
CP-odd flavour invariants 
in SMEFT

Quentin Bonnefoy
(DESY Hamburg)

 
CP violation in Higgs interactions : kick-off meeting

15/12/2021

arXiv:2112.03889 [hep-ph] + work in progress 
with E. Gendy, C. Grojean and J. Ruderman



SMEFT
Assuming no new light d.o.f. beyond those of the SM, and a 
(parametrically) large gap to any heavy mode : use SMEFT



SMEFT
Assuming no new light d.o.f. beyond those of the SM, and a 
(parametrically) large gap to any heavy mode : use SMEFT

i.e. all effective 
interactions of 
the SM d.o.f.s 
(subject to gauge 
invariance, and 
additional symmetry 
requirements, e.g. B,L)

<latexit sha1_base64="QQO2WpUgFoFdQqoCWMy8KLdx82g="></latexit>

A
a,i,Y
µ  i,L/R H

<latexit sha1_base64="f9P5KUr0NmHUJK6YDUpuCP4RFZ8="></latexit>

SU(3)⇥ SU(2)⇥ U(1)
<latexit sha1_base64="V8a4NkALISdos1OZCdwYSsI/FkE="></latexit>

L = LSM +
X

i

ci
⇤di�4

Oi
<latexit sha1_base64="4kBzbvfrppoo7oV+GXwgfA9MBs0="></latexit>

Oi = C
(1)
H L,ij

 
i

L
�
µ
 
j

L

⇣
H

† !
D µH

⌘

[Buchmüller/Wyler ’85, Grzadkowski et al ’10]



SMEFT
Assuming no new light d.o.f. beyond those of the SM, and a 
(parametrically) large gap to any heavy mode : use SMEFT

i.e. all effective 
interactions of 
the SM d.o.f.s 
(subject to gauge 
invariance, and 
additional symmetry 
requirements, e.g. B,L)

<latexit sha1_base64="QQO2WpUgFoFdQqoCWMy8KLdx82g="></latexit>

A
a,i,Y
µ  i,L/R H

<latexit sha1_base64="f9P5KUr0NmHUJK6YDUpuCP4RFZ8="></latexit>

SU(3)⇥ SU(2)⇥ U(1)
<latexit sha1_base64="V8a4NkALISdos1OZCdwYSsI/FkE="></latexit>

L = LSM +
X

i

ci
⇤di�4

Oi
<latexit sha1_base64="4kBzbvfrppoo7oV+GXwgfA9MBs0="></latexit>

Oi = C
(1)
H L,ij

 
i

L
�
µ
 
j

L

⇣
H

† !
D µH

⌘

[Buchmüller/Wyler ’85, Grzadkowski et al ’10]

Many parameters ! Questions a priori : what is the actual 
parameter space of observables ? their sensitivities 
to the latter ?
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CPV in SMEFT

[Grzadkowski/Iskrzynski/Misiak/Rosiek ’10,  
Alonso/Jenkins/Manohar/Trott ’13]

Why asking ?

Here : focus on CP-odd observables. What is the CP-
odd parameter space in the SMEFT ?
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CPV BSM

One can include neutrino masses, more Higgs doublets, SUSY, 
vector-like fermions, etc

[Many authors]
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Example : Barr-Zee two-loop contribution to the electron EDM
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The SMEFT breaks CP at dimension-four ! (J4 != 0)
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(and : how are they related to CPV in UV models ? how large is the 
first SMEFT correction to CPV obs. ? etc)

Can be studied using CP-odd flavour invariants
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CP in SMEFT

CP conservation follows the EFT power counting
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CP in SMEFT

How many conditions ?

<latexit sha1_base64="7zkwH33o2CUuRUveMzG7yL7KIDs="></latexit>

|A|2 = |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘
+ ...

CP is conserved in the SMEFT……………….                  
iff 

J4 = 0 & L_{1,2,…,N} = 0

at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2



CP in SMEFT

How many conditions ?

<latexit sha1_base64="7zkwH33o2CUuRUveMzG7yL7KIDs="></latexit>

|A|2 = |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘
+ ...

CP is conserved in the SMEFT……………….                  
iff 

J4 = 0 & L_{1,2,…,N} = 0

at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2

Some imaginary parts cannot interfere at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2



CP in SMEFT

How many conditions ?

<latexit sha1_base64="7zkwH33o2CUuRUveMzG7yL7KIDs="></latexit>

|A|2 = |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘
+ ...

does not depend on 2484 SMEFT 
coefficients, but on 1596, among 

which 699 CP-odd 

CP is conserved in the SMEFT……………….                  
iff 

J4 = 0 & L_{1,2,…,N} = 0

at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2

Some imaginary parts cannot interfere at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2



CP in SMEFT

How many conditions ?

<latexit sha1_base64="7zkwH33o2CUuRUveMzG7yL7KIDs="></latexit>

|A|2 = |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘
+ ...

does not depend on 2484 SMEFT 
coefficients, but on 1596, among 

which 699 CP-odd 

CP is conserved in the SMEFT……………….                  
iff 

J4 = 0 & L_{1,2,…,N} = 0

at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2

Some imaginary parts cannot interfere at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2



CP in SMEFT
CP is conserved in the SMEFT……………….                  

iff 
J4 = 0 & L_{1,2,…,N} = 0

at order
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There exist sets of flavour invariants which fulfil this !



CP in SMEFT

Ex :
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†
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There exist sets of flavour invariants which fulfil this !
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preserves CP                     iff
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CP in SMEFT

Ex :
One + three 
conditions, 
down to one 
+ one when
mt=mc & 
ms=md, … 

preserves CP                     iff
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iff 
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at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2

at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2preserves CP                     iff

<latexit sha1_base64="VcxjuK9VcqzjMzWLtx0bbv0YY14="></latexit>

L = LSM +
C

(1)
HQ,ij

⇤2

⇣
iH

† !
@ µH

⌘
Qi,L�

µ
Qj,L

<latexit sha1_base64="JnUl4DPHYF9vApsvQwSdfgIg/vg="></latexit>

J4 = 0

L1 = ImTr
⇣
HuHdC

(1)
HQ

Y
†
u

⌘
= 0

L2 = ImTr
⇣
H

2
u
H

2
d
C

(1)
HQ

⌘
= 0

L3 = ImTr
⇣
HuHdH

2
u
H

2
d
C

(1)
HQ

⌘
= 0

at order
<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2

<latexit sha1_base64="n+devLLtM9B9w+DAuDCqUb2l248="></latexit>

Dµ

There exist sets of flavour invariants which fulfil this !



CP in SMEFT

Easily generalized to all SMEFT operators

Need a finite set of algebraically-independent 
structures 

<latexit sha1_base64="Z1owNidZ1KW5mKdCOEO7GNytZzc="></latexit>

Tr(Ha
uH

b
dH

c
uH

d
dM)

<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
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CP is conserved in the SMEFT……………….                  
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at order
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CPV in SMEFT
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1

A

À la Wolfenstein :

For a given SMEFT coefficient : invariants encode collective 
effects and the suppression of CPV effects
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16 with MFV

For a given SMEFT coefficient : invariants encode collective 
effects and the suppression of CPV effects
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Outlook

We built flavour invariants which capture all the CP-odd 
physical parameters at order

<latexit sha1_base64="ajflua7b6bsiq5pM8Pd50z5fgbY="></latexit>

1/⇤2

They can be used to identify collective aspects of CPV, evaluate 
its level of suppression, study how CPV is transferred from UV 
models to the SMEFT… and maybe more ?
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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.
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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



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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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�

�������������������������������������������������������������������������
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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
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1000 �CQũQd̃�

A1000
0100 �CQũQd̃� A1100

0 �CQũQd̃� A0110
0 �CQũQd̃�
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1100 �CQũQd̃� A1000
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1000 �CQũQd̃�
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0110 �CQũQd̃� A0110

2200 �CQũQd̃� A0110
0220 �CQũQd̃�
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2000 �CQũQd̃� A1100

1220 �CQũQd̃� A2100
0112 �CQũQd̃�
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1220 �CQũQd̃� A2200

2200 �CQũQd̃� A0110
1122 �CQũQd̃�
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2100 �CQũQd̃� A0220

0220 �CQũQd̃� B0
0 �CQũQd̃�

B0
0100 �CQũQd̃� B0

1000 �CQũQd̃� B0
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2200 �CQũQd̃� B0
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0 �CQũQd̃�
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0122 �CQũQd̃� B2200

0 �CQũQd̃� A2200
1122 �CQũQd̃�
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CPV in SMEFT

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)

<latexit sha1_base64="FZ5PrrPQF0YLvBZrWeP8I2TNbss=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwVVIVdVl040aoYB/QFknSaR2aF5mJUKtLf8Ct/pf4B/oX3hmnoBbRCUnOnHvOnbn3eknAhXSc15w1Mzs3v5BfLCwtr6yuFdc3GiLOUp/V/TiI05bnChbwiNUllwFrJSlzQy9gTW94quLNG5YKHkeXcpSwbugOIt7nviuJanV4SKcwcVUsOWVHL3saVAwowaxaXHxBBz3E8JEhBEMEST iAC0FPGxU4SIjrYkxcSojrOMM9CuTNSMVI4RI7pO+Adm3DRrRXOYV2+3RKQG9KThs75IlJlxJWp9k6nunMiv0t91jnVHcb0d8zuUJiJa6J/cs3Uf7Xp2qR6ONY18CppkQzqjrfZMl0V9TN7S9VScqQEKdwj+IpYV87J322tUfo2lVvXR1/00rFqr1vtBne1S1pwJWf45wGjb1y5bC8f3FQqp6YUeexhW3s0jyPUMUZaqjrOT7iCc/WuSWsW+vuU2rljGcT35b18AFAkJKi</latexit>

=)

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]



CPV in SMEFT

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)

<latexit sha1_base64="FZ5PrrPQF0YLvBZrWeP8I2TNbss=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwVVIVdVl040aoYB/QFknSaR2aF5mJUKtLf8Ct/pf4B/oX3hmnoBbRCUnOnHvOnbn3eknAhXSc15w1Mzs3v5BfLCwtr6yuFdc3GiLOUp/V/TiI05bnChbwiNUllwFrJSlzQy9gTW94quLNG5YKHkeXcpSwbugOIt7nviuJanV4SKcwcVUsOWVHL3saVAwowaxaXHxBBz3E8JEhBEMEST iAC0FPGxU4SIjrYkxcSojrOMM9CuTNSMVI4RI7pO+Adm3DRrRXOYV2+3RKQG9KThs75IlJlxJWp9k6nunMiv0t91jnVHcb0d8zuUJiJa6J/cs3Uf7Xp2qR6ONY18CppkQzqjrfZMl0V9TN7S9VScqQEKdwj+IpYV87J322tUfo2lVvXR1/00rFqr1vtBne1S1pwJWf45wGjb1y5bC8f3FQqp6YUeexhW3s0jyPUMUZaqjrOT7iCc/WuSWsW+vuU2rljGcT35b18AFAkJKi</latexit>

=)

Example : Barr-Zee two-loop contribution to 
the electron EDM

one-to-one correspondance with invariants

<latexit sha1_base64="Rtb+Vd1SSDNECDGtSZTEDiR0/fE="></latexit>

L = LSM +
CHud,mn

⇤2
iH̃

†
DµHuR,m�

µ
dR,n

<latexit sha1_base64="ur1g1uDvPFIMP9FlU+2xOACiDrw="></latexit>

d

e
=

X

i,j

Im
�
VCKM,ijC

⇤
Hud,ij

�
F (m2

ui
,m2

dj
)

<latexit sha1_base64="SJIFS65ENkcefxN9jyNW5GZnNAM="></latexit>u

<latexit sha1_base64="kMSpVofMDJDfvvMqyU5IG+l94GM="></latexit>

d

[Kadoyoshi/Oshimo ’97]



<latexit sha1_base64="xNBDVQ9N2A88HfXFYSu5icpfBEg="></latexit>

de
e

⇠ #⇥ ImCHud,23 +#0 ⇥ (cos �CKM ImCHud,13 + sin �CKM ReCHud,13) + ...

CPV in SMEFT

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)

<latexit sha1_base64="FZ5PrrPQF0YLvBZrWeP8I2TNbss=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwVVIVdVl040aoYB/QFknSaR2aF5mJUKtLf8Ct/pf4B/oX3hmnoBbRCUnOnHvOnbn3eknAhXSc15w1Mzs3v5BfLCwtr6yuFdc3GiLOUp/V/TiI05bnChbwiNUllwFrJSlzQy9gTW94quLNG5YKHkeXcpSwbugOIt7nviuJanV4SKcwcVUsOWVHL3saVAwowaxaXHxBBz3E8JEhBEMEST iAC0FPGxU4SIjrYkxcSojrOMM9CuTNSMVI4RI7pO+Adm3DRrRXOYV2+3RKQG9KThs75IlJlxJWp9k6nunMiv0t91jnVHcb0d8zuUJiJa6J/cs3Uf7Xp2qR6ONY18CppkQzqjrfZMl0V9TN7S9VScqQEKdwj+IpYV87J322tUfo2lVvXR1/00rFqr1vtBne1S1pwJWf45wGjb1y5bC8f3FQqp6YUeexhW3s0jyPUMUZaqjrOT7iCc/WuSWsW+vuU2rljGcT35b18AFAkJKi</latexit>

=)

Example : Barr-Zee two-loop contribution to 
the electron EDM

<latexit sha1_base64="Rtb+Vd1SSDNECDGtSZTEDiR0/fE="></latexit>

L = LSM +
CHud,mn

⇤2
iH̃

†
DµHuR,m�

µ
dR,n

<latexit sha1_base64="ur1g1uDvPFIMP9FlU+2xOACiDrw="></latexit>

d

e
=

X

i,j

Im
�
VCKM,ijC

⇤
Hud,ij

�
F (m2

ui
,m2

dj
)

<latexit sha1_base64="SJIFS65ENkcefxN9jyNW5GZnNAM="></latexit>u

<latexit sha1_base64="kMSpVofMDJDfvvMqyU5IG+l94GM="></latexit>

d

[Kadoyoshi/Oshimo ’97]
<latexit sha1_base64="KZRtgcanNMXyo0qeumdcmf73/44="></latexit>

+ ...



CPV in SMEFT

Invariants easily track CPV

Ex : spontaneous CP breaking model
<latexit sha1_base64="qMyARRbkBtMMmhoTmzrwZTMG94U=">AAADvnicjVHLbtQwFL1peJTy6BSWbCxGQFHVKAOosBxBVbqYRR9MW1SXyHE8GavOQ46NWo1myRY+D/EH8AnsuDYpUAZEHSU+99x7Tnx901rJxsTx52AuvHT5ytX5awvXb9y8tdhZur3XVFZzMeSVqvRByhqhZCmGRholDmotWJEqsZ8ev3T5/XdCN7IqX5vTWhwVLC/lSHJmkEo63yaUM0UGU0IbWzfCkFVaocD5ke1kQN4klh qpMkE2iU12VqkSI7NMU5HLclIwo+XJ9LziAfkVrycDKsrsZ6GW+dg8+psH2tNXrCgY6mNCKdnYXdl4uPuWZizPhXauhSUXNcuSHeex7rZZyco44lHS6cZR7BeZBb0WdKFdW1XnE1DIoAIOFgoQUIJBrIBBg88h9CCGGrkjmCCnEUmfFzCFBdRarBJYwZA9xm+O0WHLlhg7z8arOf5F4atRSeA+aiqs04jd34jPW+/s2H95T7ynO9sp7mnrVSBrYIzs/3RnlRfVuV4MjOC570FiT7VnXHe8dbH+VtzJyW9dGXSokXM4w7xGzL3y7J6J1zS+d3e3zOe/+ErHupi3tRa+ulPigHt/jnMW7D2OemvRk+2n3f6LdtTzcBfuwTLO8xn0YRO2YAg8SIL3wYfgY9gPR2ERVj9K54JWcwfOrfDkO1Rr6cw=</latexit>

L � �QLYuH̃uR �
�
QL DL

�✓ H� 0
FS + F

0
S
†

µ

◆✓
dR

DR

◆
+ h.c.

<latexit sha1_base64="Aa/RDsHEbLsbDfDpRB/zpv/x68g="></latexit>

LSMEFT � �Q
L
YuH̃uR �Q

L
YdHdR +

⇣
�
†
D
�DYd

⌘

ij

2M2
OdH,ij �

⇣
�
†
D
�D

⌘

ij

4M2

⇣
O

(1)
HQ,ij

+O
(3)
HQ,ij

⌘

<latexit sha1_base64="nwr47n26qMpb4ytl6cgyNmxItOU="></latexit>

hSi = V ei↵

<latexit sha1_base64="XtB+Lyjgv5kNKSuNSwAhwc+nqiU="></latexit>

F = ei↵F + e�i↵F 0
<latexit sha1_base64="BlCMT0aVL3JC+kyRf64iPTEbdHE="></latexit>

�D =
V

M
F�T

<latexit sha1_base64="XVR8N3NjLvnc2LiqNWhMRKZuz2k="></latexit>

YdY
†
d = ��T � V 2

M2
�F†F�T ( )

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



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


