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• The QCD Axion; DFSZ Models; Axion Couplings

• Non-Universal DFSZ Models: The Astrophobic Axion

• Peccei-Quinn = Froggatt-Nielsen: The Axiflavon

arXiv: 1712.04940, with L. Di Luzio, 
F. Mescia, E.  Nardi, P. Panci

arXiv: 1612.08040,  with L. Calibbi, 
F. Goertz, D. Redigolo, J. Zupan

��-� ��-� ��-� �

��-��

��-��

��-��

���������

�� [��]

|�
�γ

|
[�
��

-
� ]

�� [���]

�� ⇑

⇓
�
�
�

��
��

�����

��������

����
����+

⟹

������ ������
� → π �

����-�

★

����-��

★

���� (�/� = �)

●
��

●

��

●

��

●

��

●

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10610710810910101011101210131014

ma [eV]

|g
aγ

γ|
[G
eV

-1
]

fa [GeV]

�� ⇑/����

���
⇒

����

����+

����������

����-��

���������

sdNA62



Why don’t we observe CPV in strong interactions

The Strong CP Problem

?

Can impose CP and break it spontaneously such that 
large CKM phase induced but determinants stay real

If    would be dynamical field without any other 
potential, non-perturbative dynamics would 
generate potential for        with trivial minimum                            

✓

Nelson-Barr solution [pure UV, difficult to test]

Axion solution [new ultra-light, decoupled, stable particle]

✓(x)

✓ ⌘ ✓ + arg det(MuMd) < 10�10



The Peccei-Quinn Mechanism

Introduce new global U(1)PQ symmetry with 
fermion charges such that have QCD anomaly 

Break global U(1)PQ symmetry spontaneously 
at scale    by vev of complex scalar field  

U(1)PQ non-linearly realized as shift symmetry of axion

� =
f + �(x)p

2
eia(x)/f

[Peccei, Quinn ’77]

f

axion

radial modeU(1)PQ breaking scale

�



[have essentially made    dynamical field]✓

The Peccei-Quinn Mechanism

Effective Lagrangian at scales          contains only 
Goldstone boson        , all other fields take mass at 

⌧ f
fa(x)

only throughDepends on ✓ a(x)

fa
⌘ ✓ +

a(x)

f
⇠

} }
Interactions with 

SM fermions 

}
ABJ term for 

QCD anomaly
ABJ term for 

other anomalies

[cf.            ]⇡0

f⇡
FF̃[breaks shift 

symmetry]
[respects shift 

symmetry]

Le↵ = ✓
↵s

8⇡
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f
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f
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Effective Lagrangian induces axion potential

non-PT 

effects

Potential minimized at CP-conserving point 

Axion gets mass
to photons and SM fermions 

The Axion

Ve↵ = �a(x)

fa

↵s

8⇡
Gµ⌫

a G̃a,µ⌫ V (a) ⇠ �m2
⇡f

2
⇡ | cos

a(x)

fa
|

ha(x)i = 0

ma ⇠ m⇡f⇡/fa

For large      axion is ultra-light and decoupledfa

   -term dynamically relaxed to zero✓QCD

and couples
/ 1/fa / ma
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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) 
and spontaneous breaking of PQ (scalar sector) 



DFSZ Models

SM fermions + 2Higgs + Singlet{
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h�i = vPQ � v
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Construct 2HDM Lagrangian invariant under single U(1)

{
<latexit sha1_base64="56rix4LcKWFQVUR1iVgj1Jg+GJA=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4GnqiZpJb0IvHKGaBZAg9nZ6kSc9Cd48QhvyBFw+KePWPvPk3dhZBRR8UPN6roqqenwiuNMYfVm5ldW19I79Z2Nre2d0r7h+0VJxKypo0FrHs+EQxwSPW1FwL1kkkI6EvWNsfX8389j2TisfRnZ4kzAvJMOIBp0Qb6baX9YslbLvlGq5eIGzjSs113Bk5cyuVGnJsPEcJlmj0i++9QUzTkEWaCqJU18GJ9jIiNaeCTQu9VLGE0DEZsq6hEQmZ8rL5pVN0YpQBCmJpKtJorn6fyEio1CT0TWdI9Ej99mbiX1431UHVy3iUpJpFdLEoSAXSMZq9jQZcMqrFxBBCJTe3IjoiklBtwimYEL4+Rf+TVtl2sO3cnJfql8s48nAEx3AKDrhQh2toQBMoBPAAT/Bsja1H68V6XbTmrOXMIfyA9fYJIJaNwQ==</latexit><latexit sha1_base64="56rix4LcKWFQVUR1iVgj1Jg+GJA=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4GnqiZpJb0IvHKGaBZAg9nZ6kSc9Cd48QhvyBFw+KePWPvPk3dhZBRR8UPN6roqqenwiuNMYfVm5ldW19I79Z2Nre2d0r7h+0VJxKypo0FrHs+EQxwSPW1FwL1kkkI6EvWNsfX8389j2TisfRnZ4kzAvJMOIBp0Qb6baX9YslbLvlGq5eIGzjSs113Bk5cyuVGnJsPEcJlmj0i++9QUzTkEWaCqJU18GJ9jIiNaeCTQu9VLGE0DEZsq6hEQmZ8rL5pVN0YpQBCmJpKtJorn6fyEio1CT0TWdI9Ej99mbiX1431UHVy3iUpJpFdLEoSAXSMZq9jQZcMqrFxBBCJTe3IjoiklBtwimYEL4+Rf+TVtl2sO3cnJfql8s48nAEx3AKDrhQh2toQBMoBPAAT/Bsja1H68V6XbTmrOXMIfyA9fYJIJaNwQ==</latexit><latexit sha1_base64="56rix4LcKWFQVUR1iVgj1Jg+GJA=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4GnqiZpJb0IvHKGaBZAg9nZ6kSc9Cd48QhvyBFw+KePWPvPk3dhZBRR8UPN6roqqenwiuNMYfVm5ldW19I79Z2Nre2d0r7h+0VJxKypo0FrHs+EQxwSPW1FwL1kkkI6EvWNsfX8389j2TisfRnZ4kzAvJMOIBp0Qb6baX9YslbLvlGq5eIGzjSs113Bk5cyuVGnJsPEcJlmj0i++9QUzTkEWaCqJU18GJ9jIiNaeCTQu9VLGE0DEZsq6hEQmZ8rL5pVN0YpQBCmJpKtJorn6fyEio1CT0TWdI9Ej99mbiX1431UHVy3iUpJpFdLEoSAXSMZq9jQZcMqrFxBBCJTe3IjoiklBtwimYEL4+Rf+TVtl2sO3cnJfql8s48nAEx3AKDrhQh2toQBMoBPAAT/Bsja1H68V6XbTmrOXMIfyA9fYJIJaNwQ==</latexit><latexit sha1_base64="56rix4LcKWFQVUR1iVgj1Jg+GJA=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4GnqiZpJb0IvHKGaBZAg9nZ6kSc9Cd48QhvyBFw+KePWPvPk3dhZBRR8UPN6roqqenwiuNMYfVm5ldW19I79Z2Nre2d0r7h+0VJxKypo0FrHs+EQxwSPW1FwL1kkkI6EvWNsfX8389j2TisfRnZ4kzAvJMOIBp0Qb6baX9YslbLvlGq5eIGzjSs113Bk5cyuVGnJsPEcJlmj0i++9QUzTkEWaCqJU18GJ9jIiNaeCTQu9VLGE0DEZsq6hEQmZ8rL5pVN0YpQBCmJpKtJorn6fyEio1CT0TWdI9Ej99mbiX1431UHVy3iUpJpFdLEoSAXSMZq9jQZcMqrFxBBCJTe3IjoiklBtwimYEL4+Rf+TVtl2sO3cnJfql8s48nAEx3AKDrhQh2toQBMoBPAAT/Bsja1H68V6XbTmrOXMIfyA9fYJIJaNwQ==</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>

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) 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

All PQ charges fixed in terms of vacuum angle 

Ensure GBPQ      GBZ?
<latexit sha1_base64="zTktBrTN6DuaylBKfaQ5s7yvcmY=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyt3vszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxqW50axltMS206EbVcCsVbKFDyTmI4jSPJH6PJbe4/PnFjhVYPOE14GNOREkPBKOZSL9LYr9b8uj8HWSVBQWpQoNmvfvUGmqUxV8gktbYb+AmGGTUomOSzSi+1PKFsQke866iiMbdhNr91Rs6cMiBDbVwpJHP190RGY2unceQ6Y4pju+zl4n9eN8XhdZgJlaTIFVssGqaSoCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld482LvxXv3PhatJa+YOYY/8D5/ABmDjkM=</latexit><latexit sha1_base64="zTktBrTN6DuaylBKfaQ5s7yvcmY=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyt3vszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxqW50axltMS206EbVcCsVbKFDyTmI4jSPJH6PJbe4/PnFjhVYPOE14GNOREkPBKOZSL9LYr9b8uj8HWSVBQWpQoNmvfvUGmqUxV8gktbYb+AmGGTUomOSzSi+1PKFsQke866iiMbdhNr91Rs6cMiBDbVwpJHP190RGY2unceQ6Y4pju+zl4n9eN8XhdZgJlaTIFVssGqaSoCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld482LvxXv3PhatJa+YOYY/8D5/ABmDjkM=</latexit><latexit sha1_base64="zTktBrTN6DuaylBKfaQ5s7yvcmY=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyt3vszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxqW50axltMS206EbVcCsVbKFDyTmI4jSPJH6PJbe4/PnFjhVYPOE14GNOREkPBKOZSL9LYr9b8uj8HWSVBQWpQoNmvfvUGmqUxV8gktbYb+AmGGTUomOSzSi+1PKFsQke866iiMbdhNr91Rs6cMiBDbVwpJHP190RGY2unceQ6Y4pju+zl4n9eN8XhdZgJlaTIFVssGqaSoCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld482LvxXv3PhatJa+YOYY/8D5/ABmDjkM=</latexit><latexit sha1_base64="zTktBrTN6DuaylBKfaQ5s7yvcmY=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJlmyt3vszgnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelEhh0fe/vdLa+sbmVnm7srO7t39QPTxqW50axltMS206EbVcCsVbKFDyTmI4jSPJH6PJbe4/PnFjhVYPOE14GNOREkPBKOZSL9LYr9b8uj8HWSVBQWpQoNmvfvUGmqUxV8gktbYb+AmGGTUomOSzSi+1PKFsQke866iiMbdhNr91Rs6cMiBDbVwpJHP190RGY2unceQ6Y4pju+zl4n9eN8XhdZgJlaTIFVssGqaSoCb542QgDGcop45QZoS7lbAxNZShi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld482LvxXv3PhatJa+YOYY/8D5/ABmDjkM=</latexit>

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>
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<latexit sha1_base64="G/vIIAuZQF00+TKsHwiTEZk4nQI="></latexit><latexit sha1_base64="G/vIIAuZQF00+TKsHwiTEZk4nQI="></latexit><latexit sha1_base64="G/vIIAuZQF00+TKsHwiTEZk4nQI="></latexit><latexit sha1_base64="G/vIIAuZQF00+TKsHwiTEZk4nQI="></latexit>

H
†
1H2�

2
<latexit sha1_base64="Xeu9Faf8RfVzy4qR0CLN8hxmurs=">AAAB/3icdVDLSgMxFM34rPVVFdy4CRbB1ZCp2ml3RTddVrAP6LRDJs1MQzMPkoxQxi78FTcuFHHrb7jzb0wfgooeuHA4517uvcdLOJMKoQ9jaXlldW09t5Hf3Nre2S3s7bdknApCmyTmseh4WFLOItpUTHHaSQTFocdp2xtdTf32LRWSxdGNGie0F+IgYj4jWGnJLRzWXavvDHAQUAHrbgk6jSHrl9xCEZl2qYoqFxCZqFy1LXtKzuxyuQotE81QBAs03MK7M4hJGtJIEY6l7FooUb0MC8UIp5O8k0qaYDLCAe1qGuGQyl42u38CT7QygH4sdEUKztTvExkOpRyHnu4MsRrK395U/Mvrpsqv9DIWJamiEZkv8lMOVQynYcABE5QoPtYEE8H0rZAMscBE6cjyOoSvT+H/pFUyLWRa1+fF2uUijhw4AsfgFFjABjVQBw3QBATcgQfwBJ6Ne+PReDFe561LxmLmAPyA8fYJUxqVBQ==</latexit><latexit sha1_base64="Xeu9Faf8RfVzy4qR0CLN8hxmurs=">AAAB/3icdVDLSgMxFM34rPVVFdy4CRbB1ZCp2ml3RTddVrAP6LRDJs1MQzMPkoxQxi78FTcuFHHrb7jzb0wfgooeuHA4517uvcdLOJMKoQ9jaXlldW09t5Hf3Nre2S3s7bdknApCmyTmseh4WFLOItpUTHHaSQTFocdp2xtdTf32LRWSxdGNGie0F+IgYj4jWGnJLRzWXavvDHAQUAHrbgk6jSHrl9xCEZl2qYoqFxCZqFy1LXtKzuxyuQotE81QBAs03MK7M4hJGtJIEY6l7FooUb0MC8UIp5O8k0qaYDLCAe1qGuGQyl42u38CT7QygH4sdEUKztTvExkOpRyHnu4MsRrK395U/Mvrpsqv9DIWJamiEZkv8lMOVQynYcABE5QoPtYEE8H0rZAMscBE6cjyOoSvT+H/pFUyLWRa1+fF2uUijhw4AsfgFFjABjVQBw3QBATcgQfwBJ6Ne+PReDFe561LxmLmAPyA8fYJUxqVBQ==</latexit><latexit sha1_base64="Xeu9Faf8RfVzy4qR0CLN8hxmurs=">AAAB/3icdVDLSgMxFM34rPVVFdy4CRbB1ZCp2ml3RTddVrAP6LRDJs1MQzMPkoxQxi78FTcuFHHrb7jzb0wfgooeuHA4517uvcdLOJMKoQ9jaXlldW09t5Hf3Nre2S3s7bdknApCmyTmseh4WFLOItpUTHHaSQTFocdp2xtdTf32LRWSxdGNGie0F+IgYj4jWGnJLRzWXavvDHAQUAHrbgk6jSHrl9xCEZl2qYoqFxCZqFy1LXtKzuxyuQotE81QBAs03MK7M4hJGtJIEY6l7FooUb0MC8UIp5O8k0qaYDLCAe1qGuGQyl42u38CT7QygH4sdEUKztTvExkOpRyHnu4MsRrK395U/Mvrpsqv9DIWJamiEZkv8lMOVQynYcABE5QoPtYEE8H0rZAMscBE6cjyOoSvT+H/pFUyLWRa1+fF2uUijhw4AsfgFFjABjVQBw3QBATcgQfwBJ6Ne+PReDFe561LxmLmAPyA8fYJUxqVBQ==</latexit><latexit sha1_base64="Xeu9Faf8RfVzy4qR0CLN8hxmurs=">AAAB/3icdVDLSgMxFM34rPVVFdy4CRbB1ZCp2ml3RTddVrAP6LRDJs1MQzMPkoxQxi78FTcuFHHrb7jzb0wfgooeuHA4517uvcdLOJMKoQ9jaXlldW09t5Hf3Nre2S3s7bdknApCmyTmseh4WFLOItpUTHHaSQTFocdp2xtdTf32LRWSxdGNGie0F+IgYj4jWGnJLRzWXavvDHAQUAHrbgk6jSHrl9xCEZl2qYoqFxCZqFy1LXtKzuxyuQotE81QBAs03MK7M4hJGtJIEY6l7FooUb0MC8UIp5O8k0qaYDLCAe1qGuGQyl42u38CT7QygH4sdEUKztTvExkOpRyHnu4MsRrK395U/Mvrpsqv9DIWJamiEZkv8lMOVQynYcABE5QoPtYEE8H0rZAMscBE6cjyOoSvT+H/pFUyLWRa1+fF2uUijhw4AsfgFFjABjVQBw3QBATcgQfwBJ6Ne+PReDFe561LxmLmAPyA8fYJUxqVBQ==</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>



Axion Couplings

Higgs contain GB: axion-fermion couplings from Yukawas

Can remove by  PQ transformation acting only on fermions

Anomalous: generate axion 
couplings to field strengths  

Local: generate derivative 
axion couplings to fermions

Lanon ⇠ N
a

vPQ

↵s

4⇡
GG̃+ E

a

vPQ

↵em

4⇡
FF̃

Hi ⇠ vi e
iXia(x)/vPQ

<latexit sha1_base64="ws8EKhO1ADOCqze27vs8YNuXxp0="></latexit><latexit sha1_base64="ws8EKhO1ADOCqze27vs8YNuXxp0="></latexit><latexit sha1_base64="ws8EKhO1ADOCqze27vs8YNuXxp0="></latexit><latexit sha1_base64="ws8EKhO1ADOCqze27vs8YNuXxp0="></latexit>

f ! feiXfa(x)/vPQ
<latexit sha1_base64="uxbHkKjzgL18V/SOya3+p9Y/ALM="></latexit><latexit sha1_base64="uxbHkKjzgL18V/SOya3+p9Y/ALM="></latexit><latexit sha1_base64="uxbHkKjzgL18V/SOya3+p9Y/ALM="></latexit><latexit sha1_base64="uxbHkKjzgL18V/SOya3+p9Y/ALM="></latexit>

Lferm ⇠ @µa

vPQ
ui�

µPRXuiui + . . .
<latexit sha1_base64="nEm8WYE9l6VS2SwOPwD72RSzjKI="></latexit><latexit sha1_base64="nEm8WYE9l6VS2SwOPwD72RSzjKI="></latexit><latexit sha1_base64="nEm8WYE9l6VS2SwOPwD72RSzjKI="></latexit><latexit sha1_base64="nEm8WYE9l6VS2SwOPwD72RSzjKI="></latexit>

[mass basis: Xu ! V †
URXuVUR

<latexit sha1_base64="JvodKsWUwCqY5ZIzQnjM+AEBlz4="></latexit><latexit sha1_base64="JvodKsWUwCqY5ZIzQnjM+AEBlz4="></latexit><latexit sha1_base64="JvodKsWUwCqY5ZIzQnjM+AEBlz4="></latexit><latexit sha1_base64="JvodKsWUwCqY5ZIzQnjM+AEBlz4="></latexit>

]



DFSZ Predictions

Anomaly coefficients only depend on charge differences

Fermion couplings flavor-universal & depend only on t�

Also u+d and u+e sums depend only on charge differences

[standard normalization is                    ]vPQ = 2Nfa

2N = Tr (XqL �XqR) = 3 (X1 �X2)
<latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit><latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit><latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit><latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit>

= 4X1 �X2 � 3X1 or 2
<latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit><latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit><latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit><latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit>

E =
<latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit><latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit><latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit><latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit>

. . .
<latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit>

. . .
<latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit>

}
<latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit>

! 6
<latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit><latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit><latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit><latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit>

! 8 or 2
<latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit><latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit><latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit><latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit>

Xu = �X113⇥3
<latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit><latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit><latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit><latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit>

Xd = X213⇥3
<latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit><latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit><latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit><latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit>}

<latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit>

2s2�
<latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit><latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit><latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit><latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit>

�2c2�
<latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit><latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit><latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit><latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit>

}
<latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit>

Xe = X1 or 213⇥3
<latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit><latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit><latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit><latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit>

Xu +Xe / X1 �X1 or 2
<latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit><latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit><latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit><latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit>

Xu +Xd / X1 �X2
<latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit><latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit><latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit><latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit>



DFSZ Predictions

Anomaly coefficients only depend on charge differences

Fermion couplings flavor-universal & depend only on t�

Also u+d and u+e sums depend only on charge differences

[standard normalization is                    ]vPQ = 2Nfa

2N = Tr (XqL �XqR) = 3 (X1 �X2)
<latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit><latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit><latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit><latexit sha1_base64="Yl0qHFfJwa+I1XauFBfTRYSHNiE="></latexit>

= 4X1 �X2 � 3X1 or 2
<latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit><latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit><latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit><latexit sha1_base64="iZgJ088VVsgGrAAJBKSVSMljHYc="></latexit>

E =
<latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit><latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit><latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit><latexit sha1_base64="xZLL+G0T7Lp+oe5q0dohFyI3d5U=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBchKILHCMYEkiXMTmaTIfNYZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3RQlnxvr+t1daWV1b3yhvVra2d3b3qvsHj0almtAWUVzpToQN5UzSlmWW006iKRYRp+1ofJP77SeqDVPywU4SGgo8lCxmBNtcukVXqF+t+XV/BrRMgoLUoECzX/3qDRRJBZWWcGxMN/ATG2ZYW0Y4nVZ6qaEJJmM8pF1HJRbUhNns1ik6ccoAxUq7khbN1N8TGRbGTETkOgW2I7Po5eJ/Xje18WWYMZmklkoyXxSnHFmF8sfRgGlKLJ84golm7lZERlhjYl08FRdCsPjyMnk8qwd+Pbg/rzWuizjKcATHcAoBXEAD7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QPGbo1k</latexit>

. . .
<latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit>

. . .
<latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit><latexit sha1_base64="7tP/qRQcUY4X2zBUUAv43MiNdmk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPavdFAoyX9StWv+XOQVRIUpAoFGv3KV2+gWZZwhUxSa7uBn2KYU4OCST4t9zLLU8rGdMi7jiqacBvm83On5NwpAxJr40ohmau/J3KaWDtJIteZUBzZZW8m/ud1M4xvwlyoNEOu2GJRnEmCmsx+JwNhOEM5cYQyI9ythI2ooQxdQmUXQrD88ippXdYCvxY8XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gD7/MHDfqPXg==</latexit>

}
<latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit>

! 6
<latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit><latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit><latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit><latexit sha1_base64="UxMXOLCkNERS2uXRVUiyauq/N48=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsX9qlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbR1YGGbeY99MmAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZOQq3615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmiCnynAmcFrpZRpTysZ0iF1LJY1RB/n82Ck5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fNTHQT5FymmUHJFh9FmSA24iw5GXCFzIiJJZQpbm8lbEQVZcb2U7EleMuRV0nrou65de/hsta4Leoowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYjJacYucY/sD5/AEtwI5B</latexit>

! 8 or 2
<latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit><latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit><latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit><latexit sha1_base64="0QJiqeA7eOnIR0IDU0zcgv9WNIk=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBBdSkiLYZdGNywq2FppQJtNJO3QuYWYilNiFr+LGhSJufQ13vo2TNgtt/WHg4z/nMOf8UcKoNp737ZRWVtfWN8qbla3tnd09d/+go2WqMGljyaTqRkgTRgVpG2oY6SaKIB4xch+Nr/P6/QNRmkpxZyYJCTkaChpTjIy1+u5RYCRswOAcZoHiUKppzvW+W/Vq3kxwGfwCqqBQq+9+BQOJU06EwQxp3fO9xIQZUoZiRqaVINUkQXiMhqRnUSBOdJjN9p/CU+sMYCyVfcLAmft7IkNc6wmPbCdHZqQXa7n5X62XmrgRZlQkqSECzz+KUwbtzXkYcEAVwYZNLCCsqN0V4hFSCBsbWcWG4C+evAydes33av7tRbV5VcRRBsfgBJwBH1yCJrgBLdAGGDyCZ/AK3pwn58V5dz7mrSWnmDkEf+R8/gDnJpQU</latexit>

Xu = �X113⇥3
<latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit><latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit><latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit><latexit sha1_base64="+oDtzMRLmCc3gU6RALNzf86UUP0="></latexit>

Xd = X213⇥3
<latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit><latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit><latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit><latexit sha1_base64="gOA9RsZ0TlX/6huZIfNGbkuNEBQ="></latexit>}

<latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit>

2s2�
<latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit><latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit><latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit><latexit sha1_base64="wa77yY8wm9iSYTzsIsRhC8dMQ9w=">AAACDHicbZDNSgMxFIUz/tb6V3XpJlgEV2WmCLosunFZwf7AdCxJ5k4bmpkMSUYoQ1/BnVt9CXfi1nfwHXwI03YW2vZA4HDOvXDz0VRwbVz321lb39jc2i7tlHf39g8OK0fHbS0zxaDFpJCqS4kGwRNoGW4EdFMFJKYCOnR0O+07T6A0l8mDGacQxGSQ8IgzYmzk17Hu9ygY8ljvV6puzZ0JLxuvMFVUqNmv/PRCybIYEsME0dr33NQEOVGGMwGTci/TkBI2IgPwrU1IDDrIZydP8LlNQhxJZV9i8Cz9u5GTWOtxTO1kTMxQL3bTcGVHqRThqsbPTHQd5DxJMwMJm58QZQIbiadkcMgVMCPG1hCmuP0FZkOiCDOWX9ni8RZhLJt2vea5Ne/+stq4KUCV0Ck6QxfIQ1eoge5QE7UQQxK9oFf05jw7786H8zkfXXOKnRP0T87XL8N0mww=</latexit>

�2c2�
<latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit><latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit><latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit><latexit sha1_base64="aFF+ZWCBrYAqQs4kHKJlpjYzIYY=">AAACDnicbZDNSgMxFIUz/tb6V3XpJlgEN5aZIuiy6MZlBfsD7ViSTKYNzWTG5I5Qhr6DO7f6Eu7Era/gO/gQpu0stO2BwOGce+Hmo4kUBlz321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws25QYLoXiDRAgeTvRnERU8hYd3kz61hPXRsTqHkYJ9yPSVyIUjICN/HNcxazXpRzIQ7VXKrsVdyq8aLzclFGueq/00w1ilkZcAZPEmI7nJuBnRINgko+L3dTwhLAh6fOOtYpE3PjZ9OgxPrVJgMNY26cAT9O/GxmJjBlF1E5GBAZmvpuESztKYxksazophFd+JlSSAldsdkKYSgwxnrDBgdCcgRxZQ5gW9heYDYgmDCzBosXjzcNYNM1qxXMr3t1FuXadgyqgY3SCzpCHLlEN3aI6aiCGHtELekVvzrPz7nw4n7PRFSffOUL/5Hz9AnNLm10=</latexit>

}
<latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit><latexit sha1_base64="NhaAQq73ElYKjB8VBuHNyb9wDDo=">AAACA3icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLohuXVewPtEPJZDJtaCYZkoxQhi7dudWXcCdufRDfwYcw085C2x4IHM65F26+IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb/O+80SVZlI8mklC/RgPBYsYwcZGD/3poFpz6+5MaNl4halBoeag+tMPJUljKgzhWOue5ybGz7AyjHA6rfRTTRNMxnhIe9YKHFPtZ7NLp+jMJiGKpLJPGDRL/25kONZ6Egd2MsZmpBe7PFzZBYHk4aqml5ro2s+YSFJDBZmfEKUcGYlyIChkihLDJ9Zgopj9BSIjrDAxFlvF4vEWYSyb9kXdc+ve/WWtcVOAKsMJnMI5eHAFDbiDJrSAQAQv8ApvzrPz7nw4n/PRklPsHMM/OV+/042X3w==</latexit>

Xe = X1 or 213⇥3
<latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit><latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit><latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit><latexit sha1_base64="+h2ALs8A4amTC9ngwW3bV3KwQ8I="></latexit>

Xu +Xe / X1 �X1 or 2
<latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit><latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit><latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit><latexit sha1_base64="7LhMtOMg0Hj0xWc8FS0xXU289Os="></latexit>

Xu +Xd / X1 �X2
<latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit><latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit><latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit><latexit sha1_base64="D+ZeW7nq1701RYXKFOI1OBvpm4g="></latexit>

only 2 parameters! 

(& 1 discrete choice)



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 relic density

Correct abundance for

[axion essentially stable for                       ]

⌦DMh2 ⇡ 0.1
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Axion Searches
Axion searches typically rely on axion-photon coupling

ga�� ⇠ E

N

1

1016GeV

ma

µeV

1/ma

L � ga��a ~E · ~B

Haloscopes: DM axion
static B-field 

photon  E� ⇠ ma}
microwave cavities of size

resonantly detected by 

Helioscopes: nuclear E-field Solar photon axion Ea ⇠ keV}
converted back to X-ray 

photons with static B-fields

ADMX 

CAST/IAXO 



Astrophysical Bounds

Large axion couplings to matter would allow 
to radiate off energy in astrophysical objects

White Dwarf cooling: 
constrain electron couplings

Supernova neutrino burst duration: 
constrain nucleon couplings

Evolution of Horizontal Branch stars: 
constrain photon couplings 

ma <
3 · 10�1 eV

C�
<latexit sha1_base64="xlxlrr4J1hahOY8+fhtYanml5B0=">AAACG3icbVDLSsNAFJ3UV62vqks3g0VwoSWpgi5cFLtxWcE+oKnhZjpph84kYWYilJD/cOOvuHGhiCvBhX/j9LHQ1gMXDufcy733+DFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2z4oyllIG5ppTtuxpCB8Tlv+sDb2Ww9UKhaFd3oU066AfsgCRkAbyStWhAf4CruBBJKeYZf0Io0d+z49dTLsnuDUlQLTZpalNc/tgxCQecWSXbYnwIvEmZESmqHuFT/dXkQSQUNNOCjVcexYd1OQmhFOs4KbKBoDGUKfdgwNQVDVTSe/ZfjIKD0cRNJUqPFE/T2RglBqJHzTKUAP1Lw3Fv/zOokOLrspC+NE05BMFwUJxzrC46Bwj0lKNB8ZAkQycysmAzAxaRNnwYTgzL+8SJqVsmOXndvzUvV6FkceHaBDdIwcdIGq6AbVUQMR9Iie0St6s56sF+vd+pi25qzZzD76A+vrBweTn5U=</latexit><latexit sha1_base64="xlxlrr4J1hahOY8+fhtYanml5B0=">AAACG3icbVDLSsNAFJ3UV62vqks3g0VwoSWpgi5cFLtxWcE+oKnhZjpph84kYWYilJD/cOOvuHGhiCvBhX/j9LHQ1gMXDufcy733+DFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2z4oyllIG5ppTtuxpCB8Tlv+sDb2Ww9UKhaFd3oU066AfsgCRkAbyStWhAf4CruBBJKeYZf0Io0d+z49dTLsnuDUlQLTZpalNc/tgxCQecWSXbYnwIvEmZESmqHuFT/dXkQSQUNNOCjVcexYd1OQmhFOs4KbKBoDGUKfdgwNQVDVTSe/ZfjIKD0cRNJUqPFE/T2RglBqJHzTKUAP1Lw3Fv/zOokOLrspC+NE05BMFwUJxzrC46Bwj0lKNB8ZAkQycysmAzAxaRNnwYTgzL+8SJqVsmOXndvzUvV6FkceHaBDdIwcdIGq6AbVUQMR9Iie0St6s56sF+vd+pi25qzZzD76A+vrBweTn5U=</latexit><latexit sha1_base64="xlxlrr4J1hahOY8+fhtYanml5B0=">AAACG3icbVDLSsNAFJ3UV62vqks3g0VwoSWpgi5cFLtxWcE+oKnhZjpph84kYWYilJD/cOOvuHGhiCvBhX/j9LHQ1gMXDufcy733+DFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2z4oyllIG5ppTtuxpCB8Tlv+sDb2Ww9UKhaFd3oU066AfsgCRkAbyStWhAf4CruBBJKeYZf0Io0d+z49dTLsnuDUlQLTZpalNc/tgxCQecWSXbYnwIvEmZESmqHuFT/dXkQSQUNNOCjVcexYd1OQmhFOs4KbKBoDGUKfdgwNQVDVTSe/ZfjIKD0cRNJUqPFE/T2RglBqJHzTKUAP1Lw3Fv/zOokOLrspC+NE05BMFwUJxzrC46Bwj0lKNB8ZAkQycysmAzAxaRNnwYTgzL+8SJqVsmOXndvzUvV6FkceHaBDdIwcdIGq6AbVUQMR9Iie0St6s56sF+vd+pi25qzZzD76A+vrBweTn5U=</latexit><latexit sha1_base64="xlxlrr4J1hahOY8+fhtYanml5B0=">AAACG3icbVDLSsNAFJ3UV62vqks3g0VwoSWpgi5cFLtxWcE+oKnhZjpph84kYWYilJD/cOOvuHGhiCvBhX/j9LHQ1gMXDufcy733+DFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2z4oyllIG5ppTtuxpCB8Tlv+sDb2Ww9UKhaFd3oU066AfsgCRkAbyStWhAf4CruBBJKeYZf0Io0d+z49dTLsnuDUlQLTZpalNc/tgxCQecWSXbYnwIvEmZESmqHuFT/dXkQSQUNNOCjVcexYd1OQmhFOs4KbKBoDGUKfdgwNQVDVTSe/ZfjIKD0cRNJUqPFE/T2RglBqJHzTKUAP1Lw3Fv/zOokOLrspC+NE05BMFwUJxzrC46Bwj0lKNB8ZAkQycysmAzAxaRNnwYTgzL+8SJqVsmOXndvzUvV6FkceHaBDdIwcdIGq6AbVUQMR9Iie0St6s56sF+vd+pi25qzZzD76A+vrBweTn5U=</latexit>

ma <
4 · 10�3 eV

|CN |
<latexit sha1_base64="X3qlUQTQRAdaPgdrL7j5JOl0GH8=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwoTXRgi5cFLtxJRXsA5oYJpNJO3QmCTMToaT5DDf+ihsXirjtzr9x+lho64ELh3Pu5d57vJhRqUzz28gtLa+sruXXCxubW9s7xd29powSgUkDRywSbQ9JwmhIGooqRtqxIIh7jLS8fm3st56IkDQKH9QgJg5H3ZAGFCOlJbd4xl0Er6EdCITTCrSxHylomY/p6UUG7ROY2oJD0syydFhz74aZWyyZZXMCuEisGSmBGepucWT7EU44CRVmSMqOZcbKSZFQFDOSFexEkhjhPuqSjqYh4kQ66eSxDB5pxYdBJHSFCk7U3xMp4lIOuKc7OVI9Oe+Nxf+8TqKCKyelYZwoEuLpoiBhUEVwnBL0qSBYsYEmCAuqb4W4h3RGSmdZ0CFY8y8vkuZ52TLL1n2lVL2ZxZEHB+AQHAMLXIIquAV10AAYPINX8A4+jBfjzfg0vqatOWM2sw/+wBj9AMKanmE=</latexit><latexit sha1_base64="X3qlUQTQRAdaPgdrL7j5JOl0GH8=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwoTXRgi5cFLtxJRXsA5oYJpNJO3QmCTMToaT5DDf+ihsXirjtzr9x+lho64ELh3Pu5d57vJhRqUzz28gtLa+sruXXCxubW9s7xd29powSgUkDRywSbQ9JwmhIGooqRtqxIIh7jLS8fm3st56IkDQKH9QgJg5H3ZAGFCOlJbd4xl0Er6EdCITTCrSxHylomY/p6UUG7ROY2oJD0syydFhz74aZWyyZZXMCuEisGSmBGepucWT7EU44CRVmSMqOZcbKSZFQFDOSFexEkhjhPuqSjqYh4kQ66eSxDB5pxYdBJHSFCk7U3xMp4lIOuKc7OVI9Oe+Nxf+8TqKCKyelYZwoEuLpoiBhUEVwnBL0qSBYsYEmCAuqb4W4h3RGSmdZ0CFY8y8vkuZ52TLL1n2lVL2ZxZEHB+AQHAMLXIIquAV10AAYPINX8A4+jBfjzfg0vqatOWM2sw/+wBj9AMKanmE=</latexit><latexit sha1_base64="X3qlUQTQRAdaPgdrL7j5JOl0GH8=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwoTXRgi5cFLtxJRXsA5oYJpNJO3QmCTMToaT5DDf+ihsXirjtzr9x+lho64ELh3Pu5d57vJhRqUzz28gtLa+sruXXCxubW9s7xd29powSgUkDRywSbQ9JwmhIGooqRtqxIIh7jLS8fm3st56IkDQKH9QgJg5H3ZAGFCOlJbd4xl0Er6EdCITTCrSxHylomY/p6UUG7ROY2oJD0syydFhz74aZWyyZZXMCuEisGSmBGepucWT7EU44CRVmSMqOZcbKSZFQFDOSFexEkhjhPuqSjqYh4kQ66eSxDB5pxYdBJHSFCk7U3xMp4lIOuKc7OVI9Oe+Nxf+8TqKCKyelYZwoEuLpoiBhUEVwnBL0qSBYsYEmCAuqb4W4h3RGSmdZ0CFY8y8vkuZ52TLL1n2lVL2ZxZEHB+AQHAMLXIIquAV10AAYPINX8A4+jBfjzfg0vqatOWM2sw/+wBj9AMKanmE=</latexit><latexit sha1_base64="X3qlUQTQRAdaPgdrL7j5JOl0GH8=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwoTXRgi5cFLtxJRXsA5oYJpNJO3QmCTMToaT5DDf+ihsXirjtzr9x+lho64ELh3Pu5d57vJhRqUzz28gtLa+sruXXCxubW9s7xd29powSgUkDRywSbQ9JwmhIGooqRtqxIIh7jLS8fm3st56IkDQKH9QgJg5H3ZAGFCOlJbd4xl0Er6EdCITTCrSxHylomY/p6UUG7ROY2oJD0syydFhz74aZWyyZZXMCuEisGSmBGepucWT7EU44CRVmSMqOZcbKSZFQFDOSFexEkhjhPuqSjqYh4kQ66eSxDB5pxYdBJHSFCk7U3xMp4lIOuKc7OVI9Oe+Nxf+8TqKCKyelYZwoEuLpoiBhUEVwnBL0qSBYsYEmCAuqb4W4h3RGSmdZ0CFY8y8vkuZ52TLL1n2lVL2ZxZEHB+AQHAMLXIIquAV10AAYPINX8A4+jBfjzfg0vqatOWM2sw/+wBj9AMKanmE=</latexit>

ma <
3 · 10�3 eV
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Flavored Axions

Tree-level flavor-violating axion 
couplings are strongly constrained

µ ! ea�

B ! Ka

K ! ⇡a

(Crystal Box, ’88)

(E787+E949, ’08)

(CLEO, ’01)
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We propose a new class of generalized DFSZ-like axion models with Peccei-Quinn charges com-
patible with a 2+1 flavor structure. Within this general framework we focus on four models that
depend on a few additional parameters controlling the flavor misaligment of Peccei-Quinn gener-
ators and Yukawas. These parameters allow to simultaneously suppress the couplings to nucleons
and electrons down to the percent level (with a tuning of similar order), so that the most stringent
bounds from astrophysics can be reduced by one order of magnitude. The axion can be as heavy
as O(0.2) eV and has several interesting phenomenological aspects: i) an improved visibility at
the IAXO facility; ii) the complementarity with low-energy flavor experiments; iii) the possibility
of non-standard axion dark matter in the heavy mass window and iv) the potential of explaining
various hints of anomalous energy loss in stars.

Introduction. One of the main mysteries of the
standard model (SM) is the absence of CP vio-
lation in strong interactions. Although proposed
four decades ago, the Peccei-Quinn (PQ) mecha-
nism [1, 2] still provides the most elegant solution
to the strong CP problem and predicts the axion as
a low-energy remnant [3, 4]. A set of laboratory,
astrophysical and cosmological constraints typically
requires the axion to be extremely light and decou-
pled, so that it can also serve as a viable dark mat-
ter (DM) candidate. It was only until recently that
haloscopes have started to probe this “invisible” ax-
ion mass region [5]. These advances, together with
many recently proposed small-scale experiments (for
a partial account, see Ref. [6]), has triggered a re-
newed interest of the physics community in the ax-
ion hunt.

It is hence interesting to explore axion models
whose properties can sizably deviate from those of
the standard KSVZ [7, 8] and DFSZ [9, 10] scenarios,
that are often used as benchmarks in order to assess
experimental sensitivities and astrophysical bounds.
While it is conceptually easy to build models with
suppressed axion couplings to electrons [7, 8, 11]
or photons [12–14], a sizable axion coupling to nu-
cleons is considered to be the most robust predic-
tion of axion models, and is also responsible for the
often quoted [15] upper bound on the axion mass
ma . 20 meV from the burst duration of the neu-
trino signal in the Supernova (SN) 1987A. In DFSZ
models bounds of similar order arise from the ax-
ion coupling to electrons that are constrained by
white-dwarf (WD) cooling and red giants evolution
in globular clusters, for a review see Ref. [16].

In this letter, we explore the possibility to sup-
press the axion coupling to nucleons (and electrons)
in the context of generalized DFSZ-like axion models
with non-universal PQ charges. This allows to re-

lax the stringent bounds on the axion mass from SN
and WD observations and to push the axion mass
up to ma ⇠ 0.2 eV. These models are interesting in
many respects: i) they will be probed at the next
generation of helioscope experiments like the IAXO
facility [17] (while usual DFSZ and KSVZ models in
the IAXO window are in tension with SN and WD
constraints); ii) they necessarily imply flavor non-
universal tree-level axion couplings to SM fermions,
which induce flavor-violating decays like K ! ⇡a,
µ ! ea or ⌧ ! ea, providing the opportunity to
test the QCD axion in precision flavor experiments;
iii) they can feature non-standard axion DM in the
heavy mass window [18–20] and iv) they can pro-
vide an explanation of various astrophysical hints of
anomalous energy loss in stars [21, 22].

Axion couplings to nucleons. At energies below
the electroweak scale the axion e↵ective Lagrangian
(including general flavor-violating couplings) is

La =
1

2
(@µa)

2 +
a

fa

↵s

8⇡
G

a
µ⌫G̃

a,µ⌫ (1)

+
a

fa

↵em

8⇡

E

N
Fµ⌫ F̃

µ⌫ +
@µa

2fa
f i�

µ(CV
ij + C

A
ij�5)fj ,

where the second term defines the axion decay
constant fa, the dual field strengths are G̃

a,µ⌫ =
1
2✏

µ⌫⇢�
G

a
⇢� and F̃

µ⌫ = 1
2✏

µ⌫⇢�
F⇢�, and fi runs over

SM quark and lepton generations. E/N is the ratio
between the electromagnetic and color anomaly co-
e�cients, which together with C

V,A
ij depend on the

specific axion model.

We are mainly interested in the axion couplings to
protons (p), neutrons (n), electrons (e) and photons
(�). For energies well below the QCD mass gap,
the interactions of the axion are captured by the

ma <
3 · 10�3 eV

|Cµe|
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ma <
2 · 10�5 eV

|CV
sd|
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ma <
9 · 10�2 eV

|CV
bs|
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Flavor Violation in DFSZ

In DFSZ flavor-violating axion couplings vanish 
at tree-level since Yukawas and PQ aligned 

⇥
PQu, Y

†
uYu

⇤
= 0

Flavor Violation  loop&CKM suppressed (MFV)

CV
sd ⇠ Ct

y2t
16⇡2

V ⇤
tsVtd ⇠ Ct

y2t
16⇡2

�5
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Flavored Axion Models

In general get flavor-violating axion couplings at tree-
level from misalignment of PQ charges and Yukawas

⇥
PQu, Y

†
uYu

⇤
6= 0

 PQ = FN 
misalignment from 

fermion masses

2+1 DFSZ
misalignment is 
free parameter

Here discuss two examples:



Non-universal DFSZ Models
Generalized DFSZ-type models with 2Higgs

Depend on 2 misalignment parameters in each sector

✏fij ⌘ (Vf )
⇤
i3(Vf )j3
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PQ charges universal for two generations

Can have large flavor violation in all sectors!



Nucleophobic DFSZ Models

Can e.g. use to construct nucleophobic axion models 
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e↵ective Lagrangian

L
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µ
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µ
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µ
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+
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C�Fµ⌫ F̃
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Recent calculations [23] give C� = E/N � 1.92(4),
while the couplings with protons and neutrons can
be cast in terms of the ultraviolet (UV) ones Cq ⌘

C
A
qq(µ = fa) as [24]

Cp + Cn = 0.50(5) (Cu + Cd � 1)� 2� , (3)

Cp � Cn = 1.273(2)

✓
Cu � Cd �

1� z

1 + z

◆
. (4)

Here z = mu/md = 0.48(3) and � ⌘ 0.038(5)Cs +
0.012(5)Cc + 0.009(2)Cb + 0.0035(4)Ct arises from
running e↵ects. Hence, Cp and Cn simultaneously
vanish for

Cu + Cd = 1 + 4� ' 1 ,

Cu = 1/(1 + z) + 2� ' 2/3 ,
(5)

which defines the nucleophobic axion. It is worth
stressing that the choice Cu + Cd = 1 and Cu =
1/(1 + z) still leads to a significant suppression of
nucleon couplings of about 5% compared to generic
O(1) values for Cu,d. As we will discuss below, such
a choice can be motivated in specific UV models
where Cu+Cd is a rational number while Cu depends
on a continuous parameter. Remarkably, nucleopho-
bia implies that the axion-pion coupling given by the
isospin breaking contribution / (1� z) is cancelled,
thus ensuring also pionphobia (for a recent model of
ultra-heavy pionphobic axions see [25]).
It is clear that in the common KSVZ and DFSZ

axion models Eq. (5) cannot be satisfied even ap-
proximately; in the first case Cu = Cd = 0 at tree
level, while in the latter Cu + Cd = 1/3. Indeed
in any DFSZ-like model without new fermions and
flavor-universal PQ charges one finds, independently
of the number of Higgs doublets, Cu + Cd = 1/Nf ,
where Nf = 3 is the number of quark generations.

The flavor non-universal DFSZ axion. As we
have just discussed, a necessary requirement for nu-
cleophobic DFSZ-like axion models is flavor non-
universal PQ charges. In this case the misalign-
ment between the diagonal PQ charge matrix and
the Yukawa couplings becomes physical and con-
tributes to axion-fermion couplings. In general this
introduces a plethora of misalignment parameters,
on top of the large freedom in choosing PQ charges.
Therefore we propose a class of “next-to-minimal”
DFSZ axion models, in which the number of mis-
alignment parameters and possible charge assign-
ments is drastically reduced. In this spirit we only
consider PQ charge assignments that are compatible
with a 2+1 flavor structure (i.e. universal charges for
two generations), which is motivated also by the ob-
served breaking pattern of global flavor symmetries

in the Yukawa sector [26]. Within this framework
the flavor misalignment in each fermion sector can
be parametrized by the parameters ✏fij defined by

✏
fL/R

ij ⌘ (VfL/R)
⇤
3i(VfL/R)3j , (6)

where VfL,fR are the unitary rotations that connect

interaction and mass basis, V
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diag
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The flavor-diagonal axion-fermion couplings Cfifi

then depend in general on the real parameters 0 
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1/2.
In order to asses the misalignemnt parameters one

could combine this setup with explicit flavor models
based on approximate U(2) symmetries (or discrete
subgroups) [27–31], and connect the misalignment
parameters directly to the underlying flavor dynam-
ics. Another possibility is to make only simplifying
assumptions on the size of these parameters, based
on the hierarchical structure of fermion masses and
mixings, but otherwise treat them as free parame-
ters. For example, it is reasonable to assume that
VUL and VDL are at most CKM-like, which would
imply that
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where � = 0.2 is of the order of the Cabibbo an-
gle. Within this assumption the flavor-diagonal ax-
ion couplings to left-handed (LH) up- and down-
quarks are determined solely by PQ charges to
good approximation, and ✏uL,dL

ii enter only in flavor-
diagonal couplings.

While a discussion of the general framework will
be presented elsewhere [32], in this letter we fo-
cus on a particular subclass of models that can re-
alize the phenomenologically interesting possibility
of an axion that is to large extent nucleophobic,
i.e. Cu + Cd = 1, Cu = 1/(1 + z) and electropho-

bic, i.e. Ce ' 0. In these scenarios the stringent
bounds from WD are removed, while the SN bounds
on the axion mass are relaxed by about a factor 20,
allowing for axions as heavy as 0.2 eV. We there-
fore refer to these models as astrophobic, although
the couplings to photons can be large and indeed
an important constraint on the axion mass comes
from the evolution of horizontal branch (HB) stars.
In the following section we explicitly spell out the
structure of one such model and report the results of
three similar models with distinct phenomenology.

The astrophobic DFSZ axion. To the SM
fermion fields we add two Higgs doublets h1,2 with
hypercharge Y = �1/2 and a SM singlet �. The
Yukawa Lagrangian is given by
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where a, b = (1, 2) is a family index and f = (u, d, e).
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isospin breaking contribution / (1� z) is cancelled,
thus ensuring also pionphobia (for a recent model of
ultra-heavy pionphobic axions see [25]).
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axion models Eq. (5) cannot be satisfied even ap-
proximately; in the first case Cu = Cd = 0 at tree
level, while in the latter Cu + Cd = 1/3. Indeed
in any DFSZ-like model without new fermions and
flavor-universal PQ charges one finds, independently
of the number of Higgs doublets, Cu + Cd = 1/Nf ,
where Nf = 3 is the number of quark generations.
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universal PQ charges. In this case the misalign-
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the Yukawa couplings becomes physical and con-
tributes to axion-fermion couplings. In general this
introduces a plethora of misalignment parameters,
on top of the large freedom in choosing PQ charges.
Therefore we propose a class of “next-to-minimal”
DFSZ axion models, in which the number of mis-
alignment parameters and possible charge assign-
ments is drastically reduced. In this spirit we only
consider PQ charge assignments that are compatible
with a 2+1 flavor structure (i.e. universal charges for
two generations), which is motivated also by the ob-
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in the Yukawa sector [26]. Within this framework
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be parametrized by the parameters ✏fij defined by
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parameters directly to the underlying flavor dynam-
ics. Another possibility is to make only simplifying
assumptions on the size of these parameters, based
on the hierarchical structure of fermion masses and
mixings, but otherwise treat them as free parame-
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on the axion mass are relaxed by about a factor 20,
allowing for axions as heavy as 0.2 eV. We there-
fore refer to these models as astrophobic, although
the couplings to photons can be large and indeed
an important constraint on the axion mass comes
from the evolution of horizontal branch (HB) stars.
In the following section we explicitly spell out the
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three similar models with distinct phenomenology.
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and we introduce H
f = (h1, h̃2, h̃1) and Ĥ

f =
(h2, h̃1, h̃2) with h̃i = i�

2
h
⇤
i . Eq. (8) is invariant

under a U(1)PQ symmetry with a fermion charge
assignment that is fixed in terms of the two Higgs
charges X1,2 as can be read o↵ from the Yukawa La-
grangian. In order to break the residual U(1) sym-
metry and thus fix X2 in terms of X1 and the singlet
charge (normalized to X� = 1), the Lagrangian con-
tains a term that couples the three scalars in either
of two possible ways, depending on Higgs charge dif-
ference �12 ⌘ X1 �X2 2 {1, 2}, i.e.

Lh� =
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†
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2 + h.c. �12 = 2
. (9)

There is also a scalar potential consistent with the
PQ symmetry that we do not specify, but that can
be assumed to generate the electroweak vacuum ex-
pectation values (vev) for h1,2 and a much larger
vev for �, which we parametrize as

hh1i =
c�v
p
2
, hh2i =

s�v
p
2
, h�i =

�12fa
p
2

, (10)

where we used the shorthand s� ⌘ sin�, c� ⌘ cos�.
Fpr simplicity we assume the decoupling limit of the
two Higgs doublet model (2HDM) where the e↵ec-
tive field theory below fa is just the SM.
Finally the Higgs charge X1 is fixed in terms of

the vacuum angle s� and the parameter �12 as
X1 = ��12s

2
� , in order to ensure that the PQ Gold-

stone is orthogonal to the Goldstone eaten up by
the Z-boson. The axion couplings in Eq. (1) are
then completely determined as functions of the vac-
uum angle s� and the flavor misalignment parame-

ters ✏
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ij defined in Eq. (6). The results for diago-
nal axial-vector and the non-vanishing o↵-diagonal
fermion couplings are
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where for the o↵-diagonal couplings (i 6= j) the
vector (axial-vector) couplings refer to the upper
(lower) sign, respectively. Note that the discrete pa-
rameter �12 2 {1, 2} drops out from the expressions
in Eq. (11) and only a↵ects the value of the domain
wall number NDW ⌘ 2N = �12. Finally the ratio
of electromagnetic and color anomaly coe�cients is
given by E/N = 2/3.
We now make the assumption that VUL and VDL

are at most CKM-like (see Eq. (7)), which fixes the
diagonal quark couplings up to small corrections and
ensures that flavor-violating axion-quark couplings
in Eq. (11) are strongly suppressed. Plugging back
Eq. (7) in Eq. (11) we find

Cu = Cc ' c
2
� , Ct ' �s

2
� ,

Cd = Cs ' s
2
� , Cb ' �c

2
� .

(12)

Hence a nucleophobic axion can be realized via a sin-
gle tuning of the angle � s.t. c2� = 1/(1 + z) ' 0.68.
Note that this tuning needs to be exact only at the
3% level, in order to ensure a su�cient suppression
of the axion couplings to nucleons of the level of the
contribution due to � in Eq. (3) [33].

In order to make the axion astrophobic,
i.e. achieve also Ce ' 0, we need a tuning of simi-
lar size for the alignment parameter ✏eL11 ' c

2
� . Note

that such a large value of the corresponding VEL ro-
tation can be motivated by the large mixing angles
in the PMNS matrix. It is also possible to realize an
astrophobic axion without tuning, just by assuming
small mixing angles in the charged lepton sector and
accommodating PQ charges s.t. Cu+Ce = 2/3, how-
ever one needs a DFSZ model with three Higgs dou-
blets [32]. Apart from Ce ' 0, the axion couplings
to charged leptons are then fixed up to a single free
misalignment parameter ✏

eL
22 . As we will see in the

next section, the constraints on flavor-violating ax-
ion couplings to µ� e in the axion mass window of
interest imply that ✏eL22 ⌧ 1, so that all couplings to
charged leptons are fixed to good approximation.

In a similar fashion one can construct other as-
trophobic axion models within generalized 2HDM
DFSZ-like frameworks. Interestingly, besides the
model presented in details above (dubbed as M1),
the astrophobic requirement allows to construct
only other three models (M2, M3, M4) characterized
by di↵erent photon couplings. While the details will
be presented in Ref. [32], their predictions for the
domain wall number, the anomaly coe�cients, the
diagonal fermion couplings to light quarks and elec-
tron and the flavor o↵-diagonal fermion couplings
are given in Table I. These models go along with
the assumptions about the misalignment angles and
a tuning of c2� = 1/(1 + z). Their main features are:

•ModelsM1 andM2 have anomaly coe�cients E/N

equal to 2/3 and 8/3 respectively. Nucleophobia
is achieved by assuming at most CKM-like mixing
angles, see Eqs. (7) and (12). Electrophobia is ob-
tained by tuning the LH charged lepton rotation an-
gles as ✏eL11 ' c

2
� for M1 and ✏

eL
11 ' s

2
� for M2.

•ModelsM3 andM4 have anomaly coe�cients E/N

equal to �4/3 and 14/3 respectively. We now need
large rotations in the right-handed (RH) quarks sec-
tor, ✏uR

11 ' 1 (M3) and ✏
dR
11 ' 1 (M4), to achieve nu-

cleophobia. These introduce another tuning of the
order of 3%. Electrophobia is instead obtained by
choosing ✏

eL
11 ' c

2
� for M3 and ✏

eL
11 ' s

2
� for M4.

For all models we find that: i) the top Yukawa cou-
pling remains perturbative up to the Planck scale;
ii) NDW = �12 so that a trivial domain wall num-
ber can be realized, in contrast to common DFSZ
models and iii) flavor-violating axion couplings to
fermions are present and therefore are subject to
precision flavor constraints that we will discuss in
the next section.
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running e↵ects. Hence, Cp and Cn simultaneously
vanish for
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which defines the nucleophobic axion. It is worth
stressing that the choice Cu + Cd = 1 and Cu =
1/(1 + z) still leads to a significant suppression of
nucleon couplings of about 5% compared to generic
O(1) values for Cu,d. As we will discuss below, such
a choice can be motivated in specific UV models
where Cu+Cd is a rational number while Cu depends
on a continuous parameter. Remarkably, nucleopho-
bia implies that the axion-pion coupling given by the
isospin breaking contribution / (1� z) is cancelled,
thus ensuring also pionphobia (for a recent model of
ultra-heavy pionphobic axions see [25]).
It is clear that in the common KSVZ and DFSZ

axion models Eq. (5) cannot be satisfied even ap-
proximately; in the first case Cu = Cd = 0 at tree
level, while in the latter Cu + Cd = 1/3. Indeed
in any DFSZ-like model without new fermions and
flavor-universal PQ charges one finds, independently
of the number of Higgs doublets, Cu + Cd = 1/Nf ,
where Nf = 3 is the number of quark generations.

The flavor non-universal DFSZ axion. As we
have just discussed, a necessary requirement for nu-
cleophobic DFSZ-like axion models is flavor non-
universal PQ charges. In this case the misalign-
ment between the diagonal PQ charge matrix and
the Yukawa couplings becomes physical and con-
tributes to axion-fermion couplings. In general this
introduces a plethora of misalignment parameters,
on top of the large freedom in choosing PQ charges.
Therefore we propose a class of “next-to-minimal”
DFSZ axion models, in which the number of mis-
alignment parameters and possible charge assign-
ments is drastically reduced. In this spirit we only
consider PQ charge assignments that are compatible
with a 2+1 flavor structure (i.e. universal charges for
two generations), which is motivated also by the ob-
served breaking pattern of global flavor symmetries

in the Yukawa sector [26]. Within this framework
the flavor misalignment in each fermion sector can
be parametrized by the parameters ✏fij defined by

✏
fL/R

ij ⌘ (VfL/R)
⇤
3i(VfL/R)3j , (6)

where VfL,fR are the unitary rotations that connect

interaction and mass basis, V
†
fLmfVfR = m

diag
f .

The flavor-diagonal axion-fermion couplings Cfifi

then depend in general on the real parameters 0 

✏
f
ii  1 with

P
i ✏

f
ii = 1, while flavor-violating cou-

plings depend on |✏
f
i 6=j | = (✏fii✏

f
jj)

1/2.
In order to asses the misalignemnt parameters one
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based on approximate U(2) symmetries (or discrete
subgroups) [27–31], and connect the misalignment
parameters directly to the underlying flavor dynam-
ics. Another possibility is to make only simplifying
assumptions on the size of these parameters, based
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ters. For example, it is reasonable to assume that
VUL and VDL are at most CKM-like, which would
imply that

✏
uL,dL
11 . �

6
, ✏

uL,dL
22 . �

4
, ✏

uL,dL
33 ' 1 , (7)

where � = 0.2 is of the order of the Cabibbo an-
gle. Within this assumption the flavor-diagonal ax-
ion couplings to left-handed (LH) up- and down-
quarks are determined solely by PQ charges to
good approximation, and ✏uL,dL

ii enter only in flavor-
diagonal couplings.

While a discussion of the general framework will
be presented elsewhere [32], in this letter we fo-
cus on a particular subclass of models that can re-
alize the phenomenologically interesting possibility
of an axion that is to large extent nucleophobic,
i.e. Cu + Cd = 1, Cu = 1/(1 + z) and electropho-

bic, i.e. Ce ' 0. In these scenarios the stringent
bounds from WD are removed, while the SN bounds
on the axion mass are relaxed by about a factor 20,
allowing for axions as heavy as 0.2 eV. We there-
fore refer to these models as astrophobic, although
the couplings to photons can be large and indeed
an important constraint on the axion mass comes
from the evolution of horizontal branch (HB) stars.
In the following section we explicitly spell out the
structure of one such model and report the results of
three similar models with distinct phenomenology.

The astrophobic DFSZ axion. To the SM
fermion fields we add two Higgs doublets h1,2 with
hypercharge Y = �1/2 and a SM singlet �. The
Yukawa Lagrangian is given by

Lyuk = y
f
33 

f
L3�

f
R3H

f + y
f
3a 

f
L3�

f
RaH

f

+ y
f
a3 

f
La�

f
R3Ĥ

f + y
f
ab 

f
La�

f
RbĤ

f + h.c. ,
(8)

where a, b = (1, 2) is a family index and f = (u, d, e).
Here  

f
L = (qL, qL, lL) and �

f
R = (uR, dR, eR)

✏uL
ij ⌘ (VUL)

⇤
i3(VUL)j3



Astrophobic Axion Models

Cu = c2� Cd = s2� Ce = �c2� + ✏eL11} }
nucleophobic for  
c2� ' 2/3 (5% tuning)

electrophobic for  
(5% tuning)✏eL11 ' 2/3

Note that in 3HDM 2/3 of astrophobic conditions 

Cu + Cd = 1
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Cu + Ce = 2/3
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can be realized by charge assignment (no tuning), while

Cu ⇡ 2/3
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only with adjustment of vacuum alignment angle
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Axion can be as heavy as 0.2 eV
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scopes (dotted black lines in Fig. 1) such as IAXO
[17, 44] (including the early phase BabyIAXO [45]
and the upgrade IAXO+ [22]) and TASTE [46] have
the sensitivity to probe axion masses up to 0.2 eV,
and thus will be crucial to constrain/discover the
astrophobic axion within a range of about one order
of magnitude in mass which is already excluded for
standard DFSZ and KSVZ models.

⇧ Precision Flavor Experiments: An interesting
feature of the astrophobic axions is that they neces-
sarily have flavor-violating couplings to quarks and
leptons. In the lepton sector the strongest lim-
its on the axion mass arise from µ � e transitions.
From Refs. [47, 48] one finds ma < 0.2 eV(1.7 ·

10�4
/(✏eL11 ✏

eL
22 ))

1/2. The slightly stronger bound
from Ref. [49] does not apply, as in our models the
axion couples only to LH leptons (see Tab. I). Since
electrophobia is achieved with large LH rotations
(✏eL11 = 1/(1 + z)), in order to have this constraint
not stronger than the SN bound, we therefore need
✏
eL
22 . 2.5 · 10�4. This implies that the correspond-
ing (large) PMNS mixing angle must come from
the neutrino sector. Moreover, since

P
i ✏

eL
ii = 1,

✏
eL
33 = z/(1 + z) is fixed and we predict

B⌧!ea = 6.7 · 10�6
⇣

ma

0.2 eV

⌘2
, (13)

which is about three orders of magnitude above the
present experimental bound [50].
In the quark sector the strongest bound comes

from K
+
! ⇡

+
a, which implies

BK+!⇡+a = 1.0 · 10�9
⇣

ma

0.2 eV

⌘2
✓
✏
d
11✏

d
22

�10

◆
, (14)

where ✏
d = ✏

dR for M4 and ✏
d = ✏

dL for M1/M2,
while M3 is automatically safe (cf. Tab. I). Compar-
ing to the present bound BK+!⇡+a < 7.3·10�11 [51],
this implies the constraint ✏

dR
22 . 10�9 in the

heavy axion window for M4, which renders this
model rather unrealistic. Instead in M1/M2 there
is an e�cient suppression by CKM angles, so that
the bounds from flavor physics become compara-
ble to the astrophysical ones, and the models might
be testable at NA62 that is expected to improve
BK+!⇡+a by about a factor 70 [52, 53] (this “fla-
vor window” is denoted by the vertical magenta line
in Fig. 1). The same holds for B ! Ka, which is
expected to be of the order

BB+!K+a = 3.8 · 10�7
⇣

ma

0.2 eV

⌘2
✓
✏
d
33✏

d
22

�4

◆
, (15)

which is about two order of magnitudes below the
present bound [54] and thus potentially in the reach
of BELLE II.

⇧ Axion DM in the heavy mass window: For
ma ⇠ 0.2 eV, the whole DM relic density cannot be
saturated via the axion misalignment mechanism.
However, ⌦a ' ⌦DM can be in principle obtained

via the additional contribution of topological defects
(string-wall system) in post-inflationary PQ break-
ing scenarios with NDW > 1 [18, 19]). This requires
an explicit breaking of the PQ symmetry in order
that the domain walls can decay before they satu-
rate the energy density of the Universe, but at the
same time the explicit breaking should not spoil the
solution to the strong CP problem. The lower val-
ues of fa allowed by the astrophobic models have
the welcome feature of reducing the level of tuning
in the source of explicit PQ breaking, required to
accommodate the previous two conditions [18, 19].
Another possibility to achieve axion DM at low de-
cay constants is given by cosmological production
via parametric resonance from the oscillating PQ-
breaking field, as recently proposed in Ref. [20].

⇧ Stellar cooling anomalies: Recent hints of
anomalous energy loss in stars at di↵erent evolu-
tionary stages [21, 22] can be more easily accom-
modated in astrophobic axion models with respect
to standard axions. Ref. [22] finds the best-fit
point for extra axion cooling in correspondence of
gae = 1.5 · 10�13 and ga� = 0.14 · 10�10 GeV�1.
While for DFSZ models this point is in tension with
the SN bound, it is instead consistent within the
allowed parameter space for the astrophobic axion,
thanks to suppressed axion-nucleon couplings and
to a tunable (via ✏

eL
11 ) axion-electron coupling.

Conclusions. In this Letter we have put forth a
class of generalized DFSZ-like axion models with
generation dependent PQ charges compatible with
a 2+1 flavor structure, which allow for sizeable
suppression of the axion couplings to nucleons
and electrons. The stringent bounds from SN
and WD can be accordingly relaxed, rendering vi-
able for the astrophobic axion the mass window
20meV <

⇠ ma <
⇠ 200meV (see Fig. 1). The next

generation of helioscopes like IAXO will then be
crucial to test the astrophobic axion. We have
argued that astrophobia necessarily implies flavor-
violating axion couplings to the SM fermions, so
that precision flavor experiments can provide pow-
erful and complementary probes for the astrophobic
axion scenario. Additionally, axion DM with unusu-
ally large values of the axion mass becomes viable,
and various hints of anomalous energy loss in stars
can be more easily accommodated by the astropho-
bic axion than in standard axion models.
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PQ as a Flavor Symmetry

Simplest realization: PQ = U(1)FN

[F. Wilczek ‘82]

PQ could be subgroup of flavor symmetry 
that explains Yukawa hierarchies
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For axion masses in the natural range for axion DM,
ma ⇡ (10�3

÷ 0.1)meV, this region will be tested in
the near future by the AMSX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K

+
! ⇡

+
a. Indeed

the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N

are more sensitive to model-dependent O(1) coe�cients

BR(K+
! ⇡

+
a) ' 7.0 · 10�11

⇣
ma

0.2meV

⌘
⇥

sd

N
, (3)

where sd ⇠ O(5) and N . O(15). In the natural range
of axion DM this decay can be within the reach of the
NA62 and ORKA experiments, depending on the model-
dependent coe�cients. We summarize our results along
with the present and expected experimental constraints
in Fig. 1 at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV of
the SM Higgs, while the hierarchies of the Yukawa cou-
plings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c

i
, D

c

i
, Li, E

c

i
have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3, is the generation index. For
simplicity we assume that the Higgs does not carry the
U(1)H charge, so that the flavor hierarchies are explained
entirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a complex
scalar field � with U(1)H charge of �1. All other fields
in the model have masses of O(⇤) & V� � v and can
be integrated out. The Yukawa sector in the resulting
e↵ective theory is then given by

L = a
u

ij
QiU

c

j
H (�/⇤)[q]i+[u]j + a

d

ij
QiD

c

j
H̃ (�/⇤)[q]i+[d]j

+ a
e

ij
LiE

c

j
H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where a
u,d,e

ij
are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

y
u

ij
= a

u

ij
✏
[q]i+[u]j , y

d

ij
= a

d

ij
✏
[q]i+[d]j , y

e

ij
= a

e

ij
✏
[l]i+[e]j ,

(5)

where we defined the small parameter ✏ ⌘ V�/(
p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving y

f

ij
⇠ V̂ijm

f

j
/v, with m

f

i
the SM

fermion mass and V̂ij = Vij for i  j, V̂ij = 1/Vij for
i � j. Here V is the CKM matrix in the quark sector

and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.2. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,e

ij
. As we are going to

demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1
p
2
(V� + �

�
e
ia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �
f

ij
aFiF

c

j
+ h.c. , (7)

with

�
u

ij
= i([q]i + [u]j)

v

V�
y
u

ij
, �

d

ij
= i([q]i + [d]j)

v

V�
y
d

ij
,

�
e

ij
= i([l]i + [e]j)

v

V�
y
e

ij
. (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents, which are experimentally well constrained
and will be discussed in the next section.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
↵s

8⇡

a

fa
GG̃+

E

N

↵em

8⇡

a

fa
FF̃ , (9)

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we switched to the stan-
dard axion notation introducing fa = V�/2N . The two
anomaly coe�cients, N,E, are completely determined by
the U(1)H charges of SM fermions

N =
1

2

X

i

2[q]i + [u]i + [d]i , (10)

E =
X

i

4

3
([q]i + [u]i) +

1

3
([q]i + [d]i) + [l]i + [e]i , (11)

in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients

V� ⇠ fa � v
axion

decouplesflavon

[1612.08040, see also 1612.05492]

Smallness of Yukawas arise from spontaneously 
broken global flavor symmetry, associated 

Goldstone can be identified with QCD axion



Flavor Symmetries

which is spontaneously broken by “flavon” field 
SM fields charged under flavor symmetry G,                

Yukawas given by powers of small order parameter

Effective Yukawa Lagrangian needs flavon 
insertions in order to be invariant under G 

�

✏ ⌘ h�i
⇤F

from G selection rules

cutoff scaleO(1) coefficients

Le↵ ⇠ aij

✓
�

⇤F

◆xij

hqiuj



U(1) Flavor Symmetry

� qi ui di h
U(1) �1 qi ui di 0

Simplest U(1) symmetry works: Froggatt-Nielsen

yDij = aDij✏
qi+djyUij = aUij✏

qi+uj

Can easily reproduce all hierarchies, e.g.
qi = (3, 2, 0) di = (4, 3, 3)ui = (4, 2, 0)

yU ⇠

0

@
✏7 ✏5 ✏3

✏6 ✏4 ✏2

✏4 ✏2 1

1

A yD ⇠

0

@
✏7 ✏6 ✏6

✏6 ✏5 ✏5

✏4 ✏3 ✏3

1

A
✏ ⇡ 0.2

Vf ⇠ ✏|fi�fj |
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Get unitary rotations as 



Axion-Photon Couplings

detmd/detme = [det ad/det ae] ✏
8
3N�E}

⇡ 10�20

⇡ 0.7

O(1)

O(1)

detmudetmd/v
6 = [det audet ad] ✏

2N

Although have considerable freedom in fermion 
U(1) charges can sharply predict E/N 

3

can be directly related to the determinants of the mass
matrices as [17–19]

detmu detmd = ↵ud v
6
✏
2N

, (12)

detmd/detme = ↵de ✏
8
3N�E

, (13)

where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [20], one finds detmudetmd/v

6
⇡

5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [21]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=

8

3
� 2

log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a range

E

N
2 [2.4, 3.0] , (15)

or |E
N

� 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ axion window |

E

N
� 1.92| 2 [0.07, 7] [22]. Note

that the restricted range is due to the suppression of the
second term in Eq. (14) since the denominator is domi-
nated by log detmudetmd/v

6
⇡ �44, while the first term

in the numerator is log detmd/detme ⇡ �0.36. Follow-
ing Ref. [23], we therefore obtain a quite sharp prediction
for the axion-photon coupling, L �

1
4ga��aF F̃ , as

ga�� 2
[1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [23]

ma = 5.7µeV

✓
1012GeV

fa

◆
. (17)

It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying
assumptions that lead to the above results and discuss
their relevance and generality. First of all we are as-
suming positive fermion charges. This assumption can
be relaxed to the extent that just the sums of charges
in each Yukawa entry are positive, or equivalently that
only � enters in the e↵ective operators but not �⇤. This
assumption follows naturally from holomorphy of the su-
perpotential, if we embed the setup into a supersymmet-
ric model in order to address also the hierarchy problem.

Our second assumption was that only the fermion fields
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . In explicit UV completions
of FN models this assumption can be easily realized, see,
e.g., Ref. [24, 25].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [26–
29], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11,13 and 31 entries
of the Yukawa matrices. The determinant is therefore
given by the 12, 21 and 33 entry which are SU(2) singlets
and therefore depend only on U(1) charges, resulting in
the same prediction for E/N when the U(1) breaking
flavon contains the axiflavon (and the SU(2) is gauged).

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
corresponding to the U(1)H breaking happens before in-
flation, the energy density stored in the axion oscillations
can be easily related to the present Dark Matter (DM)
abundance [8–10]:

⌦DMh
2
⇡ 2.3⇥ 10�7

✓
eV

ma

◆
✓
2
. (18)

For a given axion mass below roughly . 10�5
�10�4 eV it

is then always possible to choose a misalignment angle ✓

to get the correct dark matter abundance ⌦DMh
2
⇡ 0.12.

The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [30].
We show in Fig. 1 present and future bounds on the

axiflavon both from axion searches and from flavor ex-
periments in terms of its mass ma and its coupling to
photons ga�� . In this plane one can appreciate how the
allowed range of E/N is considerably reduced compared
to the standard axion window [22]. Assuming that the
axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.
In the high mass region with ma ⇠ 0.1�10 meV strin-

gent bounds on the axiflavon comes from its coupling to

as direct consequence of fermion mass hierarchies

E

N
=

8

3
� 2�

� =
log detmd

detme
� log↵de

log detmu detmd
v6 � log↵ud

⇡ 0⇡ �0.4

⇡ �44 ⇡ 0

}

}}



Axion-Fermion Couplings

Axion-fermion couplings determined by fermion 
masses and mixings up to         coefficientsO(1)

Cq
ij ⇠ V CKM

ij Cu
i<j ⇠

mi

mjV CKM
ij

Xf = diag(f1, f2, f3) ! V †
f XfVf
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Flavor-violating couplings governed by CKM

Get large a-s-d couplings of order Cabibbo angle

CV
sd ⇠ � ⇡ 0.2
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The Axiflavon
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NA62 (and ADMX-II)

Present bound 
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Expected future 
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Summary

• Flavored Axion models allow for complementary 
axion searches with precision flavor experiments 

• Generalized 2+1 DFSZ models with free flavor 
alignment parameters can realize nucleophobic 
& electrophobic axions up to 0.2 eV

• Well-motivated axion model from PQ = FN, 
giving flavor alignment parameters in terms of 
fermion masses and mixings


