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

.e. all effective o AZ»’%Y Vi/r H

interactions of
the SM d.o.f.s o SU(3) x SU(2) xU(1)

I(subjlect to gauge o L = Lo + Z Adéz‘_4 O,
Invariance, and - Z

addrtional symmetry O, = CS&L @'ﬂbZLW“WL (HJr D uH)
requirements, €.g. B, |—> [ Buchmiiller/Wyler ’85, Grzadkowski et al ’10]

Many parameters | What is the actual parameter space of
observables ?
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Here : focus on CP=-odd observables.

CPV In the SM : strongly suppressed. Room for BSM effects...

. . d _
... already quite constrained : | <107 [ACME II 18]
e - cm
Clu — -
L= Lgn - AZH |H‘2QLURH + h.c. — A = TeV
0 Kaon mixing — A > 10*7° TeV
¢ [Aebischer, Bobeth, Buras, Straub ’18]
Need to understand the
/ structure of CPV beyond the SM
i "2 (here In the fermionic sector of SMEFT),
u - S . .
e e e its link to symmetries, UV assumptions...

[Barr/Zee 90, Brod/Haisch/Zupan ‘13]
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Here : focus on CP-odd observables. What is the CP-
odd parameter space in the SMEFT?

Why asking ¢

Class Nop @ @
h 1 3 1 3
1 4 2 2 2 2 2 2
2 1 1 1 1 0 0 0
3 2 2 2 2 0 0 0
4 N 4 4 4 4 4 4
5 3 3n; 3 27 3n; 3 27
6 8 8n; 8 T2 8n 8 T2
7 8 nr,(.)n,, +7) 8 5l Zng(Ing — 7) I 30
8 : (LL)(LL) 5 tng(Tnj + 13) 5 171 Ing(ng — 1)(ng + 1) 0 126
8 : (RRYRR) 7 -};ng(‘Zlng +2n? + 3lng + 2) 7T 255 =ng(2lng +2)(ng —1)(ng+1) 0 195
8 : (LL)(RR) 8 dn(n? + 1) 8 360 dnl(ng — 1)(ng + 1) 0 288
8 : (LR)(RL) 1 "y 1 81 ng 1 8l
8 : (LR)(LR) 4 4n) 4 324 dny, 4 324
8 : All 25 Ing(107Tn) +2n2 +89n, +2) 25 1191  Ing(107nd +2n —67n, —2) 5 1014
Total 59 %(10171 + 2nj + 213n3 + 30n, + 72) 53 1350| = (107n, + 2n; + 57n; — 30n, + 48) 23 1149

| Grzadkowski/Iskrzynski/Misiak/Rosiek ’10,
Alonso/Jenkins/Manohar/Trott ’13]
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CPV In the SM

complex matrix !
When does the SM break CP? L D—uLv“W.

— urdiag(me, )ur + (d) + h.c.

6(v; —ve) (i —va) e —va) (s —v2) (Wi — ya) (s —ya)J

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




CPV In the SM

complex matrix !

When does the SM break CP? L D—uLv“W.

— urdiag(me, )ur + (d) + h.c.

3
Jo=ImTr |V Y1 YaV] | = 66 - )02 — )62 — )08 — )0 — )2 — 43T

LD —QrY,urH + (d) + h.c.
Y. = diag(yu, Ye, yt) , Ya = Vexmdiag(ya, ys, yo)
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CPV In the SM

complex matrix !
When does the SM break CP? L D—uLvl‘W‘

— urdiag(me, )ur + (d) + h.c.

3
Ji=TImTr |V, Y], YaY]|

Presence of Y, and Yy

— CP breaking I1s a collective

gffle;t | CP is conserved in the SM
Xplains suppressions >
gFisla o 71 mzm; ajyas [Pospelov/ j4=0

my,  (dm)? Ritz ’1
w z 13 [Jarlskog ’85]



PV

35M

One can include neutrino masses, more Higgs doublets, SUSY,

vector-like fermions, etc

[ Many authors]
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‘

When does the SMEFT break CP ?

Collective effects also in the SMEFT

Example : two-loop contribution to the electron EDM

C ud,mn . —
L= Lgm HAC;’ ZHTDMHUR,mVMdR,n

[ Kadoyoshi/Oshimo ’97]

Can be studied using CP=-odd flavour invariants
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When does the SMEFT break CP at order 1/A°?

AZ’i’Y viLr H
SU(3) x SU(2) x U(1)
L= Lon + 0]

—4
)

_ (1) T S
Oi = Chyp iy ¥ \H'D  H
| Buchmiiller/Wyler ’85, Grzadkowski et al ’10]
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CPV in SMEF ]

When does the SMEFT break CP at order 1/A°?

A= A® 4+ A L — A2 = [AD|? 4 2Re (A<4>A<6>*) +.

AZ’i’Y viLr H
SU(3) x SU(2) x U(1)
L="Lov+ Y pe0;

—4
)

_ (1) TN 4
Oi = Chyp iy ¥ \H'D  H
[ Buchmiiller/Wyler ’85, Grzadkowski et al ’10]
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breaks CP
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CPV in SMEF ]

The SMEFT breaks CP at dimension-four (J4 1= 0)

breaks CP

Question : what are the new sources of CPV at order 1/A*?

(and : how are they related to CPV in UV models ! how large is the
first SMEFT correction to CPV obs. ¢ etc)

Expressed in terms of CP=-odd flavour invariants
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CP is conserved in the SMEFT at order 1/A°
iff
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CP conservation follows th¢ EFT power counting
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CP is conserved in the SMEFT at order 1/A°
iff
J4A=0&12=0

CP conservation follows thg EFT povve} counting

—> (P should be conserped order bylorder

2Re (A(4)A(6)* )

12
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CP is conserved in the SMEFT at order 1/A°
iff
J4=0&L_{1,2,.[N}=0

How many conditions !
Some imaginary parts cannot interfere at order 1/A?

A2 = |A®]2 {2Re (A<4>A<6>*

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

which [699] CP-odd

13
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iff
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There exist sets of flavour invariants which fulfil this !
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——

CP is conserved in the SMEFT at order 1/A°
iff
J4=0&L_{1,2,...N}=0

There exist sets of flavour invariants which fulfil this !

Ex

(1)

CHoii /. 4>
L = LM 78‘7 (@HTDM H) Qi,L7" Qj,L

preserves CP at order 1/A? iff
Jy =0

Ly = ImTr (H,HaClly ) =0
Ly = ImTr (H2H3C{7)) = 0
Ly = I'Tr ( H, HyH2H3Cp)) )

H, =Y, Y]

Hy=Y,Y]
0

14
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CP in SMEF]

——

CP is conserved in the SMEFT at order 1/A°
iff
J4=0&L_{1,2,...N}=0

There exist sets of flavour invariants which fulfil this !

Ex 0222 (e
L = Lagn A AQ’ (zH DM H) Qi 17" Q1 One + three
preserves CP at order 1/A? iff conditions,
Jy =0 down to one
Ly =1mly ( H, H C(l) — 0 + one when
| ( > ) Mmt=mc &

Ly = ImTr (H2H3C{7)) = 0

Ly = In'Tr ( H,HyH2H3C, ) = 0
— —

ms=md, ...
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iff

CP is conserved in the SMEFT at order 1/A°

J4A=0&L_{1,2,..,.N}=0

Fasily generalized to all SMEFT operators

Need a finite set of algebraically-independent

structures

[Jenkins/Manohar ’09]

For fermion bilinears : ImTr(HCHSHEHYM) with a,b,c,d =0,1,2

a#c,b#d

For 4-Fermi operators : « A-type » Im ([H(“bc@]ji[ﬂ(efgh)]lk M ki )

« B-type » Im ([H(“de)]jk[H(efgh)]li M ik )
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Must be proportional to invariants. Which ones?

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

For a given SMEFT coefficient : algebraic approach to the
suppression associated to collective effects

A la Wolfenstein :
Y, = diag (au)\S, ac)\4, at)
Y, = Vokmdiag (ad)\7, as)\5, ab)\3)
1 A AN (p —in)
Voxa = )\ 1 AN
AN(1—p—in) —AN 1
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CPV In SMEF]

Must be proportional to invariants. Which ones?

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

For a given SMEFT coefficient : algebraic approach to the
suppression associated to collective effects

A la Wolfenstein Ly AaZa?TmCly), 53\ 9
Y, = diag (au)\S, ac)\4, at) Ly | = 0 + O()‘ )

Y, = Vokmdiag (ad)\7, as\’, ab)\?’) 0
1 A AN (p —in)
VekMm = —A 1 AN?
AN (1 —p—in) —AN? 1

Rank increase at O(A™)
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CPV In SMEF]

Must be proportional to invariants. Which ones?

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

For a given SMEFT coefficient : algebraic approach to the
suppression associated to collective effects

. |6 with MFV
A la Wolfenstein : L, AaZa?TmC), 5 A&

Y, = diag (au)\S, a )\t at) (LQ) = ( 0 ) T O()‘g)
Y, = Vokmdiag (ad)\7, as\>, ab)\?’) Ls 0

! A ) ) Rank increase at O(A'?)

Vexkm = —A 1 AN?
AN(1—p—in) —AN 1



Outlook

VWe built flavour invariants which capture all the CP-odd

physical parameters in the fermionic sector of the SMEFT at
order 1/A®

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 !



THANK YOU
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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 —————————————




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



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)



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
A%100 (Coaeq) A1t (Coaae) A1t (Cooeq)
— _ o 00 1100 \~QQQQ
n coefficient | Number of phases Minimal set A§§88 (Caqqe) Aémo (Coqaqq) A% (Cageq)
Crr.Coo 0 Z i 18 A28 (Caqae) A1z (Caage) Axth (Coace)
B (Crpee A5 (Cagaee) Al (Cageq) A% (Coeqq)
0 LLée AllOO (C )AQQOO C BO C
c,. ] Bl (Crret) 1122 (Caaaq %200( @@e@) Bl (Coqeqq)
0 (Crree Baoo (Cooee) Bhiz (Cageq) Bitss (Coeqq)
B (Crree) Azloo(cuuﬂﬂ) A0 (Cazaa) AN00 (Caaaa)
A(l)lOO (CQQee) 43388 (Cuuaiar) Al10) (Cagaa) AV (Caaaa)
AN (Cooze) C. 18 A0 (Caaaa) AY199 (Cuvaa) Agdog (Caaai)
o (Cage: “ AL (Canar) AVS (o) AN (Caa)
0 QQee A (Cuuuu) B Cuuuu BOlOO Cﬂﬂﬁﬂ
Do ) D) T e
A (C B Ci B Ca
0 QQee 20100( uuuu) 1122( uuuu) 31200 (Cﬂﬁﬁﬁ)
CQe 3 AN (Cogee) ¢ A0 (Caaa) A1%00 (Cigaa) A200 (Caaaa)
41122 (0 A3000 (Caaaa) AN6o (Caaaa) Atiog (Cigaa)
0 ( QQée 41000 0 1100
1100 C 18 2200 (C ) A1122 (Odd ) AQQOO (C )
9 A7 (Coqee “ AN (Caaar) AL (Caaaa) AT (Clgaa)
2200
A}122 (Caque) Aé%%% EC )A%%E EC ;B?IOO ECd -
A (CQQ” Bs100 Cd” By (C dddd 3%388 C )
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CPV In SMEF]

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 XQH H|?QrurH + h.c. Y
de 1 vme, 4 v, Z
e 4872 m? i . g i

[ Barr/Zee 90, Brod/Haisch/Zupan ‘13]
one-to-one correspondance with invariants
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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. 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
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Must be proportional to invariants. Which ones?

SM CPV could interfere with SMEFT coefficients. Ex : loops over
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CPV in SMEF ]

T —

Invariants easily track CPV

| (8) = Ve
Ex : spontaneous CP breaking model

. . 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



Theta QCD

———

~

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 ?



