CP Violation and Rare Decays in the
Kaon System

Martin Gorbahn
(University of Liverpool)
Based on 1911.06822 work with J. Brod, E. Stamou

BEAUTY 2020
Kavli, IPMU
2020 September 23

@particleface O F}IJ:‘I‘EV’J:,@ irf\l}féﬁ}l)aéi \*w Sci.eI.n_ce &Techlrmlogy

acilities Counci

1/26


https://arxiv.org/abs/1911.06822

This talk

» CP violation and Flavour structure in the Kaon
System
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CP & Rare Kaon Decays: CKM Structure

W', Using the GIM mechanism, we \ g
can eliminate either V" Vg or

Vus Vud = - Vs Ve - Vis' Vi d
Z-Penguin and Boxes (high virtuality):

power expansion in: Ac- Ay « 0 + O(me2/Mw?)

W

7, v 8
v/g-Penguin (expand in mom.): Ac- Ay « O(Log(me2/my2))
ImV*Vig = —ImV:V,g = O\°)  ImV V=0
ReV) Vg = —ReV Vg = O\)  ReViiVig = O(N°)
> CP Violation in Decay: ImAx/ReAx = A* - loop
» K — ntvv (from Z & Boxes): Clean and suppressed

» Lattice input needed for all other decays
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Meson-antimeson mixing

Restricting to {|K°), |RO)}, the time evolution is given by

—0 .
g (Hi Hie) _[(KOTIK® (KOTIK)) _ o s
“\Ho Hu) T \(®TKY ®ITRD) 2
21 My (K'ITIK®”) (K |TIK)

» QCD — H11 = H22
» weak AF = 2 interactions — H;» and Ho;.
Eigenvectors Ks = pK° + K® and Ks = pK° — K°.
qA

Define: A; = —— for (isospin-)final state.
p A
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CP violationin K — it

i jK
» Experimental definition using n; = %
ek = (24— +100)/3, € = (14— —100)/3
: ((mtm) =0l KL)
> ek theory expression ey ~ ————— =
« theory &xp K () iolKs)
ib. - 1 -M T Im(M12)DiS
e ! 12 _ ipe SUU2)
e yn@éag(rm ) e &mm( Al + &
|m<(717'[)/:0|K0> AMK

(KO|HIA8I=2| K0y Im(M12)D"S — & ¢ = arctan

" Re{(mm) =0l K®) Alk/2

. 1
> ¢’ theory expression €’ ~ 5 (Moo —Ai)
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Im(l\/l12)

» We can factorise perturbatively calculated

> short distance contributions at y; = m,
» from long distance effects calculated on Lattice

(Het) = (Q™5"2 (thad)  U(ptnaa, e)  Ulte, uw)  Cluw)

> factorising U(had, tic) = U™ (Unad)U(pc) We write:
2 ~ _ _

> SIEMEBK = (ROIQS 2K U™ (tinaa)

> 15 S(Xi, X;) = u(pe) U(pte, pw) C(uw)
is the short distance contribution

> Qgo = (EL)/#dL) ® (EL)/HdL)
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Kaon Mixing: CKM Structure

S d

— AN
+
u,C,t w
> )\u)\u X u;y A Uj
ul,uj t J L
d W s
— NN

We define A; = VigV;
» Using A, = —A; — A; we have
2/\tAc(Atc - Atu + Auu - Acu)
Ag(Auu - 2Acu + Acc)

» One could eliminate A, = —A, — A;.
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Kaon Mixing: CKM Structure |l

d
e AN\
u,C,t w=
> )\u)\u X u;y A Uj
wiug
. p o .
_<_/\AA/\/_<_
Im Re O

A2~ AT~ AT mE/ME
Ac Ay ~A%  ~ A% m3/MZ In(my/m;)
A2 ~A% ~ A2 m§/M§V
A Ay ~ A%~ A5 mE/ME, In(my/m,)
A2 0 ~ A2 mg/Mﬁv
Where A; = ViuV., A = |V, ~ 0.2 and we eliminated

1s?

either: A, = -A;—Ajor As = —=A, — Aq.
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AS = 2 Hamiltonian - Phase (In)Dependence

> Recall ek o arg(—Mi2/T12)
» Trick: pull out A, and (A;,)? from HAS=" and HAS=2;
» Rephaseing invariant: /\,-/\j. = VigV Vj’;,\/js

2 N2
CeMy ng{f1C1 () + i [f2 Calpt) + 5 Ca(u)] } +he.
2

AS=2 __
T aey)

> J=Im(VysVep V,, Vs), f1, f2 and f5 are rephasing
invariant

» Real part f; = |A,* is unique

» Splitting of f, and f3 not, but expect good
convergence for C, and Cs.
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Traditional Form
Traditionally the effective Hamiltonian is written as:

G2

HAZ? = 4n2W [A2C% (1) +A2C, (1) +AcACE (1) | Qsathec.

where f, = 2Re(A;A%), fs = |A,[? and, using PDG
convention and CKM unitarity,

CE=Cy, CI=2C1-Cs, Cl=Ci+Co-Cs

> Cy «— A — 2A + Aqc has bad short distance
behaviour

» C; determines AMy via ReM;»
» But C; contributes to ImM;, and hence ek
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Residual scale dependence
0.6 —mmmmm————r————7—+—

Net
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> QCD corrections to CZ, — 14 = 0.497(47)
» QCD corrections to Cg5 — 1. = 1.87(76)
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ImM; > without AMy pollution

» Using CKM unitarity and the PDG convention we can
also write (as used in Lattice [Christ et.al.]):

G2M?

1 | ACE()+AF (1) +1uAi Ceh (1) | Qsz-thc.

A=2 __
7‘{f:3 -

» Now real ReM;, and ImM,, are disentangled
C&4=Ci, CL=C, CYL=Cs

Cs « (Atu —Aic + Acc — Acu) —
— (Auu - 2Ac + Acc) - (Atc —Au+Auw - Acu)

» Extract anomalous dimensions and matching from
old calculation and incorporate matching from 7.
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Residual scale dependence

Residual p. dependence

LL
NLL

. = NNLL

FaN Way PR * S —
- ’.T.-~~~~ —
., —
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The top-quark: good convergence

0.80
0.75 “

Residual p; dependence

== LL
— NLL
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Can be improved with NNLO calculation
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SM prediction using PDG input

lex| = KeCeBrl Vep 2227 X [IVeo (1 = p)na(Xt) = nur (X, X1)]

sin 23

Vi e By = 0.7625(97)
[FLAG 2019, 1902.08191]

param.
\ o || =2.16(18) x 1073
%‘ut (2%)
& e leor) = 2.228(11) x 103
Ke
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CKMfitter 2019 update

Incorporating new formalism shows reduced uncertainty,
but p and 7 not the (only) dominant CKM factors.

L= e IRV R
exduded area has CL> 0.95 . = T

: = (! ]

L Y % ]
mE 3 Amy & Amg
- sim2p -
05 - =
r 1
= 00 =
-05 L |
-1.0 - v ¢
[ sol. wicos2f<0

- Summerig (excl a1 CL>0.95) |
asleaa byl b b h e B ]

-1.0 -0.5 0.0 0.5 1.0 15 20
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€’ /e: Isospin limit and breaking
€ ~ (Ao — A4_) /6 in terms of charged pion final states.

ag, a2 & ax* from experiment (797°| K0) = agetX° + aqe’X2 //2

[Cirigliano, et.al. “11] _ . .
} ) i (| KY) = age™X® — azeX2+/2
ao & az:isospin amplitudes

,L' +
for isospin conservation (rTm®|KT) = 3a3 ez /2
Current theory gives us only: Ay = ((77) 1| Hes | K)

Normalise to K+ decay (w, a) and &k,
expand in A>/Apand CP violation:
€ € Wy ImA, . 1 ImA,
Re|— )| >—=— 1—Qegr) — —
¢ <€> € \/§|€K| RGAO ( 1H) a RGA2
Adjusted to keep electroweak
penguins in Im Ay [Cirigliano, etal. *11]

[Buras, Gerard 2005.08976]
Analysis of isospin breaking,
finds 40% reduction wrt RBC-QCD
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Effective Hamiltonian for Ny = 3

GF ViaVie
He - u V 7 7 1 = — —
ff — \/5 d Z Zq (lu’ +7 Yi (:u)) Q ( ) T Vudvf:s
current-current Ql,Z/i = (Siuj)v—a (Urd))v-a
QCD & Qs..6 = (Sidj)v_a Y (Tq)vza
electroweak q=u,d,s
penguins Qa0 =Sidj)v-a Y eq@q)vea
q=u,d,s

C1-C6 @ NNLO [1611.08276] , C7-C10 Partial NNLO [hep-ph/9911250]
> Fierz identities: Q4 = Qs + Q> — Q, Qg = 3/2Q4 —
and Qo = Q2 + Q; — Q3 plus Isospin: <Q3/4>2 =0
— Some matrix elements cancel in ImAy/ReAy and

ImAs/ReAs. 11507.06345]
20/26



Lattice calculations

» RBC UKQCD calculation [1502.00263] of A
» RBC UKQCD calculation [2004.09440] of A

Re(€’/€)racukacp = 21.7(2.6)(6.2)(5.0) - 107*

Uncertainties are statistical, systematic, and iso-spin
breaking

Re(el/e)experjment - 16.6(2.3) * 10_4
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K—onvv
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K — ntvv at My

v

v
Z ViaF(xi) = VisVia (F(x) — J) +v:s cal )

Quadratic GIM N M2 M2C In ' 6\ Qcﬂ
Matching (NLO +E\/y /
Operator
Qv = (stypdo)(vivHve) <« Mixing (RGE)

» Below the charm: Only Q,, ME from Kj3
> semi-leptonic (Sy,u.)(vy*€.) operator: x PT gives
small contribution (10% of charm contribution)
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Expressions for K — mtiv

B(KT — ntvw) = k(1 + Agppm)- [(Irn/\tX(fft)>

0. — Im)\t 2
B(Kp — mvv) =Ry, - TX(xt)

> ImA, = nA2A%, ReA; = 252A2A2(1 - ), Red, = A452

> x., k., Ay strong and em iso-spin breaking
[0705.2025]

> P, = PP + 5 P, = 0.372(15) + 0.04(2) «— (NNLO +
EW) [ph/0603079] [0805.4119] + x PT & Lattice
[ph/0503107] [1806.11520]
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Uncertainty Analysis using UTfit values

B.-10"" Central: 8510  B,-10" Central: 2.858
Error: -0.543 0.555 Error: -0.256 0.264
A -0.34 0.352 A -0.162 0.17
OPg,u -0.246 0.250 n -0.162 0.167
Xi -0.236 0.240 Xi -0.113 0.115
P -0.161 0.162 K) -0.017 0.002
P. -0.185 0.187 A -0.001 0.00
Ky -0.041  0.041

n 0.037 0.039

A -0.003 0.003

» Precise theory prediction, suppression in standard
model and current measurement at NA62 & KOTO —

see talks in this session

CKM input: A = 0.826(12), 5 = 0.148(13), 7] = 0.348(10)
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Conclusions

» Perturabtion theory allows for precise theory
prediction of K — 7t v v decay modes and, with
remarkable progress from Lattice, in CP violting
hadronic decays.

» Observables are highly suppressed in the standard
model and their measurement constraints models of
new physics.

» We can constrain high energy physics paramters —
next talk

> See also talk by Ulserik Moldanazarova in the DESY
theory forum today on renormalised results for the
AF = 1 effective Hamiltonian in generic extensions of
the Standard Model.
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