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Test short-distance dynamics with kaons

@ Most kaon observables are long-distance dominated
@ Few exceptions (mostly CP violation and rare decays)

@ CKM structure and QCD effects make kaons
sensitive probes of high-energy scales

e In the SM

o Beyond the SM

@ Need both precise measurements and solid theory predictions
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Reminder:

[=

K° ~ [sd]

neutral kaons

K° ~ [3d]
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Neutral Kaon Mixing

d (K1) _ T (1KO(t))
dt (|R°<r>>) B (M‘ ’2) (|R°(t)>) |
@ The Hamiltonian is diagonalized by
|Ks(t)) = e~ (M9 K) |Ki(t)) = e~ MK,

@ where

|Ks) = p|K®) + q|K°) |KL) = p|K®) — q|K®)

@ Mass difference AMx = M, — Ms = 3.484 x 1071 GeV
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CP properties

@ CP transformation (|K°) ~ |3d),

o CPIK®) = —|KD)

o CP|K% = —|K?)

@ CP eigenstates

o [Ki) = (IK%) = [K%))/V2
o [Ko) = (IK°) +[K%))/v2

@ K9 — 7 is forbidden by CP
0 1/Ts=1715=8954 x 107 s =
0 1/T =7, =5116 x 107%s =
o Iy, < Ty

[K®) ~ |ds))

(CP even)

(CP odd)
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Progress in ek

lex| = (2.228 +0.011) x 1073
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Definition of ek

_ Moo +2n4— (77 i1=o|KiL)
B 3 ((77)1=0| Ks)

@ ¢. = arctan AF /2 = (43.5+0.5)°

@ M, — dispersive part of |AS| = 2 amplitude s w d
MMV
@ [1» — absorptive part of |AS| = 2 amplitude o a
t t
o AV
@ Approximations good up to d w s

|A2|?/|Ao|? ~ 0.002, [, /Ts ~ 0.002.
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Local SD contribution to ek

@ Top quark dominates the SD contribution to ex

@ Initial condition and RG evolution known to NLO
[Buras et al., Nucl.Phys. B347 (1990) 491-536]

o 7w = 0.55 £ 0.02

@ Historically, charm contribution was artifically split into two
@ Both known at NNLO
o Charm-top (ex) [Brod, Gorbahn 1007.0684]

o Charm (ex, AMk) [Herrlich, Nierste, hep-ph/9310311; Brod, Gorbahn 1108.2036]
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https://www.sciencedirect.com/science/article/pii/055032139090373L
https://arxiv.org/abs/1007.0684
https://arxiv.org/abs/hep-ph/9310311
https://arxiv.org/abs/1108.2036

SD contribution to €x — charm

@ The use of “u-t unitarity” was proposed in 2012
[Christ et al., 1212.5931; see also Barbieri 2007]

@ Application to ex SD contribution [Brod et al. 1911.06822]

e Can “recycle” NNLO anomalous dimensions and matching conditions

@ “Simple” rearrangement of effective Hamiltonian has reduced perturbative
uncertainty from order 30% to order 1%

2.4 B _@ a&
2.1} { Feee. ]
18 _ ] _ ~‘§"‘~~~,
15 :’_—___—_zﬁ____ ] e ]
1.0 15 2.0 1.0 15 2.0
He e
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https://arxiv.org/abs/1212.5931
https://arxiv.org/abs/1911.06822

SD contribution to ex — EW corrections

@ Electroweak effects are large because of
o Large couplings (e.g. top Yukawa) [Brod, Kvedaraite, Polonsky, Youssef 2207.07669]

o Large logarithms [Brod, Kvedaraite, Polonsky, Youssef 2207.07669)]

@ Fix scheme of electroweak input parameters

o Removes ~ 5% ambiguity

@ Caveat: Missing QED contribution to Bk

o Effect is expected to be tiny, O(a/4m)
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https://arxiv.org/abs/2207.07669
https://arxiv.org/abs/2207.07669

SD contribution to ex — What’s Next?

@ NNLO QCD corrections to the top contribution [Gorbahn, Stamou, W.1.P]

o Residual error expected below percent level

@ N3LO QCD corrections to the charm contribution
[Brod, Stamou, Steudtner, W.I.P.]

@ 4-loop operator mixing (current-current sector sufficient)
o 3-loop initial conditions

o Residual error expected below percent level
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LD contribution to ex — hadronic matrix element

@ Traditionally parameterized as deviations from V.I.A.

<KO|Q|AS|=2‘KO>

BK(M) = §f’% M}Q{
3

o Bk =0.7533(91) (Nf = 2+ 1, NLO conversion)[FLAG Review 2024]

@ RI-(S)MOM — MS conversion has recently been calculated at NNLO
[Gorbahn, Jager, Kvedaraite 2411.19861]

o They quote Bx = 0.7627(60)

o N3LO perturbative QCD correction would require three-loop conversion
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https://arxiv.org/abs/2411.04268
https://arxiv.org/abs/2411.19861

LD contribution to ex — power corrections

@ What is the contribution of dimension-eight operators?

o Naive estimate gives m%/m? ~ 15% correction to charm contribution

o Leading term (SU(3) chiral limit, large N.): [Cata, Peris 0303162]
o 0 = g(517" Gud) (517" dh)

o gives ~ 1% correction to ex

@ Contribution of all eight operators gives +(1 £ 0.3)% shift in ek
[Ciuchini et al. 2111.05153]

o Matrix elements calculated in V.I.A. approximation

o Can be improved by lattice QCD
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https://arxiv.org/abs/hep-ph/0303162
https://arxiv.org/abs/2111.05153

Bilocal LD contribution to ek

- ImM
ex = €% sin (1)6( ZI\/IH + f)
K

Dispersive (real) and

R’() KO
absorptive (imaginary) part of

/ d4X<R0|H|AS\:1(X)H|AS|:1(O)|K0>

@ Estimate Iml12/2Rell1, = —ImAg/ReAq from €' /e: —(6 +2)%
[Nierste, 0201071; Buras et al., 0805.3887]

@ Estimate dispersive part in ChPT: (2.4 = 1.2)% [Buras et al., 1002.3612]

@ A lattice calculation with dynamical charms seems to be the way forward
[Laiho et al., 0910.2928; Blum et al., 1502.00263; Bai et al. 1505.07863, 2309.01193]
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https://arxiv.org/abs/hep-ph/0201071
https://arxiv.org/abs/0805.3887
https://arxiv.org/abs/1002.3612
https://arxiv.org/abs/0910.2928
https://arxiv.org/abs/1502.00263
https://arxiv.org/abs/1505.07863
https://arxiv.org/abs/2309.01193

Summary

@ Kaons provide very sensitive probes of high-scale dynamics

@ Indirect CP violation is very well measured
o |ex| = (2.228 £0.011) x 1073

o Can we reach 0.4% theory uncertainty?
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