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CINCINNATI CP Violation in Neutral Kaons

® (P violation first discovered in decays of kaons (1964)
® K% — K% mixing can lead to (indirect) CP-violation — parameterized by €,

® Sensitive probe of new physics, input for global CKM fit
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CINCINNATI Diagonalizing the Hamiltonian

® Time evolution of K° — K° system described by

()0 (8)

® Diagonalized by linear combinations

k) =p|K") = qlK%),  |Ks) = p|K°) + q[K)

® If|p/q| = 1, K, and Ks CP eigenstates = K, (CP odd) — 77 (CP even) forbidden
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CINCINNATI Definition of ¢4

® |ndirect CP violation suppressed by GIM —> sensitive probe of high energies

(7)o K1)

= 7T molKs)

® Experimentally’: [€, o = 2.228 + 0.011 X 1073

'PDG 2020.
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CINCINNATI Why Electroweak?

® Re-parameterize Hamiltonian using CKM unitarity

- GEM;
Moy = ZE2X N ()N CE () + AACE ()] + he. + ..
_ ai

AS|= uu u
HL,:Sl ? [/\icgz (1) + )‘fcgg(ﬂ) + /\u)\tcgzt(,“)] O.lslz +he + ...

472

® Drastic reduction of perturbative theory errors?®

3 3

‘EK’th - 1-81(1G)pert(s)non-pert(23)param X 10 — ‘EK‘th - 2~1G(G)pert(7)non»pert(15)param X 10

® Perturbative errors S expected e/w effects — relevant!

2 Brod, Gorbahn, Stamou, Phys.Rev.Lett. 125 (2020) 17, 171803, 1911.06822 [hep-ph].

®Brod, Gorbahn, Phys.Rev.Lett. 108 (2012) 121801, 1108.2036 [hep-th].
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CINCINNATI Reduction of Perturbative Error
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" CINCINNATI Different Contributions in EFT

v,c. t
3 R 5
W W
e L %T} v,C
; v,c, ¢ 3 S
() \o%\=

7 May 09, 2022 uc.edu



Mg,f;ﬁg{,&%{ﬂ Top Quark Contribution: E/W Matching

® Calculate all 0(30, OOO) two-loop Feynman
diagrams including Goldstones, ghosts,

vt < 3 s
tadpoles and “Z-bridges” 4 G ek
w W W w
_ - _ (1773 z ULk _
s V.t 3 S 'Y

® Diagrams generated by qgraf and
calculated using self-written FORM routines

® Separately calculated and verified
agreement
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ciNannar - Charm-Top Contribution: Exercise in EFTs

® Generated via mixing of 2 X |AS| = 1 — |AS| = 2 below E/W scale

® Threshold corrections when decoupling at quark mass scales, (1, and [t
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CINCINNATI Contribution to €

® Top contribution gets —1.0 == 0.04% correction

® E/W charm-top contributions small

3

€x|in = 2.15(6)pert(7)non-pert(15)param X 107>, |€k|ex = 2.228 £ 0.011 X 1073

® Previous theory value*

lex| = 2.16(6) pert(7) non-pert(15) param X 107°

*Brod, Gorbahn, Stamou, Phys.Rev.Lett. 125 (2020) 17, 171803, 1911.06822 [hep-ph].
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CINCINNATI EFT Scheme Dependence

Any physical observable must be independent of renormalization scheme!!!
® Both top and charm contributions are scheme-dependent — cancel with (Qsz> (lattice)

® May ignore dependence in top contribution: O () vs. O(y? /4)

Charm-top-contribution scheme dependence may play larger role
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CINCINNATI Conclusions

® Presented NLO e/w corrections to €,

® Analogous top calculation: B° — B° system® (First independent re-calculation, reproduced
numerics)

® See ~ —1.0% shiftin | €|y

® Upcoming three-loop QCD top contributions® and possible updated lattice calculations will
reduce theory uncertainty of €,

sGambino, Kwiatkowski, Pott, Nucl.Phys. B544 (1999) 532-556, 9810400 [hep-th].

®Brod, Gorbahn, Stamou, Yu, WIP.
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CINCINNATI Evanescent Operators

® Higher orders — Dirac structures like 7" 7” ® v,7,7,, etc.

Use dimensional regularization (d = 4 — 2€) = can't use s relations!

® |ntroduce evanescent operators (unphysical) which vanish when d — 4, e.g.

E =977 @y — (16 — ane —ape” — ... )7 @

Subtlety: After renormalization, ZcE, 1/6” terms in Zg¢ cancel €” term in E — values of a;
define renormalization scheme (arbitrary)
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CINCINNATI EFT Normalization

® |ncluding e/w effects = EFT normalizations no longer equivalent

® Different normalizations have different dependence on matching scale

a(p)? () Gr ” GeMw (1)
8 (1125 (1)" 4/ms, (1) 4
(A2) (GF) (GF2)

® Relate e/w parameters and G through NLO muon decay
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NLO QCD + E/W Contribution

2.0

©w
ot

108 3%22 Ct(2GeV)
N
o

hybrid

100 200 300
pe [GeV]

May 09, 2022

uc.edu



University of ‘l@

CINCINNATI

Perturbative Theory Error
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® Higher order effects “leak in” (e.g. solving RGEs)

® Residual scale variation give estimation of size of these effects — Perturbative error
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CINCINNATI Sensitivity to V,

® || highly sensitive to V,, (~ |V,,|* for top contribution)

® Different values for exclusive vs. inclusive’

3 3

Ve | = (4222 0.8) x 107%, VG| = (39.5£0.9) x 107°, |V37[ = (41.0£1.4) x 107°

avg.

lex|i = (2.1540.2) x107°,  |ex|5 = (1.71£0.2) x107°,  |ex|p® = (1.9440.3) x107°

® ~ 30 tension for exclusive! (SM prefers inclusive)

'PDG 2021.
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CINCINNATI A “Small” Correction
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U AT A “Small” Correction
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