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Ancient history: strangeness

Tle. 1. annoscomo PHOTOGRAPHS SHOWING AN UNUSUAL FORK (a b) IN THE GAS m DIRECTION OF THE MAGNETIO FIELD IS BUCH

POSITIVE PARTICLE COMING
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[Rochester & Butler, 1947]
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https://www.nature.com/articles/160855a0

Ancient history: strangeness

856 NATURE December 20, 1947 vel. 10
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[Rochester & Butler, 1947]
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Ancient history: strangeness
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Ancient history: strangeness
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History: Parity noninvariance, GIM, CPV

@ Discovery of parity violation [Dalitz 1953; Lee & Yang, 1956]

d cos b, w no
@ Why is Br(K, — utp~) = 6.84(11) x 107° .
so small compared to ‘
Br(KL — 7 p¥v,) = 27.04(7)%? © W "
e GIM Mechanism (1970) 4 b W =
[Glashow, Iliopoulos, Maiani 1970]
e = Prediction of the charm quark! ‘ v
5 cos 0, w w

@ Observation of the decay K; — 77 [Christenson et al., 1964]

e => violation of CP symmetry; KIVI mechanism [Kobayashi, Maskawa 1973]
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https://www.tandfonline.com/doi/abs/10.1080/14786441008520365
https://journals.aps.org/pr/abstract/10.1103/PhysRev.104.254
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.138
https://academic.oup.com/ptp/article/49/2/652/1858101

CP Violation
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Reminder: neutral kaons

o
=
wn

K° ~ [sd] K° ~ [3d]
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Neutral Kaon Mixing

i (i) = (772) (i)
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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
o CP transformation (|K°) ~ [5d), |KO) ~ |ds))
o CPIK®) = —|KD)
o CP|K%) = —|K®)
@ CP eigenstates
o |Ki) = (IK%) —|K%))/V2 (CP even)
o |Ka) = (IK° + [K9)/v2  (CP odd)

@ K9 — 7 is forbidden by CP

0 1/Is =75 =8.954 x 107 "s =
0 1/T =7, =5116 x 107%s =
o [Nk, < Tk
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Kaon mixing

Initial K° beam
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Kaon mixing

Va1l
»

Ve Ve

[5d] ~ K® = 77 et v, [sd] ~ K® = nte
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[Niebergall et al., 1974]
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https://www.sciencedirect.com/science/article/pii/0370269374905905

Calculating the neutral kaon mass difference

s w d
AAVAVAVAVAVAVAV
u u
AMy x Re § E
NVVVVVN\NS
d W s
Vud Vus Vub
VCKM = Vcd Vcs Vcb
Vie Vis Vi
A= ViV, Ao = —Ae — A¢

= AMy Re{)\f; F(mg//vlav)}
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Semileptonic CP asymmetry

I'(KL — Z+y7r_) — r(KL - £_177T+) 1— |q/p|2 B
- = — (3.32+0. 1
(KL Con ) T T(Ki = om?) 15 Jq/pf - 032+006) <10

5(0)

o= I[q| #Ip|

@ = CP violation in mixing

@ 0(¢) = 2Re(ek)
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Calculating the size of indirect CP violation

€K X Im{

Vekm =

)\,’E

*
is

= i o Im{\Z F(m2/M3y) + AcAe F(m2/Miy, m?/M3,) + N2 F(m?/M3,)}
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LO prediction of Lias/=2

@ First estimate using a free four-quark model
[Vaintshein, Kriplovich, Pisma Zh. Eksp. Teor. Fiz. 18, 1973]

@ LL resummation, 7;: [Vaintshein, Zakharov, Novikov, Shifman, Yad. Fiz. 23, 1976]
@ LL resummation, 7, (light top): [Vysotsky, Sov. J. Nucl. Phys 31, 1980]

@ Witten explains [Witten, Nucl. Phys. B 122 (1977)] how to use Wilson's operator
expansion [Wilson, Phys.Rev. 179 (1969)]

@ Following this method, 71, 72, and 13 have been obtained at LL
[Gilman, Wise Phys.Rev.D 27 (1983)]

@ Finally, the results have been extended for a heavy top quark [Flynn
Mod.Phys.Lett.A 5 (1990); Datta, Frohlich, Paschos, Z.Phys.C 46 (1990)]
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https://www.sciencedirect.com/science/article/pii/055032137790428X
https://journals.aps.org/pr/abstract/10.1103/PhysRev.179.1499
https://lib-extopc.kek.jp/preprints/PDF/1982/8210/8210027.pdf
https://lib-extopc.kek.jp/preprints/PDF/1989/8912/8912155.pdf
https://lib-extopc.kek.jp/preprints/PDF/1989/8912/8912155.pdf
https://lib-extopc.kek.jp/preprints/PDF/1989/8908/8908062.pdf

The “NLO revolution”
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The “NLO revolution”

@ NLO top contribution (72) [Buras, Jamin, Weisz Nucl.Phys.B 347 (1990)]

@ NLO charm contribution (7)1)[Herrlich, Nierste Nucl.Phys.B 419 (1994)]

@ NLO charm-top contribution (7)3)[Herrlich, Nierste Nucl.Phys.B 476 (1996)]

Nuclear Physics B419 (1994) 292-322 _—

Enhancement of the K, K mass difference
by short-distance QCD corrections
beyond leading logarithms *
Stefan Herrlich !, Ulrich Nierste >
731, Tecniche ;

(Received 21 October 199
(Accepted for publication 23 December 1993)

Abstract

We calculate the next-to-leading order short-distance QCD corrections to the coefficient
m, of the cffective AS =2 hamilionian in the standard model. This part dominaes the
short.distance contribution (Amy)*® to the K, K mass difference. The next-to-leading
order result enhances 7, and () by 20% compared to the leading order estimate.

m Brod
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NUCLEAR
PHYSICS B
ELSEVIER. Nuckar Physics B 476 (1996) 278 _

The complete |AS| = 2 Hamiltonian in the
next-to-leading order *
Stefan Herrlich®!, Ulrich Nierste?
* DESY.IM, latnenale 6 D-15738 Zeuihen, Gernany
" Physik-Department, TU Miinchen, D-85747 Garching, Germany
Resied 19 Aps 1996 sceped 10 Joe 1996

Abstract

We present the complete next-to-lading order shortdistance QCD cortections to the effective
[45] = 2 Hamiltonian in the Standard Model. The calculation of the cocfficient s s described
in great detil. I involves the twoloop mixing of bilocal structures composed of two 45| = 1
operators into |45] = 2 operators. The nex-to-leading order corections enhance 71 by 27% to
= 0.47#%, thereby affecting the phenomenology of the C parameter ex sizeably. my depends
on the physical input parameters m, m and g only weakly. The quoied emor stems from
renomalization scale dependences, which have reduced compared to the old leading log resul
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https://doi.org/10.1016/0550-3213(90)90373-L
https://arxiv.org/pdf/hep-ph/9310311
https://arxiv.org/pdf/hep-ph/9604330

Evanescent operators and all that

@ Calculation performed in d = 4 — 2¢ spacetime dimensions

o £ = (517 pops ) (Try" 23 dy) — 16(S1yuc )Ty di) = Oe)

o E = (S:hupaps ) (By*H213dy) — 16(51y,c) (v di) + €Qonys = O(€)
@ ex(1/2)=1/e

@ Can use this to “engineer” anomalous dimensions starting at two-loop

s c
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Evanescent operators and all that

@ Many details had to be clarified:

o Are the evanescent operators
uniquely defined? (No)

e How do Wilson coefficients and
ADM transform?

o Generalization to double

insertions (required for ek)

@ Thoroughly discussed in
[Herrlich, Nierste Nucl.Phys.B 455 (1995)]

Neutral Kaons

NUCLEAR
PHYSICS B
Nuclear Physics B 455 (1995) 39-58 —

Evanescent operators, scheme dependences and
double insertions *
Stefan Herrlich®', Ulrich Nierste ®2

* Paul Scherrer Instina, CH-5232 Villigen PSI, Switcerland
® Physik Department, TU Minchen, D-85747 Garching, Germany

Received 3 January 1995; revised 10 August 1995; accepled 6 September 1995

Abstract

‘The anomalous dimension matrix of dimensionally regularized four-quark operators is known to
be affected by cvanescent operators, which vanish in D = 4 dimensions. Their definition, however,
is not unique, as one can always redefine them by adding a term proportional to (D~ 4) times a
physical operator. In the present paper we compare different definitions used in the literature and
find that they correspond to different renormalization schemes in the physical operator basis. The
scheme transformation formula for the Wilson coefficients and the anomalous dimension matrix
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https://arxiv.org/pdf/hep-ph/9412375

NNLO

@ NNLO charm-top (73) [Brod, Gorbahn Phys.Rev.D 82 (2010)]

@ NNLO charm (71) [Brod, Gorbahn Phys.Rev.Lett 108 (2012)]

@ At that stage, the calculations hit an impasse:
the charm contribution did not seem to converge.
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https://arxiv.org/pdf/1007.0684
https://arxiv.org/pdf/1108.2036

c-t vs. u-t Unitarity

S w d
AAAYAYAVAVAVAY
u u
C C
t t
N VWV
d w s

A= VoV, Ae=VoVE, A=VoVE, At A+ A =0

us Y ud > cs Ved

c-t unitarity u-t unitarity
‘ Im Re ‘ Im Re
)\% ~ )\10 ~ )\10 )\? ~ )\10 ~ )\10
A | ~ A8~ \E AAe | ~ A8~ 2O
A2 ~ AN A2 0 ~ N\

|m(M12) — €K Re(Mlz) — AMK
4736



How to calculate ¢k efficiently

@ Application to ek short-distance contribution [Brod, Gorbahn, Stamou 1911.06822]

o Can “recycle” NNLO anomalous dimensions and matching conditions

@ "“Simple” rearrangement of effective Hamiltonian has reduced perturbative
uncertainty (@ NNLO!) from ~ 30% to ~ 1%

0.4 (107 ?@t O.SZ
2.1} 1 F~ . 1
L8[ ™. 1 ofe, e ~
15 7"_'“‘*---- [ e ]
1.0 L5 2.0 1.0 15 2.0
e Fhe
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https://arxiv.org/abs/1911.06822

Interpretation

@ |AS| =2 Hamiltonian has one real (C;) and two imaginary (Cz, C3)
parameters.

e (i is long-distance dominated (= AMk)

e (2, C3 are short-distance dominated (= ex)

@ New choice:

o LW =Cy, Clh =Co, CL =Cs

@ Traditional choice:

0 CE =0, CH=201—C5,2C5=C1+C—Cs
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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: Scheme dependence due to missing QED contribution to By

o Effect is expected to be tiny, O(a/4m)
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Double insertions at NNNLO
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SD contribution to €x — Outlook

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

o Residual error expected below percent level

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

V' 4-loop operator mixing (current-current operators)
[Brod, Stamou, Steudtner, 2604.16691]

= 4-loop operator mixing (double insertions)
o 3-loop weak-scale initial conditions
o Full RG analysis

o Residual error expected below percent level
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(What is really the) Definition of ek

_ Moo + 20— ((77)i=0|Ki)
a 3 ((mm)i=0|Ks)

® ¢ = arctan AM — (43.540.5)°

ATx/2 =
@ M, — dispersive part of |[AS| =2 amplitude s w d
MMV
@ [ — absorptive part of |AS| = 2 amplitude o g
t t
o MAVVVVN
@ Approximations good up to d w s

|A2|?/|Ao|? ~ 0.002, [L/Ts ~ 0.002.
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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/2111.05153

Bilocal LD contribution to ek

: ImM Iml
ex = €% sin qSe( 12 12 )

2ReM;»  2Rel;»

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)%
[ ; 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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