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Outline of this talk

Quadratic Coupling of Axions to Photons:

Which operator?
<latexit sha1_base64="WMKDO+IewObdzbP0A3YkbUO0yFs=">AAACIXicbVDLSgMxFM34rPVVdekmWIS6KTNFapcFobisYB/QmZZMJm1Dk8yQZIQy9AP8Dj/ArX6CO3EnfoC/YaYdQVsPBA7n3MvJPX7EqNK2/WGtrW9sbm3ndvK7e/sHh4Wj47YKY4lJC4cslF0fKcKoIC1NNSPdSBLEfUY6/uQ69Tv3RCoaijs9jYjH0UjQIcVIG2lQKJbcCElNEYPool+BjUHi8tgV8azR/2Fmyi7bc8BV4mSkCDI0B4UvNwhxzInQmCGleo4daS9JczAjs7wbKxIhPEEj0jNUIE6Ul8yPmcFzowRwGErzhIZz9fdGgrhSU+6bSY70WC17qfivp8xXxiRYitfDmpdQEcWaCLxIH8YM6hCmdcGASoI1mxqCsKTmAIjHSCKsTal504yz3MMqaVfKTrVcvb0s1mtZRzlwCs5ACTjgCtTBDWiCFsDgATyBZ/BiPVqv1pv1vhhds7KdE/AH1uc3DWSj4Q==</latexit>

(@a)2Fµ⌫F
µ⌫

<latexit sha1_base64="p5toxc7ADyUfbLPySWcM1hNxlAM=">AAACFnicbZDLSsNAFIYn9VbrLepGcDNYBFclKVK7LAjFZQV7gSYNk8mkHTqZhJmJUEJ9Dh/ArT6CO3Hr1ifwNZy2EbT1h4GP/5zDmfP7CaNSWdanUVhb39jcKm6Xdnb39g/Mw6OOjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3x9azevSdC0pjfqUlC3AgNOQ0pRkpbnnmCBlXY9DInSh2eTpuDH/LMslWx5oKrYOdQBrlanvnlBDFOI8IVZkjKvm0lys2QUBQzMi05qSQJwmM0JH2NHEVEutn8gik8104Aw1joxxWcu78nMhRJOYl83RkhNZLLtZn5b03qr4xIsLRehXU3ozxJFeF4sT1MGVQxnGUEAyoIVmyiAWFB9QEQj5BAWOkkSzoZezmHVehUK3atUru9LDfqeUZFcArOwAWwwRVogBvQAm2AwQN4As/gxXg0Xo03433RWjDymWPwR8bHNxEIn7k=</latexit>

a2Fµ⌫F
µ⌫vs

Axion-photon coupling: 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫
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Quadratic Coupling of Axions to Photons:

Which operator?
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a2Fµ⌫F
µ⌫vs

How to generate
<latexit sha1_base64="p5toxc7ADyUfbLPySWcM1hNxlAM=">AAACFnicbZDLSsNAFIYn9VbrLepGcDNYBFclKVK7LAjFZQV7gSYNk8mkHTqZhJmJUEJ9Dh/ArT6CO3Hr1ifwNZy2EbT1h4GP/5zDmfP7CaNSWdanUVhb39jcKm6Xdnb39g/Mw6OOjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3x9azevSdC0pjfqUlC3AgNOQ0pRkpbnnmCBlXY9DInSh2eTpuDH/LMslWx5oKrYOdQBrlanvnlBDFOI8IVZkjKvm0lys2QUBQzMi05qSQJwmM0JH2NHEVEutn8gik8104Aw1joxxWcu78nMhRJOYl83RkhNZLLtZn5b03qr4xIsLRehXU3ozxJFeF4sT1MGVQxnGUEAyoIVmyiAWFB9QEQj5BAWOkkSzoZezmHVehUK3atUru9LDfqeUZFcArOwAWwwRVogBvQAm2AwQN4As/gxXg0Xo03433RWjDymWPwR8bHNxEIn7k=</latexit>

a2Fµ⌫F
µ⌫ ?

From QCD axion?

From ALP?

<latexit sha1_base64="uiT6VrapB3KJ8Vcc7v05Y0C349I="></latexit>

La2F 2 � c
F2

↵

16⇡2

✓
a2

f2
a

◆
Fµ⌫F

µ⌫

Axion-photon coupling: 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫
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a2Fµ⌫F
µ⌫vs

Why do we care 
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a2Fµ⌫F
µ⌫ ?

How to generate
<latexit sha1_base64="p5toxc7ADyUfbLPySWcM1hNxlAM=">AAACFnicbZDLSsNAFIYn9VbrLepGcDNYBFclKVK7LAjFZQV7gSYNk8mkHTqZhJmJUEJ9Dh/ArT6CO3Hr1ifwNZy2EbT1h4GP/5zDmfP7CaNSWdanUVhb39jcKm6Xdnb39g/Mw6OOjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3x9azevSdC0pjfqUlC3AgNOQ0pRkpbnnmCBlXY9DInSh2eTpuDH/LMslWx5oKrYOdQBrlanvnlBDFOI8IVZkjKvm0lys2QUBQzMi05qSQJwmM0JH2NHEVEutn8gik8104Aw1joxxWcu78nMhRJOYl83RkhNZLLtZn5b03qr4xIsLRehXU3ozxJFeF4sT1MGVQxnGUEAyoIVmyiAWFB9QEQj5BAWOkkSzoZezmHVehUK3atUru9LDfqeUZFcArOwAWwwRVogBvQAm2AwQN4As/gxXg0Xo03433RWjDymWPwR8bHNxEIn7k=</latexit>

a2Fµ⌫F
µ⌫ ?

Variation of 

fine structure constant

New (more stringent?) constrains

on the axion(QCD/ALP) parameter space

From QCD axion?

From ALP?

Big Bang Nucleosynthesis (BBN) 
Ultra-light DM searches

Fifth-forces and Weak Equivalence Principle

<latexit sha1_base64="uiT6VrapB3KJ8Vcc7v05Y0C349I="></latexit>

La2F 2 � c
F2

↵

16⇡2

✓
a2

f2
a

◆
Fµ⌫F

µ⌫

<latexit sha1_base64="wEFDHEJhk1o5sIBJ54NHqsWl5Mk=">AAACV3icbVFda9swFJXdrs2yj6bdY19EwyBlI9ihtHssFMYeW1jaQuQaWblORGXZla4HQfhPjr30r+xlU2I/bG0vCI7OOfdKOsoqJS1G0WMQbm2/2tntve6/efvu/d5g/+DalrURMBWlKs1txi0oqWGKEhXcVgZ4kSm4ye4v1vrNDzBWlvo7ripICr7QMpeCo6fSgWZcVUs+wmPKrCzggbYEU5DjjMb0ExWpS93Xu0nTUDbPDR eutTTuhFXS8xvvqNPWoxqXp7xhRi6WeHw3oewzbTdJOhhG42hT9DmIOzAkXV2mg59sXoq6AI1CcWtncVRh4rhBKRQ0fVZbqLi45wuYeah5ATZxm1wa+tEzc5qXxi+NdMP+2+F4Ye2qyLyz4Li0T7U1+ZI2qzH/kjipqxpBi/agvFYUS7oOmc6lAYFq5QEXRvq7UrHkPh70X9H3IcRPn/wcXE/G8en49OpkeH7WxdEjh+SIjEhMzsg5+UYuyZQI8ov8DraC7eAx+BPuhL3WGgZdzwfyX4X7fwGDNLOl</latexit>

↵(t) ' ↵

"
1 + c

F2

↵

4⇡2

✓
a(t)

fa

◆2
#

Axion-photon coupling: 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫
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How to generate aaFF: Guidance from QCD axion 

No tree-level contribution from 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫

<latexit sha1_base64="vmdn2hEVM5KFaHdoIDCIfqqRnHE="></latexit>

Mt; +,� =
g2a��
t

⇥�
"+1 · "�2

�
(p1 · q)�

�
"+1 · q

� �
"�2 · p1

�⇤
(p2 · q) = 0
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How to generate aaFF: Guidance from QCD axion 

No tree-level contribution from 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫

1-loop contribution from QCD Chiral Lagrangian:

<latexit sha1_base64="J0La1OlkxuHSb9uoBQz/LZPGe94=">AAACI3icbVC7SgNBFJ31GeMramkzGAKxCbtBYsqAjYVFhLwgmyyzszfJkNkHM7NCWPYL/A4/wFY/wU5sLKz9DWeTFJp44MLhnHu59x434kwq0/w0Nja3tnd2c3v5/YPDo+PCyWlHhrGg0KYhD0XPJRI4C6CtmOLQiwQQ3+XQdac3md99ACFZGLTULIKBT8YBGzFKlJacQsn2iZpQwpO71ElsOmG42UqHSTkaVi9TbMs4kqCcQtGsmHPgdWItSREt0XQK37YX0tiHQFFOpOxbZqQGCRGKUQ5p3o4lRIROyRj6mgbEBzlI5u+kuKQVD49CoStQeK7+nkiIL+XMd3Vndrxc9TLxX0/qUybgraxXo/ogYUEUKwjoYvso5liFOAsMe0wAVXymCaGC6QcwnRBBqNKx5nUy1moO66RTrVi1Su3+qtioLzPKoXN0gcrIQteogW5RE7URRY/oGb2gV+PJeDPejY9F64axnDlDf2B8/QAC6aTj</latexit>

L(p2)
�PT �

�i e (p+ � p�)µ 2 i e2 gµ⌫

⇡+

⇡� a(p1)

a(p2)
µ

⌫

⇡+

⇡�

⇡+

⇡�

µ
�

�
�

i

f2
a


mu md m2

⇡

(mu +md)2
� 2(md �mu)2p1 · p2

(mu +md)2

�
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How to generate aaFF: Guidance from QCD axion 

No tree-level contribution from 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫

1-loop contribution from QCD Chiral Lagrangian:

<latexit sha1_base64="J0La1OlkxuHSb9uoBQz/LZPGe94=">AAACI3icbVC7SgNBFJ31GeMramkzGAKxCbtBYsqAjYVFhLwgmyyzszfJkNkHM7NCWPYL/A4/wFY/wU5sLKz9DWeTFJp44MLhnHu59x434kwq0/w0Nja3tnd2c3v5/YPDo+PCyWlHhrGg0KYhD0XPJRI4C6CtmOLQiwQQ3+XQdac3md99ACFZGLTULIKBT8YBGzFKlJacQsn2iZpQwpO71ElsOmG42UqHSTkaVi9TbMs4kqCcQtGsmHPgdWItSREt0XQK37YX0tiHQFFOpOxbZqQGCRGKUQ5p3o4lRIROyRj6mgbEBzlI5u+kuKQVD49CoStQeK7+nkiIL+XMd3Vndrxc9TLxX0/qUybgraxXo/ogYUEUKwjoYvso5liFOAsMe0wAVXymCaGC6QcwnRBBqNKx5nUy1moO66RTrVi1Su3+qtioLzPKoXN0gcrIQteogW5RE7URRY/oGb2gV+PJeDPejY9F64axnDlDf2B8/QAC6aTj</latexit>

L(p2)
�PT �

�i e (p+ � p�)µ 2 i e2 gµ⌫

⇡+

⇡� a(p1)

a(p2)
µ

⌫

⇡+

⇡�

⇡+

⇡�

µ
�

�
�

i

f2
a


mu md m2

⇡

(mu +md)2
� 2(md �mu)2p1 · p2

(mu +md)2

�

µ

⌫

k1

k2

⇡+

⇡�

p1

p2

µ

⌫

k1

k2

⇡+

⇡�p2

p1

⇡�

µ

⌫

k1

k2

⇡+

⇡�

p2

p1

⇡�

a

a

a

a

a

a

<latexit sha1_base64="fJ9w3CRYUPi63XrIvXozQCJlRbE=">AAACKXicbVDLSgMxFM34rPVVdekmWISKUGZEajdCxY3LCvYBnaHcSdNpaDIzJBmlDP0Iv8MPcKuf4E7duvA3zLRdaOuFhMM593LvOX7MmdK2/WEtLa+srq3nNvKbW9s7u4W9/aaKEklog0Q8km0fFOUspA3NNKftWFIQPqctf3id6a17KhWLwjs9iqknIAhZnxHQhuoWTl0BekCAp1fjkhuAEDD9sStZMNAgZfSAAU7wJe4WinbZnhReBM4MFNGs6t3Ct9uLSCJoqAkHpTqOHWsvBakZ4XScdxNFYyBDCGjHwBAEVV46MTXGx4bp4X4kzQs1nrC/J1IQSo2EbzozC2pey8h/NWVOGdDe3Hrdr3opC+NE05BMt/cTjnWEs9hwj0lKNB8ZAEQyYwCTAUgg2oSbN8k48zksguZZ2amUK7fnxVp1llEOHaIjVEIOukA1dIPqqIEIekTP6AW9Wk/Wm/VufU5bl6zZzAH6U9bXD/utptU=</latexit>

A(�� ! aa) =

1-loop matching

<latexit sha1_base64="uiT6VrapB3KJ8Vcc7v05Y0C349I="></latexit>

La2F 2 � c
F2

↵

16⇡2

✓
a2

f2
a

◆
Fµ⌫F

µ⌫

<latexit sha1_base64="ECz4G8rOEevvbPrdxxSQ/CeRgo0="></latexit>

c
F2 = ⇡mu md/3 (mu +md)

2 ⇠ 0.2
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How to generate aaFF: Guidance from QCD axion 

No tree-level contribution from 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>
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L(p2)
�PT �

�i e (p+ � p�)µ 2 i e2 gµ⌫

⇡+

⇡� a(p1)

a(p2)
µ

⌫

⇡+

⇡�

⇡+

⇡�

µ
�

�
�

i

f2
a


mu md m2

⇡

(mu +md)2
� 2(md �mu)2p1 · p2
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�

µ

⌫

k1
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p1

p2

µ
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a
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a

a

a

<latexit sha1_base64="fJ9w3CRYUPi63XrIvXozQCJlRbE=">AAACKXicbVDLSgMxFM34rPVVdekmWISKUGZEajdCxY3LCvYBnaHcSdNpaDIzJBmlDP0Iv8MPcKuf4E7duvA3zLRdaOuFhMM593LvOX7MmdK2/WEtLa+srq3nNvKbW9s7u4W9/aaKEklog0Q8km0fFOUspA3NNKftWFIQPqctf3id6a17KhWLwjs9iqknIAhZnxHQhuoWTl0BekCAp1fjkhuAEDD9sStZMNAgZfSAAU7wJe4WinbZnhReBM4MFNGs6t3Ct9uLSCJoqAkHpTqOHWsvBakZ4XScdxNFYyBDCGjHwBAEVV46MTXGx4bp4X4kzQs1nrC/J1IQSo2EbzozC2pey8h/NWVOGdDe3Hrdr3opC+NE05BMt/cTjnWEs9hwj0lKNB8ZAEQyYwCTAUgg2oSbN8k48zksguZZ2amUK7fnxVp1llEOHaIjVEIOukA1dIPqqIEIekTP6AW9Wk/Wm/VufU5bl6zZzAH6U9bXD/utptU=</latexit>

A(�� ! aa) =

1-loop matching

<latexit sha1_base64="uiT6VrapB3KJ8Vcc7v05Y0C349I="></latexit>

La2F 2 � c
F2

↵

16⇡2

✓
a2

f2
a

◆
Fµ⌫F

µ⌫

<latexit sha1_base64="ECz4G8rOEevvbPrdxxSQ/CeRgo0="></latexit>

c
F2 = ⇡mu md/3 (mu +md)

2 ⇠ 0.2

<latexit sha1_base64="CcgzIcSZyl6vp54rWGBTa2Wq2I4="></latexit>

La2F 2 � ↵

16⇡2

⇡

3

m2
a

✏m2
⇡ f

2
⇡

a2 Fµ⌫F
µ⌫

<latexit sha1_base64="ZvAXnz59WJbzZ5N92DvQv4FJt70="></latexit>

m2
a = ✏

mumd

(mu +md)2
m2

⇡f
2
⇡

f2
a
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No tree-level contribution from 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫

1-loop contribution from QCD Chiral Lagrangian:

<latexit sha1_base64="J0La1OlkxuHSb9uoBQz/LZPGe94=">AAACI3icbVC7SgNBFJ31GeMramkzGAKxCbtBYsqAjYVFhLwgmyyzszfJkNkHM7NCWPYL/A4/wFY/wU5sLKz9DWeTFJp44MLhnHu59x434kwq0/w0Nja3tnd2c3v5/YPDo+PCyWlHhrGg0KYhD0XPJRI4C6CtmOLQiwQQ3+XQdac3md99ACFZGLTULIKBT8YBGzFKlJacQsn2iZpQwpO71ElsOmG42UqHSTkaVi9TbMs4kqCcQtGsmHPgdWItSREt0XQK37YX0tiHQFFOpOxbZqQGCRGKUQ5p3o4lRIROyRj6mgbEBzlI5u+kuKQVD49CoStQeK7+nkiIL+XMd3Vndrxc9TLxX0/qUybgraxXo/ogYUEUKwjoYvso5liFOAsMe0wAVXymCaGC6QcwnRBBqNKx5nUy1moO66RTrVi1Su3+qtioLzPKoXN0gcrIQteogW5RE7URRY/oGb2gV+PJeDPejY9F64axnDlDf2B8/QAC6aTj</latexit>

L(p2)
�PT �

�i e (p+ � p�)µ 2 i e2 gµ⌫

⇡+

⇡� a(p1)

a(p2)
µ

⌫

⇡+

⇡�

⇡+

⇡�

µ
�

�
�

i

f2
a


mu md m2

⇡

(mu +md)2
� 2(md �mu)2p1 · p2

(mu +md)2

�

µ

⌫

k1

k2

⇡+

⇡�

p1

p2

µ

⌫

k1

k2

⇡+

⇡�p2

p1

⇡�

µ

⌫

k1

k2

⇡+

⇡�

p2

p1

⇡�

a

a

a

a

a

a

<latexit sha1_base64="fJ9w3CRYUPi63XrIvXozQCJlRbE=">AAACKXicbVDLSgMxFM34rPVVdekmWISKUGZEajdCxY3LCvYBnaHcSdNpaDIzJBmlDP0Iv8MPcKuf4E7duvA3zLRdaOuFhMM593LvOX7MmdK2/WEtLa+srq3nNvKbW9s7u4W9/aaKEklog0Q8km0fFOUspA3NNKftWFIQPqctf3id6a17KhWLwjs9iqknIAhZnxHQhuoWTl0BekCAp1fjkhuAEDD9sStZMNAgZfSAAU7wJe4WinbZnhReBM4MFNGs6t3Ct9uLSCJoqAkHpTqOHWsvBakZ4XScdxNFYyBDCGjHwBAEVV46MTXGx4bp4X4kzQs1nrC/J1IQSo2EbzozC2pey8h/NWVOGdDe3Hrdr3opC+NE05BMt/cTjnWEs9hwj0lKNB8ZAEQyYwCTAUgg2oSbN8k48zksguZZ2amUK7fnxVp1llEOHaIjVEIOukA1dIPqqIEIekTP6AW9Wk/Wm/VufU5bl6zZzAH6U9bXD/utptU=</latexit>

A(�� ! aa) =

1-loop matching

<latexit sha1_base64="uiT6VrapB3KJ8Vcc7v05Y0C349I="></latexit>

La2F 2 � c
F2

↵

16⇡2

✓
a2

f2
a

◆
Fµ⌫F

µ⌫

<latexit sha1_base64="ECz4G8rOEevvbPrdxxSQ/CeRgo0="></latexit>

c
F2 = ⇡mu md/3 (mu +md)

2 ⇠ 0.2

<latexit sha1_base64="D6KOplvOYCAlOqDFIUNgtRC01Dc="></latexit>

↵ ' ↵0

✓
1 +

↵0 mu md a2

12⇡ f2
a (mu +md)2

◆

The same result can be obtained from threshold corrections

H. Kim, A. Lenoci, G. Perez, W. Ratzinger (2307.14962)

How to generate aaFF: Guidance from QCD axion 

https://arxiv.org/abs/2307.14962
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How to generate aaFF: Guidance from QCD axion 

No tree-level contribution from 
<latexit sha1_base64="cQ65M7v75SzdJOr8ZDjswW4UUUI="></latexit>

L � �ga��
4

aFµ⌫ F̃
µ⌫

1-loop contribution from QCD Chiral Lagrangian:
<latexit sha1_base64="uiT6VrapB3KJ8Vcc7v05Y0C349I="></latexit>

La2F 2 � c
F2

↵

16⇡2

✓
a2

f2
a

◆
Fµ⌫F

µ⌫

<latexit sha1_base64="ECz4G8rOEevvbPrdxxSQ/CeRgo0="></latexit>

c
F2 = ⇡mu md/3 (mu +md)

2 ⇠ 0.2

<latexit sha1_base64="D6KOplvOYCAlOqDFIUNgtRC01Dc="></latexit>

↵ ' ↵0

✓
1 +

↵0 mu md a2

12⇡ f2
a (mu +md)2

◆

If axion make up dark matter:

<latexit sha1_base64="E0v71A7W9SS+eu8LusqRcDIaGSI="></latexit>

�↵

↵
' c

F2

↵

4⇡2

2⇢DM

m2
a f

2
a

cos2(mat+ ')X(r)2
<latexit sha1_base64="0m1nuomaAVV+HbLHpRwcH3TMbDA="></latexit>

a(t) '
p
2⇢DM

ma
cos(mat+ ')X(r)

Temporal variation of alpha
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Constrains on axion parameter space: Guidance from QCD axion

See also H. Kim, A. Lenoci, G. Perez, W. Ratzinger (2307.14962)

https://arxiv.org/abs/2307.14962
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Constraints on axion parameter space: Guidance from QCD axion

Constraints from atomic clocks
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Constraints on axion parameter space: Guidance from QCD axion

Constraints from atomic interferometers (AION)
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Constraints on axion parameter space: Guidance from QCD axion

Constraints from MICROSCOPE mission

(searching for violation of weak equivalent principle)
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Constraints on axion parameter space: Guidance from QCD axion

Constraints from the standard BBN

( Yield of  )4He
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How to generate aaFF: Generalise to Axion-Like Particles(ALPs) 

Toy model 1: Shift symmetry-breaking EFT resulting from KSVZ-like setup

<latexit sha1_base64="pmmMFJroUstP2f4p2izvBI/BVT0="></latexit>

LUV = �1

4
Fµ⌫F

µ⌫ +  ̄Li /D L +  ̄Ri /D R +
�
y� ̄L R + h.c.

�
+ @µ�

†@µ�� V (�†�)
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How to generate aaFF: Generalise to Axion-Like Particles(ALPs) 

Toy model 1: Shift symmetry-breaking EFT resulting from KSVZ-like setup

<latexit sha1_base64="pmmMFJroUstP2f4p2izvBI/BVT0="></latexit>

LUV = �1

4
Fµ⌫F

µ⌫ +  ̄Li /D L +  ̄Ri /D R +
�
y� ̄L R + h.c.

�
+ @µ�

†@µ�� V (�†�)

<latexit sha1_base64="hCowlDPKp1rT2Bk+PMLvK3YCenM="></latexit>

V (�†�) = �

✓
�†�� f2

a

2

◆2
<latexit sha1_base64="iIvzQ0sbls3xTe24qYEiWHqA4Gc=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARKkJNitRuhIIblxXsBZoYJpNJMzi5ODMRSshruPFV3LhQxKWufBunbRba+sPAx3/O4cz53YRRIQ3jWystLa+srpXXKxubW9s7+u5eT8Qpx6SLYxbzgYsEYTQiXUklI4OEExS6jPTdu8tJvf9AuKBxdCPHCbFDNIqoTzGSynJ0w0oCCi+g5fkc4czMM0vcc5k18rxm8SCGJ9B30DG5zSg6VZQ7etWoG1PBRTALqIJCHUf/tLwYpyGJJGZIiKFpJNLOEJcUM5JXrFSQBOE7NCJDhREKibCz6WU5PFKOB/2YqxdJOHV/T2QoFGIcuqozRDIQ87WJ+V9tmEq/ZWc0SlJJIjxb5KcMyhhOYoIe5QRLNlaAMKfqrxAHSEUkVZgVFYI5f/Ii9Bp1s1lvXp9V260ijjI4AIegBkxwDtrgCnRAF2DwCJ7BK3jTnrQX7V37mLWWtGJmH/yR9vUDRLWf1A==</latexit>

� =
1p
2
(⇢+ fa)e

ia/faand

a

a

F

F

<latexit sha1_base64="CK7eYm5mDImJkTpwddOgdIOQvtA="></latexit>

L1-loop
a2F 2 =

i2

16⇡2

1

3M2
 


M2
 
a2

f2
a

�
(iQ e)

2Fµ⌫F
µ⌫ +

i2

16⇡2

2

3M 


M 

(ia)2

2f2
a

�
(iQ e)

2Fµ⌫F
µ⌫ = 0

a

a F

F

<latexit sha1_base64="x/tgq6S9HUnCMfTxoa+3JUeowZs=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKxBwDXjxGMDGQLGF2MpsMmccyMyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrSjgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVqQjtEcaV7ETaUM0k7lllOe4mmWEScPkbT29x/fKLaMCUf7CyhocBjyWJGsM2lQWLYsFrz6/4CaJ0EBalBgfaw+jUYKZIKKi3h2Jh+4Cc2zLC2jHA6rwxSQxNMpnhM+45KLKgJs8Wtc3ThlBGKlXYlLVqovycyLIyZich1CmwnZtXLxf+8fmrjZpgxmaSWSrJcFKccWYXyx9GIaUosnzmCiWbuVkQmWGNiXTwVF0Kw+vI66V7Vg0a9cX9dazWLOMpwBudwCQHcQAvuoA0dIDCBZ3iFN094L96797FsLXnFzCn8gff5AyTPjks=</latexit>

 
<latexit sha1_base64="x/tgq6S9HUnCMfTxoa+3JUeowZs=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKxBwDXjxGMDGQLGF2MpsMmccyMyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrSjgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVqQjtEcaV7ETaUM0k7lllOe4mmWEScPkbT29x/fKLaMCUf7CyhocBjyWJGsM2lQWLYsFrz6/4CaJ0EBalBgfaw+jUYKZIKKi3h2Jh+4Cc2zLC2jHA6rwxSQxNMpnhM+45KLKgJs8Wtc3ThlBGKlXYlLVqovycyLIyZich1CmwnZtXLxf+8fmrjZpgxmaSWSrJcFKccWYXyx9GIaUosnzmCiWbuVkQmWGNiXTwVF0Kw+vI66V7Vg0a9cX9dazWLOMpwBudwCQHcQAvuoA0dIDCBZ3iFN094L96797FsLXnFzCn8gff5AyTPjks=</latexit>

 

Without explicit shift-symmetry-breaking terms:
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How to generate aaFF: Generalise to Axion-Like Particles(ALPs) 

Toy model 1: Shift symmetry-breaking EFT resulting from KSVZ-like setup

<latexit sha1_base64="pmmMFJroUstP2f4p2izvBI/BVT0="></latexit>

LUV = �1

4
Fµ⌫F

µ⌫ +  ̄Li /D L +  ̄Ri /D R +
�
y� ̄L R + h.c.

�
+ @µ�

†@µ�� V (�†�)

<latexit sha1_base64="iIvzQ0sbls3xTe24qYEiWHqA4Gc=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARKkJNitRuhIIblxXsBZoYJpNJMzi5ODMRSshruPFV3LhQxKWufBunbRba+sPAx3/O4cz53YRRIQ3jWystLa+srpXXKxubW9s7+u5eT8Qpx6SLYxbzgYsEYTQiXUklI4OEExS6jPTdu8tJvf9AuKBxdCPHCbFDNIqoTzGSynJ0w0oCCi+g5fkc4czMM0vcc5k18rxm8SCGJ9B30DG5zSg6VZQ7etWoG1PBRTALqIJCHUf/tLwYpyGJJGZIiKFpJNLOEJcUM5JXrFSQBOE7NCJDhREKibCz6WU5PFKOB/2YqxdJOHV/T2QoFGIcuqozRDIQ87WJ+V9tmEq/ZWc0SlJJIjxb5KcMyhhOYoIe5QRLNlaAMKfqrxAHSEUkVZgVFYI5f/Ii9Bp1s1lvXp9V260ijjI4AIegBkxwDtrgCnRAF2DwCJ7BK3jTnrQX7V37mLWWtGJmH/yR9vUDRLWf1A==</latexit>

� =
1p
2
(⇢+ fa)e

ia/faand

Adding a shift-symmetry-breaking terms to the potential:
<latexit sha1_base64="bvFJ5591JaQeSz/rjZHgPFDsnrc="></latexit>

V (�†�) � �

✓
�†�� f2

a

2

◆2

+ g2
✓
�†�� f2

a

2

◆✓
1� cos

✓
a

fa

◆◆

Preserves CP,  symmetry, no mass term of an ALP at tree-level  ℤn
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How to generate aaFF: Generalise to Axion-Like Particles(ALPs) 

Toy model 1: Shift symmetry-breaking EFT resulting from KSVZ-like setup

<latexit sha1_base64="pmmMFJroUstP2f4p2izvBI/BVT0="></latexit>

LUV = �1

4
Fµ⌫F

µ⌫ +  ̄Li /D L +  ̄Ri /D R +
�
y� ̄L R + h.c.

�
+ @µ�

†@µ�� V (�†�)

<latexit sha1_base64="iIvzQ0sbls3xTe24qYEiWHqA4Gc=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARKkJNitRuhIIblxXsBZoYJpNJMzi5ODMRSshruPFV3LhQxKWufBunbRba+sPAx3/O4cz53YRRIQ3jWystLa+srpXXKxubW9s7+u5eT8Qpx6SLYxbzgYsEYTQiXUklI4OEExS6jPTdu8tJvf9AuKBxdCPHCbFDNIqoTzGSynJ0w0oCCi+g5fkc4czMM0vcc5k18rxm8SCGJ9B30DG5zSg6VZQ7etWoG1PBRTALqIJCHUf/tLwYpyGJJGZIiKFpJNLOEJcUM5JXrFSQBOE7NCJDhREKibCz6WU5PFKOB/2YqxdJOHV/T2QoFGIcuqozRDIQ87WJ+V9tmEq/ZWc0SlJJIjxb5KcMyhhOYoIe5QRLNlaAMKfqrxAHSEUkVZgVFYI5f/Ii9Bp1s1lvXp9V260ijjI4AIegBkxwDtrgCnRAF2DwCJ7BK3jTnrQX7V37mLWWtGJmH/yR9vUDRLWf1A==</latexit>

� =
1p
2
(⇢+ fa)e

ia/faand

Adding a shift-symmetry-breaking terms to the potential:
<latexit sha1_base64="bvFJ5591JaQeSz/rjZHgPFDsnrc="></latexit>

V (�†�) � �

✓
�†�� f2

a

2

◆2

+ g2
✓
�†�� f2

a

2

◆✓
1� cos

✓
a

fa

◆◆

<latexit sha1_base64="cTq+LocSN8U422j6wdCGvMi1BvQ="></latexit>

L1�loop
a2F 2 � i2

16⇡2

2

3M 


M 

⇢

fa

�
(iQ e)

2Fµ⌫F
µ⌫

����
⇢=⇢c(a)

� 1

48⇡2
(Q e)

2 g2

f2
aM

2
⇢

a2Fµ⌫F
µ⌫

Integrating out:
<latexit sha1_base64="YYqRp/SmGCQvc1d0ctk93UwrKPc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KCURqT0WvHisYD8gCWWz3bRLN7thdyOU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRSln2rjut7OxubW9s1vaK+8fHB4dV05Ou1pmitAOkVyqfoQ15UzQjmGG036qKE4iTnvR5G7u956o0kyKRzNNaZjgkWAxI9hYyQ/UWNaCWpBqNqhU3bq7AFonXkGqUKA9qHwFQ0myhApDONba99zUhDlWhhFOZ+Ug0zTFZIJH1LdU4ITqMF+cPEOXVhmiWCpbwqCF+nsix4nW0ySynQk2Y73qzcX/PD8zcTPMmUgzQwVZLoozjoxE8//RkClKDJ9agoli9lZExlhhYmxKZRuCt/ryOule171GvfFwU201izhKcA4XcAUe3EIL7qENHSAg4Rle4c0xzovz7nwsWzecYuYM/sD5/AHH5pDq</latexit>

⇢,  

<latexit sha1_base64="5mL2ZPsaYDRm43ksZLJBQv0ShQQ="></latexit>

c
F2 =

4⇡

3
Q2
 

g2
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One can derive the variation of :α(a)
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How to generate aaFF: Generalise to Axion-Like Particles(ALPs) 

Toy model 2: QCD-like dynamics for an ALP

Main ingredients: Dark QCD-like & Dark photon sectors: 
                     Chiral fermions charged under the symmetries of the dark sectors

<latexit sha1_base64="TSKAMh6DXEWC1VITtw74ZDPYkwk=">AAACDXicbVDLSgMxFM3UV62vUZduglWomzIjUrssuHElFZ220Kklk2ba0EwyJBmhDP0BN/6KGxeKuHXvzr8xbQfU1gMhh3Pu5d57gphRpR3ny8otLa+sruXXCxubW9s79u5eQ4lEYuJhwYRsBUgRRjnxNNWMtGJJUBQw0gyGFxO/eU+kooLf6lFMOhHqcxpSjLSRuvbRjVe6OrlL/VjSiIyhL7T5FfRK7o/atYtO2ZkCLhI3I0WQod61P/2ewElEuMYMKdV2nVh3UiQ1xYyMC36iSIzwEPVJ21COzMhOOr1mDI+N0oOhkOZxDafq744URUqNosBURkgP1Lw3Ef/z2okOq52U8jjRhOPZoDBhUAs4iQb2qCRYs5EhCEtqdoV4gCTC2gRYMCG48ycvksZp2a2UK9dnxVo1iyMPDsAhKAEXnIMauAR14AEMHsATeAGv1qP1bL1Z77PSnJX17IM/sD6+ASihmv0=</latexit>

SU(N)0 ⌦ U(1)0

Using SU(N)’ instanton to break the shift-symmetry of an ALP:
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Using kinetic mixing  between photon & dark photon:χ

Analogously to QCD axion computations, the fine structure constant in the dark sector 
is also modified:

<latexit sha1_base64="xI8NEr2yeoMaO1I7LKY8kTE+nfA="></latexit>
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<latexit sha1_base64="uLSXv0gGdvD1oGIoYjs6+fioOVY=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkoiUrsRCm5cVrAXaGOYTCbt0JlJmJkIJWTpxldx40IRtz6CO9/GaRtQW38Y+PnOOZw5f5AwqrTjfFlLyyura+uljfLm1vbOrr2331ZxKjFp4ZjFshsgRRgVpKWpZqSbSIJ4wEgnGF1N6p17IhWNxa0eJ8TjaCBoRDHSBvn2Efez9C7rJ5JykufwEhoQ/gDfrjhVZyq4aNzCVEChpm9/9sMYp5wIjRlSquc6ifYyJDXFjOTlfqpIgvAIDUjPWIE4UV42PSSHJ4aEMIqleULDKf09kSGu1JgHppMjPVTztQn8r9ZLdVT3MiqSVBOBZ4uilEEdw0kqMKSSYM3GxiAsqfkrxEMkEdYmu7IJwZ0/edG0z6purVq7Oa806kUcJXAIjsEpcMEFaIBr0AQtgMEDeAIv4NV6tJ6tN+t91rpkFTMH4I+sj2+oUZpe</latexit>mu0 = md0( assuming: )
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Sensitivity of the quadratic coupling: ALPs 
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Quadratic coupling of Axions to Photons: Summary 

For the QCD axion: 
1.) Dynamics endowing axion with a mass can also lead to a quadratic coupling 
of axions to photons  
2.) Other pre-existing constraints are stronger, but quadratic coupling offers 
new ways to probe parts of parameter space and exploit the precision of 
table-top experiments of fundamental constants.

For Axion-like-Particles:

  1.) Resulting constrain may be the strongest bounds in large regions of 
  parameter space  
  2.) Constructing a UV completion for the shift-breaking coupling with less fine-
tuning of the ALP mass is not easy 
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Backup slides
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Backup slides: One-Loop Effective Action
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<latexit sha1_base64="TSKSeV+w5w5I1TUqGmnIbGC6ndo="></latexit>

Path integral formalism:

Find classical solution by solving EOM:

Expand action around minimum:

Integrate over quantum fluctuation   : ⌘

<latexit sha1_base64="Uz17tv9HGrHGTlirD/rxmVo52q8="></latexit>

Tree-level One-loop level

det(A) = eTr logA

<latexit sha1_base64="i/NEHh8hgTbz/1AIpMdejsCu13g="></latexit>

Re-write the determinant, :

cs is spin factor (cs = +1/2 for real scalar, -1 for Dirac fermion)
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Backup slides—Building axion EFTs: One-loop matching using functional method 

We parametrise the shape of UV Lagrangian as follows:

26

General coupling with background fields
<latexit sha1_base64="iMkGHbvcUCJAN95tm5qxyVXW0dQ="></latexit>

X[�] = Vµ[�]�
µ � Aµ[�]�

µ�5 �W1[�]i�
5Example:

S. A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)

Expanding order by order (ex: up to n=6)

Integrating over momentum q (use Dimensional Regularisation for divergence integrals)

Evaluating the Dirac traces (careful with     )

<latexit sha1_base64="OChuj/cS0iT0N5/M24QnIOmGq1Q="></latexit>

�5

Path Integral: extract the one-loop (heavy-only) piece:
<latexit sha1_base64="m+Zd8irj2cTDMz7aiOgg5gsORug="></latexit>
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Evaluating the functional trace:
<latexit sha1_base64="s21SY9P4h4+PyXNKN6080uDyegU="></latexit>
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Encapsulate axion derivative couplings


