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Astrophobic Axions 
Luca Di Luzio (Durham U., IPPP), Federico Mescia (ICC, Barcelona U.), Enrico Nardi (Frascati), Paolo Panci, Robert Ziegler (CERN). Dec 13, 2017. 6 pp. 
Published in Phys.Rev.Lett. 120 (2018) no.26, 261803 
IPPP-17-102, CERN-TH-2017-256 
DOI: 10.1103/PhysRevLett.120.261803 
e-Print: arXiv:1712.04940 [hep-ph] | PDF

Note that these are the invisible version of the VARIANT axion models discussed to avoid some 
experimental constraints on the original PQ axion… is a fun story here to tell ;-) 

The photo-philic QCD axion 
Marco Farina (Rutgers U., Piscataway), Duccio Pappadopulo (New York U., CCPP & New York U.), 
Fabrizio Rompineve (New York U., CCPP & U. Heidelberg, ITP & New York U.), Andrea Tesi (Chicago U., EFI & Chicago U.). Nov 29, 2016. 21 pp. 
Published in JHEP 1701 (2017) 095 
DOI: 10.1007/JHEP01(2017)095 
e-Print: arXiv:1611.09855 [hep-ph] | PDF

Experimental Targets for Photon Couplings of the QCD Axion 
Prateek Agrawal (Harvard U., Phys. Dept.), JiJi Fan (Brown U.), Matthew Reece (Harvard U., Phys. Dept.), 
Lian-Tao Wang (Chicago U., EFI & Chicago U., KICP). Sep 18, 2017. 23 pp. 
Published in JHEP 1802 (2018) 006 
DOI: 10.1007/JHEP02(2018)006 
e-Print: arXiv:1709.06085 [hep-ph] | PDF

B. Doebrich from NA62 gave a recent talk where she shows some slides and axion-flavon sensitivity 

https://indico.in2p3.fr/event/17826/attachments/49465/62902/marseille_2018.pdf

Phenomenological motivation
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The Axion

• Motivation: Strong CP Problem

• Peccei-Quinn (PQ) mechanism

• spontaneous breaking of the global U(1)PQ at PQ scale fa (or fPQ)

• pseudo-Nambu Goldstone boson

• axion mass:

• Lagrangian:

decay constant f
a

by m
a

f
a

⇠ m
⇡

f
⇡

and g
a�

⇠ ↵/(2⇡f
a

), where m
⇡

and f
⇡

are respectively
the pion mass and decay constant. A recent detailed study yields the numerical values [21]

m
a
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= �2.04(3)⇥ 10�16 GeV�1

✓
m

a

1µeV

◆
C
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, (2.3b)

C
a�

=
E
N � 1.92(4) , (2.3c)

where numbers in brackets denote the uncertainty in the last digit. For the axion mass the
first error is from quark mass uncertainties and the second one from higher order corrections.
In expression (2.3c), E is the EM anomaly and N the color anomaly or equivalently domain
wall number. In models where ordinary quarks and leptons do not carry Peccei–Quinn
charges, the axion-photon interaction arises entirely from a-⇡0-⌘ mixing and E/N = 0, the
KSVZ model [22, 23] providing a traditional example. In more general models, E/N is a ratio
of small integers, the DFSZ model [24, 25] with E/N = 8/3 being an often-cited example,
although there exist many other cases [26]. While g

a�

can be either positive or negative via
the model-dependent E/N value, we will see that the detectable power will depend on g2

a�

.
The Euler–Lagrange equations of motion for the axion and photon fields following from

the Lagrangian density (2.1) are

@
µ

Fµ⌫ = J⌫ � g
a�

eFµ⌫@
µ

a , (2.4a)
�
@
µ

@µ +m2

a

�
a = �g

a�

4
F
µ⌫

eFµ⌫ . (2.4b)

The first equation is a modification of the laws of Gauss and Ampère in the presence of
axions, which leads to the extra current J⌫

a

⌘ �g
a�

@
µ

( eFµ⌫a) = �g
a�

eFµ⌫@
µ

a on the rhs of
this equation. The laws of Gauss for magnetism and of Faraday derive from a geometric
property of electrodynamics, the Bianchi identity @

µ

eFµ⌫ = 0, which does not get modified
by including the axion. In terms of electric and magnetic fields, one finds [8, 27]

r ·E = ⇢� g
a�

B ·ra , (2.5a)

r⇥B� Ė = J+ g
a�

(B ȧ�E⇥ra) , (2.5b)

r ·B = 0 , (2.5c)

r⇥E+ Ḃ = 0 , (2.5d)

ä�r2a+m2

a

a = g
a�

E ·B . (2.5e)

While axions do not enter the homogeneous equations, we need the latter to derive the EM
boundary conditions for interfaces such as those considered in section 3 below.

2.2 Macroscopic form of Maxwell’s equations

As discussed in the Introduction, dielectric materials will be essential for the proposed new
axion dark matter haloscope. Accordingly, we now reformulate these equations in terms of
macroscopic fields to account for the EM response of the background medium.

The form of the homogeneous equations (2.5c) and (2.5d) does not change. Nevertheless,
the fields E and B are here and henceforth understood to be the macroscopic ones obtained
from the microscopic ones by macroscopic smoothing. This applies, in particular, to the rhs

– 7 –
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Physics case for axions: Strong CP problem 

>  Peccei-Quinn solution of strong CP problem based on observation that 
the vacuum energy in QCD, inferred from effective chiral Lagrangian,  

    has localised minimum at vanishing theta parameter:  
If theta were a dynamical field, its vacuum expectation value (vev) would dynamically 
relax to zero 

>  Introduce field a(x) as dynamical theta parameter, enjoying a shift 
symmetry,                            broken only by anomalous couplings to 
gauge fields,  

!  Can eliminate theta by shift                                                     ; QCD dynamics (see 
above)  leads to vanishing  vev,                , i.e. P, T, and CP conserved   

!  Elementary particle excitation of field around vev: axion     (Weinberg 78; Wilczek 78)   

                     

V (✓) =
m2

⇡f
2
⇡

2

mumd

(mu +md)2
✓
2
+O(✓

4
)

a(x) ! a(x) ⌘ a(x) + ✓fa
hai = 0

[Peccei, Quinn, ’77]

[Weinberg ’78,  Wilczek ’78]

solves strong CP problem

allows for axion dark matter

axion searches
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Axion Models

Specify origin of QCD anomaly (fermion sector) 
and spontaneous PQ breaking (scalar sector) 

[Dine, Fischler, Srednicki, 
Zhitnitsky ’80]

[Kim, Shifman, Vainshtein, 
Zakharov ’80]

[Peccei, Quinn, 
Wilczek, Weinberg ’78]

U(1)PQ ⇥ SU(3)2c

BSM fermionsSM fermions

2Higgs 2Higgs+Singlet Higgs+Singlet

DFSZ KSVZPQWW

ex
clu

de
d

hSingleti � v : “Invisible” axion models
J/ ! �a

see however 1710.03764

[from Robert Ziegler’s Talk]

“Invisible” AxionOriginal Axion

origin of 
QCD anomaly

DFSZ Models

SM fermions + 2Higgs + Singlet{
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Construct 2HDM Lagrangian invariant under single U(1)
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<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>

0=X1c
2
� +X2s

2
�

<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>

H̃
1 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>

flavor-universal U(1) charges

Axion Models
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Hadronic (KSVZ) Axion Model

20 2.4. THE HADRONIC AXION MODEL

a

Q

gbga

Figure 2.1: Triangle loop of KSVZ quarks coupling to one axion and two gluons.
Note that there is a second diagram with opposite direction of the arrows.

We see that � rolls towards its VEV �0 whereas a stays massless. This means that
a is the pseudo–Nambu–Goldstone boson of the broken PQ symmetry, so we can
identify it as the axion. The radial field � on the other hand has a mass

p
2m and

is called the saxion.

In the low energy limit of the broken symmetry, we can expand the exponential
in the Yukawa interaction. The zeroth-order term provides an e↵ective mass term
for the heavy quarks, m

Q

= h�0. The first-order term results in an interaction
of the heavy quarks with the phase of �, hence with the axion. This coupling is
proportional to the Dirac matrix �5, since the axion is a pseudoscalar. The heavy
quarks couple to gluons just as the SM quarks, so we can construct a triangle loop
with Q fields coupling to one axion and two gluons. This loop is shown in Fig. 2.1.
There is also a box diagram where an axion couples to a box of heavy quarks which,
in turn, couple to three external gluons.

Since the mass of the quarks is taken to be large we can integrate them out in these
loops and we are left with the following e↵ective term in the Lagrangian

Lint =
g2

s

h�0

32⇡2
p

2m
Q

�0

aGb µ⌫

eGb

µ⌫

. (2.50)

Comparing this to (2.6), we see that by defining

fPQ =
p

2�0 (2.51)

we recover the original e↵ective interaction term of the axion. So we see that this
model provides us with the expected form of the axion interaction term and no other
light degree of freedom, since these KSVZ quarks turn out to be typically too heavy
to be exited in the scenarios we consider.

Note that one could also perform an axion-dependent chiral rotation of the quark
fields

 
Q

L/R

! exp

✓

±i
ap
2�0

◆

 
Q

L/R

(2.52)

KSVZ [Kim ’79; Shifman, Vainshtein,Zakharov ’80]

heavy KSVZ quark loops

BSM quarks
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Axion Models

Specify origin of QCD anomaly (fermion sector) 
and spontaneous PQ breaking (scalar sector) 

[Dine, Fischler, Srednicki, 
Zhitnitsky ’80]

[Kim, Shifman, Vainshtein, 
Zakharov ’80]

[Peccei, Quinn, 
Wilczek, Weinberg ’78]

U(1)PQ ⇥ SU(3)2c

BSM fermionsSM fermions

2Higgs 2Higgs+Singlet Higgs+Singlet

DFSZ KSVZPQWW

ex
clu

de
d

hSingleti � v : “Invisible” axion models
J/ ! �a

see however 1710.03764

[from Robert Ziegler’s Talk]

“Invisible” AxionOriginal Axion

origin of 
QCD anomaly

DFSZ Models

SM fermions + 2Higgs + Singlet{
<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>

hH1i = c�v
<latexit sha1_base64="EA5sahpnmdgi/9aANg3uBnIdtpU=">AAACCHicdVA9SwNBEN3zM8avqKWFi0GwOvai5kwhiDaWEUwUcuHY20ySJXt7x+6eEEJKG/+KjYUitv4EO/+Nmw9BRR8MPN6bYWZelAquDSEfzszs3PzCYm4pv7yyurZe2Nis6yRTDGosEYm6iagGwSXUDDcCblIFNI4EXEe985F/fQtK80RemX4KzZh2JG9zRo2VwsJOIKjsCMAXoYcDNeEnmIVBBIbi27BQJK5fqpDjI0xcUq74nj8iB365XMGeS8YooimqYeE9aCUsi0EaJqjWDY+kpjmgynAmYJgPMg0pZT3agYalksagm4PxI0O8Z5UWbifKljR4rH6fGNBY634c2c6Ymq7+7Y3Ev7xGZtrHzQGXaWZAssmidiawSfAoFdziCpgRfUsoU9zeilmXKsqMzS5vQ/j6FP9P6iXXI653eVg8PZvGkUPbaBftIw/56BRdoCqqIYbu0AN6Qs/OvfPovDivk9YZZzqzhX7AefsEHa2Yxg==</latexit><latexit sha1_base64="EA5sahpnmdgi/9aANg3uBnIdtpU=">AAACCHicdVA9SwNBEN3zM8avqKWFi0GwOvai5kwhiDaWEUwUcuHY20ySJXt7x+6eEEJKG/+KjYUitv4EO/+Nmw9BRR8MPN6bYWZelAquDSEfzszs3PzCYm4pv7yyurZe2Nis6yRTDGosEYm6iagGwSXUDDcCblIFNI4EXEe985F/fQtK80RemX4KzZh2JG9zRo2VwsJOIKjsCMAXoYcDNeEnmIVBBIbi27BQJK5fqpDjI0xcUq74nj8iB365XMGeS8YooimqYeE9aCUsi0EaJqjWDY+kpjmgynAmYJgPMg0pZT3agYalksagm4PxI0O8Z5UWbifKljR4rH6fGNBY634c2c6Ymq7+7Y3Ev7xGZtrHzQGXaWZAssmidiawSfAoFdziCpgRfUsoU9zeilmXKsqMzS5vQ/j6FP9P6iXXI653eVg8PZvGkUPbaBftIw/56BRdoCqqIYbu0AN6Qs/OvfPovDivk9YZZzqzhX7AefsEHa2Yxg==</latexit><latexit sha1_base64="EA5sahpnmdgi/9aANg3uBnIdtpU=">AAACCHicdVA9SwNBEN3zM8avqKWFi0GwOvai5kwhiDaWEUwUcuHY20ySJXt7x+6eEEJKG/+KjYUitv4EO/+Nmw9BRR8MPN6bYWZelAquDSEfzszs3PzCYm4pv7yyurZe2Nis6yRTDGosEYm6iagGwSXUDDcCblIFNI4EXEe985F/fQtK80RemX4KzZh2JG9zRo2VwsJOIKjsCMAXoYcDNeEnmIVBBIbi27BQJK5fqpDjI0xcUq74nj8iB365XMGeS8YooimqYeE9aCUsi0EaJqjWDY+kpjmgynAmYJgPMg0pZT3agYalksagm4PxI0O8Z5UWbifKljR4rH6fGNBY634c2c6Ymq7+7Y3Ev7xGZtrHzQGXaWZAssmidiawSfAoFdziCpgRfUsoU9zeilmXKsqMzS5vQ/j6FP9P6iXXI653eVg8PZvGkUPbaBftIw/56BRdoCqqIYbu0AN6Qs/OvfPovDivk9YZZzqzhX7AefsEHa2Yxg==</latexit><latexit sha1_base64="EA5sahpnmdgi/9aANg3uBnIdtpU=">AAACCHicdVA9SwNBEN3zM8avqKWFi0GwOvai5kwhiDaWEUwUcuHY20ySJXt7x+6eEEJKG/+KjYUitv4EO/+Nmw9BRR8MPN6bYWZelAquDSEfzszs3PzCYm4pv7yyurZe2Nis6yRTDGosEYm6iagGwSXUDDcCblIFNI4EXEe985F/fQtK80RemX4KzZh2JG9zRo2VwsJOIKjsCMAXoYcDNeEnmIVBBIbi27BQJK5fqpDjI0xcUq74nj8iB365XMGeS8YooimqYeE9aCUsi0EaJqjWDY+kpjmgynAmYJgPMg0pZT3agYalksagm4PxI0O8Z5UWbifKljR4rH6fGNBY634c2c6Ymq7+7Y3Ev7xGZtrHzQGXaWZAssmidiawSfAoFdziCpgRfUsoU9zeilmXKsqMzS5vQ/j6FP9P6iXXI653eVg8PZvGkUPbaBftIw/56BRdoCqqIYbu0AN6Qs/OvfPovDivk9YZZzqzhX7AefsEHa2Yxg==</latexit>

hH2i = s�v
<latexit sha1_base64="wNuRJIVtLA8oibsqatCUHzlPtC4=">AAACCHicdVA9SwNBEN3z2/gVtbRwMQhWx17UnCkE0SZlBBMDuXDsbSZxyd7esbsXCMHSxr9iY6GIrT/Bzn/j5kNQ0QcDj/dmmJkXpYJrQ8iHMzM7N7+wuLScW1ldW9/Ib27VdZIpBjWWiEQ1IqpBcAk1w42ARqqAxpGA66h3MfKv+6A0T+SVGaTQimlX8g5n1FgpzO8GgsquAFwJizhQE36KdRhEYCjuh/kCcf1imZwcY+KSUtn3/BE59EulMvZcMkYBTVEN8+9BO2FZDNIwQbVueiQ1rSFVhjMBt7kg05BS1qNdaFoqaQy6NRw/cov3rdLGnUTZkgaP1e8TQxprPYgj2xlTc6N/eyPxL6+Zmc5Ja8hlmhmQbLKokwlsEjxKBbe5AmbEwBLKFLe3YnZDFWXGZpezIXx9iv8n9aLrEde7PCqcnU/jWEI7aA8dIA/56AxVUBXVEEN36AE9oWfn3nl0XpzXSeuMM53ZRj/gvH0COAWY1w==</latexit><latexit sha1_base64="wNuRJIVtLA8oibsqatCUHzlPtC4=">AAACCHicdVA9SwNBEN3z2/gVtbRwMQhWx17UnCkE0SZlBBMDuXDsbSZxyd7esbsXCMHSxr9iY6GIrT/Bzn/j5kNQ0QcDj/dmmJkXpYJrQ8iHMzM7N7+wuLScW1ldW9/Ib27VdZIpBjWWiEQ1IqpBcAk1w42ARqqAxpGA66h3MfKv+6A0T+SVGaTQimlX8g5n1FgpzO8GgsquAFwJizhQE36KdRhEYCjuh/kCcf1imZwcY+KSUtn3/BE59EulMvZcMkYBTVEN8+9BO2FZDNIwQbVueiQ1rSFVhjMBt7kg05BS1qNdaFoqaQy6NRw/cov3rdLGnUTZkgaP1e8TQxprPYgj2xlTc6N/eyPxL6+Zmc5Ja8hlmhmQbLKokwlsEjxKBbe5AmbEwBLKFLe3YnZDFWXGZpezIXx9iv8n9aLrEde7PCqcnU/jWEI7aA8dIA/56AxVUBXVEEN36AE9oWfn3nl0XpzXSeuMM53ZRj/gvH0COAWY1w==</latexit><latexit sha1_base64="wNuRJIVtLA8oibsqatCUHzlPtC4=">AAACCHicdVA9SwNBEN3z2/gVtbRwMQhWx17UnCkE0SZlBBMDuXDsbSZxyd7esbsXCMHSxr9iY6GIrT/Bzn/j5kNQ0QcDj/dmmJkXpYJrQ8iHMzM7N7+wuLScW1ldW9/Ib27VdZIpBjWWiEQ1IqpBcAk1w42ARqqAxpGA66h3MfKv+6A0T+SVGaTQimlX8g5n1FgpzO8GgsquAFwJizhQE36KdRhEYCjuh/kCcf1imZwcY+KSUtn3/BE59EulMvZcMkYBTVEN8+9BO2FZDNIwQbVueiQ1rSFVhjMBt7kg05BS1qNdaFoqaQy6NRw/cov3rdLGnUTZkgaP1e8TQxprPYgj2xlTc6N/eyPxL6+Zmc5Ja8hlmhmQbLKokwlsEjxKBbe5AmbEwBLKFLe3YnZDFWXGZpezIXx9iv8n9aLrEde7PCqcnU/jWEI7aA8dIA/56AxVUBXVEEN36AE9oWfn3nl0XpzXSeuMM53ZRj/gvH0COAWY1w==</latexit><latexit sha1_base64="wNuRJIVtLA8oibsqatCUHzlPtC4=">AAACCHicdVA9SwNBEN3z2/gVtbRwMQhWx17UnCkE0SZlBBMDuXDsbSZxyd7esbsXCMHSxr9iY6GIrT/Bzn/j5kNQ0QcDj/dmmJkXpYJrQ8iHMzM7N7+wuLScW1ldW9/Ib27VdZIpBjWWiEQ1IqpBcAk1w42ARqqAxpGA66h3MfKv+6A0T+SVGaTQimlX8g5n1FgpzO8GgsquAFwJizhQE36KdRhEYCjuh/kCcf1imZwcY+KSUtn3/BE59EulMvZcMkYBTVEN8+9BO2FZDNIwQbVueiQ1rSFVhjMBt7kg05BS1qNdaFoqaQy6NRw/cov3rdLGnUTZkgaP1e8TQxprPYgj2xlTc6N/eyPxL6+Zmc5Ja8hlmhmQbLKokwlsEjxKBbe5AmbEwBLKFLe3YnZDFWXGZpezIXx9iv8n9aLrEde7PCqcnU/jWEI7aA8dIA/56AxVUBXVEEN36AE9oWfn3nl0XpzXSeuMM53ZRj/gvH0COAWY1w==</latexit>

h�i = vPQ � v
<latexit sha1_base64="rQ1gOBRVYiAktM38A7u9yDR2hTs="></latexit><latexit sha1_base64="rQ1gOBRVYiAktM38A7u9yDR2hTs="></latexit><latexit sha1_base64="rQ1gOBRVYiAktM38A7u9yDR2hTs="></latexit><latexit sha1_base64="rQ1gOBRVYiAktM38A7u9yDR2hTs="></latexit>

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>

0=X1c
2
� +X2s

2
�

<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
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Axion-Photon Interaction: Effective Lagrangian

both resonant and non-resonant features of layered dielectric haloscopes (section 5). Finally,
we consider more practical experimental setups, showing that one can achieve a great degree
of control over the response of the system through disk placement and make projections for
the potential reach of a realistic axion dark matter search experiment (section 6). Being a
crucial feature of dielectric haloscopes, a proof of the area law is given in the appendix A. We
also show that a generalised overlap integral formalism exists for large boost factor setups,
which agrees with that of Sikivie for a resonant cavity (appendix B).

2 Axion-photon mixing in an external B-field

In this section we review the modified form of Maxwell’s equations in the presence of axions
both in vacuum and in homogeneous media. Focussing on a setting with a strong static
external magnetic field B

e

, we present the linearized macroscopic equations and consider
plane-wave solutions, including the option of lossy media where the waves are damped. For
dark matter axions with negligible velocity, we derive the axion-induced electric field E

a

generated in the presence of B
e

.
Throughout this paper, we will use a purely classical description of the fields. Our

device can be seen as a linear mixer between ingoing and outgoing axion and photon fields. In
particular, we calculate the linear response in the form of an outgoing propagating microwave
induced by the omnipresent oscillating axion field. On the level of second quantization
(amplitude quantization of the fields), the e↵ect can be pictured as a mixing of the fields on
the operator level, i.e., a Bogoliubov transformation which mixes, for example, the creation
operator of a pure axion with that of a pure photon [20]. Ultimately we do not measure an
amplitude but an average rate (average frequency-dependent microwave power) which, when
averaged over a long period of time, does not reveal quantum fluctuations. Quantization
issues may have to be faced once axions have been found and we study temporal signal
correlations.

2.1 Equations of motion

The interacting system of photons, axions, and EM currents is described by the Lagrangian
density

L = �1
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µ
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where a is the axion field, m
a

its mass, and g
a�

a coupling constant of dimension (energy)�1.
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A
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is the EM field-strength tensor in terms of the vector potential Aµ =
(A

0

,A) and Jµ = (⇢,J) is the electric 4-current. eFµ⌫ = 1

2

"µ⌫↵�F
↵�

is the dual tensor, where
we use "0123 = "

123

= +1. The electric and magnetic fields are explicitly

E = �rA
0

� Ȧ and B = r⇥A . (2.2)

We work in natural units with ~ = c = 1 and the Lorentz-Heaviside convention ↵ = e2/4⇡,
as mentioned above. In this case, the energy density of the EM field is 1

2

(E2 +B2) and the
conversion of units is 1 V/m = 6.5162⇥ 10�7 eV2 and 1 T = 1 Tesla = 195.35 eV2.

For a general axion-like particle (ALP), the mass and photon coupling are independent
phenomenological parameters. However, in the dark-matter context we are interested in
QCD axions where both parameters are given in terms of the Peccei–Quinn scale or axion
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where numbers in brackets denote the uncertainty in the last digit. For the axion mass the
first error is from quark mass uncertainties and the second one from higher order corrections.
In expression (2.3c), E is the EM anomaly and N the color anomaly or equivalently domain
wall number. In models where ordinary quarks and leptons do not carry Peccei–Quinn
charges, the axion-photon interaction arises entirely from a-⇡0-⌘ mixing and E/N = 0, the
KSVZ model [22, 23] providing a traditional example. In more general models, E/N is a ratio
of small integers, the DFSZ model [24, 25] with E/N = 8/3 being an often-cited example,
although there exist many other cases [26]. While g

a�

can be either positive or negative via
the model-dependent E/N value, we will see that the detectable power will depend on g2
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.
The Euler–Lagrange equations of motion for the axion and photon fields following from

the Lagrangian density (2.1) are
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this equation. The laws of Gauss for magnetism and of Faraday derive from a geometric
property of electrodynamics, the Bianchi identity @
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eFµ⌫ = 0, which does not get modified
by including the axion. In terms of electric and magnetic fields, one finds [8, 27]
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(B ȧ�E⇥ra) , (2.5b)

r ·B = 0 , (2.5c)
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While axions do not enter the homogeneous equations, we need the latter to derive the EM
boundary conditions for interfaces such as those considered in section 3 below.

2.2 Macroscopic form of Maxwell’s equations

As discussed in the Introduction, dielectric materials will be essential for the proposed new
axion dark matter haloscope. Accordingly, we now reformulate these equations in terms of
macroscopic fields to account for the EM response of the background medium.

The form of the homogeneous equations (2.5c) and (2.5d) does not change. Nevertheless,
the fields E and B are here and henceforth understood to be the macroscopic ones obtained
from the microscopic ones by macroscopic smoothing. This applies, in particular, to the rhs
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r⇥E+ Ḃ = 0 , (2.5d)
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boundary conditions for interfaces such as those considered in section 3 below.

2.2 Macroscopic form of Maxwell’s equations

As discussed in the Introduction, dielectric materials will be essential for the proposed new
axion dark matter haloscope. Accordingly, we now reformulate these equations in terms of
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the fields E and B are here and henceforth understood to be the macroscopic ones obtained
from the microscopic ones by macroscopic smoothing. This applies, in particular, to the rhs

– 7 –

decay constant f
a

by m
a

f
a

⇠ m
⇡

f
⇡

and g
a�

⇠ ↵/(2⇡f
a

), where m
⇡

and f
⇡

are respectively
the pion mass and decay constant. A recent detailed study yields the numerical values [21]

m
a

= 5.70(6)(4)µeV

✓
1012GeV

f
a

◆
, (2.3a)

g
a�

= � ↵

2⇡f
a

C
a�

= �2.04(3)⇥ 10�16 GeV�1

✓
m

a

1µeV

◆
C
a�

, (2.3b)

C
a�

=
E
N � 1.92(4) , (2.3c)

where numbers in brackets denote the uncertainty in the last digit. For the axion mass the
first error is from quark mass uncertainties and the second one from higher order corrections.
In expression (2.3c), E is the EM anomaly and N the color anomaly or equivalently domain
wall number. In models where ordinary quarks and leptons do not carry Peccei–Quinn
charges, the axion-photon interaction arises entirely from a-⇡0-⌘ mixing and E/N = 0, the
KSVZ model [22, 23] providing a traditional example. In more general models, E/N is a ratio
of small integers, the DFSZ model [24, 25] with E/N = 8/3 being an often-cited example,
although there exist many other cases [26]. While g

a�

can be either positive or negative via
the model-dependent E/N value, we will see that the detectable power will depend on g2

a�

.
The Euler–Lagrange equations of motion for the axion and photon fields following from

the Lagrangian density (2.1) are

@
µ

Fµ⌫ = J⌫ � g
a�

eFµ⌫@
µ

a , (2.4a)
�
@
µ

@µ +m2

a

�
a = �g

a�

4
F
µ⌫

eFµ⌫ . (2.4b)

The first equation is a modification of the laws of Gauss and Ampère in the presence of
axions, which leads to the extra current J⌫

a

⌘ �g
a�

@
µ

( eFµ⌫a) = �g
a�

eFµ⌫@
µ

a on the rhs of
this equation. The laws of Gauss for magnetism and of Faraday derive from a geometric
property of electrodynamics, the Bianchi identity @

µ

eFµ⌫ = 0, which does not get modified
by including the axion. In terms of electric and magnetic fields, one finds [8, 27]

r ·E = ⇢� g
a�

B ·ra , (2.5a)
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FIG. 3. Two examples of the discovery potential (light
and dark blue) of our dielectric haloscope using 80 disks
(✏ = 25, A = 1m2, Be = 10T, ⌘ = 0.8, tR = 1day)
with quantum limited detection in a 3-year campaign. We
also show exclusion limits (gray) and sensitivities (coloured)
of current and planned cavity haloscopes [14, 15, 32–36].
The upper inset shows the initial angle ✓I required in Sce-
nario A [37]. The lower inset depicts the fa value corre-
sponding to a given ma, and the three black lines denote
|Ca� | = 1.92, 1.25, 0.746. Note that Scenario B predicts
50µeV . ma . 200µeV [10, 38].

|Ca� | ⇠ 1. In Scenario A, these masses correspond to
large, but still natural, initial angles 2.4 . ✓

I

. 3.12 [37].
Scenario B, our main goal, would be covered including
the theoretical uncertainty in ma (50–200µeV [10, 38])
for KSVZ-type models with short-lived domain walls
(N = 1). Prime examples include the recent SMASHd,u

models (E = 2/3, 8/3) [38]. Models with N > 1 require
ma & meV [10, 39], beyond our mass range. However,
with some exceptions [40] they generally require a tuned
explicit breaking of the PQ symmetry to avoid a domain-
wall dominated universe [41].

CONCLUSION

In this Letter we have proposed a new method to search
for high-mass (40–400µeV) axions by using a mirror and
multiple dielectric disks contained in a magnetic field – a
dielectric haloscope. The key features are a large trans-
verse area and the flexibility to use both broadband and
narrow-band search strategies. With 80 disks one could
search a large fraction of this high-mass range with sen-
sitivity to the QCD axion.
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Discussion and Conclusions 
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Fig. 3. Summary of astrophysical
and cosmological axion limits as dis-
cussed in the text. The black sensitiv-
ity bars indicate the search ranges of
the CAST solar axion search and the
ADMX search for galactic dark matter
axions. Light-grey exclusion bars are
very model dependent

The requirement that the neutrino signal of SN 1987A was not excessively
shortened by axion losses pushes the limits down to ma ! 10 meV. However,
this limit involves many uncertainties that are difficult to quantify so that
it is somewhat schematic. The CAST search for solar axions [46] covers new
territory in the parameter plane of ma and gaγγ , but a signal would represent
a conflict with the SN 1987A limit. While this limit certainly suggests that
axions more plausibly have masses relevant for cold dark matter, a single
argument, measurement or observation is never conclusive.

In the DFSZ model, the limits from white-dwarf cooling based on the
axion-electron interaction and those from SN 1987A from the axion-nucleon
interaction are quite similar. Therefore, axion emission could still play an
important role as an energy-loss channel of both SNe and white dwarfs and
for other evolved stars, e.g. asymptotic giant stars.

In summary, axions provide a show-case example for the fascinating inter-
play between astrophysics, cosmology and particle physics to solve some of
the deepest mysteries at the interface between inner space and outer space.

Astrophysical Axion Bounds

Bounds from Axion Searches

Cosmological Axion Bounds
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FIG. 4. The axion density parameter from thermal processes
for TR = 106 GeV (solid), 107 GeV (dashed) and 108 GeV
(dash-dotted) and the one from the misalignment mechanism
for θi = 1, 0.1, and 0.01 (dotted). The density parameters
for thermal relic axions, photons, and cold dark matter are
indicated respectively by the gray dotted line (Ωeq

a h2), the
gray thin line (Ωγh

2), and the gray horizontal bar (ΩCDMh2).

this critical TR value allows us to extract an estimate of
the axion decoupling temperature TD. We find that our
numerical results are well described by

TD ≈ 9.6× 106GeV

(
fPQ

1010GeV

)2.246

. (15)

In a previous study [3], the decoupling of axions that
were in thermal equilibrium in the QGP was calculated.
When following [3] but including (14), we find that the
temperature at which the axion yield from thermal pro-
cesses started to differ by more than 5% from Y eq

a agrees
basically with (15). The axion interaction rate Γ equals
H already at temperatures about a factor four below (15)
which however amounts to a different definition of TD.
Axion density parameter—Since also thermally pro-

duced axions have basically a thermal spectrum, we find
that the density parameter from thermal processes in the
primordial plasma can be described approximately by

ΩTP/eq
a h2 #

√
〈pa,0〉2 +m2

a Y
TP/eq
a s(T0)h

2/ρc (16)

with present averagemomentum 〈pa,0〉 = 2.701Ta,0 given
by the present axion temperature Ta,0 = 0.332T0 #
0.08 meV, where T0 # 0.235 meV is the present cosmic
microwave background temperature, h # 0.7 is Hubble’s
constant in units of 100 km/Mpc/s and ρc/[s(T0)h2] =
3.6 eV. A comparison of Ta,0 with the axion mass

ma # 0.6 meV (1010 GeV/fPQ) shows that this axion
population is still relativistic today for fPQ ! 1011GeV.
In Fig. 4 the solid, dashed, and dash-dotted lines show

ΩTP/eq
a h2 for TR = 106, 107, and 108GeV, respectively.

In the fPQ region to the right (left) of the respective kink,

in which TR < TD (TR > TD) holds, ΩTP (eq)
a h2 applies

which behaves as ∝ f−3
PQ (f−1

PQ) for ma ' Ta,0 and as

∝ f−2
PQ (f0

PQ) forma ( Ta,0. The gray dotted curve shows

Ωeq
a h2 for higher TR with TR > TD and also indicates

an upper limit on the thermally produced axion density.
Even Ωeq

a h2 stays well below the cold dark matter density
ΩCDMh2 # 0.1 (gray horizontal bar) and also below the
photon density Ωγh2 # 2.5× 10−5 (gray thin line) [5] in
the allowed fPQ range (2). There, also the current hot
dark matter limits are safely respected [12].
In cosmological settings with TR > TD, also axions

produced non-thermally before axion decoupling (e.g., in
inflaton decays) will be thermalized resulting in Ωeq

a h2.
The axion condensate from the misalignment mechanism
however is not affected—independent of the hierarchy be-
tween TR and TD—since thermal axion production in the
QGP is negligible at T " 1 GeV. Thus, the associated
density ΩMIS

a h2 ∼ 0.15 θ2i (fPQ/1012GeV)7/6 [1, 2, 13] can

coexist with ΩTP/eq
a h2 and is governed by the misalign-

ment angle θi as illustrated by the dotted lines in Fig. 4.
Thereby, the combination of the axion cold dark mat-
ter condensate with the axions from thermal processes,

Ωah2 = ΩMIS
a h2 + ΩTP/eq

a h2, give the analog of a Lee–
Weinberg curve. Taking into account the relation be-
tween fPQ and ma, this is exactly the type of curve that
can be inferred from Fig. 4. Here our calculation of ther-
mal axion production in the QGP allows us to cover for
the first time also cosmological settings with TR < TD.
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FIG. 1: Upper limits on the reheating temperature TR as a
function of the axino mass mea in scenarios with axino cold
dark matter for fa = 1011, 1012, 1013, and 1014 GeV (as la-
beled). For (mea, TR) combinations within the gray bands, the
thermally produced axino density ΩTP

ea h2 is within the nomi-
nal 3σ range (1). For given fa, the region above the associated
band is disfavored by ΩTP

ea h2 > 0.126.

III. THE CHARGED SLEPTON LOSP CASE

While the TR limits discussed above are independent
of the LOSP, we turn now to the phenomenologically
attractive case in which the LOSP is a charged slepton
l̃1. To be specific, we focus on the τ̃1 LOSP case under
the simplifying assumption that the lighter stau is purely
‘right-handed,’ τ̃1 = τ̃R, which is a good approximation
at least for small tan β. The χ̃0

1–τ̃1 coupling is then dom-
inated by the bino coupling. For further simplicity, we
also assume that the lightest neutralino is a pure bino:
χ̃0

1 = B̃.
We consider SUSY hadronic axion models in which

the interaction of the axion multiplet Φ with the heavy
KSVZ quark multiplets Q1 and Q2 is described by the
superpotential

WPQ = yΦQ1Q2 (3)

with the quantum numbers given in Table I and the
Yukawa coupling y. From the 2-component fields of Ta-
ble I, the 4-component fields describing the axino and the
heavy KSVZ quark are given, respectively, by

ã =

(
χ

χ̄

)

and Q =

(
q1

q̄2

)

. (4)

For the heavy KSVZ (s)quark masses, we use the SUSY
limit M eQ1,2

= MQ = y〈φ〉 = yfa/
√

2 with both y and fa

TABLE I: The axion multiplet Φ, the heavy KSVZ quark mul-
tiplets Q1,2, and the associated quantum numbers considered
in this work.

chiral multiplet U(1)PQ (SU(3)c, SU(2)L)Y

Φ = φ +
√

2χθ + FΦθθ +1 (1, 1)0

Q1 = eQ1 +
√

2q1θ + F1θθ -1/2 (3, 1)+eQ

Q2 = eQ2 +
√

2q2θ + F2θθ -1/2 (3∗, 1)−eQ

taken to be real by field redefinitions. The phenomeno-
logical constraint fa ! 6 × 108 GeV [8–11] thus implies
a large mass hierarchy between the KSVZ (s)quarks and
the weak and the soft SUSY mass scales for y = O(1),

M eQ1,2
, MQ % mZ, mSUSY . (5)

Before proceeding, let us recall axion and axino inter-
actions to clarify the definition of fa =

√
2〈φ〉 in the

considered models. By integrating out the heavy KSVZ
(s)quarks, axion-gluon and axion-photon interactions are
obtained as described by the effective Lagrangians

Lagg =
g2
s

32π2fa
a Ga

µνG̃aµν (6)

Laγγ =
e2Caγγ

32π2fa
a FµνF̃µν , (7)

where Ga
µν and Fµν are the gluon and electromagnetic

field strength tensors, respectively, whose duals are given
by G̃a

µν = εµνρσGaρσ/2 and F̃µν = εµνρσF ρσ/2; e2 =
4πα. After chiral symmetry breaking,

Caγγ = 6e2
Q −

2

3

4 + z

1 + z
(8)

for the models described by (3) and Table I, where z =
mu/md ' 0.56 denotes the ratio of the up and down
quark masses. The corresponding interactions of axinos
with gluons and gluinos g̃ are obtained as described by

Leaegg = i
g2
s

64π2fa

¯̃a γ5 [γµ, γν ] g̃a Ga
µν (9)

and as used in the derivation of (2).
In R-parity conserving settings in which the τ̃R LOSP

is the NLSP, its lifetime τeτ is governed by the decay
τ̃R → τ ã. For the models given by (3) and Table I, the
Feynman diagrams of the dominant contributions to the
2-body stau NLSP decay τ̃R → τ ã are shown in Fig. 2.
Since mτ ) meτ , we work in the limit mτ → 0. The
decay amplitude depends on the parameters of the heavy
(s)quark sector through their masses MQ = yfa/

√
2, the

Yukawa coupling y, and the gauge couplings eeQ. In
fact, in the calculation of the 2-loop diagrams, the hier-
archy (5) allows us to make use of a heavy mass expansion
in powers of 1/fa [39]. In this asymptotic expansion, it

Constraints on the Peccei-Quinn (PQ) scale fPQ

[Raffelt]
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Astrophysical Bounds - Coupling Dependent

• axion-photon coupling - evolution of  Horizontal Branch stars

• axion-electron coupling - white dwarf cooling

• axion-nucleon coupling - supernova neutrino burst duration

Astrophysical Bounds

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

Evolution of Horizontal Branch stars: 
constrain photon couplings 

White Dwarf cooling: 
constrain electron couplings

Supernova neutrino burst duration: 
constrain nucleon couplings
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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
✏eL22 . 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,

✏eL33 = 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
✓
✏d11✏

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
✓
✏d33✏

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 ✏eL11 ) 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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decay constant f
a

by m
a

f
a

⇠ m
⇡

f
⇡

and g
a�

⇠ ↵/(2⇡f
a

), where m
⇡

and f
⇡

are respectively
the pion mass and decay constant. A recent detailed study yields the numerical values [21]

m
a

= 5.70(6)(4)µeV

✓
1012GeV

f
a

◆
, (2.3a)

g
a�

= � ↵

2⇡f
a

C
a�

= �2.04(3)⇥ 10�16 GeV�1

✓
m

a

1µeV

◆
C
a�

, (2.3b)

C
a�

=
E
N � 1.92(4) , (2.3c)

where numbers in brackets denote the uncertainty in the last digit. For the axion mass the
first error is from quark mass uncertainties and the second one from higher order corrections.
In expression (2.3c), E is the EM anomaly and N the color anomaly or equivalently domain
wall number. In models where ordinary quarks and leptons do not carry Peccei–Quinn
charges, the axion-photon interaction arises entirely from a-⇡0-⌘ mixing and E/N = 0, the
KSVZ model [22, 23] providing a traditional example. In more general models, E/N is a ratio
of small integers, the DFSZ model [24, 25] with E/N = 8/3 being an often-cited example,
although there exist many other cases [26]. While g

a�

can be either positive or negative via
the model-dependent E/N value, we will see that the detectable power will depend on g2

a�

.
The Euler–Lagrange equations of motion for the axion and photon fields following from

the Lagrangian density (2.1) are

@
µ

Fµ⌫ = J⌫ � g
a�

eFµ⌫@
µ

a , (2.4a)
�
@
µ

@µ +m2

a

�
a = �g

a�

4
F
µ⌫

eFµ⌫ . (2.4b)

The first equation is a modification of the laws of Gauss and Ampère in the presence of
axions, which leads to the extra current J⌫

a

⌘ �g
a�

@
µ

( eFµ⌫a) = �g
a�

eFµ⌫@
µ

a on the rhs of
this equation. The laws of Gauss for magnetism and of Faraday derive from a geometric
property of electrodynamics, the Bianchi identity @

µ

eFµ⌫ = 0, which does not get modified
by including the axion. In terms of electric and magnetic fields, one finds [8, 27]

r ·E = ⇢� g
a�

B ·ra , (2.5a)

r⇥B� Ė = J+ g
a�

(B ȧ�E⇥ra) , (2.5b)

r ·B = 0 , (2.5c)

r⇥E+ Ḃ = 0 , (2.5d)

ä�r2a+m2

a

a = g
a�

E ·B . (2.5e)

While axions do not enter the homogeneous equations, we need the latter to derive the EM
boundary conditions for interfaces such as those considered in section 3 below.

2.2 Macroscopic form of Maxwell’s equations

As discussed in the Introduction, dielectric materials will be essential for the proposed new
axion dark matter haloscope. Accordingly, we now reformulate these equations in terms of
macroscopic fields to account for the EM response of the background medium.

The form of the homogeneous equations (2.5c) and (2.5d) does not change. Nevertheless,
the fields E and B are here and henceforth understood to be the macroscopic ones obtained
from the microscopic ones by macroscopic smoothing. This applies, in particular, to the rhs
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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⇡
Ga

µ⌫G̃
a,µ⌫ (1)

+
a

fa

↵em

8⇡

E

N
Fµ⌫ F̃

µ⌫ +
@µa

2fa
f i�

µ(CV
ij + CA

ij�5)fj ,

where the second term defines the axion decay
constant fa, the dual field strengths are G̃a,µ⌫ =
1
2✏

µ⌫⇢�Ga
⇢� and F̃µ⌫ = 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 CV,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
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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
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Flavored Axion Models 

• Minimal DFSZ - universal PQ charges for all generations

• Next-to-minimal DFSZ - universal PQ charges for two generations

allows for nucleophobic axion models - relaxed SN bound

allows for electrophobic axion models - relaxed WD bound

• PQ = Froggatt-Nielsen (FN) - Flaxion/Axiflavon

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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ axion window |EN � 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]
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µeV
, (16)

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

⌦DMh2 ⇡ 2.3⇥ 10�7
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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 ⌦DMh2 ⇡ 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
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explains hierarchical flavor structure of quarks and leptons
solves strong CP problem
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New complex scalar: 

Flavon

A simple possibility:

a spontaneously broken global U(1) symmetry. [Froggatt-Nielsen,’79]

where

flavon
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Standard Model
+ one complex scalar


with U(1)F = U(1)PQ

+ 2 (or 3) 

right-handed 

neutrinos.

flavon axion

 Flaxion Scenario 
Quark and lepton

mass hierarchy

and mixings.

Strong CP
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Dark 

Matter.
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lems
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masses

and mixings.

Baryon 

asymmetry

of the Universe.

seesaw
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High enough



reheating

inflaton
� = 1p

2
('+ ia)

characteristic 
signal:  


K → π a  
Summary

Inflation.
Pξ & (ns, r)
in the Planck
best-fit region 

[from Koichi Hamaguchi’s talk @ PACIFIC 2018]

Puzzles of the SM explained by a simple extension
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Flaxion Dark Matter:

42

a
a

Case 1: U(1) is broken after inflation.

Case 2: U(1) was already broken during inflation.

-> Domain Wall !

In the flaxion scenario, typically NDW ≠ 1,

and this possibility is excluded.

Quantum fluctuation during inflation

leads to DM isocurvature perturbation,

which is severely constrained [Planck,’15].

-> Strong bound on inflation scale. �a ⇠ Hinf

Hinf . 3⇥ 107 GeV ✓�1
i

✓
1012 GeV

fa

◆0.19

.

Flaxion Dark Matter

[from Koichi Hamaguchi’s talk @ PACIFIC 2018]
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K → π a 
[BNL-E787, 949]  CERN-NA62

35

 Flaxion Scenario 
Summary

M

fa

scale 
1013 1014 1015 1016 1017

v� ⇠ ⇤

✏ ⇠ 0.2

p
2

NDW
⇠ 0.1

1013 1014 1015 10161012

1013 1014 101510121011

GeV

axion DM✓i ⇠ 1 ✓i ⇠ 10�3

inflation�� ⇠ 1 �� ⇠ 10�6

LeptogenesisqN1 = 1 qN1 = 5

[from Koichi Hamaguchi’s talk @ PACIFIC 2018]
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Lagrangian

33

 Flaxion Scenario 
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Lagrangian 
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The AxiflavonThe Axiflavon
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Conclusions

• flavored axion models - non-universal axion-fermion couplings

• astrophysical constraints can be relaxed - new (mini)IAXO opportunities

• but: there a non-axion dark matter explanation will be required

• flavor precision experiments provide stringent tests of such models

• flaxion/axiflavon models - allow for solutions of many SM puzzles

• but: hierarchy problem may require SUSY in a somewhat intrigued way

• CERN NA62: K -> pi a will test such models soon

• MADMAX may test such models independently from NA62
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