmldlXUUYIjOIZTcOECanALdWgCgUd4hld4s56sF+vd+piNLllF5gD+wPr8AamIlLE=</latexit>

H1
<latexit sha1_base64="DoRhqHoZ/FaOQF/0uUEuxAcUlMs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ5NkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXHwuuNMYf1srq2vrGZm4rv72zu7dfODhsqSiRlDVpJCLZ8YligoesqbkWrBNLRgJfsLY/uc789j2TikfhnZ7GzAvIKORDTok20m297/QLRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCiScBCTQVRquvgWHspkZpTwWb5XqJYTOiEjFjX0JAETHnp/NQZOjXKAA0jaSrUaK5+n0hJoNQ08E1nQPRY/fYy8S+vm+hhxUt5GCeahXSxaJgIpCOU/Y0GXDKqxdQQQiU3tyI6JpJQbdLJmxC+PkX/k1bJdrDt3FwUa1fLOHJwDCdwBg64UIM6NKAJFEbwAE/wbAnr0XqxXhetK9Zy5gh+wHr7BEeTjcw=</latexit><latexit sha1_base64="DoRhqHoZ/FaOQF/0uUEuxAcUlMs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ5NkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXHwuuNMYf1srq2vrGZm4rv72zu7dfODhsqSiRlDVpJCLZ8YligoesqbkWrBNLRgJfsLY/uc789j2TikfhnZ7GzAvIKORDTok20m297/QLRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCiScBCTQVRquvgWHspkZpTwWb5XqJYTOiEjFjX0JAETHnp/NQZOjXKAA0jaSrUaK5+n0hJoNQ08E1nQPRY/fYy8S+vm+hhxUt5GCeahXSxaJgIpCOU/Y0GXDKqxdQQQiU3tyI6JpJQbdLJmxC+PkX/k1bJdrDt3FwUa1fLOHJwDCdwBg64UIM6NKAJFEbwAE/wbAnr0XqxXhetK9Zy5gh+wHr7BEeTjcw=</latexit><latexit sha1_base64="DoRhqHoZ/FaOQF/0uUEuxAcUlMs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ5NkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXHwuuNMYf1srq2vrGZm4rv72zu7dfODhsqSiRlDVpJCLZ8YligoesqbkWrBNLRgJfsLY/uc789j2TikfhnZ7GzAvIKORDTok20m297/QLRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCiScBCTQVRquvgWHspkZpTwWb5XqJYTOiEjFjX0JAETHnp/NQZOjXKAA0jaSrUaK5+n0hJoNQ08E1nQPRY/fYy8S+vm+hhxUt5GCeahXSxaJgIpCOU/Y0GXDKqxdQQQiU3tyI6JpJQbdLJmxC+PkX/k1bJdrDt3FwUa1fLOHJwDCdwBg64UIM6NKAJFEbwAE/wbAnr0XqxXhetK9Zy5gh+wHr7BEeTjcw=</latexit><latexit sha1_base64="DoRhqHoZ/FaOQF/0uUEuxAcUlMs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ5NkyOyDmVkhLPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXHwuuNMYf1srq2vrGZm4rv72zu7dfODhsqSiRlDVpJCLZ8YligoesqbkWrBNLRgJfsLY/uc789j2TikfhnZ7GzAvIKORDTok20m297/QLRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCiScBCTQVRquvgWHspkZpTwWb5XqJYTOiEjFjX0JAETHnp/NQZOjXKAA0jaSrUaK5+n0hJoNQ08E1nQPRY/fYy8S+vm+hhxUt5GCeahXSxaJgIpCOU/Y0GXDKqxdQQQiU3tyI6JpJQbdLJmxC+PkX/k1bJdrDt3FwUa1fLOHJwDCdwBg64UIM6NKAJFEbwAE/wbAnr0XqxXhetK9Zy5gh+wHr7BEeTjcw=</latexit>

Break residual U(1) by H-Singlet
couplings L ⇠

<latexit sha1_base64="/4USZrnwhvTdZ8x8jCmXVKbJDkk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHNLFstpt26e4m7G6UEvo/vHhQxKv/xZv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oK3jVBHaIjGPVTfEmnImacsww2k3URSLkNNOOL7O/c4jVZrF8t5MEhoIPJQsYgQbKz1kPsEc3U6Rr5lA/WrNrbszoGXiFaQGBZr96pc/iEkqqDSEY617npuYIMPKMMLptOKnmiaYjPGQ9iyVWFAdZLOrp+jEKgMUxcqWNGim/p7IsNB6IkLbKbAZ6UUvF//zeqmJLoOMySQ1VJL5oijlyMQojwANmKLE8IklmChmb0VkhBUmxgZVsSF4iy8vk/ZZ3XPr3t15rXFVxFGGIziGU/DgAhpwA01oAQEFz/AKb86T8+K8Ox/z1pJTzBzCHzifP4T0kds=</latexit><latexit sha1_base64="/4USZrnwhvTdZ8x8jCmXVKbJDkk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHNLFstpt26e4m7G6UEvo/vHhQxKv/xZv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oK3jVBHaIjGPVTfEmnImacsww2k3URSLkNNOOL7O/c4jVZrF8t5MEhoIPJQsYgQbKz1kPsEc3U6Rr5lA/WrNrbszoGXiFaQGBZr96pc/iEkqqDSEY617npuYIMPKMMLptOKnmiaYjPGQ9iyVWFAdZLOrp+jEKgMUxcqWNGim/p7IsNB6IkLbKbAZ6UUvF//zeqmJLoOMySQ1VJL5oijlyMQojwANmKLE8IklmChmb0VkhBUmxgZVsSF4iy8vk/ZZ3XPr3t15rXFVxFGGIziGU/DgAhpwA01oAQEFz/AKb86T8+K8Ox/z1pJTzBzCHzifP4T0kds=</latexit><latexit sha1_base64="/4USZrnwhvTdZ8x8jCmXVKbJDkk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHNLFstpt26e4m7G6UEvo/vHhQxKv/xZv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oK3jVBHaIjGPVTfEmnImacsww2k3URSLkNNOOL7O/c4jVZrF8t5MEhoIPJQsYgQbKz1kPsEc3U6Rr5lA/WrNrbszoGXiFaQGBZr96pc/iEkqqDSEY617npuYIMPKMMLptOKnmiaYjPGQ9iyVWFAdZLOrp+jEKgMUxcqWNGim/p7IsNB6IkLbKbAZ6UUvF//zeqmJLoOMySQ1VJL5oijlyMQojwANmKLE8IklmChmb0VkhBUmxgZVsSF4iy8vk/ZZ3XPr3t15rXFVxFGGIziGU/DgAhpwA01oAQEFz/AKb86T8+K8Ox/z1pJTzBzCHzifP4T0kds=</latexit><latexit sha1_base64="/4USZrnwhvTdZ8x8jCmXVKbJDkk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHNLFstpt26e4m7G6UEvo/vHhQxKv/xZv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oK3jVBHaIjGPVTfEmnImacsww2k3URSLkNNOOL7O/c4jVZrF8t5MEhoIPJQsYgQbKz1kPsEc3U6Rr5lA/WrNrbszoGXiFaQGBZr96pc/iEkqqDSEY617npuYIMPKMMLptOKnmiaYjPGQ9iyVWFAdZLOrp+jEKgMUxcqWNGim/p7IsNB6IkLbKbAZ6UUvF//zeqmJLoOMySQ1VJL5oijlyMQojwANmKLE8IklmChmb0VkhBUmxgZVsSF4iy8vk/ZZ3XPr3t15rXFVxFGGIziGU/DgAhpwA01oAQEFz/AKb86T8+K8Ox/z1pJTzBzCHzifP4T0kds=</latexit>

H̃1 or 2
<latexit sha1_base64="8x5Ch5sEolrf5aeZ7YElCKCdLYM=">AAACBnicdVDLSgMxFM3UV62vqksRgkVwIUOmaqfdFd10WcE+oDMMmTRtQzMPkoxQhlm58VfcuFDErd/gzr8xfQgqeuDC4Zx7ufceP+ZMKoQ+jNzS8srqWn69sLG5tb1T3N1ryygRhLZIxCPR9bGknIW0pZjitBsLigOf044/vpr6nVsqJIvCGzWJqRvgYcgGjGClJa946CjG+zRtZF5qQecUpo4IYCQyTcuZVywh0y7XUPUCIhNVarZlT8mZXanUoGWiGUpggaZXfHf6EUkCGirCsZQ9C8XKTbFQjHCaFZxE0hiTMR7SnqYhDqh009kbGTzWSh8OIqErVHCmfp9IcSDlJPB1Z4DVSP72puJfXi9Rg6qbsjBOFA3JfNEg4VBFcJoJ7DNBieITTTARTN8KyQgLTJROrqBD+PoU/k/aZdNCpnV9XqpfLuLIgwNwBE6ABWxQBw3QBC1AwB14AE/g2bg3Ho0X43XemjMWM/vgB4y3TwoymDU=</latexit><latexit sha1_base64="8x5Ch5sEolrf5aeZ7YElCKCdLYM=">AAACBnicdVDLSgMxFM3UV62vqksRgkVwIUOmaqfdFd10WcE+oDMMmTRtQzMPkoxQhlm58VfcuFDErd/gzr8xfQgqeuDC4Zx7ufceP+ZMKoQ+jNzS8srqWn69sLG5tb1T3N1ryygRhLZIxCPR9bGknIW0pZjitBsLigOf044/vpr6nVsqJIvCGzWJqRvgYcgGjGClJa946CjG+zRtZF5qQecUpo4IYCQyTcuZVywh0y7XUPUCIhNVarZlT8mZXanUoGWiGUpggaZXfHf6EUkCGirCsZQ9C8XKTbFQjHCaFZxE0hiTMR7SnqYhDqh009kbGTzWSh8OIqErVHCmfp9IcSDlJPB1Z4DVSP72puJfXi9Rg6qbsjBOFA3JfNEg4VBFcJoJ7DNBieITTTARTN8KyQgLTJROrqBD+PoU/k/aZdNCpnV9XqpfLuLIgwNwBE6ABWxQBw3QBC1AwB14AE/g2bg3Ho0X43XemjMWM/vgB4y3TwoymDU=</latexit><latexit sha1_base64="8x5Ch5sEolrf5aeZ7YElCKCdLYM=">AAACBnicdVDLSgMxFM3UV62vqksRgkVwIUOmaqfdFd10WcE+oDMMmTRtQzMPkoxQhlm58VfcuFDErd/gzr8xfQgqeuDC4Zx7ufceP+ZMKoQ+jNzS8srqWn69sLG5tb1T3N1ryygRhLZIxCPR9bGknIW0pZjitBsLigOf044/vpr6nVsqJIvCGzWJqRvgYcgGjGClJa946CjG+zRtZF5qQecUpo4IYCQyTcuZVywh0y7XUPUCIhNVarZlT8mZXanUoGWiGUpggaZXfHf6EUkCGirCsZQ9C8XKTbFQjHCaFZxE0hiTMR7SnqYhDqh009kbGTzWSh8OIqErVHCmfp9IcSDlJPB1Z4DVSP72puJfXi9Rg6qbsjBOFA3JfNEg4VBFcJoJ7DNBieITTTARTN8KyQgLTJROrqBD+PoU/k/aZdNCpnV9XqpfLuLIgwNwBE6ABWxQBw3QBC1AwB14AE/g2bg3Ho0X43XemjMWM/vgB4y3TwoymDU=</latexit><latexit sha1_base64="8x5Ch5sEolrf5aeZ7YElCKCdLYM=">AAACBnicdVDLSgMxFM3UV62vqksRgkVwIUOmaqfdFd10WcE+oDMMmTRtQzMPkoxQhlm58VfcuFDErd/gzr8xfQgqeuDC4Zx7ufceP+ZMKoQ+jNzS8srqWn69sLG5tb1T3N1ryygRhLZIxCPR9bGknIW0pZjitBsLigOf044/vpr6nVsqJIvCGzWJqRvgYcgGjGClJa946CjG+zRtZF5qQecUpo4IYCQyTcuZVywh0y7XUPUCIhNVarZlT8mZXanUoGWiGUpggaZXfHf6EUkCGirCsZQ9C8XKTbFQjHCaFZxE0hiTMR7SnqYhDqh009kbGTzWSh8OIqErVHCmfp9IcSDlJPB1Z4DVSP72puJfXi9Rg6qbsjBOFA3JfNEg4VBFcJoJ7DNBieITTTARTN8KyQgLTJROrqBD+PoU/k/aZdNCpnV9XqpfLuLIgwNwBE6ABWxQBw3QBC1AwB14AE/g2bg3Ho0X43XemjMWM/vgB4y3TwoymDU=</latexit>

H̃2
<latexit sha1_base64="8THIFTZ6rVE5lU1ko3hR02Paryk=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFSZVm3ZXdNNlBfuANpTJZNIOnTycmRRKyHe4caGIWz/GnX/jpK2gogcuHM65l3vvcWPOpELowyisrW9sbhW3Szu7e/sH5cOjrowSQWiHRDwSfRdLyllIO4opTvuxoDhwOe2505vc782okCwK79Q8pk6AxyHzGcFKS85QMe7RtJWN0mo2KleQaVcbqH4FkYlqDduyc3Jh12oNaJlogQpYoT0qvw+9iCQBDRXhWMqBhWLlpFgoRjjNSsNE0hiTKR7TgaYhDqh00sXRGTzTigf9SOgKFVyo3ydSHEg5D1zdGWA1kb+9XPzLGyTKrzspC+NE0ZAsF/kJhyqCeQLQY4ISxeeaYCKYvhWSCRaYKJ1TSYfw9Sn8n3SrpoVM6/ay0rxexVEEJ+AUnAML2KAJWqANOoCAe/AAnsCzMTMejRfjddlaMFYzx+AHjLdPeBqSjw==</latexit><latexit sha1_base64="8THIFTZ6rVE5lU1ko3hR02Paryk=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFSZVm3ZXdNNlBfuANpTJZNIOnTycmRRKyHe4caGIWz/GnX/jpK2gogcuHM65l3vvcWPOpELowyisrW9sbhW3Szu7e/sH5cOjrowSQWiHRDwSfRdLyllIO4opTvuxoDhwOe2505vc782okCwK79Q8pk6AxyHzGcFKS85QMe7RtJWN0mo2KleQaVcbqH4FkYlqDduyc3Jh12oNaJlogQpYoT0qvw+9iCQBDRXhWMqBhWLlpFgoRjjNSsNE0hiTKR7TgaYhDqh00sXRGTzTigf9SOgKFVyo3ydSHEg5D1zdGWA1kb+9XPzLGyTKrzspC+NE0ZAsF/kJhyqCeQLQY4ISxeeaYCKYvhWSCRaYKJ1TSYfw9Sn8n3SrpoVM6/ay0rxexVEEJ+AUnAML2KAJWqANOoCAe/AAnsCzMTMejRfjddlaMFYzx+AHjLdPeBqSjw==</latexit><latexit sha1_base64="8THIFTZ6rVE5lU1ko3hR02Paryk=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFSZVm3ZXdNNlBfuANpTJZNIOnTycmRRKyHe4caGIWz/GnX/jpK2gogcuHM65l3vvcWPOpELowyisrW9sbhW3Szu7e/sH5cOjrowSQWiHRDwSfRdLyllIO4opTvuxoDhwOe2505vc782okCwK79Q8pk6AxyHzGcFKS85QMe7RtJWN0mo2KleQaVcbqH4FkYlqDduyc3Jh12oNaJlogQpYoT0qvw+9iCQBDRXhWMqBhWLlpFgoRjjNSsNE0hiTKR7TgaYhDqh00sXRGTzTigf9SOgKFVyo3ydSHEg5D1zdGWA1kb+9XPzLGyTKrzspC+NE0ZAsF/kJhyqCeQLQY4ISxeeaYCKYvhWSCRaYKJ1TSYfw9Sn8n3SrpoVM6/ay0rxexVEEJ+AUnAML2KAJWqANOoCAe/AAnsCzMTMejRfjddlaMFYzx+AHjLdPeBqSjw==</latexit><latexit sha1_base64="8THIFTZ6rVE5lU1ko3hR02Paryk=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFSZVm3ZXdNNlBfuANpTJZNIOnTycmRRKyHe4caGIWz/GnX/jpK2gogcuHM65l3vvcWPOpELowyisrW9sbhW3Szu7e/sH5cOjrowSQWiHRDwSfRdLyllIO4opTvuxoDhwOe2505vc782okCwK79Q8pk6AxyHzGcFKS85QMe7RtJWN0mo2KleQaVcbqH4FkYlqDduyc3Jh12oNaJlogQpYoT0qvw+9iCQBDRXhWMqBhWLlpFgoRjjNSsNE0hiTKR7TgaYhDqh00sXRGTzTigf9SOgKFVyo3ydSHEg5D1zdGWA1kb+9XPzLGyTKrzspC+NE0ZAsF/kJhyqCeQLQY4ISxeeaYCKYvhWSCRaYKJ1TSYfw9Sn8n3SrpoVM6/ay0rxexVEEJ+AUnAML2KAJWqANOoCAe/AAnsCzMTMejRfjddlaMFYzx+AHjLdPeBqSjw==</latexit>

H
†
1H2�

<latexit sha1_base64="Z+oMvekzFgh4nKo24b2OksC2yQo=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchSSGtu6KbrqsYB/QxjCZTNqhkwczE6XEfoobF4q49Uvc+TdO2goqeuDC4Zx7ufceP2VUSNP80FZW19Y3Nktb5e2d3b19vXLQFUnGMenghCW87yNBGI1JR1LJSD/lBEU+Iz1/cln4vVvCBU3iazlNiRuhUUxDipFUkqdXWp51MwzQCLY8Gw7bY+rpVdM4b9RspwZNwzTrlm0VxK47Zw60lFKgCpZoe/r7MEhwFpFYYoaEGFhmKt0ccUkxI7PyMBMkRXiCRmSgaIwiItx8fvoMniglgGHCVcUSztXvEzmKhJhGvuqMkByL314h/uUNMhk23JzGaSZJjBeLwoxBmcAiBxhQTrBkU0UQ5lTdCvEYcYSlSqusQvj6FP5PurZhmYZ15VSbF8s4SuAIHINTYIE6aIIWaIMOwOAOPIAn8Kzda4/ai/a6aF3RljOH4Ae0t0+V0pLr</latexit><latexit sha1_base64="Z+oMvekzFgh4nKo24b2OksC2yQo=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchSSGtu6KbrqsYB/QxjCZTNqhkwczE6XEfoobF4q49Uvc+TdO2goqeuDC4Zx7ufceP2VUSNP80FZW19Y3Nktb5e2d3b19vXLQFUnGMenghCW87yNBGI1JR1LJSD/lBEU+Iz1/cln4vVvCBU3iazlNiRuhUUxDipFUkqdXWp51MwzQCLY8Gw7bY+rpVdM4b9RspwZNwzTrlm0VxK47Zw60lFKgCpZoe/r7MEhwFpFYYoaEGFhmKt0ccUkxI7PyMBMkRXiCRmSgaIwiItx8fvoMniglgGHCVcUSztXvEzmKhJhGvuqMkByL314h/uUNMhk23JzGaSZJjBeLwoxBmcAiBxhQTrBkU0UQ5lTdCvEYcYSlSqusQvj6FP5PurZhmYZ15VSbF8s4SuAIHINTYIE6aIIWaIMOwOAOPIAn8Kzda4/ai/a6aF3RljOH4Ae0t0+V0pLr</latexit><latexit sha1_base64="Z+oMvekzFgh4nKo24b2OksC2yQo=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchSSGtu6KbrqsYB/QxjCZTNqhkwczE6XEfoobF4q49Uvc+TdO2goqeuDC4Zx7ufceP2VUSNP80FZW19Y3Nktb5e2d3b19vXLQFUnGMenghCW87yNBGI1JR1LJSD/lBEU+Iz1/cln4vVvCBU3iazlNiRuhUUxDipFUkqdXWp51MwzQCLY8Gw7bY+rpVdM4b9RspwZNwzTrlm0VxK47Zw60lFKgCpZoe/r7MEhwFpFYYoaEGFhmKt0ccUkxI7PyMBMkRXiCRmSgaIwiItx8fvoMniglgGHCVcUSztXvEzmKhJhGvuqMkByL314h/uUNMhk23JzGaSZJjBeLwoxBmcAiBxhQTrBkU0UQ5lTdCvEYcYSlSqusQvj6FP5PurZhmYZ15VSbF8s4SuAIHINTYIE6aIIWaIMOwOAOPIAn8Kzda4/ai/a6aF3RljOH4Ae0t0+V0pLr</latexit><latexit sha1_base64="Z+oMvekzFgh4nKo24b2OksC2yQo=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchSSGtu6KbrqsYB/QxjCZTNqhkwczE6XEfoobF4q49Uvc+TdO2goqeuDC4Zx7ufceP2VUSNP80FZW19Y3Nktb5e2d3b19vXLQFUnGMenghCW87yNBGI1JR1LJSD/lBEU+Iz1/cln4vVvCBU3iazlNiRuhUUxDipFUkqdXWp51MwzQCLY8Gw7bY+rpVdM4b9RspwZNwzTrlm0VxK47Zw60lFKgCpZoe/r7MEhwFpFYYoaEGFhmKt0ccUkxI7PyMBMkRXiCRmSgaIwiItx8fvoMniglgGHCVcUSztXvEzmKhJhGvuqMkByL314h/uUNMhk23JzGaSZJjBeLwoxBmcAiBxhQTrBkU0UQ5lTdCvEYcYSlSqusQvj6FP5PurZhmYZ15VSbF8s4SuAIHINTYIE6aIIWaIMOwOAOPIAn8Kzda4/ai/a6aF3RljOH4Ae0t0+V0pLr</latexit>

Axion fermion couplings fixed by tan�
<latexit sha1_base64="mQwx9/6x6w48aMxuEC/ILfKkEgU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbTbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbTSo49U+SFH2q/W3Lo7B1klXkFqUKDZr375g4RlMVfIJDWm57kpBjnVKJjk04qfGZ5SNqZD3rNU0ZibIJ8fPCVnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/Xi/D6DrIhUoz5IotFkWZJJiQ2fdkIDRnKCeWUKaFvZWwEdWUoc2oYkPwll9eJe2LuufWvfvLWuOmiKMMJ3AK5+DBFTTgDprQAgYxPMMrvDnaeXHenY9Fa8kpZo7hD5zPH9czkGs=</latexit><latexit sha1_base64="mQwx9/6x6w48aMxuEC/ILfKkEgU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbTbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbTSo49U+SFH2q/W3Lo7B1klXkFqUKDZr375g4RlMVfIJDWm57kpBjnVKJjk04qfGZ5SNqZD3rNU0ZibIJ8fPCVnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/Xi/D6DrIhUoz5IotFkWZJJiQ2fdkIDRnKCeWUKaFvZWwEdWUoc2oYkPwll9eJe2LuufWvfvLWuOmiKMMJ3AK5+DBFTTgDprQAgYxPMMrvDnaeXHenY9Fa8kpZo7hD5zPH9czkGs=</latexit><latexit sha1_base64="mQwx9/6x6w48aMxuEC/ILfKkEgU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbTbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbTSo49U+SFH2q/W3Lo7B1klXkFqUKDZr375g4RlMVfIJDWm57kpBjnVKJjk04qfGZ5SNqZD3rNU0ZibIJ8fPCVnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/Xi/D6DrIhUoz5IotFkWZJJiQ2fdkIDRnKCeWUKaFvZWwEdWUoc2oYkPwll9eJe2LuufWvfvLWuOmiKMMJ3AK5+DBFTTgDprQAgYxPMMrvDnaeXHenY9Fa8kpZo7hD5zPH9czkGs=</latexit><latexit sha1_base64="mQwx9/6x6w48aMxuEC/ILfKkEgU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kOaUDbbTbt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbTSo49U+SFH2q/W3Lo7B1klXkFqUKDZr375g4RlMVfIJDWm57kpBjnVKJjk04qfGZ5SNqZD3rNU0ZibIJ8fPCVnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/Xi/D6DrIhUoz5IotFkWZJJiQ2fdkIDRnKCeWUKaFvZWwEdWUoc2oYkPwll9eJe2LuufWvfvLWuOmiKMMJ3AK5+DBFTTgDprQAgYxPMMrvDnaeXHenY9Fa8kpZo7hD5zPH9czkGs=</latexit>



Axion effective Lagrangian

• UV models can be described by effective Lagrangian 
well below the PQ scale

solves strong CP problem 
and generates axion mass:

ma ⇡ 6 meV

✓
109 GeV

fa

◆

<latexit sha1_base64="KE4FbSw6z+8rFve208sx5PAaf+s="></latexit><latexit sha1_base64="KE4FbSw6z+8rFve208sx5PAaf+s="></latexit><latexit sha1_base64="KE4FbSw6z+8rFve208sx5PAaf+s="></latexit><latexit sha1_base64="KE4FbSw6z+8rFve208sx5PAaf+s="></latexit> axion photon couplings 
allowing to search for 
axions in helioscopes 
e.g. IAXO

axion fermion couplings 
(in general flavor-violating)

Axion decay constant controls the size
of axion couplings to SM particles 



• Astrophysics typically provides the strongest lower 
bounds on the axion decay constant

• Light axions efficiently cool neutron stars via  axion 
bremsstrahlung off nucleons

• Neutron star cooling and constraints from SN1987A  
set lower bound on                               in minimal 
axion models 

• Cooling rate of White Dwarfs constrains axion-
electron coupling  

Astrophysical constraints on axions

fa & O(109) GeV
<latexit sha1_base64="cApgc9cb9Aykj75wxWUwPWuH+uc=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyURQd0VXejOCvYBTQyT6aQdOpOEmYlQQr7Bjb/ixoUibl2582+ctFlo64GBwznnMvceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vsz97gMRkkbhnZrExOVoGNKAYqS05Jn1wEPOUOkAh6nDkRphxOBNVrOt+/O6ozXB4RXpZNAzq1bDmgIuErsgVVCg5ZlfziDCCSehwgxJ2betWLkpEopiRrKKk0gSIzxGQ9LXNEScSDednpTBI60MYBAJ/UIFp+rviRRxKSfc18l8aTnv5eJ/Xj9RwZmb0jBOFAnx7KMgYVBFMO8HDqggWLGJJggLqneFeIQEwkq3WNEl2PMnL5LOccO2GvbtSbV5UdRRBgfgENSADU5BE1yDFmgDDB7BM3gFb8aT8WK8Gx+zaMkoZvbBHxifP/AXnFQ=</latexit><latexit sha1_base64="cApgc9cb9Aykj75wxWUwPWuH+uc=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyURQd0VXejOCvYBTQyT6aQdOpOEmYlQQr7Bjb/ixoUibl2582+ctFlo64GBwznnMvceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vsz97gMRkkbhnZrExOVoGNKAYqS05Jn1wEPOUOkAh6nDkRphxOBNVrOt+/O6ozXB4RXpZNAzq1bDmgIuErsgVVCg5ZlfziDCCSehwgxJ2betWLkpEopiRrKKk0gSIzxGQ9LXNEScSDednpTBI60MYBAJ/UIFp+rviRRxKSfc18l8aTnv5eJ/Xj9RwZmb0jBOFAnx7KMgYVBFMO8HDqggWLGJJggLqneFeIQEwkq3WNEl2PMnL5LOccO2GvbtSbV5UdRRBgfgENSADU5BE1yDFmgDDB7BM3gFb8aT8WK8Gx+zaMkoZvbBHxifP/AXnFQ=</latexit><latexit sha1_base64="cApgc9cb9Aykj75wxWUwPWuH+uc=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyURQd0VXejOCvYBTQyT6aQdOpOEmYlQQr7Bjb/ixoUibl2582+ctFlo64GBwznnMvceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vsz97gMRkkbhnZrExOVoGNKAYqS05Jn1wEPOUOkAh6nDkRphxOBNVrOt+/O6ozXB4RXpZNAzq1bDmgIuErsgVVCg5ZlfziDCCSehwgxJ2betWLkpEopiRrKKk0gSIzxGQ9LXNEScSDednpTBI60MYBAJ/UIFp+rviRRxKSfc18l8aTnv5eJ/Xj9RwZmb0jBOFAnx7KMgYVBFMO8HDqggWLGJJggLqneFeIQEwkq3WNEl2PMnL5LOccO2GvbtSbV5UdRRBgfgENSADU5BE1yDFmgDDB7BM3gFb8aT8WK8Gx+zaMkoZvbBHxifP/AXnFQ=</latexit><latexit sha1_base64="cApgc9cb9Aykj75wxWUwPWuH+uc=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyURQd0VXejOCvYBTQyT6aQdOpOEmYlQQr7Bjb/ixoUibl2582+ctFlo64GBwznnMvceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vsz97gMRkkbhnZrExOVoGNKAYqS05Jn1wEPOUOkAh6nDkRphxOBNVrOt+/O6ozXB4RXpZNAzq1bDmgIuErsgVVCg5ZlfziDCCSehwgxJ2betWLkpEopiRrKKk0gSIzxGQ9LXNEScSDednpTBI60MYBAJ/UIFp+rviRRxKSfc18l8aTnv5eJ/Xj9RwZmb0jBOFAnx7KMgYVBFMO8HDqggWLGJJggLqneFeIQEwkq3WNEl2PMnL5LOccO2GvbtSbV5UdRRBgfgENSADU5BE1yDFmgDDB7BM3gFb8aT8WK8Gx+zaMkoZvbBHxifP/AXnFQ=</latexit>

N + N ! N + N + a
<latexit sha1_base64="NXevhaJQn+ucfKUAYbS6750yyBc=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCIJQZEXRZdOOqVLAP6Awlk2ba0ExmSDJCGYobf8WNC0Xc+hXu/BvT6Sy09UDC4Zx7Sc4JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GN1O//UClYrG41+OE+hEeCBYygrWRevZh3UNnHqojT8eo4PmNe3bFqTo50CJxC1KBAo2e/eX1Y5JGVGjCsVJd10m0n2GpGeF0UvZSRRNMRnhAu4YKHFHlZ3mECToxSh+FsTRHaJSrvzcyHCk1jgIzGWE9VPPeVPzP66Y6vPIzJpJUU0FmD4UpRybutA/UZ5ISzceGYCKZ+SsiQywx0aa1sinBnY+8SFrnVdepuncXldp1UUcJjuAYTsGFS6jBLTSgCQQe4Rle4c16sl6sd+tjNrpkFTsH8AfW5w9L/5Qm</latexit><latexit sha1_base64="NXevhaJQn+ucfKUAYbS6750yyBc=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCIJQZEXRZdOOqVLAP6Awlk2ba0ExmSDJCGYobf8WNC0Xc+hXu/BvT6Sy09UDC4Zx7Sc4JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GN1O//UClYrG41+OE+hEeCBYygrWRevZh3UNnHqojT8eo4PmNe3bFqTo50CJxC1KBAo2e/eX1Y5JGVGjCsVJd10m0n2GpGeF0UvZSRRNMRnhAu4YKHFHlZ3mECToxSh+FsTRHaJSrvzcyHCk1jgIzGWE9VPPeVPzP66Y6vPIzJpJUU0FmD4UpRybutA/UZ5ISzceGYCKZ+SsiQywx0aa1sinBnY+8SFrnVdepuncXldp1UUcJjuAYTsGFS6jBLTSgCQQe4Rle4c16sl6sd+tjNrpkFTsH8AfW5w9L/5Qm</latexit><latexit sha1_base64="NXevhaJQn+ucfKUAYbS6750yyBc=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCIJQZEXRZdOOqVLAP6Awlk2ba0ExmSDJCGYobf8WNC0Xc+hXu/BvT6Sy09UDC4Zx7Sc4JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GN1O//UClYrG41+OE+hEeCBYygrWRevZh3UNnHqojT8eo4PmNe3bFqTo50CJxC1KBAo2e/eX1Y5JGVGjCsVJd10m0n2GpGeF0UvZSRRNMRnhAu4YKHFHlZ3mECToxSh+FsTRHaJSrvzcyHCk1jgIzGWE9VPPeVPzP66Y6vPIzJpJUU0FmD4UpRybutA/UZ5ISzceGYCKZ+SsiQywx0aa1sinBnY+8SFrnVdepuncXldp1UUcJjuAYTsGFS6jBLTSgCQQe4Rle4c16sl6sd+tjNrpkFTsH8AfW5w9L/5Qm</latexit><latexit sha1_base64="NXevhaJQn+ucfKUAYbS6750yyBc=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCIJQZEXRZdOOqVLAP6Awlk2ba0ExmSDJCGYobf8WNC0Xc+hXu/BvT6Sy09UDC4Zx7Sc4JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GN1O//UClYrG41+OE+hEeCBYygrWRevZh3UNnHqojT8eo4PmNe3bFqTo50CJxC1KBAo2e/eX1Y5JGVGjCsVJd10m0n2GpGeF0UvZSRRNMRnhAu4YKHFHlZ3mECToxSh+FsTRHaJSrvzcyHCk1jgIzGWE9VPPeVPzP66Y6vPIzJpJUU0FmD4UpRybutA/UZ5ISzceGYCKZ+SsiQywx0aa1sinBnY+8SFrnVdepuncXldp1UUcJjuAYTsGFS6jBLTSgCQQe4Rle4c16sl6sd+tjNrpkFTsH8AfW5w9L/5Qm</latexit>

fa/Ce & 3⇥ 109 GeV
<latexit sha1_base64="tp+1NXvNrcbHng8rUdCfbT6Dh8U=">AAACD3icbVC7SgNBFJ31GeMramkzGBSruKuC2okptIxgHpCNy+zkbhyc2V1m7gphyR/Y+Cs2ForY2tr5N04eha8DA4dzzuXOPWEqhUHX/XSmpmdm5+YLC8XFpeWV1dLaesMkmeZQ54lMdCtkBqSIoY4CJbRSDUyFEprhbXXoN+9AG5HEV9hPoaNYLxaR4AytFJR2ooDtVQPwe2hDih74KBQY6rnXJz7Nfa3oOTQGQansVtwR6F/iTUiZTFALSh9+N+GZghi5ZMa0PTfFTs40Ci5hUPQzAynjt6wHbUtjZpd28tE9A7ptlS6NEm1fjHSkfp/ImTKmr0KbVAxvzG9vKP7ntTOMjju5iNMMIebjRVEmKSZ0WA7tCg0cZd8SxrWwf6X8hmnG0VZYtCV4v0/+Sxr7Fc+teJeH5dOzSR0Fskm2yC7xyBE5JRekRuqEk3vySJ7Ji/PgPDmvzts4OuVMZjbIDzjvX7u1my8=</latexit><latexit sha1_base64="tp+1NXvNrcbHng8rUdCfbT6Dh8U=">AAACD3icbVC7SgNBFJ31GeMramkzGBSruKuC2okptIxgHpCNy+zkbhyc2V1m7gphyR/Y+Cs2ForY2tr5N04eha8DA4dzzuXOPWEqhUHX/XSmpmdm5+YLC8XFpeWV1dLaesMkmeZQ54lMdCtkBqSIoY4CJbRSDUyFEprhbXXoN+9AG5HEV9hPoaNYLxaR4AytFJR2ooDtVQPwe2hDih74KBQY6rnXJz7Nfa3oOTQGQansVtwR6F/iTUiZTFALSh9+N+GZghi5ZMa0PTfFTs40Ci5hUPQzAynjt6wHbUtjZpd28tE9A7ptlS6NEm1fjHSkfp/ImTKmr0KbVAxvzG9vKP7ntTOMjju5iNMMIebjRVEmKSZ0WA7tCg0cZd8SxrWwf6X8hmnG0VZYtCV4v0/+Sxr7Fc+teJeH5dOzSR0Fskm2yC7xyBE5JRekRuqEk3vySJ7Ji/PgPDmvzts4OuVMZjbIDzjvX7u1my8=</latexit><latexit sha1_base64="tp+1NXvNrcbHng8rUdCfbT6Dh8U=">AAACD3icbVC7SgNBFJ31GeMramkzGBSruKuC2okptIxgHpCNy+zkbhyc2V1m7gphyR/Y+Cs2ForY2tr5N04eha8DA4dzzuXOPWEqhUHX/XSmpmdm5+YLC8XFpeWV1dLaesMkmeZQ54lMdCtkBqSIoY4CJbRSDUyFEprhbXXoN+9AG5HEV9hPoaNYLxaR4AytFJR2ooDtVQPwe2hDih74KBQY6rnXJz7Nfa3oOTQGQansVtwR6F/iTUiZTFALSh9+N+GZghi5ZMa0PTfFTs40Ci5hUPQzAynjt6wHbUtjZpd28tE9A7ptlS6NEm1fjHSkfp/ImTKmr0KbVAxvzG9vKP7ntTOMjju5iNMMIebjRVEmKSZ0WA7tCg0cZd8SxrWwf6X8hmnG0VZYtCV4v0/+Sxr7Fc+teJeH5dOzSR0Fskm2yC7xyBE5JRekRuqEk3vySJ7Ji/PgPDmvzts4OuVMZjbIDzjvX7u1my8=</latexit><latexit sha1_base64="tp+1NXvNrcbHng8rUdCfbT6Dh8U=">AAACD3icbVC7SgNBFJ31GeMramkzGBSruKuC2okptIxgHpCNy+zkbhyc2V1m7gphyR/Y+Cs2ForY2tr5N04eha8DA4dzzuXOPWEqhUHX/XSmpmdm5+YLC8XFpeWV1dLaesMkmeZQ54lMdCtkBqSIoY4CJbRSDUyFEprhbXXoN+9AG5HEV9hPoaNYLxaR4AytFJR2ooDtVQPwe2hDih74KBQY6rnXJz7Nfa3oOTQGQansVtwR6F/iTUiZTFALSh9+N+GZghi5ZMa0PTfFTs40Ci5hUPQzAynjt6wHbUtjZpd28tE9A7ptlS6NEm1fjHSkfp/ImTKmr0KbVAxvzG9vKP7ntTOMjju5iNMMIebjRVEmKSZ0WA7tCg0cZd8SxrWwf6X8hmnG0VZYtCV4v0/+Sxr7Fc+teJeH5dOzSR0Fskm2yC7xyBE5JRekRuqEk3vySJ7Ji/PgPDmvzts4OuVMZjbIDzjvX7u1my8=</latexit>



Detecting axions in helioscopes

Large axion-photon couplings excluded 
by astrophysics in minimal models  

fa < 109 GeV
<latexit sha1_base64="1EiagyeF018Z85M9duTzUtfg03w=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqmTq0Ae4KLrQZQX7gHYcMmmmDc08SDJCGeqvuHGhiFs/xJ1/Y6atoKIHLhzOuZd77/FizqRC6MPIrayurW/kNwtb2zu7e+b+QUdGiSC0TSIeiZ6HJeUspG3FFKe9WFAceJx2vclF5nfvqJAsCm/UNKZOgEch8xnBSkuuWfRdfGah28YApgMRwEvamblmCZUb9WrFrkJURqhmVayMVGr2qQ0trWQogSVarvk+GEYkCWioCMdS9i0UKyfFQjHC6awwSCSNMZngEe1rGuKASiedHz+Dx1oZQj8SukIF5+r3iRQHUk4DT3cGWI3lby8T//L6ifLrTsrCOFE0JItFfsKhimCWBBwyQYniU00wEUzfCskYC0yUzqugQ/j6FP5POpWyhcrWtV1qni/jyINDcAROgAVqoAmuQAu0AQFT8ACewLNxbzwaL8brojVnLGeK4AeMt08xIJPW</latexit><latexit sha1_base64="1EiagyeF018Z85M9duTzUtfg03w=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqmTq0Ae4KLrQZQX7gHYcMmmmDc08SDJCGeqvuHGhiFs/xJ1/Y6atoKIHLhzOuZd77/FizqRC6MPIrayurW/kNwtb2zu7e+b+QUdGiSC0TSIeiZ6HJeUspG3FFKe9WFAceJx2vclF5nfvqJAsCm/UNKZOgEch8xnBSkuuWfRdfGah28YApgMRwEvamblmCZUb9WrFrkJURqhmVayMVGr2qQ0trWQogSVarvk+GEYkCWioCMdS9i0UKyfFQjHC6awwSCSNMZngEe1rGuKASiedHz+Dx1oZQj8SukIF5+r3iRQHUk4DT3cGWI3lby8T//L6ifLrTsrCOFE0JItFfsKhimCWBBwyQYniU00wEUzfCskYC0yUzqugQ/j6FP5POpWyhcrWtV1qni/jyINDcAROgAVqoAmuQAu0AQFT8ACewLNxbzwaL8brojVnLGeK4AeMt08xIJPW</latexit><latexit sha1_base64="1EiagyeF018Z85M9duTzUtfg03w=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqmTq0Ae4KLrQZQX7gHYcMmmmDc08SDJCGeqvuHGhiFs/xJ1/Y6atoKIHLhzOuZd77/FizqRC6MPIrayurW/kNwtb2zu7e+b+QUdGiSC0TSIeiZ6HJeUspG3FFKe9WFAceJx2vclF5nfvqJAsCm/UNKZOgEch8xnBSkuuWfRdfGah28YApgMRwEvamblmCZUb9WrFrkJURqhmVayMVGr2qQ0trWQogSVarvk+GEYkCWioCMdS9i0UKyfFQjHC6awwSCSNMZngEe1rGuKASiedHz+Dx1oZQj8SukIF5+r3iRQHUk4DT3cGWI3lby8T//L6ifLrTsrCOFE0JItFfsKhimCWBBwyQYniU00wEUzfCskYC0yUzqugQ/j6FP5POpWyhcrWtV1qni/jyINDcAROgAVqoAmuQAu0AQFT8ACewLNxbzwaL8brojVnLGeK4AeMt08xIJPW</latexit><latexit sha1_base64="1EiagyeF018Z85M9duTzUtfg03w=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqmTq0Ae4KLrQZQX7gHYcMmmmDc08SDJCGeqvuHGhiFs/xJ1/Y6atoKIHLhzOuZd77/FizqRC6MPIrayurW/kNwtb2zu7e+b+QUdGiSC0TSIeiZ6HJeUspG3FFKe9WFAceJx2vclF5nfvqJAsCm/UNKZOgEch8xnBSkuuWfRdfGah28YApgMRwEvamblmCZUb9WrFrkJURqhmVayMVGr2qQ0trWQogSVarvk+GEYkCWioCMdS9i0UKyfFQjHC6awwSCSNMZngEe1rGuKASiedHz+Dx1oZQj8SukIF5+r3iRQHUk4DT3cGWI3lby8T//L6ifLrTsrCOFE0JItFfsKhimCWBBwyQYniU00wEUzfCskYC0yUzqugQ/j6FP5POpWyhcrWtV1qni/jyINDcAROgAVqoAmuQAu0AQFT8ACewLNxbzwaL8brojVnLGeK4AeMt08xIJPW</latexit>

No signal expected at IAXO unless axion is astrophobic

cajohare.github.io/AxionLimits



Other motivations for astrophobic axions

• Stellar cooling hints

Excessive energy losses have been observed in several 
stellar environments e.g. anomalous cooling of  White 
Dwarfs -> axion explanation typically prefers  

• Axiogenesis 

Baryon asymmetry and dark matter abundance can be 
explained by axion rotation. Minimal models predict 

[Giannotti, Irastorza, Redondo, Ringwald ’16]
[MB,Grilli di Cortona, Tabet, Ziegler ’21]

[Co, Harigaya  ’19]
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• SN1987A and NS bounds can be relaxed if axion 
nucleon coupling is suppressed which happens for

• Nucleophobia realised in DFSZ-like models with 
non-universal PQ charges 

Nucleophobia ⇒ flavor-violating axion couplings!

Nucleophobic axion models

Cu + Cd = 1
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[Di Luzio, Mescia, Nardi, Panci, Ziegler ’17]

Ci ≡ CA
ii



Non-universal DFSZ 2HDM models

There are 4 nucleophobic charge assignments in the quark 
sector: non-universal in q or u/d sector
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d

ue.g.

Each model in the quark sector can be combined with 4 
models in the charged lepton sector 

16 nucleophobic models in total



Thermal production of 
axions



• Axions have also cosmological signatures

• For small enough  axions can be in thermal 
equilibrium with the SM plasma

• Thermally produced axions contribute to 

 

leading to lower bounds on  from the CMB data

fa

fa

Thermal axion production



Astrophobic axions are dominantly produced via:

• flavor-conserving axion-lepton scattering

                     

• flavor-violating  decays   

Precise determination of  requires solving Boltzmann 
equations:

l±γ ↔ l±a l+l− ↔ γa (l = μ, τ)

τ → la (l = e, μ)

ΔNeff

Thermal production of astrophobic axions
[MB, Harigaya, Łukawski, Ziegler  ’24]

Thermally averaged axion production rates

[MB, Laletin  ’25]



For O(1) axion couplings FV  decays dominate

(bound from Planck is stronger than that from Belle II)

τ → la

 from dominant channelsΔNeff
excluded

Excluded by Planck

effect of the axion mass
impacts CMB constraints



DFSZ-like 2HDM models with 2+1 flavor structure of PQ charges: 

Nucleophobia+Electrophobia ⇒ LFV axion couplings

For  all axion couplings in the lepton sector fixed 
once astro and exp. ( ) constraints are imposed:

                                  

 predicted as a function of  

Astrophobic 2HDM (with different PQ charge assignments for SM 
fermions) with different predictions for E/N determining the axion-
photon coupling

fa ≲ 108 GeV
μ → ea

Cτe ≈
2
3

Cτ ≈ −
1
3

Cμ ≈ −
2
3

(or
1
3

)

ΔNeff fa

 in astrophobic 2HDM modelsΔNeff



 as large as 0.25 consistent with astro constraints

Good prospects for discovery at future CMB exp. for  up 
to 

ΔNeff

fa
108 GeV

 in astrophobic 2HDM modelsΔNeff

Cμ ≈ −
2
3

(E1)

Cμ ≈
1
3

(E2)



 

Strong correlations between 
 and axion-photon 

coupling 

If CMB-S4 measures non-zero 
,  (Baby)IAXO will 

confirm or rule out 2HDM 
astrophobic models

ΔNeff

ΔNeff

Complementarity of IAXO and CMB 



• Astrophobic QCD axions allow for much smaller  giving 
good prospects for axion discovery at IAXO, future CMB 
experiments and opening window for minimal axiogenesis  

• The simplest models are DFSZ-like models with non-
universal PQ charges featuring FV axion-fermion 
couplings which lead to large contributions to                   

fa

ΔNeff

Summary



Backup



Axion Models
Need anomalous breaking of PQ (fermion sector) 

and spontaneous PQ breaking (scalar sector) 

[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

slide borrowed from R. Ziegler



Nucleophobic Non-universal DFSZ models
Generalized DFSZ-type models:

Have non-trivial transition to mass basis

depend on 2 misalignment parameters in each sector

✏fij ⌘ (Vf )
⇤
i3(Vf )j3
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X f = diag( X 1, X 1, X 3) ! V  
f X f Vf = X 1! ij + ( X 3 " X 1) "f

ij
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0 ! ! f
ii ! 1
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!

i

! f
ii = 1
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Cf
ii = X 1 + ( X 3 ! X 1)! f

ii
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|Cf
i != j | = |X 3 ! X 1|

!
! f

ii ! f
jj
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f = uL , uR , dL , dR
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PQ charges universal only for two generations
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! f
ii

<latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit>

! f
ii

<latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit>

! f
ii

<latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit><latexit sha1_base64="M9jL10RFPbPZllyNgt5QPMDvcnk=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwiSGtu6KblxWsA9sY5lMJ+3QySTMTMQS+hduXCji1r9x5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL323dUKhaLaz1JqB/hoWAhI1gb6aZ3z/oZY9PbsF8qI/usVnG9CkQ2QlXHdXLiVr1TDzpGyVEGCzT6pffeICZpRIUmHCvVdVCi/QxLzQin02IvVTTBZIyHtGuowBFVfja7eAqPjTKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmL8PB0xSovnEEEwkM7dCMsISE21CKpoQvj6F/5OWazvIdq68cv18EUcBHIIjcAIcUAV1cAkaoAkIEOABPIFnS1mP1ov1Om9dshYzB+AHrLdPP4eRSg==</latexit>

|! f
ij | =

!
! f

ii ! f
jj

<latexit sha1_base64="LiDPaW/TpFp0/BvLPS7tB+nXXys="></latexit><latexit sha1_base64="LiDPaW/TpFp0/BvLPS7tB+nXXys="></latexit><latexit sha1_base64="LiDPaW/TpFp0/BvLPS7tB+nXXys="></latexit><latexit sha1_base64="LiDPaW/TpFp0/BvLPS7tB+nXXys="></latexit>

|! f
ij |

<latexit sha1_base64="BBcI4O9zd2xFDdceu3y0MQcXvF0=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZIY2rorunFZwT6giWUynbSjk0mYmYgl7W+4caGIW3/GnX/jpK2gogcuHM65l3vvCRJGpbKsD6OwtLyyulZcL21sbm3vlHf32jJOBSYtHLNYdAMkCaOctBRVjHQTQVAUMNIJbs9zv3NHhKQxv1LjhPgRGnIaUoyUlryJd0/7Gb2ZXoeTfrlimaf1quNWoWVaVs127Jw4NffEhbZWclTAAs1++d0bxDiNCFeYISl7tpUoP0NCUczItOSlkiQI36Ih6WnKUUSkn81unsIjrQxgGAtdXMGZ+n0iQ5GU4yjQnRFSI/nby8W/vF6qwrqfUZ6kinA8XxSmDKoY5gHAARUEKzbWBGFB9a0Qj5BAWOmYSjqEr0/h/6TtmLZl2pdupXG2iKMIDsAhOAY2qIEGuABN0AIYJOABPIFnIzUejRfjdd5aMBYz++AHjLdPDHmSVw==</latexit><latexit sha1_base64="BBcI4O9zd2xFDdceu3y0MQcXvF0=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZIY2rorunFZwT6giWUynbSjk0mYmYgl7W+4caGIW3/GnX/jpK2gogcuHM65l3vvCRJGpbKsD6OwtLyyulZcL21sbm3vlHf32jJOBSYtHLNYdAMkCaOctBRVjHQTQVAUMNIJbs9zv3NHhKQxv1LjhPgRGnIaUoyUlryJd0/7Gb2ZXoeTfrlimaf1quNWoWVaVs127Jw4NffEhbZWclTAAs1++d0bxDiNCFeYISl7tpUoP0NCUczItOSlkiQI36Ih6WnKUUSkn81unsIjrQxgGAtdXMGZ+n0iQ5GU4yjQnRFSI/nby8W/vF6qwrqfUZ6kinA8XxSmDKoY5gHAARUEKzbWBGFB9a0Qj5BAWOmYSjqEr0/h/6TtmLZl2pdupXG2iKMIDsAhOAY2qIEGuABN0AIYJOABPIFnIzUejRfjdd5aMBYz++AHjLdPDHmSVw==</latexit><latexit sha1_base64="BBcI4O9zd2xFDdceu3y0MQcXvF0=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZIY2rorunFZwT6giWUynbSjk0mYmYgl7W+4caGIW3/GnX/jpK2gogcuHM65l3vvCRJGpbKsD6OwtLyyulZcL21sbm3vlHf32jJOBSYtHLNYdAMkCaOctBRVjHQTQVAUMNIJbs9zv3NHhKQxv1LjhPgRGnIaUoyUlryJd0/7Gb2ZXoeTfrlimaf1quNWoWVaVs127Jw4NffEhbZWclTAAs1++d0bxDiNCFeYISl7tpUoP0NCUczItOSlkiQI36Ih6WnKUUSkn81unsIjrQxgGAtdXMGZ+n0iQ5GU4yjQnRFSI/nby8W/vF6qwrqfUZ6kinA8XxSmDKoY5gHAARUEKzbWBGFB9a0Qj5BAWOmYSjqEr0/h/6TtmLZl2pdupXG2iKMIDsAhOAY2qIEGuABN0AIYJOABPIFnIzUejRfjdd5aMBYz++AHjLdPDHmSVw==</latexit><latexit sha1_base64="BBcI4O9zd2xFDdceu3y0MQcXvF0=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZIY2rorunFZwT6giWUynbSjk0mYmYgl7W+4caGIW3/GnX/jpK2gogcuHM65l3vvCRJGpbKsD6OwtLyyulZcL21sbm3vlHf32jJOBSYtHLNYdAMkCaOctBRVjHQTQVAUMNIJbs9zv3NHhKQxv1LjhPgRGnIaUoyUlryJd0/7Gb2ZXoeTfrlimaf1quNWoWVaVs127Jw4NffEhbZWclTAAs1++d0bxDiNCFeYISl7tpUoP0NCUczItOSlkiQI36Ih6WnKUUSkn81unsIjrQxgGAtdXMGZ+n0iQ5GU4yjQnRFSI/nby8W/vF6qwrqfUZ6kinA8XxSmDKoY5gHAARUEKzbWBGFB9a0Qj5BAWOmYSjqEr0/h/6TtmLZl2pdupXG2iKMIDsAhOAY2qIEGuABN0AIYJOABPIFnIzUejRfjdd5aMBYz++AHjLdPDHmSVw==</latexit>

, eL , eR
<latexit sha1_base64="qNX81QxO2KetO/bKknwdJcvBz0A=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhAsJNyJoGXQxsIiivmA5Ah7m7lkyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XaWlldW19YLG8XNre2d3dLefkPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw+uJ33xCpXksH8woQT+ifclDzqixUusUu7e27rulsltxpyCLxMtJGXLUuqWvTi9maYTSMEG1bntuYvyMKsOZwHGxk2pMKBvSPrYtlTRC7WfTe8fk2Co9EsbKljRkqv6eyGik9SgKbGdEzUDPexPxP6+dmvDSz7hMUoOSzRaFqSAmJpPnSY8rZEaMLKFMcXsrYQOqKDM2oqINwZt/eZE0ziqeW/HuzsvVqzyOAhzCEZyABxdQhRuoQR0YCHiGV3hzHp0X5935mLUuOfnMAfyB8/kDAkyPSA==</latexit><latexit sha1_base64="qNX81QxO2KetO/bKknwdJcvBz0A=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhAsJNyJoGXQxsIiivmA5Ah7m7lkyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XaWlldW19YLG8XNre2d3dLefkPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw+uJ33xCpXksH8woQT+ifclDzqixUusUu7e27rulsltxpyCLxMtJGXLUuqWvTi9maYTSMEG1bntuYvyMKsOZwHGxk2pMKBvSPrYtlTRC7WfTe8fk2Co9EsbKljRkqv6eyGik9SgKbGdEzUDPexPxP6+dmvDSz7hMUoOSzRaFqSAmJpPnSY8rZEaMLKFMcXsrYQOqKDM2oqINwZt/eZE0ziqeW/HuzsvVqzyOAhzCEZyABxdQhRuoQR0YCHiGV3hzHp0X5935mLUuOfnMAfyB8/kDAkyPSA==</latexit><latexit sha1_base64="qNX81QxO2KetO/bKknwdJcvBz0A=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhAsJNyJoGXQxsIiivmA5Ah7m7lkyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XaWlldW19YLG8XNre2d3dLefkPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw+uJ33xCpXksH8woQT+ifclDzqixUusUu7e27rulsltxpyCLxMtJGXLUuqWvTi9maYTSMEG1bntuYvyMKsOZwHGxk2pMKBvSPrYtlTRC7WfTe8fk2Co9EsbKljRkqv6eyGik9SgKbGdEzUDPexPxP6+dmvDSz7hMUoOSzRaFqSAmJpPnSY8rZEaMLKFMcXsrYQOqKDM2oqINwZt/eZE0ziqeW/HuzsvVqzyOAhzCEZyABxdQhRuoQR0YCHiGV3hzHp0X5935mLUuOfnMAfyB8/kDAkyPSA==</latexit><latexit sha1_base64="qNX81QxO2KetO/bKknwdJcvBz0A=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhAsJNyJoGXQxsIiivmA5Ah7m7lkyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XaWlldW19YLG8XNre2d3dLefkPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw+uJ33xCpXksH8woQT+ifclDzqixUusUu7e27rulsltxpyCLxMtJGXLUuqWvTi9maYTSMEG1bntuYvyMKsOZwHGxk2pMKBvSPrYtlTRC7WfTe8fk2Co9EsbKljRkqv6eyGik9SgKbGdEzUDPexPxP6+dmvDSz7hMUoOSzRaFqSAmJpPnSY8rZEaMLKFMcXsrYQOqKDM2oqINwZt/eZE0ziqeW/HuzsvVqzyOAhzCEZyABxdQhRuoQR0YCHiGV3hzHp0X5935mLUuOfnMAfyB8/kDAkyPSA==</latexit>

Generically flavor-violating axion couplings



• For instantaneous axion decoupling at  :

 

• Current bound from Planck: 

• Expected CMB-S4 sensitivity: 

•  sizeable if axion decouples during or after 
QCD phase transition

Tdec

ΔNeff ≈ 0.03
(

100
g*s(Tdec) )

4/3

ΔNeff ≲ 0.3

ΔNeff ≲ 0.05

ΔNeff

Thermal axion production



Typically dominant production channel is axion-pion scattering

Hot dark matter bound for the KSVZ (hadronic) axion: 
 (or   )

Note: the above bound is highly model dependent!

ma ≲ 0.24 eV fa ≳ 2 × 107 GeV

Axion-pion scattering

ππ ↔ πa
[Chang, Choi ’93]

[Notari, Rompineve, Villadoro ’22]



excluded by SN1987A  

Typically dominant production channel is axion-pion scattering

The astrophysical bound on   is much stronger than CMB one

Astro bounds on   in the KSVZ model imply negligible  
beyond the reach of future CMB experiments

fa
fa ΔNeff

Axion-pion scattering

ππ ↔ πa

[Notari, Rompineve, Villadoro ’22]

[Chang, Choi ’93]



Naturally Astrophobic Axion

• Non-universal DFSZ-like models with 2 Higgs 
doublets (2HDM) require tuning of parameters to 
suppress axion couplings to nucleons and electrons 

• Astrophobia can be realised without tuning for a 
specific PQ charge assignment for the SM fermions:

Cu = 2 / 3 Cd = 1 / 3
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axion couplings to nucleons and 
photons naturally suppressed!

E
N

= 2 Cγ = E/N − 2.07(4)

fa ≳ 2 × 107 ! Cγ ! (from horizontal branch stars)

[MB, Harigaya  ’23]



                       is consistent 

with the NS cooling bound

Naturally Astrophobic Axion, precisely

f a ! O(107) GeV
<latexit sha1_base64="q8PUZngTZn5zS/VLMkBdpCsXksQ="></latexit><latexit sha1_base64="q8PUZngTZn5zS/VLMkBdpCsXksQ="></latexit><latexit sha1_base64="q8PUZngTZn5zS/VLMkBdpCsXksQ="></latexit><latexit sha1_base64="q8PUZngTZn5zS/VLMkBdpCsXksQ="></latexit>

(f a ! O(106) GeV if mu /m d " 0.49)
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UV complete Naturally Astrophobic Axion

Natural astrophobic axion is obtained e.g. in DFSZ-like 
models with 3 Higgs doublets:

All SM fermions except up and down

yd øQd
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<latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit><latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit><latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit><latexit sha1_base64="Q0urcFohlIQmoVVqj2SlzsuCYY0=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNRs8kt6CXHiOYByRJmJ7PJkNkHM7NCCPkELx4U8eoXefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZm4rv72zu7dfODhsqTiVlDVpLGLZ8YligkesqbkWrJNIRkJfsLY/vs789j2TisfRnZ4kzAvJMOIBp0Qb6bbeL/ULRWy7pSquXCJs43LVddyMnLvlchU5Np6jCEs0+oX33iCmacgiTQVRquvgRHtTIjWngs3yvVSxhNAxGbKuoREJmfKm81Nn6NQoAxTE0lSk0Vz9PjEloVKT0DedIdEj9dvLxL+8bqqDijflUZJqFtHFoiAVSMco+xsNuGRUi4khhEpubkV0RCSh2qSTNyF8fYr+J62S7WDbubko1q6WceTgGE7gDBxwoQZ1aEATKAzhAZ7g2RLWo/VivS5aV6zlzBH8gPX2CUkXjc0=</latexit>

+
<latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit><latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit><latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit><latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit>

+
<latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit><latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit><latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit><latexit sha1_base64="urqLWPRaL5Nr6xjZvSsiAgBKmHw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWsbbQhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QSK4Nq777ZRWVtfWN8qbla3tnd296v7Bo45TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ2A7GN7nffkKleSwfzCRBP6JDyUPOqLHS/VmlX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt0Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJ3yYDrpAZMbGEMsXtrYSNqKLM2HDyELzFl5fJ43ndc+ve3UWtcV3EUYYjOIZT8OASGnALTWgBgxCe4RXenLHz4rw7H/PWklPMHMIfOJ8/pbyMww==</latexit>

L yuk !
<latexit sha1_base64="LZnKgut1ulpG7lK/TSJag3DIKqM=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyURQY9FLx48VLC10ISw2W7apbubsLsRQgh48a948aCIV/+EN/+NmzYHbX0w8Hhvhpl5YcKo0o7zbdWWlldW1+rrjY3Nre0de3evp+JUYtLFMYtlP0SKMCpIV1PNSD+RBPGQkftwclX69w9EKhqLO50lxOdoJGhEMdJGCuwDjyM9xojlN0WQe5LDLJ0UnqK8EdhNp+VMAReJW5EmqNAJ7C9vGOOUE6ExQ0oNXCfRfo6kppiRouGliiQIT9CIDAwViBPl59MfCnhslCGMYmlKaDhVf0/kiCuV8dB0lherea8U//MGqY4u/JyKJNVE4NmiKGVQx7AMBA6pJFizzBCEJTW3QjxGEmFtYitDcOdfXiS905brtNzbs2b7soqjDg7BETgBLjgHbXANOqALMHgEz+AVvFlP1ov1bn3MWmtWNbMP/sD6/AFBKpfj</latexit><latexit sha1_base64="LZnKgut1ulpG7lK/TSJag3DIKqM=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyURQY9FLx48VLC10ISw2W7apbubsLsRQgh48a948aCIV/+EN/+NmzYHbX0w8Hhvhpl5YcKo0o7zbdWWlldW1+rrjY3Nre0de3evp+JUYtLFMYtlP0SKMCpIV1PNSD+RBPGQkftwclX69w9EKhqLO50lxOdoJGhEMdJGCuwDjyM9xojlN0WQe5LDLJ0UnqK8EdhNp+VMAReJW5EmqNAJ7C9vGOOUE6ExQ0oNXCfRfo6kppiRouGliiQIT9CIDAwViBPl59MfCnhslCGMYmlKaDhVf0/kiCuV8dB0lherea8U//MGqY4u/JyKJNVE4NmiKGVQx7AMBA6pJFizzBCEJTW3QjxGEmFtYitDcOdfXiS905brtNzbs2b7soqjDg7BETgBLjgHbXANOqALMHgEz+AVvFlP1ov1bn3MWmtWNbMP/sD6/AFBKpfj</latexit><latexit sha1_base64="LZnKgut1ulpG7lK/TSJag3DIKqM=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyURQY9FLx48VLC10ISw2W7apbubsLsRQgh48a948aCIV/+EN/+NmzYHbX0w8Hhvhpl5YcKo0o7zbdWWlldW1+rrjY3Nre0de3evp+JUYtLFMYtlP0SKMCpIV1PNSD+RBPGQkftwclX69w9EKhqLO50lxOdoJGhEMdJGCuwDjyM9xojlN0WQe5LDLJ0UnqK8EdhNp+VMAReJW5EmqNAJ7C9vGOOUE6ExQ0oNXCfRfo6kppiRouGliiQIT9CIDAwViBPl59MfCnhslCGMYmlKaDhVf0/kiCuV8dB0lherea8U//MGqY4u/JyKJNVE4NmiKGVQx7AMBA6pJFizzBCEJTW3QjxGEmFtYitDcOdfXiS905brtNzbs2b7soqjDg7BETgBLjgHbXANOqALMHgEz+AVvFlP1ov1bn3MWmtWNbMP/sD6/AFBKpfj</latexit><latexit sha1_base64="LZnKgut1ulpG7lK/TSJag3DIKqM=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyURQY9FLx48VLC10ISw2W7apbubsLsRQgh48a948aCIV/+EN/+NmzYHbX0w8Hhvhpl5YcKo0o7zbdWWlldW1+rrjY3Nre0de3evp+JUYtLFMYtlP0SKMCpIV1PNSD+RBPGQkftwclX69w9EKhqLO50lxOdoJGhEMdJGCuwDjyM9xojlN0WQe5LDLJ0UnqK8EdhNp+VMAReJW5EmqNAJ7C9vGOOUE6ExQ0oNXCfRfo6kppiRouGliiQIT9CIDAwViBPl59MfCnhslCGMYmlKaDhVf0/kiCuV8dB0lherea8U//MGqY4u/JyKJNVE4NmiKGVQx7AMBA6pJFizzBCEJTW3QjxGEmFtYitDcOdfXiS905brtNzbs2b7soqjDg7BETgBLjgHbXANOqALMHgEz+AVvFlP1ov1bn3MWmtWNbMP/sD6/AFBKpfj</latexit>

HSM
<latexit sha1_base64="+2sH2No/9Zz0rehFJnK1tx4/l+4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1aOuu6KYboaJ9QDuUTJppYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77/FjzpRG6MPKrayurW/kNwtb2zu7e8X9g7YSiSS0RQQXsutjRTmLaEszzWk3lhSHPqcdf3KZ+Z17KhUT0a2extQL8ShiASNYG6ndGKQ3V7NBsYTs81ql7FYgshGqOmUnI+Wqe+ZCxygZSmCJ5qD43h8KkoQ00oRjpXoOirWXYqkZ4XRW6CeKxphM8Ij2DI1wSJWXzq+dwROjDGEgpKlIw7n6fSLFoVLT0DedIdZj9dvLxL+8XqKDmpeyKE40jchiUZBwqAXMXodDJinRfGoIJpKZWyEZY4mJNgEVTAhfn8L/SbtsO8h2rt1S/WIZRx4cgWNwChxQBXXQAE3QAgTcgQfwBJ4tYT1aL9brojVnLWcOwQ9Yb5+18I83</latexit><latexit sha1_base64="+2sH2No/9Zz0rehFJnK1tx4/l+4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1aOuu6KYboaJ9QDuUTJppYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77/FjzpRG6MPKrayurW/kNwtb2zu7e8X9g7YSiSS0RQQXsutjRTmLaEszzWk3lhSHPqcdf3KZ+Z17KhUT0a2extQL8ShiASNYG6ndGKQ3V7NBsYTs81ql7FYgshGqOmUnI+Wqe+ZCxygZSmCJ5qD43h8KkoQ00oRjpXoOirWXYqkZ4XRW6CeKxphM8Ij2DI1wSJWXzq+dwROjDGEgpKlIw7n6fSLFoVLT0DedIdZj9dvLxL+8XqKDmpeyKE40jchiUZBwqAXMXodDJinRfGoIJpKZWyEZY4mJNgEVTAhfn8L/SbtsO8h2rt1S/WIZRx4cgWNwChxQBXXQAE3QAgTcgQfwBJ4tYT1aL9brojVnLWcOwQ9Yb5+18I83</latexit><latexit sha1_base64="+2sH2No/9Zz0rehFJnK1tx4/l+4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1aOuu6KYboaJ9QDuUTJppYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77/FjzpRG6MPKrayurW/kNwtb2zu7e8X9g7YSiSS0RQQXsutjRTmLaEszzWk3lhSHPqcdf3KZ+Z17KhUT0a2extQL8ShiASNYG6ndGKQ3V7NBsYTs81ql7FYgshGqOmUnI+Wqe+ZCxygZSmCJ5qD43h8KkoQ00oRjpXoOirWXYqkZ4XRW6CeKxphM8Ij2DI1wSJWXzq+dwROjDGEgpKlIw7n6fSLFoVLT0DedIdZj9dvLxL+8XqKDmpeyKE40jchiUZBwqAXMXodDJinRfGoIJpKZWyEZY4mJNgEVTAhfn8L/SbtsO8h2rt1S/WIZRx4cgWNwChxQBXXQAE3QAgTcgQfwBJ4tYT1aL9brojVnLWcOwQ9Yb5+18I83</latexit><latexit sha1_base64="+2sH2No/9Zz0rehFJnK1tx4/l+4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1aOuu6KYboaJ9QDuUTJppYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77/FjzpRG6MPKrayurW/kNwtb2zu7e8X9g7YSiSS0RQQXsutjRTmLaEszzWk3lhSHPqcdf3KZ+Z17KhUT0a2extQL8ShiASNYG6ndGKQ3V7NBsYTs81ql7FYgshGqOmUnI+Wqe+ZCxygZSmCJ5qD43h8KkoQ00oRjpXoOirWXYqkZ4XRW6CeKxphM8Ij2DI1wSJWXzq+dwROjDGEgpKlIw7n6fSLFoVLT0DedIdZj9dvLxL+8XqKDmpeyKE40jchiUZBwqAXMXodDJinRfGoIJpKZWyEZY4mJNgEVTAhfn8L/SbtsO8h2rt1S/WIZRx4cgWNwChxQBXXQAE3QAgTcgQfwBJ4tYT1aL9brojVnLWcOwQ9Yb5+18I83</latexit>

yf i
øf L f R

<latexit sha1_base64="lO2nytOLvz6ogef/rulNDHGdquI=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9Fj04sFDFfsBbQib7aZdutmE3Y0QQvwrXjwo4tUf4s1/47bNQVsfDDzem2FmXpBwprTjfFsrq2vrG5uVrer2zu7evn1w2FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLme+t1HKhWLxYPOEupFeCRYyAjWRvLtWubnoc+KQYBlHhb+bejf+3bdaTgzoGXilqQOJVq+/TUYxiSNqNCEY6X6rpNoL8dSM8JpUR2kiiaYTPCI9g0VOKLKy2fHF+jEKEMUxtKU0Gim/p7IcaRUFgWmM8J6rBa9qfif1091eOnlTCSppoLMF4UpRzpG0yTQkElKNM8MwUQycysiYywx0SavqgnBXXx5mXTOGq7TcO/O682rMo4KHMExnIILF9CEG2hBGwhk8Ayv8GY9WS/Wu/Uxb12xypka/IH1+QMvPZUY</latexit><latexit sha1_base64="lO2nytOLvz6ogef/rulNDHGdquI=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9Fj04sFDFfsBbQib7aZdutmE3Y0QQvwrXjwo4tUf4s1/47bNQVsfDDzem2FmXpBwprTjfFsrq2vrG5uVrer2zu7evn1w2FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLme+t1HKhWLxYPOEupFeCRYyAjWRvLtWubnoc+KQYBlHhb+bejf+3bdaTgzoGXilqQOJVq+/TUYxiSNqNCEY6X6rpNoL8dSM8JpUR2kiiaYTPCI9g0VOKLKy2fHF+jEKEMUxtKU0Gim/p7IcaRUFgWmM8J6rBa9qfif1091eOnlTCSppoLMF4UpRzpG0yTQkElKNM8MwUQycysiYywx0SavqgnBXXx5mXTOGq7TcO/O682rMo4KHMExnIILF9CEG2hBGwhk8Ayv8GY9WS/Wu/Uxb12xypka/IH1+QMvPZUY</latexit><latexit sha1_base64="lO2nytOLvz6ogef/rulNDHGdquI=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9Fj04sFDFfsBbQib7aZdutmE3Y0QQvwrXjwo4tUf4s1/47bNQVsfDDzem2FmXpBwprTjfFsrq2vrG5uVrer2zu7evn1w2FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLme+t1HKhWLxYPOEupFeCRYyAjWRvLtWubnoc+KQYBlHhb+bejf+3bdaTgzoGXilqQOJVq+/TUYxiSNqNCEY6X6rpNoL8dSM8JpUR2kiiaYTPCI9g0VOKLKy2fHF+jEKEMUxtKU0Gim/p7IcaRUFgWmM8J6rBa9qfif1091eOnlTCSppoLMF4UpRzpG0yTQkElKNM8MwUQycysiYywx0SavqgnBXXx5mXTOGq7TcO/O682rMo4KHMExnIILF9CEG2hBGwhk8Ayv8GY9WS/Wu/Uxb12xypka/IH1+QMvPZUY</latexit><latexit sha1_base64="lO2nytOLvz6ogef/rulNDHGdquI=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9Fj04sFDFfsBbQib7aZdutmE3Y0QQvwrXjwo4tUf4s1/47bNQVsfDDzem2FmXpBwprTjfFsrq2vrG5uVrer2zu7evn1w2FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLme+t1HKhWLxYPOEupFeCRYyAjWRvLtWubnoc+KQYBlHhb+bejf+3bdaTgzoGXilqQOJVq+/TUYxiSNqNCEY6X6rpNoL8dSM8JpUR2kiiaYTPCI9g0VOKLKy2fHF+jEKEMUxtKU0Gim/p7IcaRUFgWmM8J6rBa9qfif1091eOnlTCSppoLMF4UpRzpG0yTQkElKNM8MwUQycysiYywx0SavqgnBXXx5mXTOGq7TcO/O682rMo4KHMExnIILF9CEG2hBGwhk8Ayv8GY9WS/Wu/Uxb12xypka/IH1+QMvPZUY</latexit>
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 from Naturally Astrophobic AxionΔNeff
  possible due to suppressed axion couplings also 
to photons (possible only for E/N=2) and muons. 

Minimal model predicts negligible  from processes below 
QCD phase transition

Even aggressive estimate of  above QCD PT allows for 
  ( )

fa < 107 GeV

ΔNeff

ΔNeff
fa ≈ 5 × 106 GeV ma ≈ 1 eV

Estimate of maximal 
from axion-quark scattering

above QCD PT
by taking 

(perturbative calc. not reliable
for relevant temperatures)

ΔNeff

gs = 4π


