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µ
dj)

4-Fermi

(L̄L)(L̄L)
QLL (L̄i�µLj)(L̄k�

µ
Ll)

Q
(1)
QQ

(Q̄i�µQj)(Q̄k�
µ
Ql)

Q
(3)
QQ

(Q̄i�µ⌧
I
Qj)(Q̄k�

µ
⌧
I
Ql)

Q
(1)
LQ

(L̄i�µLj)(Q̄k�
µ
Ql)

Q
(3)
LQ

(L̄i�µ⌧
I
Lj)(Q̄k�

µ
⌧
I
Ql)

(R̄R)(R̄R)
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el)
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(ūi�µT
A
uj)(d̄k�µ

T
A
dl)

(L̄L)(R̄R)
QLe (L̄i�µLj)(ēk�µ
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Qee (ēi�µej)(ēk�µ
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(ūi�µT
A
uj)(d̄k�µ

T
A
dl)

(L̄L)(R̄R)
QLe (L̄i�µLj)(ēk�µ

el)
QLu (L̄i�µLj)(ūk�
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Table 1: The list of dimension-6 aoperators of the SMEFT that contain fermions, as given in Ref. [? ].
When +h.c. is specified, the hermitian conjugate of the operator must be included, too . The subscripts

i, j, k, l are flavor indices, while a, b are SU(2)L indices.
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(ūi�µuj)(d̄k�µ
dl)

Q
(8)
ud
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<latexit sha1_base64="iz+/jZz+3P13FxaWot9P8lHx97Q=">AAAC93icjVHLSsQwFD3W93vUpZviILga2kHUpejGpYKjgiMlzWQ02GlLmgpD6X+4cydu/QG3+gfiH+hfeBM74APRlLbnnnvPSW5umEYy0573MuQMj4yOjU9MTk3PzM7N1xYWj7IkV1y0eBIl6iRkmYhkLFpa6kicpEqwXhiJ4/By1+SPr4TKZBIf6n4qznrsPJZdyZkmKqg1213FeMHKolu67ZCp4qAMfLetZdQRRb8MipyXg3 CvdPOgGdTqXsOzy/0J/ArUUa39pPaMNjpIwJGjB4EYmnAEhoyeU/jwkBJ3hoI4RUjavECJKdLmVCWoghF7Sd9zik4rNqbYeGZWzWmXiF5FSherpEmoThE2u7k2n1tnw/7mXVhPc7Y+/cPKq0esxgWxf+kGlf/VmV40utiyPUjqKbWM6Y5XLrm9FXNy91NXmhxS4gzuUF4R5lY5uGfXajLbu7lbZvOvttKwJuZVbY43c0oasP99nD/BUbPhbzTWD9br2zvVqCewjBWs0Tw3sY097KNF3td4wCOenL5z49w6dx+lzlClWcKX5dy/AwhQpIQ=</latexit>

a

f
Q̄1ỹucH̃u2 PQ ? Which flavor basis ? Fully specified  ? 

What are                   ?<latexit sha1_base64="J/eC6DzjqxjR8RF/R5kCdGf/tW0="></latexit>

yuc, ỹut, ...
<latexit sha1_base64="OSENaDMxnnh2CS7+0sNUtuaJUy0=">AAADQnicjVFNT9tAEB27tA30A5Mce1kRVaKqZDkI0R4RXHLgABIJVDiK1ut1smJjW+t1BbL87/gPqGcuwA1x5dDZxZFo06pdy/ab9+bN7uxEuRSFDoIfjvti6eWr163llTdv371f9dbawyIrFeMDlslMnUS04FKkfKCFlvwkV5zOIsmPo7M9ox9/56oQWXqkL3I+mtFJKhLBqEZq7NVhoiiraF0lNQklT/QGCSOqqkMMtZAxr7 7V43KO+zUpyec/ZMSkT+K5sv9c4ahwo2h+rqupz/yakFCJyVR/GnvdwA/sIoug14AuNOsg864ghBgyYFDCDDikoBFLoFDgcwo9CCBHbgQVcgqRsDqHGlbQW2IWxwyK7Bl+JxidNmyKsalZWDfDXSS+Cp0EPqInwzyF2OxGrF7ayob9W+3K1jRnu8B/1NSaIathiuy/fPPM//WZXjQk8NX2ILCn3DKmO9ZUKe2tmJOTZ11prJAjZ3CMukLMrHN+z8R6Ctu7uVtq9RubaVgTsya3hFtzShxw7/dxLoLhpt/b9rcOt7o7u82oW/AB1mED5/kFdqAPBzDA2tfOstN2Ou6le+feuw9Pqa7TeDrwy3IffwIeir1Z</latexit>

a

f

⇣
Q̄ỸuH̃u+ Q̄ỸdHd+ L̄ỸeHe+ h.c.

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

@µa

f

X

 2SM

 ̄c �
µ 

Need order parameters !

if 
PQ

approximate ?



Collective sym. breaking : Peccei-Quinn

Collective effects : beyond CPV
<latexit sha1_base64="iz+/jZz+3P13FxaWot9P8lHx97Q=">AAAC93icjVHLSsQwFD3W93vUpZviILga2kHUpejGpYKjgiMlzWQ02GlLmgpD6X+4cydu/QG3+gfiH+hfeBM74APRlLbnnnvPSW5umEYy0573MuQMj4yOjU9MTk3PzM7N1xYWj7IkV1y0eBIl6iRkmYhkLFpa6kicpEqwXhiJ4/By1+SPr4TKZBIf6n4qznrsPJZdyZkmKqg1213FeMHKolu67ZCp4qAMfLetZdQRRb8MipyXg3 CvdPOgGdTqXsOzy/0J/ArUUa39pPaMNjpIwJGjB4EYmnAEhoyeU/jwkBJ3hoI4RUjavECJKdLmVCWoghF7Sd9zik4rNqbYeGZWzWmXiF5FSherpEmoThE2u7k2n1tnw/7mXVhPc7Y+/cPKq0esxgWxf+kGlf/VmV40utiyPUjqKbWM6Y5XLrm9FXNy91NXmhxS4gzuUF4R5lY5uGfXajLbu7lbZvOvttKwJuZVbY43c0oasP99nD/BUbPhbzTWD9br2zvVqCewjBWs0Tw3sY097KNF3td4wCOenL5z49w6dx+lzlClWcKX5dy/AwhQpIQ=</latexit>

a

f
Q̄1ỹucH̃u2 PQ ? Which flavor basis ? Fully specified  ? 

What are                   ?<latexit sha1_base64="J/eC6DzjqxjR8RF/R5kCdGf/tW0="></latexit>

yuc, ỹut, ...
<latexit sha1_base64="OSENaDMxnnh2CS7+0sNUtuaJUy0=">AAADQnicjVFNT9tAEB27tA30A5Mce1kRVaKqZDkI0R4RXHLgABIJVDiK1ut1smJjW+t1BbL87/gPqGcuwA1x5dDZxZFo06pdy/ab9+bN7uxEuRSFDoIfjvti6eWr163llTdv371f9dbawyIrFeMDlslMnUS04FKkfKCFlvwkV5zOIsmPo7M9ox9/56oQWXqkL3I+mtFJKhLBqEZq7NVhoiiraF0lNQklT/QGCSOqqkMMtZAxr7 7V43KO+zUpyec/ZMSkT+K5sv9c4ahwo2h+rqupz/yakFCJyVR/GnvdwA/sIoug14AuNOsg864ghBgyYFDCDDikoBFLoFDgcwo9CCBHbgQVcgqRsDqHGlbQW2IWxwyK7Bl+JxidNmyKsalZWDfDXSS+Cp0EPqInwzyF2OxGrF7ayob9W+3K1jRnu8B/1NSaIathiuy/fPPM//WZXjQk8NX2ILCn3DKmO9ZUKe2tmJOTZ11prJAjZ3CMukLMrHN+z8R6Ctu7uVtq9RubaVgTsya3hFtzShxw7/dxLoLhpt/b9rcOt7o7u82oW/AB1mED5/kFdqAPBzDA2tfOstN2Ou6le+feuw9Pqa7TeDrwy3IffwIeir1Z</latexit>

a

f

⇣
Q̄ỸuH̃u+ Q̄ỸdHd+ L̄ỸeHe+ h.c.

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

@µa

f

X

 2SM

 ̄c �
µ 

<latexit sha1_base64="SJ8X+tekcT4oipdZGVll/nbJeto="></latexit>

I(1)u = ReTr
⇣
ỸuY

†
u

⌘
, I(2)u = ReTr

⇣
XuỸuY

†
u

⌘
, I(3)u = ReTr

⇣
X2

uỸuY
†
u

⌘
,

I(1)d = ReTr
⇣
ỸdY

†
d

⌘
, I(2)d = ReTr

⇣
XdỸdY

†
d

⌘
, I(3)d = ReTr

⇣
X2

d ỸdY
†
d

⌘
,

I(1)ud = ReTr
⇣
XdỸuY

†
u +XuỸd Y

†
d

⌘
,

I(2)ud,u = ReTr
⇣
X2

uỸdY
†
d + {Xu, Xd}ỸuY

†
u

⌘
,

I(2)ud,d = ReTr
⇣
X2

d ỸuY
†
u + {Xu, Xd}ỸdY

†
d

⌘
,

I(3)ud =ReTr
⇣
XdXuXdỸuY

†
u +XuXdXuỸdY

†
d

⌘

I(4)ud =ImTr
⇣
[Xu, Xd]

2
⇣h

Xd, ỸuY
†
u

i
�

h
Xu, ỸdY

†
d

i⌘⌘

PQ exact 
iff = 0

<latexit sha1_base64="sAk1n+e29OPSRI5zuv99MXfUBe8="></latexit>

(+e)

if 
PQ



Collective sym. breaking : Peccei-Quinn

Collective effects : beyond CPV
<latexit sha1_base64="iz+/jZz+3P13FxaWot9P8lHx97Q=">AAAC93icjVHLSsQwFD3W93vUpZviILga2kHUpejGpYKjgiMlzWQ02GlLmgpD6X+4cydu/QG3+gfiH+hfeBM74APRlLbnnnvPSW5umEYy0573MuQMj4yOjU9MTk3PzM7N1xYWj7IkV1y0eBIl6iRkmYhkLFpa6kicpEqwXhiJ4/By1+SPr4TKZBIf6n4qznrsPJZdyZkmKqg1213FeMHKolu67ZCp4qAMfLetZdQRRb8MipyXg3 CvdPOgGdTqXsOzy/0J/ArUUa39pPaMNjpIwJGjB4EYmnAEhoyeU/jwkBJ3hoI4RUjavECJKdLmVCWoghF7Sd9zik4rNqbYeGZWzWmXiF5FSherpEmoThE2u7k2n1tnw/7mXVhPc7Y+/cPKq0esxgWxf+kGlf/VmV40utiyPUjqKbWM6Y5XLrm9FXNy91NXmhxS4gzuUF4R5lY5uGfXajLbu7lbZvOvttKwJuZVbY43c0oasP99nD/BUbPhbzTWD9br2zvVqCewjBWs0Tw3sY097KNF3td4wCOenL5z49w6dx+lzlClWcKX5dy/AwhQpIQ=</latexit>

a

f
Q̄1ỹucH̃u2 PQ ? Which flavor basis ? Fully specified  ? 

What are                   ?<latexit sha1_base64="J/eC6DzjqxjR8RF/R5kCdGf/tW0="></latexit>

yuc, ỹut, ...
<latexit sha1_base64="OSENaDMxnnh2CS7+0sNUtuaJUy0=">AAADQnicjVFNT9tAEB27tA30A5Mce1kRVaKqZDkI0R4RXHLgABIJVDiK1ut1smJjW+t1BbL87/gPqGcuwA1x5dDZxZFo06pdy/ab9+bN7uxEuRSFDoIfjvti6eWr163llTdv371f9dbawyIrFeMDlslMnUS04FKkfKCFlvwkV5zOIsmPo7M9ox9/56oQWXqkL3I+mtFJKhLBqEZq7NVhoiiraF0lNQklT/QGCSOqqkMMtZAxr7 7V43KO+zUpyec/ZMSkT+K5sv9c4ahwo2h+rqupz/yakFCJyVR/GnvdwA/sIoug14AuNOsg864ghBgyYFDCDDikoBFLoFDgcwo9CCBHbgQVcgqRsDqHGlbQW2IWxwyK7Bl+JxidNmyKsalZWDfDXSS+Cp0EPqInwzyF2OxGrF7ayob9W+3K1jRnu8B/1NSaIathiuy/fPPM//WZXjQk8NX2ILCn3DKmO9ZUKe2tmJOTZ11prJAjZ3CMukLMrHN+z8R6Ctu7uVtq9RubaVgTsya3hFtzShxw7/dxLoLhpt/b9rcOt7o7u82oW/AB1mED5/kFdqAPBzDA2tfOstN2Ou6le+feuw9Pqa7TeDrwy3IffwIeir1Z</latexit>

a

f

⇣
Q̄ỸuH̃u+ Q̄ỸdHd+ L̄ỸeHe+ h.c.

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

@µa

f

X

 2SM

 ̄c �
µ 

<latexit sha1_base64="SJ8X+tekcT4oipdZGVll/nbJeto="></latexit>

I(1)u = ReTr
⇣
ỸuY

†
u

⌘
, I(2)u = ReTr

⇣
XuỸuY

†
u

⌘
, I(3)u = ReTr

⇣
X2

uỸuY
†
u

⌘
,

I(1)d = ReTr
⇣
ỸdY

†
d

⌘
, I(2)d = ReTr

⇣
XdỸdY

†
d

⌘
, I(3)d = ReTr

⇣
X2

d ỸdY
†
d

⌘
,

I(1)ud = ReTr
⇣
XdỸuY

†
u +XuỸd Y

†
d

⌘
,

I(2)ud,u = ReTr
⇣
X2

uỸdY
†
d + {Xu, Xd}ỸuY

†
u

⌘
,

I(2)ud,d = ReTr
⇣
X2

d ỸuY
†
u + {Xu, Xd}ỸdY

†
d

⌘
,

I(3)ud =ReTr
⇣
XdXuXdỸuY

†
u +XuXdXuỸdY

†
d

⌘

I(4)ud =ImTr
⇣
[Xu, Xd]

2
⇣h

Xd, ỸuY
†
u

i
�

h
Xu, ỸdY

†
d

i⌘⌘

PQ exact 
iff = 0

<latexit sha1_base64="sAk1n+e29OPSRI5zuv99MXfUBe8="></latexit>

(+e)
Collective 
effect

if 
PQ
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Outlook
Symmetry breaking can be collective  

- CPV : captured by CP-odd flavor-invariants 
  We built them in the SMEFT at dim-6  
  We used them as a systematic tool to compare flavor  
  assumptions (but also UV models)  
  We can also capture interference with the SM phase (new  
  « channels » for CPV ?)  
 

- PQ breaking : also captured by flavor-invariants 
  We built them in the SM+axion EFT at dim-5  
  Match to PQ in UV models, closed RGEs  
  Mostly CP-odd (connection to CPV observables ?)
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Warsaw basis
Bilinears

Modified Yukawa

QeH (H†
H)(L̄iejH)

QuH (H†
H)(Q̄iujH̃)

QdH (H†
H)(Q̄idjH)

Dipole

QeW (L̄i�
µ⌫
ej)⌧ IHW

I

µ⌫

QeB (L̄i�
µ⌫
ej)HBµ⌫

QuG (Q̄i�
µ⌫
T

A
uj)H̃ G

A

µ⌫

QuW (Q̄i�
µ⌫
uj)⌧ IH̃ W

I

µ⌫

QuB (Q̄i�
µ⌫
uj)H̃ Bµ⌫

QdG (Q̄i�
µ⌫
T

A
dj)HG

A

µ⌫

QdW (Q̄i�
µ⌫
dj)⌧ IHW

I

µ⌫

QdB (Q̄i�
µ⌫
dj)HBµ⌫

Current-current

Q
(1)
HL

(H†
i
←→
DµH)(L̄i�

µ
Lj)

Q
(3)
HL

(H†
i
←→
D

I

µ
H)(L̄i⌧

I
�
µ
Lj)

QHe (H†
i
←→
DµH)(ēi�µ

ej)
Q
(1)
HQ

(H†
i
←→
DµH)(Q̄i�

µ
Qj)

Q
(3)
HQ

(H†
i
←→
D

I

µ
H)(Q̄i⌧

I
�
µ
Qj)

QHu (H†
i
←→
DµH)(ūi�

µ
uj)

QHd (H†
i
←→
DµH)(d̄i�µ

dj)
QHud + h.c. i(H̃†

DµH)(ūi�
µ
dj)

4-Fermi

(L̄L)(L̄L)
QLL (L̄i�µLj)(L̄k�

µ
Ll)

Q
(1)
QQ

(Q̄i�µQj)(Q̄k�
µ
Ql)

Q
(3)
QQ

(Q̄i�µ⌧
I
Qj)(Q̄k�

µ
⌧
I
Ql)

Q
(1)
LQ

(L̄i�µLj)(Q̄k�
µ
Ql)

Q
(3)
LQ

(L̄i�µ⌧
I
Lj)(Q̄k�

µ
⌧
I
Ql)

(R̄R)(R̄R)
Qee (ēi�µej)(ēk�µ

el)
Quu (ūi�µuj)(ūk�

µ
ul)

Qdd (d̄i�µdj)(d̄k�µ
dl)

Qeu (ēi�µej)(ūk�
µ
ul)

Qed (ēi�µej)(d̄k�µ
dl)

Q
(1)
ud

(ūi�µuj)(d̄k�µ
dl)

Q
(8)
ud

(ūi�µT
A
uj)(d̄k�µ

T
A
dl)

(L̄L)(R̄R)
QLe (L̄i�µLj)(ēk�µ

el)
QLu (L̄i�µLj)(ūk�

µ
ul)

QLd (L̄i�µLj)(d̄k�µ
dl)

QQe (Q̄i�µQj)(ēk�µ
el)

Q
(1)
Qu

(Q̄i�µQj)(ūk�
µ
ul)

Q
(8)
Qu

(Q̄i�µT
A
Qj)(ūk�

µ
T

A
ul)

Q
(1)
Qd

(Q̄i�µQj)(d̄k�µ
dl)

Q
(8)
Qd

(Q̄i�µT
A
Qj)(d̄k�µ

T
A
dl)

(L̄R)(R̄L) + h.c.

QLedQ (L̄a

i
ej)(d̄kQla)

(L̄R)(L̄R) + h.c.

Q
(1)
QuQd

(Q̄a

i
uj)✏ab(Q̄b

k
dl)

Q
(8)
QuQd

(Q̄a

i
T

A
uj)✏ab(Q̄b

k
T

A
dl)

Q
(1)
LeQu

(L̄a

i
ej)✏ab(Q̄b

k
ul)

Q
(3)
LeQu

(L̄a

i
�µ⌫ej)✏ab(Q̄k

s
�
µ⌫
ut)

Table 1: The list of dimension-6 aoperators of the SMEFT that contain fermions, as given in Ref. [? ].
When +h.c. is specified, the hermitian conjugate of the operator must be included, too . The subscripts

i, j, k, l are flavor indices, while a, b are SU(2)L indices.

1



Invariants

Need a finite set of algebraically-independent 
structures 

<latexit sha1_base64="E7x0R/LlkmcPdCMW01K2H6qZw5w="></latexit>

a, b, c, d = 0, 1, 2
<latexit sha1_base64="wGOOxK1AB9xi9fJ+1///JUXJolY="></latexit>

a 6= c, b 6= d
withFor fermion bilinears :

[Jenkins/Manohar ’09]

For 4-Fermi operators : « A-type »

                    « B-type »

<latexit sha1_base64="nR9Mk85kHNWsRty79dvBVCYXj6Q="></latexit>

Im
⇣
[H(abcd)]ji[H

(efgh)]lkM(ijkl)
⌘

<latexit sha1_base64="2aV63jHq0JXH6twd1PmN9BhO0sk="></latexit>

Im
⇣
[H(abcd)]jk[H

(efgh)]liM(ijkl)
⌘

<latexit sha1_base64="wMZrIyAiNuK3AIxidrlB5KN4DWE="></latexit>

Mijkl

<latexit sha1_base64="wMZrIyAiNuK3AIxidrlB5KN4DWE="></latexit>

Mijkl

<latexit sha1_base64="OStdpJ8uHz8RZeZhOEfat7Qe24I="></latexit>

ImTr
�
Xa

uX
b
dX

c
uX

d
dM

�

<latexit sha1_base64="OTN1F4KcuedAAu5QvUtkDd/lt6U="></latexit>

X(abcd)

<latexit sha1_base64="OTN1F4KcuedAAu5QvUtkDd/lt6U="></latexit>

X(abcd)

<latexit sha1_base64="AZJp2F7szZCnU/6rqMrJWaWPyuo="></latexit>

X(efgh)

<latexit sha1_base64="AZJp2F7szZCnU/6rqMrJWaWPyuo="></latexit>

X(efgh)



More invariants : fermion bilinears
Wilson coefficient Number of phases Minimal set

Ce ≡
�����������
CeH

CeW

CeB

3

�������������

L0 �CeY
†
e �

L1 �CeY
†
e �

L2 �CeY
†
e �

�������������

Cu ≡
���������������

CuH

CuG

CuW

CuB

9

�����������������������������������������������������

L0000 �CuY
†
u �

L1000 �CuY
†
u �

L0100 �CuY
†
u �

L1100 �CuY
†
u �

L0110 �CuY
†
u �

L2200 �CuY
†
u �

L0220 �CuY
†
u �

L1220 �CuY
†
u �

L0122 �CuY
†
u �

�����������������������������������������������������
Cd ≡

���������������

CdH

CdG

CdW

CdB

Same with CuY
†
u → C

d
Y †
d

CHud Same with CuY
†
u → YuCHud

Y †
d

C1,3
HL

, CHe 0 �
C(1,3)
HQ

3

�������������

L1100 �C(1,3)HQ
�

L2200 �C(1,3)HQ
�

L1122 �C(1,3)HQ
�

�������������
CHu Same with C(1,3)

HQ
→ YuCHu

Y †
u

CHd Same with C(1,3)
HQ

→ Y
d
C
Hd

Y †
d

1



More invariants : 4-Fermi
Wilson coefficient Number of phases Minimal set
CLL, Cee 0 �
CLe 3

�����������
B0

0 (CLLẽẽ)
B1

0 (CLLẽẽ)
B2

0 (CLLẽẽ)
�����������

CQe

9

�������������������������������������������

A1100
0 (CQQee)

A1100
0 (CQQẽẽ)

A2200
0 (CQQee)

A2200
0 (CQQẽẽ)

A1122
0 (CQQee)

A1122
0 (CQQẽẽ)

A1100
1 (CQQẽẽ)

A2200
1 (CQQẽẽ)

A1122
1 (CQQẽẽ)

�������������������������������������������
Ced Same with CQQee → Ceed̃d̃ (as well as ẽ versions)
Ceu Same with CQQee → Ceeũũ (as well as ẽ versions)

C(1,3)LQ

�������������

A0
1100 �C(1,3)LQ � A1

1100 �C(1,3)LQ � A2
1100 �C(1,3)LQ �

A0
2200 �C(1,3)LQ � A1

2200 �C(1,3)LQ � A2
2200 �C(1,3)LQ �

A0
1122 �C(1,3)LQ � A1

1122 �C(1,3)LQ � A2
1122 �C(1,3)LQ �

�������������
CLd Same with C(1,3)LQ → CLLd̃d̃

CLu Same with C(1,3)LQ → CLLũũ

CLeQu 27

�������������������������������������������

A0
0000 (CLẽQũ) A1

0000 (CLẽQũ) A2
0000 (CLẽQũ)

A0
1000 (CLẽQũ) A1

1000 (CLẽQũ) A2
1000 (CLẽQũ)

A0
0100 (CLẽQũ) A1

0100 (CLẽQũ) A2
0100 (CLẽQũ)

A0
1100 (CLẽQũ) A1

1100 (CLẽQũ) A2
1100 (CLẽQũ)

A0
0110 (CLẽQũ) A1

0110 (CLẽQũ) A2
0110 (CLẽQũ)

A0
2200 (CLẽQũ) A1

2200 (CLẽQũ) A2
2200 (CLẽQũ)

A0
0220 (CLẽQũ) A1

0220 (CLẽQũ) A2
0220 (CLẽQũ)

A0
1220 (CLẽQũ) A1

1220 (CLẽQũ) A2
1220 (CLẽQũ)

A0
0122 (CLẽQũ) A1

0122 (CLẽQũ) A2
0122 (CLẽQũ)

�������������������������������������������
CLedQ Same with CLẽQũ → CLẽd̃Q and Aa

bcde → Aa
edcb

1

Wilson coefficient Number of phases Minimal set

C(1,3)QQ 18

���������������������������

A0
1100 (CQQQQ) A1000

1100 (CQQQQ) A0100
1100 (CQQQQ)

A0
0200 (CQQQQ) A1100

1100 (CQQQQ) A1000
2200 (CQQQQ)

A0100
2200 (CQQQQ) A0

1122 (CQQQQ) A1100
2200 (CQQQQ)

A1200
2100 (CQQQQ) A1000

1122 (CQQQQ) A0100
1122 (CQQQQ)

A1100
1122 (CQQQQ) A2200

2200 (CQQQQ) B0
1100 (CQQQQ)

B0
2200 (CQQQQ) B0

1122 (CQQQQ) B2200
1122 (CQQQQ)

���������������������������

Cuu 18

���������������������������

A0
1100 (Cuuũũ) A1000

1100 (Cũũũũ) A0100
1100 (Cũũũũ)

A0
2200 (Cuuũũ) A1100

1100 (Cũũũũ) A0200
1100 (Cũũũũ)

A0100
2200 (Cũũũũ) A0

1122 (Cuuũũ) A1100
2200 (Cũũũũ)

A1100
1100 (Cũũũũ) A0100

1122 (Cũũũũ) A1100
0122 (Cũũũũ)

A1200
2200 (Cũũũũ) B0

1100 (Cuũũu) B0100
1100 (Cũũũũ)

B0200
2100 (Cũũũũ) B1200

1122 (Cũũũũ) B1000
1200 (Cũũũũ)

���������������������������

Cdd 18

���������������������������

A0
1100 �Cddd̃d̃� A1000

1100 �Cd̃d̃d̃d̃� A0
2200 �Cddd̃d̃�

A1100
2000 �Cd̃d̃d̃d̃� A0100

1100 �Cd̃d̃d̃d̃� A1100
1100 �Cd̃d̃d̃d̃�

A1000
2200 �Cd̃d̃d̃d̃� A0

1122 �Cddd̃d̃� A1100
2200 �Cd̃d̃d̃d̃�

A1000
1122 �Cd̃d̃d̃d̃� A1100

1122 �Cd̃d̃d̃d̃� A1200
2110 �Cd̃d̃d̃d̃�

A2100
0122 �Cd̃d̃d̃d̃� A2100

1220 �Cd̃d̃d̃d̃� B0
1100 �Cdd̃d̃d�

B0100
2100 �Cd̃d̃d̃d̃� B1000

1100 �Cd̃d̃d̃d̃� B1200
2000 �Cd̃d̃d̃d̃�

���������������������������

C(1,8)Qu 36

�����������������������������������������������������������

A1100
0 (CQQuu) A0

1100 (CQQũũ) A1000
1100 (CQQũũ)

A1100
0100 (CQQũũ) A1100

1100 (CQQũũ) A1100
0110 (CQQũũ)

A1200
1000 (CQQũũ) A2200

0 (CQQuu) A1100
2200 (CQQũũ)

A1100
0220 (CQQũũ) A2200

0120 (CQQũũ) A1100
1122 (CQQũũ)

A1200
1220 (CQQũũ) A2200

1122 (CQQũũ) B0
0100 (CQQũũ)

B0
1000 (CQQũũ) B0

0110 (CQQũũ) B0
0220 (CQQũũ)

B0
1100 (CQQũũ) B0

0221 (CQQũũ) B0100
1000 (CQQũũ)

B0100
1100 (CQQũũ) B0100

2200 (CQQũũ) B0100
2110 (CQQũũ)

B0200
2000 (CQQũũ) B0200

2100 (CQQũũ) B0200
2110 (CQQũũ)

B1000
0110 (CQQũũ) B1000

0220 (CQQũũ) B1000
0221 (CQQũũ)

B1100
1100 (CQQũũ) B1100

2200 (CQQũũ) B1200
2100 (CQQũũ)

B1200
2210 (CQQũũ) B2100

1100 (CQQũũ) B1100
1210 (CQQũũ)

�����������������������������������������������������������

C(1,8)Qd 36

�������������������������������������������������������������������������

A1100
0 �CQQdd� A0

1100 �CQQd̃d̃� A1000
1100 �CQQd̃d̃�

A1100
1000 �CQQd̃d̃� A1200

0 �CQQdd� A0100
1100 �CQQd̃d̃�

A0
2200 �CQQd̃d̃� A1100

1100 �CQQd̃d̃� A1100
2100 �CQQd̃d̃�

A1122
0 �CQQdd� A0

1122 �CQQd̃d̃� A1100
2200 �CQQd̃d̃�

A1100
0220 �CQQd̃d̃� A1000

1122 �CQQd̃d̃� A1100
1122 �CQQd̃d̃�

A2100
0122 �CQQd̃d̃� B0

0100 �CQQd̃d̃� B0
1000 �CQQd̃d̃�

B0
0110 �CQQd̃d̃� B0

0220 �CQQd̃d̃� B0
1100 �CQQd̃d̃�

B0
0221 �CQQd̃d̃� B0

2200 �CQQd̃d̃� B0
2210 �CQQd̃d̃�

B0100
1000 �CQQd̃d̃� B0100

0120 �CQQd̃d̃� B0100
1100 �CQQd̃d̃�

B0100
2210 �CQQd̃d̃� B1000

0110 �CQQd̃d̃� B1000
0220 �CQQd̃d̃�

B1000
2210 �CQQd̃d̃� B1000

1200 �CQQd̃d̃� B1100
2200 �CQQd̃d̃�

B1100
2210 �CQQd̃d̃� B1200

2100 �CQQd̃d̃� B1200
2211 �CQQd̃d̃�

�������������������������������������������������������������������������
2



More invariants : 4-Fermi
Wilson coefficient Number of phases Minimal set

C(1,8)ud 36

�����������������������������������������������������������

A1100
0 (Cũũdd) A0

1100 �Cuud̃d̃� A1000
1100 �Cũũd̃d̃�

A1100
1000 �Cũũd̃d̃� A2200

0 (Cũũdd) A0100
1100 �Cũũd̃d̃�

A0
2200 �Cuud̃d̃� A1100

1100 �Cũũd̃d̃� A1100
0110 �Cũũd̃d̃�

A1000
2200 �Cũũd̃d̃� A1100

2100 �Cũũd̃d̃� A1122
0 (Cũũdd)

A0100
2200 �Cũũd̃d̃� A0

1122 �Cuud̃d̃� A1100
2200 �Cũũd̃d̃�

A1000
1122 �Cũũd̃d̃� A0100

1122 �Cũũd̃d̃� A1100
1122 �Cũũd̃d̃�

B0
0100 �Cũũd̃d̃� B0

1000 �Cũũd̃d̃� B0
0110 �Cũũd̃d̃�

B0
1100 �Cũũd̃d̃� B0

0221 �Cũũd̃d̃� B0
2200 �Cũũd̃d̃�

B0100
1000 �Cũũd̃d̃� B0100

0110 �Cũũd̃d̃� B0100
2110 �Cũũd̃d̃�

B0200
2000 �Cũũd̃d̃� B0200

2110 �Cũũd̃d̃� B1000
0110 �Cũũd̃d̃�

B1000
0221 �Cũũd̃d̃� B1000

1200 �Cũũd̃d̃� B1100
2200 �Cũũd̃d̃�

B1100
2211 �Cũũd̃d̃� B1200

2100 �Cũũd̃d̃� B2100
1200 �Cũũd̃d̃�

�����������������������������������������������������������

C(1,8)QuQd 81

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������

A0
0 �CQũQd̃� A0

1000 �CQũQd̃� A1000
0 �CQũQd̃�

A1000
1000 �CQũQd̃� A0

0100 �CQũQd̃� A0100
0 �CQũQd̃�

A0
1100 �CQũQd̃� A0

0110 �CQũQd̃� A100
1000 �CQũQd̃�

A1000
0100 �CQũQd̃� A1100

0 �CQũQd̃� A0110
0 �CQũQd̃�

A1000
1100 �CQũQd̃� A1000

0110 �CQũQd̃� A1100
1000 �CQũQd̃�

A0100
0100 �CQũQd̃� A0100

1100 �CQũQd̃� A0100
0110 �CQũQd̃�

A0110
0100 �CQũQd̃� A0

2200 �CQũQd̃� A0
0220 �CQũQd̃�

A0200
2000 �CQũQd̃� A1100

1100 �CQũQd̃� A1100
0110 �CQũQd̃�

A2000
0200 �CQũQd̃� A2100

0100 �CQũQd̃� A0110
1100 �CQũQd̃�

A0110
0110 �CQũQd̃� A0210

1000 �CQũQd̃� A0
1220 �CQũQd̃�

A1200
2000 �CQũQd̃� A0

0122 �CQũQd̃� A0100
1220 �CQũQd̃�

A1000
0122 �CQũQd̃� A1100

2200 �CQũQd̃� A1100
0220 �CQũQd̃�

A1200
2100 �CQũQd̃� A2100

1200 �CQũQd̃� A2100
0210 �CQũQd̃�

A2200
0110 �CQũQd̃� A0110

2200 �CQũQd̃� A0110
0220 �CQũQd̃�

A0112
2000 �CQũQd̃� A1100

1220 �CQũQd̃� A2100
0112 �CQũQd̃�

A1200
1220 �CQũQd̃� A2200

2200 �CQũQd̃� A0110
1122 �CQũQd̃�

A0122
2100 �CQũQd̃� A0220

0220 �CQũQd̃� B0
0 �CQũQd̃�

B0
0100 �CQũQd̃� B0

1000 �CQũQd̃� B0
1100 �CQũQd̃�

B0
2200 �CQũQd̃� B0

0110 �CQũQd̃� B0
0122 �CQũQd̃�

B0
0220 �CQũQd̃� B0100

0 �CQũQd̃� B0100
1000 �CQũQd̃�

B0100
1100 �CQũQd̃� B0100

2100 �CQũQd̃� B0100
0120 �CQũQd̃�

B0100
0122 �CQũQd̃� B0200

1120 �CQũQd̃� B1000
0 �CQũQd̃�

B1000
0100 �CQũQd̃� B1000

1200 �CQũQd̃� B1000
0110 �CQũQd̃�

B1000
0122 �CQũQd̃� B1000

2100 �CQũQd̃� B1100
0 �CQũQd̃�

B1100
1100 �CQũQd̃� B1100

2200 �CQũQd̃� B1100
0110 �CQũQd̃�

B1100
0220 �CQũQd̃� B1100

1122 �CQũQd̃� B1200
2100 �CQũQd̃�

B2100
0122 �CQũQd̃� B2200

0 �CQũQd̃� A2200
1122 �CQũQd̃�

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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Maximal set

<latexit sha1_base64="K7w3393FXoBVH0KsHlKO3IfCow4="></latexit>

�-order

<latexit sha1_base64="ACG08AWLM6DMhYG/9Eovp+MmD2w="></latexit>

Rank <latexit sha1_base64="kPFPJkEO4zwZWIx0YqX+K7eaVzM="></latexit>

C1,8
Qu

new CPV sources

new CPV « channels »

Large interference
with the 

SM phase !

Objects of the « Im Tr » kind



Theta QCD
<latexit sha1_base64="WvyZNyWwxxGB2fvf5+kvkKdPs0M="></latexit>

LQCD � �✓QCD
g2s

16⇡2
Tr(GG̃)

<latexit sha1_base64="dWPjr7OHwrabVbKPvZtRbmyYnFs="></latexit>

SU(3)QL U(1)QL SU(3)uR U(1)uR SU(3)dR U(1)dR

QL 3 1 1 0 1 0
uR 1 0 3 1 1 0
dR 1 0 1 0 3 1
Yu 3 1 3̄ -1 1 0
Yd 3 1 1 0 3̄ -1

ei✓QCD 1 6 1 -3 1 -3

<latexit sha1_base64="loXO/xhFaEM0y689d7JEKyb3bGo="></latexit>

✓̄ ⌘ ✓QCD � arg det (YuYd)
<latexit sha1_base64="gjUqZ1tgwVs83zvVnTvLuJ6afC0="></latexit>

Im
�
e�i✓QCD✏ABC✏abc✏DEF ✏defYu,AaYu,BbCQuQd,CcDdYd,EeYd,Ff

�

In the UV, suppressed by                        . Relevant in the IR ?
<latexit sha1_base64="oQX+mRZVVjwKGibQI9IHtXURf3E="></latexit>

e
� 8⇡2

g2s ⇡ �37�38



Physical parameters at order…….          
Type of op.

#
of
ops

# real # im.
bi

lin
ea

rs

Yuk. 3
3N2 3N2

←�# physical parameters

2N2
+N 2N2

+N ←�# physical at O�1�⇤2
�

Dipole
.

8
8N2 8N2

6N2
+ 2N 6N2

+ 2N

curr-curr 8
1
2
N(9N + 7) 1

2
N(9N − 7)

N(3N + 5) N(3N − 2)

all bilinears 19
1
2
N(31N + 7) 1

2
N(31N − 7)

N(11N + 8) N(11N + 1)

4-
Fe

rm
i

LLLL 5
1
4
N2
�7N2

+ 13� 7
4
N2
�N2

− 1�

1
2
N2
�N2

+ 2N + 7� 1
2
N2
�N2

+ 2N − 3�

RRRR 7
1
8
N �21N3

+ 2N2
+ 31N + 2� 1

8
N(21N + 2)(N2

− 1)

1
2
N �3N3

+ 2N2
+ 8N + 1� 1

2
N2
�3N2

+ 2N − 5�

LLRR 8
4 N2

�N2
+ 1� 4N2

�N2
− 1�

1
2
N �4N3

+ 3N2
+ 9N + 2� 1

2
N �4N3

+ 3N2
− 6N − 1�

LRRL 1
N4 N4

N3 N3

LRLR 4
4N4 4N4

2N3
(N + 1) 2N3

(N + 1)

all 4-Fermi 25
1
8
N �107N3

+ 2N2
+ 89N + 2� 1

8
N �107N3

+ 2N2
− 67N − 2�

1
2
N �12N3

+ 13N2
+ 24N + 3� 1

2
N �12N3

+ 13N2
− 14N − 1�

all 44
1
8
N �107N3

+ 2N2
+ 213N + 30� 1

8
N �107N3

+ 2N2
+ 57N − 30�

1
2
N �12N3

+ 13N2
+ 46N + 19� 1

2
N �12N3

+ 13N2
+ 8N + 1�

Table 1: Number of flavorful real and imaginary parameters in SMEFT at dimension-six with N flavors.
For each type of operator, the first line counts the number of physical parameters, while the second one

counts those which are physical at order O�1�⇤2
�.

1
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Flavour symmetries and CPV quantities
Non-generic values

Flavor symmetries of the
SM Lagrangian

Generic case: �CKM = 0 U(1)B
s12 = 0 U(1)B
c12 = 0 U(1)B
s23 = 0

- U(1)B
s12 = 0 U(1)2
c12 = 0 U(1)2

c23 = 0
- U(1)B
s12 = 0 U(1)2
c12 = 0 U(1)2

s13 = 0

- U(1)B
s12 = 0

- U(1)2
s23 = 0 U(1)3
c23 = 0 U(1)3

c12 = 0
- U(1)2
s23 = 0 U(1)3
c23 = 0 U(1)3

c13 = 0 U(1)2

mui =muj

- U(1)B
s12 = 0 U(1)2
c12 = 0 U(1)2
s13 = 0

- U(1)2
s12 = 0 U(1)3
c12 = 0 U(1)3

c13 = 0 - U(1)3
mdk =mdl

- U(1)2
c13 = 0 U(2) ×U(1)
s13 = 0 U(1)3

All mui equal
- U(1)3
mdk =mdl U(2) ×U(1)
all mdk equal U(3)

1



Flavour symmetries and CPV quantities

<latexit sha1_base64="Urg5Ia8KquCrMY/37fTYuP9+wLQ="></latexit>

Flavour symmetries
of the SM

CeH

CeW

CeB

CuH

CdH

CuG

CuW

CuB

CdG

CdW

CdB

CHud

C1,3
HL

CHe

C1,3
HQ

CHu

CHd

CLL

Cee

CLe

C1,3
QQ

Cuu

Cdd

C1,3
LQ

Ceu

Ced

CLu

CLd

CQe

C1,8
ud

C1,8
Qu

C1,8
Qd

CLedQ

C1,3
LeQu

C1,8
QuQd

U(1)B 3 9 0 3 0 3 18 9 36 27 81
U(1)2 3 5 0 1 0 3 5 3 12 15 33
U(1)3 3 3 0 0 0 3 0 0 3 9 15

U(2)⇥ U(1) 3 2 0 0 0 3 0 0 2 6 6
U(3) 3 1 0 0 0 3 0 0 1 3 2

Two degenerate leptons ⇥ 2
3 ⇥1 ⇥ 2

3 ⇥1 ⇥ 2
3 ⇥ 2

3 ⇥1 ⇥ 2
3 ⇥1 ⇥ 2

3 ⇥1
All leptons degenerate ⇥ 1

3 ⇥1 ⇥ 1
3 ⇥1 ⇥ 1

3 ⇥ 1
3 ⇥1 ⇥ 1

3 ⇥1 ⇥ 1
3 ⇥1



New sources of CPV

Must be proportional to invariants. Which ones?
SM CPV could interfere with SMEFT coefficients. Ex : loops over
three generations, electroweak and SMEFT vertices.

« Simple » graphs map to new sources of CPV (for invariant 
observables, e.g. EDMs)
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Example : Barr-Zee two-loop contribution to 
the electron EDM

<latexit sha1_base64="7/kyfyvve1qswcm9Rc8LnLDoSeo="></latexit>

L = LSM +
CuH

⇤2
|H|2QLuRH̃ + h.c.

<latexit sha1_base64="nQAi11779EA+QkIv1im09AgLtMg="></latexit>

de
e

= � 1

48⇡2

vmemu

m2
h

Im(CuH)

⇤2
F1

✓
m2

u

m2
h

, 0

◆

one-to-one correspondance with invariants
[Barr/Zee ’90, Brod/Haisch/Zupan ‘13]



Must be proportional to invariants. Which ones?
SM CPV could interfere with SMEFT coefficients. Ex : loops over
three generations, electroweak and SMEFT vertices.

« Simple » graphs map to new sources of CPV (for invariant 
observables, e.g. EDMs)
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Example : Barr-Zee two-loop contribution to 
the electron EDM

one-to-one correspondance with invariants
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[Kadoyoshi/Oshimo ’97]
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Must be proportional to invariants. Which ones?
SM CPV could interfere with SMEFT coefficients. Ex : loops over
three generations, electroweak and SMEFT vertices.

« Simple » graphs map to new sources of CPV (for invariant 
observables, e.g. EDMs)
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UV models

Invariants easily track CPV

Ex : spontaneous CP breaking model
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What makes CP conserved, at dim-4, 6…? Algebraic answers
Ex : can get J4=0 but not the L’s, or vice-versa, etc

[Bento/Branco/Parada ’91]



UV models and PQ breaking
Invariants easily track PQ

Ex : axiflavon/flaxion model [Ema/Hamaguchi/Moroi/Nakayama ’16 
Calibbi/Goertz/Redigolo/Ziegler/Zupan ’16]
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RGEs of PQ-invariants
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