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What is the (basis-independent) parameter space of CPV
observables in the SM(EFT) ¢

How does it connect to CPV in UV models ?

In this talk : when does the SMEFT conserve CP?
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When does the SM break CP? L D—uLv“W.
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CP breaking in the SM
complex matrix !

When does the SM break CP ¢ L D%W’VMWL

— updiag(my, )ur + (d) + h.c.

3 4 12 _ 3 _ 28 _ 96¢ _ 396 _ 672
/ 13 13 13 \ / 13 325 325 845 845 \
692 381 60 11072 | 435960 12573 | 21336i _ 7140 _ 7200
845 845 169 54925 | 54925 54925 54925 28561 28561
\ 444 708 25 / \ 4445 4956  16992i  _ 165 _ 280 /
845 845 169 845 21125 21125 2197 ~ 2197
| 3 4 12 |
3 _ 2 0 0 / 13 13 13 \ =0 0
5 124 692 381 60 3 |, 4i
O wm-13 0 —R8i5 845 169 0 5+5 0
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— updiag(my, )ur + (d) + h.c.
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CP breaking in the SM
complex matrix !

When does the SM break CP? L D%W’VMWL

— updiag(my, )ur + (d) + h.c.

3 28 _ 96 _ 396 _ 672
/ 13 325 325 845 845 \
11072 | 43596i 12573 | 21336i _ 7140 _ 7200i
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CP breaking in the SM
complex matrix !

When does the SM break CP? L D%W’YMWL

— updiag(my, )ur + (d) + h.c.

( 3 4 12 229407 i 4200241 91376 4 196032: 11892 = 152641
13 13 13 714025 714025 714025 714025 28561 28561
692 _ 381 60 10784 4 266881 10587 N 225841 4332 4 66241

845 845 169 54925 54925 54925 54925 10985 10985

\ 444 708 25 ) 14652  24864: 23364 1+ 396481 165 280z

845 845 169 54925 54925 54925 54925 2197 2197

J = Im(VCKM,usVCKM,cbVSKM,ubVSKM,CS)7! 0 CP?




CP breaking in the SM
complex matrix !

When does the SM break CP ¢ L D%W’VMWL

— urdiag(me, )ur + (d) + h.c.

/ 3 4 12 220407 | 420024i 91376 | 196032i _ 11892 _ 15264
13 13 13 714025 714025 714025 714025 28561 28561
692 381 60 10784 | 26688 10587 | 22584 4332 | 6624
845 845 169 54925 54925 54925 54925 10985 ' 10985
\ 444 708 25 / 14652 24864 23364 | 39648i __ 165 2801
845 845 169 54925 54925 54925 54925 2197 2197
/ 3 4 12 \
595  600: 396 6721 0 13 13 13
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CP breaking in the SM

complex matrix !

When does the SM break CP? L D%W’VMWL

— updiag(my, )ur + (d) + h.c.

229407 i 420024+ 91376 4 196032, 11892  15264:
714025 714025 714025 714025 28561 28561
10784 i 2668817 10587 1 225841 4332 14 66241
54925 54925 54925 54925 10985 10985
14652 248641 23364 1 396481 165 2807
54925 54925 54925 54925 2197 2197
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CP breaking in the SM

complex matrix !

When does the SM break CP? L D—uLv“W.

— urdiag(me, )ur + (d) + h.c.

229407 | 4200247 91376 | 196032 _ 11892 _ 15264
714025 714025 714025 714025 28561 28561
10784 | 26688: 10587 | 22584i 4332 | 6624i
54925 54925 54925 54925 10985 10985
14652 24864 23364 | 39648 _ 165 2801
" 54925 54925 54925 54925 2197 = 2197

4 m
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CP breaking in the SM
complex matrix !

When does the SM break CP ? L D%ﬁv“wL

— urdiag(m,, )ur + (d) + h.c.
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CP breaking in the SM
complex matrix !

When does the SM break CP? L D%W’VMWL

— urdiag(my, )ur + (d) + h.c.

3
Jo=ImTr YV, Ya¥] | = 6062 — )62 — )02 — 2068 — )08 — )2 — )T

LD —QrY,urH + (d) + h.c.
Y. = diag(Yu, e, ¥t) , Ya = Vexmdiag(ya, Ys, Yo )



CP breaking in the SM
complex matrix !

When does the SM break CP? L D%W’VMWL

— updiag(my, )ur + (d) + h.c.

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

SU3)o | SUB). | SUB)q | SUB)L | SU(3).
Flavour invariant Q| 3 1 1 1 1
Y, 3 3 1 1 1
Y4 3 1 3 1 1
Y. 1 1 1 3 3

Yu,ll Yu,12 Yu,13
Yo = | Yu21 Yuo2 Y23
Yu,Sl Yu,32 Yu,SS
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complex matrix !

When does the SM break CP? L D%WV“’WL

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

Flavour invariant

Yu,ll
Yo = | Yu21
Y, 31

Yu,12
Yu,22
Y 32

— updiag(my, )ur + (d) + h.c.

Yu 13
Y 23
Y33

SU3)q | SUB)w | SUB)4 | SUB)L | SUE3).
Qr, 3 1 1 1 1
Y, 3 3 1 1 1
Y, 3 1 3 1 1
Y. 1 1 1 3 3

CP is conserved in the SM
iff
J4=0

[Jarlskog ’85]



CP breaking in the SM

When does the SM break CP !

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

complex matrix !

B

— urdiag(me, )ur + (d) + h.c.

—>No CP breaking in the SM

with Nf=2 [Cabibbo ’63,
Kobayashi/Maskawa 73]

CP is conserved in the SM
iff
J4=0

[Jarlskog ’85]



CP breaking in the SM

complex matrix !

When does the SM break CP ! D—uLv“W.

— urdiag(me, )ur + (d) + h.c.

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

—>No CP breaking in the SM

with Nf=2 [Cabibbo ’63,
Kobayashi/Maskawa 73]

— CP breaking i1s a collective

effect CP is conserved in the SM
Explains suppressions iff
memim? ayyas [Pospelov/ 14—0

dg‘lg.la. ~ ej

md,  (4m)? Ritz ’13] [Jarlskog ’85]
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No new particle at the LHC, no clear deviation from SM couplings
renewed Interest In effective field theories (t-15s)

&
L= Li<a+ Z Adi—4 O

T no light BSM d.o.f.: generic framework to interpret experimental

results .
Al VviL/r H

SU(3) x SU(2) x U(1)
&
The SMEFT L= Lsm + Z 7O

oA S g 5
Oi = Chyp iy ¥ (A" D H
[ Buchmiiller/Wyler ’85, Grzadkowski et al ’10]
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When does the SMEFT break CP
at dimension-six !

Type of op. # of ops | # of real coeffs # of imaginary coefls
Yukawa 3 27 27
Dipoles 8 72 72

current-current 8 o1 30
all bilinears 19 150 129
LLLL 5 171 54
RRRR 7 255 195
LLRR 8 360 288

LRRL 1 81 81
LRLR 4 324 324
all 4-Fermi 25 1191 1014
all 1341 1143

| Grzadkowski/Iskrzynski/Misiak/Rosiek ’10,
Alonso/Manohar/Jenkins ’13]
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When does the SMEFT break CP
at dimension-six !

CP-odd

Type of op. # of ops | # of real coeffs # of maginary ¢oefls
Yukawa 3 27
Dipoles 8 72

current-current 8 51
all bilinears 19 150
LLLL 5 171
RRRR 7 255
LLRR 8 360
LRRL 1 81
LRLR 4 324
all 4-Fermi 25 1191
all 1341

| Grzadkowski/Iskrzynski/MisSiak/Rosiek ’10,
Alonso/Manohar/Jenkins ’13]

Collective aspects, basis-independence: use flavour=invariants
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When does the SMEFT break CP CP is conserved in the
at dimension-six ? SMEFT
iff
J4=0&?2=0

Observation 1: CP conservation follows the EFT power counting
—> (P should be conserved order by order
—> Some Imaginary parts are unphysical at first order

2

AP = [Asul? + 5 Re (AsuAfsn)
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CP breaking in the SMEF |

When does the SMEFT break CP CP is conserved in the
at dimension-six ¢ SMFFT
iff
J4=08&1?1=0

Observation 1: CP conservation follows the EFT power counting
—> (P should be conserved order by order
—> Some Imaginary parts are unphysical at first order

—> the more CP Type of op. # of ops | # real # im. # CP-odd inv.
' Yukawa 3 27 27 21
IS Conserved, Dipoles 8 72 72 60
'l'_he |eSS current-current 8 51 30 21

o all bilinears 19 150 129 102
conditions LLLL 5 171 126 54
should be RRRR 7 255 195 126

LLRR 8 360 288 174

enforced LRRL 1 81 81 27
LRLR 4 324 324 216

all 4-Fermi 25 1191 1014 597

all 1341 1143 699




When does the SMEFT break CP

at dimension-six ?

CP breaking in the SMEF |

CP is conserved in the

SMEFT
iff
J4=0&?2=0

Observation 1: CP conservation follows the EFT power counting

—> (P should be conserved order by order

—> Some Imaginary parts are unphysical at first order

— the more CP
IS conserved,
the less
conditions

should be
enforced

my = Mg

Type of op. # of ops | # real # im. # CP-odd inv. & my = ms,
Yukawa 3 27 27 21 13
Dipoles 8 72 72 60 36

current-current 8 51 30 21
all bilinears 19 150 129 102
LLLL 5 171 126 H4
RRRR 7 255 195 126
LLRR 8 360 288 174
LRRL 1 81 81 27
LRLR 4 324 324 216

all 4-Fermi 25 1191 1014 597

all 1341 1143 699
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When does the SMEFT break CP CP is conserved in the
at dimension-six ¢ SMFFT
iff
J4=08&1?1=0

Observation 11 a set of invariants captures the necessary and
sufficient condrtions for CP conservation

<=
Ex : CHu,z’j (ZHT D ,UH) u_w“uj

/4=0: 3 conditions, mt=mc & ms=md : | condition, ...
L =ImTr (Y, Y Y,V] YuCHuYJ)
Lo = ImTr (Y, YV, 2(Y,Y] )QYucHqu)
Ly = InTr (Y, Y, YoV (YY) (Yay])?YuCr )
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When does the SMEFT break CP CP is conserved in the
at dimension-six ¢ SMFFT

iff
J4=0&LI1,2,3=0

Observation 11 a set of invariants captures the necessary and
sufficient condrtions for CP conservation

<=
Ex : CHu,z’j (ZHT D ,UH) u_w“uj

/4=0: 3 conditions, mt=mc & ms=md : | condition, ...
L =ImTr (Y, Y Y,V] YuCHuYJ)
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When does the SMEFT break CP CP is conserved in the
at dimension-six ¢ SMFFT

iff
J4=0&LI1,2,3=0

Observation 11 a set of invariants captures the necessary and
sufficient condrtions for CP conservation

<=
Ex CHu,z'j (ZHT D ,UH) u_w“uj

JMDS, mt=mc & ms=md : | condition, ...

Ly =ImTr (Y,Y]Y,Y] YuCHuYJ)
Ly = ImTr ((Y,Y,)2Y,Y]Y,Cr Y,
L5 = ImTr (Y, Y, (YsY))?Y,Cr, Y,
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When does the SMEFT break CP CP is conserved in the

at dimension-six ?

SMEFT
iff
J4 =0 & {Li} =0

Observation 11 a set of invariants captures the necessary and

sufficient conditions for CP conservation
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When does the SMEFT break CP CP is conserved in the
at dimension-six ? SMEFT

iff
J4 =0 & {Li} =0

Use: - parametrize CPV observables in a basis-independent way

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

Cy =
L=Lgp AQH ‘H‘QQL’UJRH + h.c. L
Y
de 1 vmemy, Im(CuH)F m?
e 4872 m? A2 ! ms’ h ' Y, Z

[Barr/Zee 90, Brod/Haisch/Zupan ‘13] ; e



CP breaking in the SMEF |

When does the SMEFT break CP CP is conserved in the
at dimension-six ? SMEFT

iff
J4 =0 & {Li} =0

Use: - parametrize CPV observables in a basis-independent way

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

Cy —~ = Y |
L=Lgp AQH‘H‘QQL’LLRH—I— h.c.
(2
h ) Y, Z
& >
e e e

one-to-one correspondance with invariants
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When does the SMEFT break CP CP is conserved in the
at dimension-six ¢ SMFFT

iff
J4 =0 & {Li} =0

Use: - parametrize CPV observables in a basis-independent way
- connect to CPV in UV models

<=
Ex CHu,z'j (ZI{Jr D MH) u_z"}/'u’UJj

L1 =ImTr YUYJYdeYuCHUYJ)
Lo = ImTr (YUYJ)Q(YdYJ)2YuCHuYJ)
L3 =ImTr YuYJYdYJ (YuYJ)Z(YdYJ)QYuCHUYJ)




CP breaking in the SMEF |

When does the SMEFT break CP CP is conserved in the
at dimension-six ¢ SMFFT

iff
J4 =0 & {Li} =0

Use: - parametrize CPV observables in a basis-independent way
- connect to CPV In UV models
H Yu — diag(au)\8ayc)\4ayt)
Ex . CHu,ij (iHJr D MH) wiy Ya = Voxmdiag(yal”, ys A%, ypA°)
1 A AN (p —in) )

Vekm = —A 1 AN?
AN (1 —p—in) —AN? 1

Ly = InTr (Y, Y, YoV Vo Cra Y] ) ~ A2
Ly = ImTr (Y, Y. 2(YaY )Y, O Y ) ~ A8
Ly = ImTr (Y, Y, YV (Y, Y)Y,y )QYuCHuYJ) )24
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When does the SMEFT break CP CP is conserved in the
at dimension-six ! SMEFT
iff
J4=0&{Li}=0
Use: - parametrize CPV observables in a basis-independent way
- connect to CPV in UV models

R Froggatt-Nielsen models
EX CHu,z’j (ZHTDMH) u_z-’y“uj A8 A% )3 1 A )3
Yu~ [ A7 A N2 Cg~ | A 1 N

S | D |

Ly = ImTr (Y, Y VyY]V,Cr Y ) ~ A1
Ly = ImTr (Y, Y. 2(YaY )Y, O Y ) ~ A0
Ly = ImTr (Y, Y, YV (Y, Y)Y,y )QYuCHuYJ) )26
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When does the SMEFT break CP CP is conserved in the
at dimension-six ? SMEFT

iff
J4 =0 & {Li} =0

Use: - parametrize CPV observables in a basis-independent way
- connect to CPV in UV models

Ex : 2HDM in the decoupling limit, most invariants prop. to |4
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They define the new sources of CPV In a basis-independent

way, and connect easily to UV models insensitive to preferred IR
bases.



Outlook

We found necessary and sufficient conditions for
CP conservation at dimension-six in the SMEFT.
They define the new sources of CPV In a basis-independent

way, and connect easily to UV models insensitive to preferred IR
bases.

Other topics:

- CPV with |4 1= 0 and parameter space of CPV observables
- preferred invariants given a UV model
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CP-odd flavour invariants for 4-Fermi ops

For 4-Fermi operators : « A-type »  Im (Mz%HMgZHCSde>

« B-type » Im ( M%ﬂ M@%H CngQd>

N

YT YIv,y,t,



low many « CP-odd directions » are there ¢

—
How many parameters enter CP-odd observables ?

With non-zero |4, real and imaginary parts violate CP
CuH
A2

L=Lsn + H|?QrurH + h.c.

v

Y [ Brod/Haisch

w g /Zupan ‘13]

€ € €
OHud,mn

o iH'D, Hug ;Y dp.n

L= Lsym +

[ Kadoyoshi/
Oshimo ’97]




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 ?



