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Collective symmetry breaking : CP In the SM

1+ 4 Which flavor basis ¢ Fully specified ¢
[/
Vokmaz = —— CP?  What are Voxm,1s, - !
What is m2 — m?2, ... ?

Those questions iImply :

3
Jy = ImTr [YuYJ, Yde} =6(y; —v2)(y; —va) (e —vi) i —v2) (i —va) (e —vy3) T

—

* *
J = Im(VCKM,uS VCKM,cb VCKM,ubVCKM,cs)

CP is conserved in the SM
iff
J4=0

[Jarlskog ’85]



Collective symmetry breaking : CP in the SM

144 VWhich flavor basis ¢ Fully specified ?
Vekm,12 = . CP! What are Voxm 13, .- !
What is m2 — m?2, ... ?

Those questions iImply :

Ji <y§ )R~ R~ )R~ )R~ R - y?J

RE—

* *
J = Im(VCKM,uS VCKM,cb VCKM,ubVCKM,cs)

Flavour invariant

CP is conserved in the SM
SU@3)g | SUB). | SUB) | SUB)L | SU3) "
Qr 3 1 1 1 1 1
Y, 3 3 1 1 1 —_
Y, 3 1 3 1 1 j4 o
i 1 1 1 3 3 [Jarlskog ’85]
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Collective symmetry breaking : CP in the SM

1+ 4 Which flavor basis ¢ Fully specified ¢
[/
Vokmaz = —— CP?  What are Voxm,1s, - !
What is m2 — m?2, ... ?

Those questions iImply :

Py — v E — vy (i — v i — v (s — vy T

2

* *
J = Im(VCKM,uS VCKM,cb VCKM,ubVCKM,cs)

Collective effect
Explains suppressions CP is conserved in the SM

iff

J4=0

[Jarlskog ’85]
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14 Which flavor basis ¢ Fully specified !
Cro12 = 1 CP? What are Vokm 13, .-+ !
What is m2 — m?2, ... ?

Whatare—GrroT3—+ Not at dim-6

(Interference ?)



Collective sym. breaking : CP In the SMEF |

14 Which flavor basis ¢ Fully specified !
Cro 12 = 1 CP? What are Vokm 13, .-+ !
What is m2 — m?2, ... ?

Whatare—Grro T3+ Not at dim-6

o
L = Lgn - Ij@ : (iHTDM H) Qi QL

preserves CP at order 1/A? iff
Jy =0
Ly = ImTr (X, XCl ) =0
_ v oyt
Ly = TmTr (X2X3C() ) =0 Au = Yo ¥y
Ly = ImTr (XuXquXdCHQ) ~ 0




Collective sym. breaking : CP In the SMEF |

14 Which flavor basis ¢ Fully specified !
Cro 12 = 1 CP? What are Vokm 13, .-+ !
What is mZ — m?2, ... ?

Whatare—Grro T3+ Not at dim-6

0222 g >
L: — £ | ) HTD H 1 H '
SMT AR (Z s ) MR Collective
preserves CP at order 1/AZ iff effect
Jy =0

L = 1) XO@E) = T
Ly = ImTr (X2X3CY)) =0 Au = Yoty

Xd — Yde

Ly = ImTr ( X, X X2X3CH) ) =0




Collective sym. breaking : C

699 invariants
beyond Jariskog
at dim-6

° In the SMEF]

Bilinears
Modified Yukawa Dipole Current-current
Qe | (H'H)(Lie; H) Qew | (Lioe;)r HW], G (H'iD,H)(Ly"L;)
Qui | (H'H)(Quu;H) Qe | (Lio™e))HB,, G, | @NDLH) (L L)
Qurr | (HTH)(Qid; H) Que | (Quo"Thu)H G, Qe (1D, H)(#n"e;)
Quw | (Qio*uy)T" HW, Qg (H'iD, H)(Qiv"Q;)
Qus | (Qio"u))H By, QYL | (HYDLH)(Qir'yQ;)
Qua | (Qio™TAd;)H G, Qi (13D, H) (")
Quw | (Quo™d))r HW, Qna (YD, H)(din"dy)
Qis | (Qio"d;)H B, Qrud + hec. | i(HYD,H)(a;iv"dy)
4-Fermi
(LL)(LL) (RR)(RR) (LL)(RR)

QLL (LivuLy)(Liy" Ly) Qee (Eivue;)(Exy'er) QLe (LivuLy)(@xyer)

Q0o | (@) (@ Q) Quu (g ) (Uey*ur) Qru (LivuLy) (weyw)

QoY | Qi Q)@ 7'Q)  Qua (diyudy)(diy"dr) QLa (LiyuLy)(diy*dr)

Q%) (LivuLy)(Qin" Q) Qeu (€ivue; ) (Uey ur) Qqe (QiuQj) (@ er)

Q(ng)g (L L) (Qur" 7' Q1) Qea (€vue;) (duytdy) Q(Qli (QivuQj) (uxy"w)
QY (@iypus ) (diy*dy) QSBL (QiuT4Qy) (wy" T w)

QW | @ T ) (@ T ) Qgy | (QiuQi)(din"dr)
Qo) | (QevuTAQ)) (dky"TAdy)

(LR)(RL) + h.c. (LR)(LR) + h.c.
Qreaq | (Lfe;)(dQua) Qoaa | (QFu)eas(Qhd)

QS 0 | (QoT ) )ew (QLTAd)

1
Qge)Qu

(E?Gj )Eab(QZUZ)

Q(L36)Qu (Leoei)ean(QF " uy)




Collective sym. breaking : C

° In the SM

- |

699 invariants
beyond )Jariskog
at dim-6

New sources of CPV :

CHud,mn
A2

iﬁTDﬂHﬂR,m’y“dR’n

Bilinears
Modified Yukawa Dipole Current-current
Qe | (H'H)(Lie; H) Qew | (Lioe;)r HW], G (H'iD,H)(Ly"L;)
Qur | (HTH)(Qyu; H) Qe | (Lio"e;)HB,, @ (H'iDIH)(Lir'y"L;)
Qarr | (H'H)(Qid;H) Que | (Qio"'Thuy)H Gy, Qe (H'iD,H)(er"e;)
Quw | (Qio*uy)T" HW, Qg (H'iD, H)(Qiv"Q;)
Qus | (Qio"u))H By, QYL | (HYDLH)(Qir'yQ;)
Qic | (Qic"T4d;)H Gy, QHu (Hi D, H) (ay"u;)
Qaw | (Qio™d;)r' HW], Qrra (H'iD,H)(dir"d;)
Qiz | (Qio™d;)H B,, @d T he. i(fITDMH)(fLWND
4-Fermi
(LL)(LL) (RR)(RR) (LL)(RR)
QL (Livu L) (Ley* L) Qee (€ivnes)(Exyer) QLe (LivuLy)(@xy*er)
QS& (Qinu Qi) (QrY" Q1) Quu (Uiypuy) (UpyHug) Qru (Lirv, L) (g )
QS’%; (Qivut Q) Qe 7'Q1)  Qua (divud;) (dydy) Ora (L L) (dprds)
Q(Llc)g (LivuLy) (Qry*Qu) Qeu (eivue;) (upy u) Qoe (Qiv.Q;) (Ery™er)
QD | L L)@ T Q) Qe | Eme)div'd)  QS) | Q@) (@)
Qilcl) (wiyus) (dpy*dy) QSBL (Qivu T Q) (WA T uy)
QW) | (@ Thu)(dnTAd) QY | (Qivu@y)(diy*d)
Qbu | (QT*Qy)(diy"TAdy)
(LR)(RL) + h.c. (LR)(LR) + h.c.
Qreaq | (Lie;)(drQua) QGnoa | (Qfup)ean(Qhdr)
Qoo | (QeTu;)ear(QRTAd:)
Q(Lle)Qu (LYe;)ean(Qhuy)
Q(L3e)Qu ([Z?quea‘)ﬁab(@;awut)
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° 1n the SMEF]

699 invariants
beyond Jariskog
at dim-6

New sources of CPV :

CHud,mn
A2

iﬁTDﬂHﬂR,m’yﬂdR’n

f

[ Kadoyoshi/Oshimo ’97]

d

€ —
t,J

Bilinears
Modified Yukawa Dipole Current-current
Qe | (H'H)(Lie; H) Qew | (Lioe;)r HW], G (H'iD,H)(Ly"L;)
Qua | (HVH)(Quu; i) Qep | (Lio*e;)HBy, G| (H'YDLH)(Lir'y L))
Qurr | (HTH)(Qid; H) Que | (Quo"Thu)H G, Qe (1D, H)(#n"e;)
Quw | (Qio*uy)T" HW, Qg (H'iD, H)(Qiv"Q;)
Qus | (Qio"u))H By, QYL | (HYDLH)(Qir'yQ;)
Quo | (Qo" T d)HG;,  Qu. (H'iD ,H)(y"u;)
Quw | (Quo™dy)r HW, Qua (YD, H) (dir"d))
Qiz | (Qio™d;)H B,, @d T he. i(fITDMH)(fLWND
4-Fermi
(LL)(LL) (RR)(RR) (LL)(RR)
QLr (Livu L) (Ley* L) Qee (€ivue;)(ery'er) QrLe (LivuLj)(exnter)
Q0o | (@) (@ Q) Quu (g ) (Uey*ur) Qru (LivuLy) (weyw)
QoY | Qi Q)@ 7'Q)  Qua (diyudy)(diy"dr) QLa (LiyuLy)(diy*dr)
Q%) (LivuLy)(Qin" Q) Qeu (€ivue; ) (Uey ur) Qqe (QiuQj) (@ er)
QY | (Livum L) Q"7 Q1) Qea (€iyue;) (diy™dr) Q5. (Qivu@j) (Try"ur)
QY (@iyuuy) (deydr) QSQ)L (QivuT4Qy) (ary" T wy)
Q) | (@ TAuy)(diyTAd) Q) (QivuQj) (dpy"dy)
Qo) | (QevuTAQ)) (dky"TAdy)
(LR)(RL) + h.c. (LR)(LR) +h.c.
(4 Qua) Qooa | (Q¢u))ear(Qhd)
2 2

bt Z Im (VCKM,z'jCZ[ud,ij) E(

mui Y mdj

)

QS 0 | (QoT ) )ew (QLTAd)

1
Qge)Qu

(Lej)ean(Qhw)

Q(L3e)Qu (Leoei)ean(QF " uy)
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2 1n the SMEF ]

699 invariants
beyond Jariskog
at dim-6

New sources of CPV :

CHud,mn
A2

iﬁTDﬂHﬂR,m’yﬂdR,n

f

[ Kadoyoshi/Oshimo ’97]

d 5 5 /(dkQia)
€
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Bilinears
Modified Yukawa Dipole Current-current
Qe | (H'H)(Lie; H) Qew | (Lioe;)r HW], G (H'iD,H)(Ly"L;)
Qur | (HH)(Quu;H) Qe | (Lio"e;)HB,, G| @NDLH)( Lty Ly)
Qar | (HTH)(Qid;H) Qua | (Qio™THuy)H G, Que (H'iD, H)(ene;)
Quw | (Qio*uy)T" HW, Qg (H'iD, H)(Qiv"Q;)
Qus | (Qio"u))H By, QY | (E'DLH)(Qir ;)
Quc | (Qio™TAd))H G, Qru (H'i D\, H) (i)
Qaw | (Quo*d;)r HW}, Qua (H'iD,H)(dir"d;)
Qiz | (Qio™d;)H B,, @d T he. i(fITDMH)({LWND
4-Fermi
(LL)(LL) (RR)(RR) (LL)(RR)
Qrr (Livu L) (Ley* L) Qee (€ivnes)(Exyer) QrLe (Liva L) (&t er)
Q% | Q@)@ Q) Quu | @)@y w)  Quu | (LivuLy) (@ w)
QoY | Qi Q)@ 7'Q)  Qua (diyudy)(diy"dr) Qra (LiyuLy)(diy*dr)
Q%) (LivuLy)(Qin" Q) Qeu (€ivue;) (Ury"ur) Qqe (QiuQj) (@ er)
QY | (LT L) Q"7 Q)  Qed (€vue;) (duytdy) Q5. (QivuQj) (uxy"w)
QY (@iypus ) (diy*dy) ng)t (QiuT4Qy) (wy" T w)
QW | @ T u) (" TAd) Q) | (Qiu@y)(dindi)
QS& (QiuT4Q)) (diy*Tdy)
(LR)(RL) + h.c. (LR)(LR) +h.c.
Qooa | (Q¢u))ear(Qhd)

QS?.)LQd (Q?TAUJ' )Gab(QzTAdl)
(Lej)ean(Qhwr)

Q(L3e)Qu (Leoei)ean(QF " uy)

1
Qge)Qu
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Collective sym. breaking : CP In the SMEF |

Algebraic approach to the suppression associated to collective
effects

A la Wolfenstein :
Y, = diag (au)\S, ac)\4, at)
Yy = Vexmdiag (ag\’, as\°, apA?)
1 A AN (p—in) )

Vexka = —A 1 AN?
AN (1 —p—1in) —AN 1



Collective sym. breaking : CP In the SMEF |

Algebraic approach to the suppression associated to collective

effects

A la Wolfenstein ; L AaZa?ImCly),y 55 A3 9

Y, = diag (au)\S, ac)\4, at) Ly | = 0 + O()‘ )
L3 0

Yy = Vexmdiag (ag\’, as\°, apA?)

L A AN (p —in) - 19
Vot = i\ . e Rank increase at O(A™)
AN (1 —p—in) —AN 1




Collective sym. breaking : CP in the SMEF |

Algebraic approach to the suppression associated to collective

effects
A la Wolfenstein : I AaZa?ImCly),y 55 A3
Y, = diag (au)\S, ac A\t at) (Lz) — ( 0 ) T O()‘g)
Ya = Voxmdiag (ag\7, a. A%, aph®) =3 y
Vo — ( * ) ) Rank increase at O(A")
AN(1—p—in) —AN? 1
Rank | 0 vi

20 |

\ | L L L | .
20 M-order



Collective sym. breaking : CP in the SMEF |

Algebraic approach to the suppression associated to collective

effects
A la Wolfenstein : L Aa2aZImC) 5 X8 9
Y, = diag (au)\S, ac)\4, at) Ly | = 0 + O()‘ )
L
Ya = Vexmdiag (aaA7, asA®, apA®) ° 0
1 A AN3(p —in) : 19
oo O : e Rank increase at O(A™7)
AN(1—p—in) —AN? 1
A
Rank s 1,8 — —
] C U | —— Anarchic Entries
] — Froggatt-Nielsen ‘CU,H‘
_ U
20 i f% 0L — MFV
¥ |
J4 5%
: Ja |
- . . : . —p 0-|....|....|....|....|....|....|-
20 A_Order 0 10 20 30 40 50 60
A order
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Collective sym. breaking : Peccel-Quinn

Collective effects : beyond CPV

a= . = Which flavor basis ? Fully specified ?
ley“CHUQ Q What are yYuc, Jut, - !

. _ . _ - £ 0,a -
= (QVuHu+ QVaHd + LY. He + he.) g —r > Pepn"s
/ e f L Su

[many authors here]



Collective sym. breaking : Peccel-Quinn

Collective effects : beyond CPV

a =~ . -~ Which flavor basis ? Fully specified !
¢ PQ? Y P
ley“CHUQ Q What are yYuc, Jut, - !
. £ 0,a _
ﬁ( Y, H +QYde+LYHe+hc) So T D depn™y
/ Q [ s
approximate?

Need order parameters |



Collective sym. breaking : Peccel-Quinn

Collective effects : beyond CPV

( —

.~ Which flavor basis ¢ Fully specified !
PQ? Y SP
Q1fucHu, PQ What are Yuc, Yuty --- !

7
% QY, Hu+ QY,;Hd + LY.He + h.c.)

1) — ReTh (ffuy‘r) . I® —ReTy ( Xuffuyj) . I®) —ReTr (Xﬁ?uyj ) |

W =ReTr (V,YI), 1% =ReTr(X,V,V), I® =ReTr(Xx2Y,V}),
d d+d d dtd*d d dtd*d

1D = ReTr (dequj +X,V,Y] ) |

u

PQ exact

. 1, = R (X207 + (X, X9, ¥)). =0
Iff (2) 2v- vy YAdl
Iud,d = Re'lr (XdYuYu + {Xu7 Xd}Yde) 9 (—|—6)

1) =ReTr (XquXd?uYJ + X, XX, YaY) )

1Y) =ImTr ([Xu,Xd]2 ([Xd,fquﬂ - [Xu,f/deD)

e — EEEE——



Collective sym. breaking : Peccel-Quinn

Collective effects : beyond CPV

a - . = Which flavor basis ! Fully specified ?
PQ? Y SP
Q1gucHuz PQ What are yYuc, Jut, - !

;
% QY, Hu+ QY,;Hd + LY.He + h.c.)

IV — ReTr (?UYT ) . I = ReTr (X % YT) . I® =ReTr (XQY vy ) |

u-"u-u u-"uTu

W =ReTr (V,YI), 1% =ReTr(X,V,V), I® =ReTr(Xx2Y,V}),
d d+d d dtd*d d dtd*d

'O\ ReTr (dequj +X,V,Y] ) |

u

PQ gxact 1) =R (ngfdyj +{X,, X4}V, YJ) , =0
" (e o). ()

Collective [ 7 =Ryt (XaX XV Y+ X, XX, V,v])

effect 1Y ATy ([Xu,Xd]2 ([Xd,ifuyﬂ _ [Xu,f/dyj D)
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Outlook

Symmetry breaking can be collective

- CPV . captured by CP-odd flavor-invariants
VWe built them in the SMEFT at dim-6
We used them as a systematic tool to compare flavor
assumptions (but also UV models)

VWe can also capture interference with the SM phase (new
« channels » for CPV ?)

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



THANK YOU

—:-




Warsaw basis

| — ——
Bilinears
Modified Yukawa Dipole Current-current
Qe | (H'H)(Lie; H) Qew | (Lio*e;) T HW, G (H'iD,H)(LA"L;)
Qui | (H'H)(Quu; H) Qe | (Lio"e;)HB,, 5 (H'iDLH)(Lir v L)
Qarr | (H'H)(Qid;H) Que | (Qio™'Thuy)H Gy, Qe (H'iD,H)(er"e;)
Quw | (Qio™ uy)r' HW, o) (H'iD, H)(Q"Q;)
Que | (Qio*u;)H By, QY | (H'DLH)(Qir ;)
Qic | (Qio"T4d;)H G, QHu (Hi D, H)(ay"u;)
Quw | (Qio"dy)r' HW, Qua (YD, H)(din"d;)
Qap | (Qio"™d;)H By Qmua + hc. | i(H'D,H)(uiy"d;)
4-Fermi
(LL)(LL) (RR)(RR) (LL)(RR)
QL (LivuLy)(Ley* L) Qee (€ivue;)(Exy'er) QrLe (LivuLj)(ery*er)
QS@Q (Qi1uQ;)(Qry" Q1) Quu (@iryu ) (ey ) QL (Liy, L) (" w)
QS% (Qivum Q) Qe 7'Q1)  Qua (divudy)(diy*dr) QLd (Liy, L) (dpy™dy)
Q(Llc)g (LivuLy) (Qey*Qu) Qeu (eivue;) (upy uy) Qoe (Qiv,Q;) (Ery"er)
Q(Lgc)g (Livam™ L) Q" 7' Q1) Qed (€vue;) (diy"dy) Qgi (QivuQ;) (ury uy)
Qvgld) (i) (dey™dy) QSQ)L (Qivu T4 Q) (WA T uy)
Q%) | (@ Thwy) (deyTAd) Q5 (QinuQ;)(diy"dy)
QG | (@ TQ)) (AT dy)
(LR)(RL) + h.c. (LR)(LR) + h.c.
Qreaq | (Lie;)(drQua) Q5)oa | (Qfup)ean(Qhdy)
QSBLQC[ (Q¢Tu;) e (Q4TAdy)
Q(Lle)Qu (LYe;)ean(Qhuy)
Q(Lge)Qu (E?quej)ﬁab(c?lgawut)
10 —————————————




INnvariants

D ———

Need a finite set of algebraically-independent

structures [Jenkins/Manohar ’09]

For fermion bilinears : ImTr (X2 X5XSX$M)with a,b,¢,d =0,1,2
a+c,b#£d

For 4-Fermi operators : « A-type » Im ([X(ade)]ji[X(efgh>]lk M ki )

« B-type » Im ([X(ade)]jk[X(efgh)]li M ki )



More Invariants : fermion bilinears

Wilson coefficient | Number of phases Minimal set
Cenr Lo (C.YJ)
Ce={Cow 3 Ly (Cvd)
Cen Lo (Ceyj)
[ Loooo (CuYJ) \
L1000 (CuYqu )
Lo100 (CuYqu )
)
CUH L1100 (CuYJ)
Cyu=4 " 1 Lo110 (Cu J) i
Cuw 9 i
O, L2200 (CuYu )
L220 (CuYJ )
L1220 (Cu g )
.'.
| Lo122 (Cu u) )
(Can
Cy =5 Cac Same with C’uYJ — C’deT
Caw
\ CdB
Criud Same with C,Y, - V,C}, Y]
Ciy,CHe 0 @
L1100 ng )
ng ) L2200 ng )
3 L1122 ng )
CHu Same with C’gg) — YUC’HUYJ
Chra Same with Cjgy) = Y,Cpp Vi

O — B ——



More invariants : 4-Fermi

Wilson coefficient | Number of phases Minimal set
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Maximal set

Objects of the « Im Tr » kind

Rank ¢ 1.8 new CPV « channels »

Large interference
60  with the

- SM phase !
40 |

20|




Theta QCD
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2
Locp O —Oocp —2-Tr(GG)

1672
SU(S)QL U(l)QL SU(B)UR U(l)uR SU(?’)dR U(l)dR
QL 3 1 1 0 1 0
UR 1 0 3 1 1 0
dr 1 0 1 0 3 1
Y. 3 1 3 -1 1 0
Y, 3 1 1 0 3 -1
e'feop 1 6 1 -3 1 -3

é — HQCD — arg det (Yqu)

—iQQCDEABCEabceDEFEdefY

Im (e w,AaYu, BbCOuQd,cendYd, B Yd,Ff)

. g2

In the UV, suppressed by e 93~ A3773% Relevant in the IR ?



hysical parameters at order 1/A°

#
Type of op. of # real # im
ops
3N? 3N?
Yuk. 3
2N? + N 2N?+ N
n
= : 8N*? 8N?
2 Dipole 8
= 6N? +2N 6N? +2N
SN(ON +7) SN(9N -7)
curr-curr 8
N(3N +5) N(3N -2)
IN(3IN +7 IN(3IN -7
all bilinears | 19 2 ( ) 2 ( )
N(11N +38) N(11N +1)
IN?(7TN? +13 TN?(N?-1
s LN? (TN +13) TN (N - 1)
IN?(N?+2N +7) IN?(N?+2N -3)
LN (21N? +2N? + 31N +2 IN(2IN +2)(N? -1
TN (3N?+2N?+8N +1) TN?(3N?+2N -5)
g 4 N?(N?+1) AN? (N*-1)
ke LLRR 8
= TN (4N’ +3N? + 9N +2) TN (4N’ +3N?-6N - 1)
N* N*
LRRL 1
N® N?®
4N* 4N*
LRLR 4
2N3(N +1) 2N3(N +1)
IN(107N° +2N?+89N +2) 1N (107N?+2N?-67N -2)
all 4-Fermi | 25
TN (12N° +13N?+ 24N +3) TN (12N° +13N?-14N - 1)
I " TN (107N° +2N? + 213N +30) £ N (107N° +2N? + 57N - 30)
a.

T —

N (12N? + 13N? + 46N +19)

1
2

N (12N° +13N? + 8N +1)

1
2

e —————

«— # physical parameters

«— # physical at O(l/AQ)



Flavour symmetries and CPV quantities

) Flavor symmetries of the
Non-generic values :
SM Lagrangian

Generic case: dckym =0 U(l)p
S12 = 0 U(l)B
Ci12 = 0 U(l)B
- U(1)p
823=0 S12 =0 U(1)2
C12 = 0 U(1)2
- UL)p
623=0 512 =0 U(1)2
Ci192 = 0 U(1)2
- U(1)p
- U(1)?
$12 =0 823=0 U(1)3
813=0 C23=0 U(1)3
- U(1)?
C12 =0 823=0 U(1)3
C23 = 0 U(1)3
C13 = 0 U(1)2
- U(1)s
S12 = 0 U(1)2
C12 = 0 U(1)2
- U(1)®
M. =m 81320 81220 U(1)3
e Y c12=0 U(1)?
C13 = 0 - U(1)3
- U(1)*

mq, = Mgy, C13 = 0 U(2) X U(l)
S13 = 0 U(1)3
- U(1)’

All m,,, equal Mg, =M, U(2)xU(1)
all mg, equal U(3)

T — EE—



Flavour symmetries and C

Flavour symmetries
of the SM

°V quantities

Crei
CLeQu

QuQd

U(1)s
U(1)?
U(1)3
2) X

U(2) x U(1)

U(3)

W W W w w
o O O O O
o O O O O
W W W w Ww

— N
Ot

W Oy O

81
33
15

Two degenerate leptons
All leptons degenerate

X X
W N
—_ =
X X
W
—_ =
X X
W N
X X
W

X X
W

X1
X 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. EDMSs)

Example : Barr-Zee two-loop contribution to y
the electron EDM -
L= Lsp A /;;H H|?QrurH + h.c. Y
de 1 vm, > h Vs &
e 4872 ms L -

T —

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



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. EDMSs)

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

C uad,mmn . y;
L= Loy + — 5™ iH D, Hiip my"dp n

A2

[ Kadoyoshi/Oshimo ’97]

one-to-one correspondance with invariants



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. EDMSs)

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




UV models

Invariants easily track CPV

| (8) = Ve
Ex : spontaneous CP breaking model
| Bento/Branco/Parada ’91]

. _ H 0\ /d
LD —-Q;Y,Hup — (QL DL) < I ) (DRR> + h.c.

u
I PbAova) (o)
LsverT O —QpYyHur — QpYqHdgr + e ~ O gm,i5 — YTVE - (Oggw + (9%[22”)
4 T T T V2 T T T —q0 1/
Ap = -2 FT YaYj =TT" — -5 TFFT (F=¢""F+e"F')

What makes CP conserved, at dm-4, 6...! Algebraic answers

Ex @ can get J4=0 but not the Ls, or vice-versa, etc



UV models and PQ breaking

Invariants easily track PQ

Ex : axiflavon/flaxion model [Ema/Hamaguchi/Moroi/Nakayama 16
Calibbi/Goertz/Redigolo/Ziegler/Zupan ’16]
¢ 9Q; —9d; ¢ 9Q; —9u; ¢ dL; —9e;
_,C — Oz,?j (M) QZHdJ -+ Oz% <M> Q@HU] -+ Oéfj (M) LZ’HGJ' -+ h.C.
1) 2) _
) @ =
& e —q;J o
o _[’PQ — 57;15]'1@/ (M) QZHU,] + h.c
1 2 / /
:>]1(1,)7I'L(1,)7 OCQQl_qul_(qu_qul)



RGEs of RO-invariants

QU:2%QP+GQ@—3QQ—QE¢&J@§%+aﬁ”—ﬁﬁ0,
I3 = 4,19 + 1) - 31G), — 2Te(X2) (I + 301 — 1)),

2Tr(X3) (IO + 30" — 1)),

]t(bd) - 2( + /yd>lfc(od)7

= (47, + 2’7d)11(1,d)u @ 61,
2 2
z(J,d)d = (474 + Q%)Iﬁd{d 61"
(

I(d) =4 Yo T 7d>[15d)7

w(ﬁw+3u“%_¢n»,

Slmllal' (TI‘Xu)z . TI‘XZ) Il(?)

(TrX,)® — 3 TrX2TrX, + 2TrX3) IV



