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⌘ <latexit sha1_base64="LJQ+7hu88xGFzudvJOTcnWPDAm0="></latexit>

@µa

f

X

 2SM

 ̄c �
µ if 

PQ

3x3 complex 3x3 hermitian

constraints on
<latexit sha1_base64="35q2P8YO4iWD1fu3mEvJVjirGFU="></latexit>
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†
d

⌘
,

I(2)ud,u = ReTr
⇣
X2

uỸdY
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XdỸuY

†
u +XuỸd Y
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ỸuY

†
u

⌘
, I(2)u = ReTr

⇣
XuỸuY
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†
u +XuXdXuỸdY
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XdỸuY

†
u +XuỸd Y
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†
u

i
�

h
Xu, ỸdY
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Matching to PQ UV models



Invariants easily track features of PQ

Ex : axiflavon/flaxion model [Ema/Hamaguchi/Moroi/Nakayama ’16 
Calibbi/Goertz/Redigolo/Ziegler/Zupan ’16]
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Matching to PQ UV models
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Matching to PQ UV models



Invariants easily track features of PQ

Ex : axiflavon/flaxion model [Ema/Hamaguchi/Moroi/Nakayama ’16 
Calibbi/Goertz/Redigolo/Ziegler/Zupan ’16]

<latexit sha1_base64="mwNYXJ7lCy1SEBJqrh6I3M1vq5c="></latexit>

�L = ↵
d
ij

✓
�

M

◆qQi�qdj

Q̄iHdj + ↵
u
ij

✓
�

M

◆qQi�quj

Q̄iH̃uj + ↵
e
ij

✓
�

M

◆qLi�qej

L̄iHej + h.c.

<latexit sha1_base64="yRsTJt5XjRwKKL183/GkXk2TXvI="></latexit>

I(1)u = I(2)u = ... = 0
<latexit sha1_base64="JLyLidiL3FFx6s9ZksIAjPBmMGo="></latexit>

�LPQ = �i1�j1↵
0
✓

�

M

◆q0Qi
�q0uj

Q̄iH̃uj + h.c. .

<latexit sha1_base64="H8LfPzszAwc+bUcM5o+x4Pvbd1Q="></latexit>

I(1)u , I(2)u , ... / qQ1 � qu1 �
�
q0Q1

� q0u1

�
<latexit sha1_base64="I/a9n+6iwfGPe6wb/PXEKCbpaAA="></latexit>

↵
u
ij

✓
�

M

◆qQi�quj

Q̄iH̃uj ! ↵
u
ij

✓
�

M

◆q0Qi
�quj

Q̄iH̃uj

<latexit sha1_base64="5P0d/2CH76hpVc5bO31QcnI5qzM="></latexit>

I(1)u = ...I(3)d = 0 , I(1)ud / qQ1 � qQ0
1

<latexit sha1_base64="4izF3kB93MRXRzlUgdgB+fO423o="></latexit>

=)

<latexit sha1_base64="4izF3kB93MRXRzlUgdgB+fO423o="></latexit>

=)

<latexit sha1_base64="4izF3kB93MRXRzlUgdgB+fO423o="></latexit>

=)

Matching to PQ UV models

Collective 
effect
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İ(3)ud = 4(�u + �d)I
(3)
ud ,
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uỸuY
†
u

⌘
,

I(1)d = ReTr
⇣
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†
u

i
�

h
Xu, ỸdY
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In the fermionic sector, PQ is a collective effect

We captured it with flavor-invariant order parameters

This is confirmed by matching to UV models and obtaining 
closed RGEs

The invariants are algebraic : sum-rules from shift-
invariance

Perspectives :
- CPV  
- flavor assumptions VS PQ  
- EFTs with non-linearly realized EW symmetry  
- …
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