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JILA molecular ions: |d.| < 4.1 x 1

Experiment versus CP
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B decays:

Cep=-Acp
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LHC modified top Yukawa:
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The Standard Model

(also called “SMEFT”)

unknown UV

Im(Ci) = CP violating

CP conserving

- many papers state/assume:

- but physics is invariant under rephasing: 1) — eww
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Il. CPV is Collective



CP Violation in SM4

Uy
gVij
W=
El o~ 1.1
d;
I 0 0 Cis 0 513e_i5 Ciy S5 0
CKM matrix: Voxkm = [0 c¢,s Sy 0 1 0 —8, ¢, O
0 —8, Cp/) \—5,€° 0 ¢, 0 0 1
Wolfenstein parameterization:
1—)\2/2 A AN (p —in) n~0.36
Vekm = -\ 1-X/2 AN A=~0.23 p=~0.16

AN(1 —p—in) —AN? 1 A ~ 0.82

can assign Wolfenstein-scaling to Yukawas:

0,4,8 3.5.7 3.5.9
Yt,c,u ™ A Yb,s,d ™ A Yr,.p,e ™ A



Do Complex Parameters Imply CP Violation?

Does the following CKM matrix imply CP violation?

All phases can be removed by field redefinitions:

( 72-21i 4 124
325 13 13
12 576+168i 49-168i

13 1625 1625
_96-28i 57 _24i
\ ~ 3% 65 65

ex) suppose in “up basis”:

__ di
Yu — Yu 1ag

. diag
Yq = VexkwY,

\

)

( 72-21i 4 12§ \
325 13 13
_ 12 576+168i 49-168i
Vekm = ~13 1625 1625
. 96-28i 57 244
\ ~ 325 65 65 )
3—45 3 4 12 4+3i
5 0 0 13 13 13 5 0 0 \
4-3i 12 24 7 3+45
0 5 0 13 65 65 y 5 0
3—4; 4 57 24 4-3i
0 0 5 3 765 65/ \ 0 0 5 }

remove by redefining:

Qi — €9 Q;

—

remove by redefining:
dj — G_Z(Sj dj

complex parameters do not always imply CP violation!



Why do we need CP Violating Invariants?

- physical quantities are invariant under rotating fermions by phases:
p — ey

- more generally, physical quantities are invariant under unitary redefinitions
of fermions in flavor space:

) Qi —Ugj Q,

UQ Is any 3x3 unitary matrix

- it should be possible to write all CP violating observables in terms of
objects that are invariant under unitary flavor transformations



Jarlskog Invariant

invariant measure of CP violation:

t vyt fy oyt
Ji=3ImDet |Y, Y, v, V]| =mTr |v, v, v,v]]
evaluating using typical CKM parameterization:

J1=6(y; —v2) (i —vo)(wZ —v2)(yp —v2) (e —y) (v — y3)

X c0S 015 coS B3 cos® B13 sin B4 sin B3 sin B3 sin &

expanding using Wolfenstein:  J4 ~ 6.4n A0 ~ 8 x 1024

CP is conserved (at dimension 4) if and only if: J4 = 0

Jarlskog, Phys. Rev. Lett. 85 (1985) 1039
Bernabeu, Branco, Gronau, Phys. Lett. B 169 (1986) 243
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Application: Electroweak Baryogenesis

(H) #0 in SM4, asymmetry suppressed by:
J4 ~ & X 10_24
A s(R)=>b(L)
(H)Y #0 5. 107}
-26]
4. 190
=26
3., 10 ]
(H) # 0 2 107
<H> — O 1. 10 “
. E(GeV)
% q7 3 ! : é It

Gavela, Lozano, Orloff, Pene, hep-ph/9406288
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An Example Dimension 6 Operator

complex Yukawas can be generated by: Qz y Iv—pL
Cii o~ g
J 2 ~--H
L2 —5|H| Q:H'u,
U ‘ HT

(' has, a priori, 18 real parameters, 9 are phases:

c11 62511 C19 6’6512 13 67’513
C p— C21 67’521 C29 62522 C23 61523

c31]€%31  |c30]e?®32  |cgg)et?ss

but can set (' real and diagonal using unitary transformations:
y
Qi — Uy Q;
U; — U,Z] U
does this operator violate CP?

11



Il. Invariant Measures
of CPV atdimension 6
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CP Violation at Dimension 6

consider an amplitude: A4 = A& -+ A(6) 4+ ...
1 1

AD A2
observable: \A\Q — |A(4) \2 + 2 Re (A(4)A(6>*) + ...
1 1
AD A2

CP conserved at order % if and only if: J, = ()

1

invariant measures of CP violation at order F ?
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Sample Operator: Bilinear

C.. B Qz P HT
- example operator: L D Ag H|?Q;H u, >,// o
(9 phases) uj \\\\ HT

 invariant measures of CP violation:
Im Tr (Y, C) ImTr (Y)Y, YJC) ImTr(Y(Y,Y])*C)

(invariants with higher powers of Y, are redundant)

ex)

ImTr (Y,]Y,Y]C)

. additional invariants by including both Yukawas :



LD

Sample Operator: 4-Fermi

C,,;- ) )
Qv Qrd

(81 phases)

example invariants:

ImY' -Yd]:ikC'j .

U,

T T
Im Yu,ind,k iji

m (Y, V) v vl ¢

i7" u,kl = d,km " glim

15



How Many Phases at order 1/A2 ?

A2 = |AD)2 +2Re(

A A6)7

AN

) +

16

phases transforming under U(l)Li—Lj do not contribute
in limit: m, — 0

. there are 1143 phases appearing in fermionic dimension 6 operators

Alonso, Jenkins, Manohar, Trott, 1312.2014

- 699 phases can appear in observables at order 1/A2 (444 phases do not!)

Number of indeendent CPV operators
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Quentin Bonnefoy, Emmanuel Gendy,
Christophe Grojean, JTR, 2112.03889,

454 073 102

1743183

Kondo, Murayama, Okabe, 2212.02413

8

10
Mass dimension
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lll. Opportunistic CPV

Im C' =0

3
Ji=ImTr |v,v,! v, v/]

J4

Quentin Bonnefoy, Emmanuel Gendy, Christophe Grojean, JTR, 2302.07288
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Preserving CP at Dimension 6

preserves CP if and only if: J; = ()

l

AJ* - + 2 Re (A<4>@}+ ..
N

. . Ja=0
preserves CP if and only if:

L;=ImTr f(Y,,Yy,Y.)C

where 7 =1,2,..., 699

18



When do dimension 6 operators violate CP?

Ce

consider a dimension 6 operator: F

OF

naively this is CP conserving if: Im Cg = 0

(possible if invariants capturing all phases vanish)

but the dimension-4 sector already violates CP: J4 ;é 0

opportunistic CP violation: OZ (Dg can violate CP even when Im Clg = 0

19
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Opportunistic CP Violation

minimal basis: if .J; — ( there are 699 independent CP violating invariants

ImTr f(Y,, Yy, Ye)C
maximal basis: if J, = (0 there are 1551 independent invariants

interference between dim. 4 and 6 operators

opportunistic CP violation:
PP that relies on the CKM phase

is opportunistic CP violation suppressed by J4; ~ 6.4n A0~ 8 x 10724



An Opportunistic Example in K-Kbar

(3 phases

. 1 '<_> )
consider the operator: C’I(Jggjij(HTlDH)(Qﬂqu) and 6 real param)

minimal set of invariants:

Ly =TmTr( X, X,Ch)), Ls = ImTr( X;X3Cy)), L =Tm Tr( X, X, X2 X303,

X, =Y, Y]

if the minimal set vanishes, then can take real C'rrg ;
Xd = Yd Yd

opportunistic CPV:

/

(S) oc Ly +Tr(X,) Tr(X,) Ly - Tr (Xy) Ly - Tr (X,,) Ls
BSM

E Pt

opportunistic

L, =Im Tr(XﬁXnggg) Ly = Tm Tr( X, X7Cfr)))
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Size of Opportunistic CP Violation

, C@j 9 = i Qi . I‘IJr
consider for example: e H|“Q;H"u, -
(18 real parameters, 9 phases) \::“ H
Y, = Ydiag Uj L
u - Tu

consider the “up basis”: N
l1a
Ya = VexkmY,; ®

counting the number of independent invariants at order \"*
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Size of Opportunistic CP Violation

all dimension 6 operators:

1700 L B \

14001

1200+ Total

7\ 852

1000+

opportunistic
800+

600

Taylor-rank r,(n)

400+

200

A order n

opportunistic CP violation
can be larger than J,

dimension 6 operators can
amplify the CKM phase!
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Practical Comments (“so what?”)

- Flavor invariants allow for precise, linear, parameterizations of
flavor violating observables.

« Invariants capture how some phases have suppressed impacts
on baryogenesis at high temperatures

Q&A

I'm constraining CP violation in SMEFT (at leading 1/A2 order).
What does my measurement have to do with invariants?

You're constraining a linear combination of invariants!
What linear combination of invariants am | constraining ?

Contact us! We might be able to help figure that out.

s my measurement sensitive to opportunistic CP violation?

Maybe.

23



Take Away

R Im Tr f(Yu, Yd, Ye) C

3 1
T v, v, v,y ]]

invariants as parameters in global fits
invariants in electroweak baryogenesis
« RG mixing of invariants

invariants at dimension >6 (nonlinear)

future directions:

24



