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Kaon Mixing in the Standard Model

@ Oscillation of K° to K° d U, ¢, 5
@ One-loop FCNC
@ Mediated by W+
@ Related to indirect CP § i,e1 d
violation
d 5 @ OPE separates out a
long-distance 4quark
operator
X @ Matrix elements of O25=2
5 d calculated with LQCD
02972 = [847,(1 — 75)da] [57 (1 — 75) ]
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Beyond the Standard Model

Generalized Weak Hamiltonian:

3
HAT=Z = Zc Oi+ Y _ Ci(w)Oi
i=1

Basis of 5 model independent parity-even four-quark operators.

O1 = [5a7u(1 — 75)da] [567.(1 — 75)dp]
Oz = [8a(1 — v5)da][5p(1 — 75)dy)
O3 = [5a(1 — v5)dp][55(1 — 75)da]
Oy = [5a(1 — v5)da][55(1 4 v5)dy)]
Os = [3a(1 — 75)db)[85(1 + ¥5)da]
Past calculations by SWME', ETM 2 and RBC-UKQCD .

'Jang et al 15, Bae et al 14
2Carrasco et al 15,Bertone et al 10
3Garron,Hudspith,Lytle 16, Blum et al 14
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Simulations

e 2+1f DWF QCD with lwasaki Gauge Action
@ 3 lattice spacings

@ 2 ensembles with physical pions

@ New: a1 = 2.774GeV m, ~ 230MeV

name | L/a T/a | kernel source a![GeV] m,[MeV] Neonfigs am}™ amse® am?! amf;‘hw
Cco 48 96 M Z2GW  1.7295(38) 139 90 0.00078 0.0362 0.0358 0.03580(16)
C1 24 64 S Z2W  1.7848(50) 340 100 0.005 0.04 0.03224 0.03224(18)
MO 64 128 M Z2GW 2.3586(70) 139 82 0.000678 0.02661 0.0254 0.02539(17)
M1 32 64 S Z2GW  2.3833(86) 303 83 0.004 0.03  0.02477 0.02477(18)
M2 32 64 S Z2GW  2.3833(86) 360 76 0.006 0.03 0.02477 0.02477(18)
F1 48 96 M Z2GW  2.774(10) 234 98 0.002144 0.02144 0.02132 0.02132(17)

M and F stand for coarse, medium and fine, respectively, M and S for Moebius and Shamir kernels. Propagators had
either Z2 wall (Z2W) or Z2 Gaussian Wall (Z2GW) sources, with latter including source smearing.
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Source-Sink Time Separations

@ 7, (Gaussian) wall sources at every other time slice.

@ Several different AT
@ Bin all data with same AT

AT =16,20,...,48

PO

Qi

24



Quantities Measured

The SM bag parameters:

Bi(p) = <P|O1(u)|P> Bisi(p) = (ms(u)+ma(u))? <P‘Oi<ﬂ>’P>

EmeK NmeK

Define a ratio parameter:

Ri(TE o2 ) = [fﬂ [m? (PlOi(m)|P)

P mic 3 APIOWWIP) ] 10t

such that when a? — 0 and m%/f2 — m?2 /% it reduces to:

(K10i(p)| K)

Bli) = R0 ()



Correlator Fitting

0.930

0.928

oy —

(a) By(t) for CO

CP (¢, tsink)

(P|O;|P)

O3y (DO (toink—t)

(PlA)(A[P)

(b) Rs(t) for MO.
CPP (ttsink) (P|0:|P)

Clgpt(tatsink:) <P|01|P>

Examples of the fits of correlation functions to measure lattice

quantites.
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Non-Perturbative Renormalisation

@ We use the Rome-Southampton method with
non-exceptional kinematics (RI-SMOM).

p2 p2
MS _ NS 2 )
0i(™ = iS04 o) (1 2 0u(w)
! b1 p1
2R () PIAG) oy = AGP)™ .
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Non-Perturbative Renormalisation

@ Block diagonal structure due to chiral symmetry

Z11 0 0 0 0
0 Z99 Z23 0 0
ZoAS:Q = 0 Z39 A3z 0 0

0 0 0 Zy Zss
0 0 0 Zsa Zss

@ Define two intermediate schemes (vy,~) and (¢, ¢)
distiguished by their projectors. The difference between
them allows us to quantify a systematic error

11/24



Extrapolation to Physical Point and Continuum

Simultaneously extrapolate to the continuum and chiral limit in a
global fit with form:

2 2 2

m m m

Y(GQa —3 5m) = Y< ey 0> [1 + aia® + Bi—Lk + Yibmseo
i f7r fll

where we include a term linear strange sea-quark mass:

sea phys
s Ms )

h
mie

(m

5mgea =

12/24



Ratio Parameter Fits

Figure: Preliminary results for R, and R3 in M S at 3 GeV
RI-SMOM?-7 intermediate scheme. Data points have been adjusted
to the physical strange-mass and continuum using the fit form and
parameters gained from the fit.
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Ratio Parameter Fits ( not corrected to continuum )

Figure: Preliminary results for R, and Rz in M S at 3 GeV
RI-SMOM®©-7) intermediate scheme.
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Ratio Parameter Fits

Figure: Preliminary results for R, and R5 in M S at 3 GeV
RI-SMOM?-7 intermediate scheme. Data points have been adjusted
to the physical strange-mass and continuum.
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Bag Parameter Fits

Figure: Preliminary results for B, and Bz in M S at 3 GeV
RI-SMOM?-7 intermediate scheme. Data points have been adjusted
to the physical strange-mass and continuum.
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Bag Parameter Fits

Figure: Preliminary results for B, and Bs in M S at 3 GeV
RI-SMOM?-7 intermediate scheme. Data points have been adjusted
to the physical strange-mass and continuum.
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Table of Results

Physical point continuum limit results - with stat error only

- Ry R3 Ry Ry
SMOM (v,7) - -18.50(18) 5.529(64)  38.59(37) 10.9(10)
(d-4) - -19.83(19) 5.416(71)  41.12(39) 10.427(96)
S (7,7) - -18.79(19) 5.795(68)  41.46(40) 10.720(99)
(d- ) - -19.38(19) 5.630(73)  42.58(40) 10.424(95)
By By Bs By Bs
SMOM (v,y) 0.5156(12) 0.5125(20) 0.7509(49) 0.9088(33) 0.7789(28)
(¢.4) 0.5337(12) 0.5115(17) 0.6667(54) 0.9002(29) 0.6968(23)
S (v,y) 0.5177(12) 0.4699(18) 0.7089(46) 0.8820(32) 0.6954(23)
(4.4) 0.5289(12) 0.4741(16) 0.6555(55) 0.8839(27) 0.6610(21)
Values of x2/dof
R, Ry R Rs
vou £0 T G0 015 o078 03
ms (v - 009 014 096 040
() - 001 016 075 0.38
By B, By By B;
vom (1-7) 186 136 237 052 002

(4.4) 1.34 159 574 043 163
(v,7) 184 063 150 120 1.87
(4.4) 132 143 608 057 217
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Comparison with Previous Results

3

Ry (3GeV) R (3GeV) R{™ (3GeV) R (3GeV)

e e (7y,7)(stat only)
a- - Garron,Hudspith,Lytle

e =1 (g,q)(stat only)

PT error = 2%
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Comparison with Previous Results

Consistency within errors with previous results.

thiswork RBC-UKQCD14*  RBC-UKQCD16°

BYY(NS,3Gev) 0.5289(12) 0.5293(17)(106)  0.536(9)(6)(11)
w>(Ms 3GeV) -18.79(19) - -19.48(44)(32)(42)
RO (MS,3GeV)  5.795(68) - 6.08(15)(18)(14)
RO (NS, 3GeV)  41.5(40) - 43.11(89)(201)(112)
RO (NS, 3GeV)  10.720(99) - 10.99(20)(82)(32)

Stat error improved significantly.

“Blum et al, 2014, arXiv:1411.7017
5Garron,Hudspith, Lytle, 2016, arXiv:1609.03334
20/24



Tensions in previous results

B, Bs By Bs FTAG2016
T
x o [ = e our average for Ni=2+1+1
i
N
[} i —Hl— Bl o ETM 15
z
! Lm| n our average for Ni=2+1
- -t | HE{  RBC/UKQCD 16
T e ol o - SWME 15A
N
) e [ - HO0— SWME 14C
4 — O —i— —0— O RBC/UKQCD 12E
N L e tm ™ our average for Ni=2
Il
P4 L ] ™ - ETM 12D
04 05 0.65 0.85 0.7 09 0.4 0.6 0.8
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Tensions in previous results

In Garron et al © it was proposed that source of tension come
from choice of kinematics in renormalisation.

T i I T i i
RBC-UKQCD 12 1 ; RBC-UKQCD '16 1 SWME RBC-UKQCD 12 : 1 RBC-UKQCD '16 1 SWME
fffff ! | | -

1 i i i 0.8 T | |
Doe | P [ L.
| | O o : :

1 1 | i i i
1 1 1 i i i
0.8 | + | | 0.6 b o N
. i i - | i i i
! + [ SMOM ! | + | SMOM |
1 1 I i i i
1 1 1 i i i
1 1 i i i i
0.6 i | RI-MOM i 0.4 ! ! RI-MOM i
. 2 241 2 . 2+1 2+1
Ny= Ny =
: 2+1 24+1+1 2+1 2+1 02 2+1 24141 2+1 241

5Garron et al, RBC-UKQCD, 16 arXiv:1609.03334
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Summary

@ Two times smaller statistical error

@ Third lattice spacing in fit

@ Data directly at physical point for first time

@ Systematic error will be dominated by perturbation theory

@ Quantify truncation in perturbation theory by difference
between schemes

@ Consistent with previous RBC-UKQCD results with NE
schemes

@ Exceptional schemes remain in disagreement (pion pole
model suspect)
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Figure: Preliminary results for R, and Rz in M S at 3 GeV
RI-SMOM®©-7) intermediate scheme.
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Figure: Preliminary results for R, and R5 in M S at 3 GeV
RI-SMOM®©-7) intermediate scheme.
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Figure: Preliminary results for B, and Bz in M S at 3 GeV
RI-SMOM®©-7) intermediate scheme.
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Figure: Preliminary results for B4 and Bs in M S at 3 GeV
RI-SMOM®©-7) intermediate scheme.
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SM Bag parameter

Figure: Preliminary results for B in M S at 3 GeV RI-SMOM®:)
intermediate scheme.

(m, /47E, )3 A a D M1/2 @ phys| (m, /47, ) A D M1/2 @ phys
7 o MO o F1 T o Mo o F1
0.524, 0.540 ——
0.523 J,,,,,———;;;:LZ::/””’/”&k
os3sE - FoIIIIooo
0.522 q
0.521, 0530 "‘»_»_{;_, ===
o4 0520 o) $-====" N
0519 0.525| i
0518,
0.520
0.517, g
0536 0533
2005 0010 0015 0020 0025 0030  0.035 005 0010 0015 0020 0025 0030 0.
m; /(4xf}) m? /(4xf?)

10



Results - (¢, ¢)

Figure: Preliminary results for R, and Rs in M S at 3 GeV
RI-SMOM#:4) intermediate scheme.
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Results - (¢, ¢)

Figure: Preliminary results for R, and Rs in M S at 3 GeV
RI-SMOM¢#:¢ intermediate scheme.
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Results - (¢, ¢)

Figure: Preliminary results for B, and Bs in M S at 3 GeV
RI-SMOM¢#:¢ intermediate scheme.
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Results - (¢, ¢)

Figure: Preliminary results for B, and Bs in M S at 3 GeV

RI-SMOM¢?:4 intermediate scheme.
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