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Take-Home Message
.

+ Lattice QCD has been highly successful for basic kaon
quantities: fx, 1+(0), Bk.
e Calculations of these quantities have progressed so far that

lattice errors are no longer (or will relatively soon no longer be)
the limiting precision for phenomenological applications.

* Note that lattice errors still dominate for almost all heavy-quark
quantities, or for more complicated light quark quantities (e.g., €7/¢).

+ New approaches need to be developed, both on and
off the lattice, in order to reduce errors that heretofore
have been subdominant (e.g., EM errors, perturbative
errors).
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| attice QCD in a Nutshell

- )
1. Make QCD well-defined nonperturbatively. Replace infinite number
of degrees of freedom of continuum field by finite number of
degrees of freedom.

® |ntroduce lattice with spacing of points a = discretization or continuum-
extrapolation errors.

® Consider only a finite volume of space-time = finite-volume errors.

® (5o to Euclidean space (t—it) so that path integral is absolutely convergent and
amenable to numerical methods. (No associated errors per se, but calculation
of standard Minkowski quantities like phase shifts becomes rather involved.)

Do path integral by Monte Carlo methods.

® Choose gluon fields on lattice (“configurations”) according to probability given
by exp(-Ser), Where Ser includes gluon action + back reaction from sea-quark
loops (the fermion determinant).

® Set of configurations is an “ensemble.”

® Calculate some physical quantity on each configuration in an ensemble.
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Lattice QCD in a Nutshell (cont.)
- )

2. Do path integral by Monte-Carlo Methods.
® Calculate some physical quantity on each configuration in an ensemble.

* Usually will involve finding the propagators of valence quarks in that gluon
background. (E.g. for a pion propagator, from which you can get my, find
propagators of d-quark and u-quark.)

® Average the quantity over the configurations in an ensemble. Number of
configurations in an ensemble is finite = statistical errors.

® Computer time increases sharply as mquak—0. May make light (u,d) quarks heavier
than in real world and extrapolate. = chiral extrapolation error (or ¥ PT error).

* Computer + algorithmic advances have recently made it possible to do
simulations at physical light quark masses and avoid the chiral extrap. error, but

trade-offs still required.
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Caveat on my Lattice Averages

+ | made “rough and ready” averages of results from various
groups.

¢ |ncluded recent results: posted, but not yet published.

e No attempt to take into account correlations of statistical or systematic
errors between groups.

* correlations not very strong, overall, but there are some.

* [he resulting lattice errors are usually somewhat underestimated, but
qualitatively similar to those from a more careful job.

e Point Is to convey a sense of where field is, not to produce numbers to
be used in phenomenological CKM analyses.

+ New official averages from FLAG will be out this summer.

e FLAG = Flavor Averaging Lattice Group
e Goal is to be the PDG for lattice results.

* Merger of original Europe-based group, US-based LatticeAverages.orq,
olus additional lattice physicists from around the world.

Now Includes heavy-quark quantities as well as light-quark ones.
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Ke deCaz: K+

+ Since Vg has small errors, can get Vs in the SM from
(ohoton inclusive) rates:

Iy Vis|? fl2( mp (1 — m%/m%()Z

[z, Vudl? f2 mw(j_—m%/m%)Q (14 0pnm)

e 0 is effect of O(y) electromagnetic corrections.

4+ | attice needs to calculate f«/fx.
¢ Need to evaluate matrix elements like:
O 5v,75u |K™(p))Qcp = toufr+
e “Easy” quantity; requires only a two-point function.

e Some statistical and systematic errors cancel in the ratio.

e Calculations in a mature phase; done by many groups; fraction

of percent errors. 6
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fK/fr[

p=3.3

p=3.57

p=3.7

Taylor extrapolation

100° 200
M:[MeV’]
e BMW, arXiv:1001.4692.
e chiral/continuum extrapolation of fk/fr
® fi/fn=1.1 92(6)stat (7)systematic = 0.8% error
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"HEX" smeared
Wilson quarks;

u, d, s sea quarks,
with mu=my:
“2+17 sea quark
flavors.




2 .
L #rdof = 62.0/83 e Domain wall
CL.=0.597 , full QCD valence quarks

am fam =0.02/0.05 ) )
am fam =0.01/0.05 on MILC "asqtad

= a -

am /am, =0.007/0.05 staggered sea
am /am,=0.005/0.05 quarks:

“Mixed Action.”

= a-

amllam =(0.01/0.03
amI/am =0.005/0.005

am fam =0.0124/0.031
am /am =0.0093/0.031 2+1 sea quark

am fam =0.0062/0.031 | T1AVOrS.
am,/am,=0.0031/0.031
am /am =0.0062/0.0186
am /am, =0.0031/0.0031
am /am =0.0036/0.018
am /am, =0.0018/0.018

0.02 0.04 0.06 0.08 extensive use of
r(m +m. ) “partial quenching”:

e Laiho & Van de Water, arXiv:1112.4861. sea and valence
masses can be

¢ chiral & continuum extrapolation of f. chosen to be different.
® fii/frre = 1.202(11)stat (9) xPT (B)Fv (2)r1 (B)mg = 1.4% error
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0.160
0.155¢1

0.150 | 1 Domain wall quarks;

= 0.145| | 241 sea quark

v flavors.
@,

= 0.140¢ _

=

0.135F 321

241
0.130¢ @ PDG value 321D
0.1251 ChPTFV ||

analytic

0-18%00 0.005 0.010 0.015 0.020
my <G€V>

o RBC/UKQCD, arXiv:1208.4412.

e chiral extrapolation of fr.
® fi/fn =1.1991(116)stat (69) xpT (116)rv = 1.5% error
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Staggered “HISQ”
quarks by MILC.

2+1+1 sea quark
flavors.

O mI:O.lmS

0 0.005 0.01 0.015 0.02 0.025
2 . 2
a (fm)

e MILC, arXiv:1301.5855.
e continuum extrapolation of fx+/fr+
¢ red points have physical guark masses; no chiral extrap. necessary!

¢ fK+/fn+ =1.1 947(26)8tat (33)continuum—extrap (1 7)FV (2)EI\/I = 0-4% error
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1.200

1.195

1.190
1.185

1.180 | -

0.000 0.005 0.010 0.015 0.020 0.025
a’  (fm?)

e HPQCD, arXiv:1303.1670.

Valence "HISQ”
staggered quarks by
HPQCD on HISQ
sea-quark ensembles
by MILC.

2+1+1 sea quark
flavors.

e continuum extrapolation of fk./fr+ With various scale-setting procedures.
¢ have physical quark masses; also include unphysical masses + chiral extrap.

® fi/frr = 1.191 6(21)3tat+systematic = 0.2% error!
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fK/fr[

HPQCD13
® My average:

fr+/ frr = 1.193(3)

MILC13

Laiho/VdWaterl1

MILC10

RBC/UKQCD10
BMW10
HPQCD/UKQCDO7

MILCO4

—&~ included in average f /f
+ +
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Vus fFOm fK/fr[

+ With my average plus experimental rates:

|Vus‘ = (0.2254 (S)expt (2>EM (6)1attice (1)Vud
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Vus fFOm fK/fr[

+ With my average plus experimental rates:

|Vus‘ = (0.2254 (S)expt (Q)EM (6)1attice (1)Vud

+ If take HPQCD errors, get (blug).
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Vus fFOm fK/fr[

+ With my average plus experimental rates:

4
|Vus‘ = (0.2254 (S)expt (Q)EM (K)lattice (1)Vud

+ If take HPQCD errors, get (blug).
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Vus frOm fK/fr[

+ With my average plus experimental rates:

4
|Vus‘ = (0.2254 (S)expt (Q)EM (K)lattice (1)Vud

+ If take HPQCD errors, get (blug).

+ Note that EM error comes from power counting
estimate of higher order terms in ChPT by Cirigliano
and Rosell, JHEP 10 (2007) 005.
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Vus frOm fK/fr[

+ With my average plus experimental rates:

4
|Vus‘ = (0.2254 (S)expt (Q)EM (K)lattice (1)Vud

+ |f take

PQCD errors, get (

4+ Note that EM error comes -

estimate of hi
and Rosell, J

olue).

rTom power counting

gher order terms in ChPT by Cirigliano
EP 10 (2007) 005.

+ |f take more conservative estimate of Marciano, PRL 93
(2004) 231803, which is what is used in PDG2012, get

(red).
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Vus frOm fK/fr[

+ With my average plus experimental rates:

4 4
|Vus‘ = (0.2254 (S)expt (X)EM (K)lattice (1)Vud

+ |f take

PQCD errors, get (

4+ Note that EM error comes -

estimate of hi
and Rosell, J

olue).

rTom power counting

gher order terms in ChPT by Cirigliano
EP 10 (2007) 005.

+ |f take more conservative estimate of Marciano, PRL 93
(2004) 231803, which is what is used in PDG2012, get

(red).
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Vus frOm fK/fr[

+ If lattice errors are not yet comparable in size to the EM
errors, they will be fairly soon.

+ Will then become much more difficult to reduce errors in Vs
IN this approach.

e For some quantities, e.g., hadron masses, it is straightforward to
include EM effects into lattice simulation.

* Especially easy for corrections to Dashen’s theorem for 7, K masses:
guenched EM is sufficient for a controlled calculation.

* This has been/is being/ done by several groups.

e But for decay constants of charged mesons, a simple change of
QCD — QCD+EM is not possible.

* Charged current uyu$S is not EM gauge invariant!

* Would need to compute decay, e.g., K= My, directly, say in a 4-fermi
theory with g and v fields, rather than the simple matrix element of a
current between meson and vacuum.
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K—=1rév
- D

+ Standard model (photon inclusive) rate:

G%m? 2
PKeg — 1;‘27T§( C%(‘SYEW [|Vu8|2f+(0)] Tk

x (14 Sont + 5115{077)
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K—=1rév
- D

+ Standard model (photon inclusive) rate:

GFmK

FKeg

Clebsch for K+~ decays
compared to KY
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K—=1rév
- D

+ Standard model (photon inclusive) rate:

Clebsch for K*- decays

compared to KY

short distance EW
correction = 1.0232(3)
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K—=1rév

+ Standard model (photon inclusive) rate:

Clebsch for K*- decays
compared to KY

short distance EW
correction = 1.0232(3)

Phase-space
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K—=1rév

+ Standard model (photon inclusive) rate:

Clebsch for K*- decays
compared to KY

short distance EW
correction = 1.0232(3)

Phase-space

Form factor at g°=0
to be determined by
lattice; normalized
to KV =  channel

C. Bernard, Intensity Frontier, ANL, 4/26/13 15



K—=1rév
- D

+ Standard model (photon inclusive) rate:

GZ2m? 2
I'k,s = 1527T§ C%{SEW [|Vu8|2f+(0)} IKo

X (1 + dpng + 0T

+ Form factors defined by

(17 (pr)| 59" |[KP (pK)) =

" =

4+ with kinematic constraint:

f0(0) = f+(0) 16
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K—=1rév

+ Standard model (photon inclusive) rate:

GFmK
19273

FKeg

long distance, structure
dependent EM
corrections; error ~0.2%
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K—=1rév

+ Standard model (photon inclusive) rate:

G2m?
Cryy = —EK 02 Suw [[Vaslf1(0)] Tk

< (1+GE)+05)

19273

long distance, structure
dependent EM
corrections; error ~0.2%

Corrections to K+
modes relative to K°
from Isospin violation.
Errors comparable to
experimental errors in
those modes.
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K—=1rév
- D

Domain wall quarks; 2+1 sea quark flavors.

1.10

1.05

1.00

I | I ! I !
—0.005 0.000 0.005 0.010 0.015 0.020

> > 0.04 e o Ny=2+1(24%)
: : g'r??’ ® & Zr,my=0.04
~~ pripole 96} & & Zr,m, =003
— prl global 0.03 O O Leutwyler & Roos

| | | — prl global 0.04 | | | -- 1+ fo
—0.15 —0.10 —0.05 0.00 : : 0.2 0.3 0.4 0.5
(aq) m?2 [GeV?

e RBC/UKQCD, arXiv:1004.0866.

® Single lattice spacing, a=0.11 fm.

e [eft: interpolation of fo(@?) to g°=0 for two different strange quark masses.
e right: chiral extrapolation of fo(0)=f+(0).

® £.(0)=0.9699 (34)star (*>* -43) x pT (14)discretization = 0.6% error
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K—=1rév

Overlap quarks by JLQCD; 2+1 sea quark flavors.

1 .05 T | T T T T | T T T T |

M ~290MeV. m ~m . . 24" x 48
T s s,phys

linear
quadratic

free-pole

interpolated to q2 =0

¢ cxtrapolated tom d.phys and M s

— NLO SU(3) ChPT + (N)NNLO anly. |
A RBC/UKQCD, 2008; 2010 (N, = 2+1)

v ETM,2009 (N=2)

1 | 1 1 1 1 | 1
0.2 0.3

M’ [GeV’]

o JL QCD, arXiv:1211.6180 [Single lattice spacing, a=0.11 fm].

e [eft: interpolation of fo(g9) to g°=0 for lightest pion mass.

e right: chiral extrapolation of £.(0).
® . (0)=0.959 (0)stat (4) x PT (3)discretization = 0.8% error
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I A

Ty
¢ Fermilab Lattice/MILC,

arxiv:1212.4993. A
X /dof =0.81, p=0.62

e Chiral extrapolation of
f+(0) for 2 lattice
spacings.

a=0.12 fm, moving 5
a=0.12 fm, moving K
a =0.09 fm, moving &
a =0.09 fm, moving K
continuum NLO
continuum NNLO (fit)
a=0.12 fm (fit)
a = 0.09 fm (fit)

| | | | |
04 0.6 0.8
physical

am, /(ams)
HISQ valence quarks on asgtad

staggered sea quarks by MILC, 2+ Se@ quarkflavors.
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I A

Ty
¢ Fermilab Lattice/MILC,

arxiv:1212.4993. -,
X /dot =0.81, p=0.62

e Chiral extrapolation of
f+(0) for 2 lattice
spacings.

:lt IﬂC|UdeS NNI_O Chlral I a=0.12 fm, moving &
0gS SO sensitivity to a=0.12 fm, moving K

a =0.09 fm, moving &

form of NLO terms is | 2= 0.09 fm. moving K

eliminated. continuum NLO
continuum NNLO (fit)

a=0.12 fm (fit)
a = 0.09 fm (fit)

| | | |
0.6 0.8
physical

am, /(ams)
HISQ valence quarks on asgtad

staggered sea quarks by MILC, 2+ Se@ quarkflavors.
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I A

Ty
¢ Fermilab Lattice/MILC,

arxiv:1212.4993. -,
X /dot =0.81, p=0.62

e Chiral extrapolation of
f+(0) for 2 lattice
spacings.

:lt IﬂC|UdGS NNI_O Chlral I a=0.12 fm, moving &

N

0gSs SO sensitivity to a=0.12 fm, moving K
a =0.09 fm, moving &

form of NLO terms is | 2 = 0.09 fm. moving K

eliminated. continuum NLO
continuum NNLO (fit)

® staggered discretization - a= 8(1)3 ?n glg
- . a=V. m (11
effects relatively more
' ! | ! |
impt. at low mass, so ' _ ¥ -
must understand them am /(am yphysical
S

well. HISQ valence quarks on asgtad
staggered sea quarks by MILC.

2+1 sea quark flavors.
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I A

Ty
¢ Fermilab Lattice/MILC,

arXiv:1212.4993.

e Chiral extrapolation of
f+(0) for 2 lattice
spacings.

e
® g

=~

~it includes NNLO chiral
0gS SO sensitivity to
form of NLO terms is

N

iminated.
raggered discretization

fects relatively more

impt. at low mass, so
must understand them
well.

¢ {,(0)=0.9667(23)stat(33)sys
= 0.4% error
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2
X /dof =0.81, p=0.62

a=0.12 fm, moving &t
a=0.12 fm, moving K
a =0.09 fm, moving &
a =0.09 fm, moving K
continuum NLO
continuum NNLO (fit)
a=0.12 fm (fit)
a=0.09 fm (fit)

| | | |
0.6 0.8
physical

am, /(ams)
HISQ valence quarks on asgtad

staggered sea quarks by MILC, 2+ Se@ quarkflavors.



K—=1rév
- D

* my average:

e MILCEZ K7(0) = 0.9635(30)

¢ 0.3% error
JLQCD12

RBC,/UKQCD10

ETMO9

0.92 0.94 0.96 0.98 1.00 1.02
-&~ included in average f+ (O)
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Vs from K—=r1mév
- D

+ From my lattice average plus experimental rate:

Vius| = 0.2245(5) expt (7)1at(2) EM

4+ Consistent (<1 sigma) with |Vus| from leptonic decay,
with similar errors.

+ EM error comes from power counting in ChPT
[Cirigliano, Giannotti, Neufeld, JHEP 11 (2008) 006].

+ But even if it Is a bit optimistic, still some room for
improvement of lattice and experiment.
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¢ Fermilab Lattice/MILC,
preliminary.

e Chiral extrapolation of 7.(0)
for 4 lattice spacings with
HISQ valence and sea
guarks.

¢ |ncludes some physical-
mass ensembles.

¢ Reduced discretization
effects.

¢ = Reduced dependence
on ChPT, continuum extrap.

¢ Good agreement with
previous result.

C. Bernard, Intensity Frontier, ANL, 4/26/13

HISQ on asqtad result (total error)
continuum NNLO (preliminary fit)

chi2/dof [dof] =0.31 [8] p=0.95

0.4
aml / (ams)physwal
HISQ valence quarks on HISQ sea
quarks by MILC.

2+1+1 sea quark
flavors.



K—T1éV

—
+ Improvement in 7+(0) anticipated with Fermilab/MILC

HISQ on HISQ calculation (compared to previous HISQ
on asqgtad);

¢ 0.33% systematic error (dominated by chiral extrap)
— ~0.15%.

e ~0.23% statistical error should remain.
e overall 0.4% error = ~0.27%.

understand the RBC/UKQCD is making similar
improvements, including points at physical light mass,
to their calculations.

+ This round won’t push the EM errors, but the “EM wall”
IS waiting in the not-too-distant future.

e Same issues as for leptonic decays make it difficult to deal with
EM corrections directly on the lattice.
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Neutral K Mixing: Bk

+At lowest (2" order in weak interactions, KO-K° mixing comes
from effective Hamiltonian proportional to 4-quark operator:

G M,
1672

(K°|Hei | K°)

[)‘ESO(xc)ncc + A?S()(xt)ntt + 2)\C>\tSO(CEC,$t)7’]ct]

xe(u)(K°1Q2"=2(u)|K°) + h.c.,
Q~7=2 157 (1 = 5)d] [57, (1 — 5)d] .
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Neutral K Mixing: Bk

+At lowest (2" order in weak interactions, KO-K° mixing comes
from effective Hamiltonian proportional to 4-quark operator:

G M,
1672

(K°|Hei | K°)

P‘ESO(xc)Ucc + )\?SO(xt)ntt + 2>\c)\tSO(330733t)770t]

xc((E°1QA=2(1)|K®) + hec. |
Q=2 57, (1 = v5)d] [57, (1 — v5)d] .

Matrix element of 4-quark
operator at scale U; to be
determined on lattice.
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Neutral K Mixing: Bk

+At lowest (2" order in weak interactions, KO-K° mixing comes
from effective Hamiltonian proportional to 4-quark operator:
G4 M3,

KO AS 2 KO

[)\2‘90(330)7700 =+ )\QSO(xt)ntt + 2 )\tSO($caxt)nct}

@KOQAS (1) K°) + hec.

= [ —5)d [8%(1—%) d| .

QAS=2

Matrix element of 4-quark scale dependence from OPE
operator at scale H; to be and RG; product with matrix
determined on lattice. element is p-independent.
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Neutral K Mixing: Bk

+At lowest (2" order in weak interactions, KO-K° mixing comes
from effective Hamiltonian proportional to 4-quark operator:

GE My
1672

P‘ESO(xc)Ucc + )\?SO(xt)ntt + 2>\c)\tSO(330733t)770t]

<CUE1Q =2 (1)|K®) + hec. |

Q2= = [57,(1—5)d] [57(1 — v5)d] .

(K°|Hei | K°)

Matrix element of 4-quark scale dependence from OPE
operator at scale W; to be and RG; product with matrix
determined on lattice. element is p-independent.

+Definition of Bx (RG invariant kaon bag parameten):

() (ROIQA5=2 ()| K°) = - M /3. Bie
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Neutral K Mixing: Bk

+At lowest (2" order in weak interactions, KO-K° mixing comes
from effective Hamiltonian proportional to 4-quark operator:

(KU1 HP =2 KY) = Gﬂ;ﬁw @o(aﬁc)ncc +®§o(fvt)mt +@§o(xc,wt)nct]
xe(p)(K°1Q2" ()| K°%) + hec.,
Q7 = [ —v5)d) [57,(1 —75)d] .

CKM elements:
>\i — V/s* V/o’

+Definition of Bx (RG invariant kaon bag parameten):

) ROIQA5=2 (1) | K°) = 5 M f% B
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Neutral K Mixing: Bk

+At lowest (2" order in weak interactions, KO-K° mixing comes
from effective Hamiltonian proportional to 4-quark operator:

A GQ M2
(ROPHEFIKY) = 567:” (2o ee +0Fow)ns + O NFo(we 2]

KO’QAS 2 ‘KO + h.c. ’
Q=2 = [5%(1—%)61] [8%(1—75)d] .

CKM elements:
>\i — V/s* V/o’

known (Inami-Lin)
functions of xi=(mi/Mw)?

+Definition of Bx (RG invariant kaon bag parameten):

() (ROIQA5=2 ()| K°) = - M /3. Bie
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Neutral K Mixing: Bk

+At lowest (2" order in weak interactions, KO-K° mixing comes
from effective Hamiltonian proportional to 4-quark operator:

0 AS=2 0 G%M\%\/
RO = S () (el + BB 20

KO’QAS 2 ‘KO + h.c. ’
Q7 = [sy(1- %)d] 1570 (1 — 75)d] -

CKM elements: coefficients from OPE,

N = Vis* Vig calculated in pert. theory:
known (Inami-Lin) large source of error.
functions of xi=(Mi/Mw)?

+Definition of Bx (RG invariant kaon bag parameten):

() (ROIQA5=2 ()| K°) = - M /3. Bie
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Neutral K Mixing: Bk

+Getting from (K°|/H57=2|K°) to €x (CP violation in KO-K°
Mmixing):

m 0| /AS=2]| 10 m( A
expl) sin(o) [DUK MR - k)

AMj PRe(Ay)
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Neutral K Mixing: Bk

+Getting from (K°|/H57=2|K°) to €x (CP violation in KO-K°
Mmixing):

(0| AS=2]| 0 m(Ag
Ex = exp(i¢e) Sin(¢€) {I KK ‘,H |K >] T I (A ) }

AMy PRe(Ay)

Measured K| -Ks
mass difference
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Neutral K Mixing: Bk

+Getting from (K°|/H57=2|K°) to €x (CP violation in KO-K°
Mmixing):

Im[(K°|HSP=2|K)] Im(AO)}

x = exp(ig) sin@) [ @M " PRe(A)

de=tan (2 AMk/ATk)  Measured K. -Ks
mass difference
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Neutral K Mixing: Bk

+Getting from (K°|/H57=2|K°) to €x (CP violation in KO-K°
Mmixing):

Im[(K°|HGP=2|K")]

S expz. sm‘ [ @ +

de=tan (2 AMk/ATk)  Measured K. -Ks

mass difference  10Ng distance (21

contribution
[small]
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Neutral K Mixing: Bk

+Getting from (K°|/H57=2|K°) to €x (CP violation in KO-K°
Mmixing):

Im[(K°|HGP=2|K")]

EKg — €XP ' Sln‘ |: @ Re

de=tan (2 AMk/ATk)  Measured K. -Ks

mass difference  10Ng distance (21

contribution
[small]

Long distance contribution

from absorptive part, Im(l'12).
[Buras & Guadagnoli, arXiv:0805.3887]
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Neutral K Mixing: Bk

+Getting from (K°|/H57=2|K°) to €x (CP violation in KO-K°
Mmixing):

Im KO‘HAS 2|KO>]
€Err — expz. Sln‘ [ @ —|—@ER
K

de=tan (2 AMk/ATk)  Measured K. -Ks
mass difference

long distance (2m)
contribution

[small]
Correction to long distance

contribution from dispersive ong distance contribution
part, Im(Mi2).

[Buras, Guadagnoli, Isidori from absorptive part, Im(l'72).
o | | [Buras & Guadagnoli, arXiv:0805.3887]
arXiv:1002.3612]
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Neutral K Mixing: Bk

" a~0.093 fm 0.56
a=0.077 fm
a~0.065 fm —x— 1
3~0.054 fm —=— 0.55

cont-limit —=— |

0.54

e

0.52

0.51

0.5

L 1 l ' ' ' : 0.49 | ! | | | I
0 0.02 0.04 0.06M Z(Eg:\/z] 0.1 0.12 0.14 0.16 0 0.005 0.01 0.015 002 0025 O

“HEX” smeared Wilson quarks; 2+1 flavors ~ %salm]
e BMW, arXiv:1106.3230.

e | eft: chiral extrapolation in light quark mass, i.e., (Mn)°.

e mild mass dependence; includes physical mass ensembles.

e Right: continuum extrapolation.

e very flat; well controlled.
o Bx = 0.7727 (81)stat (34)sys (77)pT = 1.5% error
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Neutral K Mlxmg BK

0.58

15

e SWME, arXiv:1111.5698. “HYP” smeared staggered

| | valence quarks on MILC
¢ | eft: chiral extrapolation; Lr = (mass of sea pion)?. asqtad staggered sea;
2+1 flavors

e mild mass dependence.
e Right: continuum extrapolation, with various extrapolation methods.

e Error dominated by error of matching to continuum: use 1-loop PT at
present.

e By =0.727 (4)stat (38)sys = 5.3% error
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Neutral K Mixing: Bk

X /dof = 105/93 e | aiho/V.d.Water,

C.L.=0.27 FITOCD -
o am/am,=0.02/0.05 arXIV 1 1 1 2 4861 .
l i o am/am =0.01/0.05 Domain wall valence

am/am, =0.007/0.05 quarks on MILC asqgtad

am./am, =0.005/0.05 S’[aggered sea: 2+1
am./am, =0.01/0.03

am /am. =0.005/0.005 flavors

h

1 h

1 h

1 h

1 h

Jam, =0.0124/0.031

am./am, =uU. . ' '
ami/amE:0.0093/0.031 e Chiral and continuum
1 h

1 h

1 h

1 h

1 h

1 h

am /am, =0.0062/0.031 extrapolation for 3

am,/am, =0.0031/0.031

am /am, =0.0062/0.0186 lattice spacings

am /am_=0.0031/0.0031 (0.12, 0.09, 0.06 fm).

A am/am =0.0036/0.018

A am/am =0.0018/0.018

0.02 e [t IS 1O mixed action
I‘l(rnx + mres) Ch PT

e Chiral and full errors shown.

e Dominant error is one-loop matching error (conversion of non-pert.
renormalized lattice quantity to continuum scheme).

° éK = 0.7628 (38)stat (61) x PT (45)Fv (53)r1,mq (8)em (134)match = 2.8% error
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Neutral K Mixing: Bk

< (.58}

[ 1
0.%7

a

321
241
321D

ChPTFV |

analytic

‘000 0.005 0.010 0.015
™y (GGV)

0.020

e RBC/UKQCD, arXiv:
1208.4412.

Domain wall quarks;
2+1 flavors

¢ chiral fit after correction
of points to the
continuum, using a
global fit to 3 lattice
spacings (0.14 , 0.11,
0.09 fm).

e Dominant error is one-loop matching error (conversion of non-pert.
renormalized lattice quantity to continuum scheme).

o Bx = 0.758 (11)stat (10) xpT (4)rv (16)maten = 2.9% error
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Neutral K Mixing: Bk

RBC/UKQCD12 ® My average:
By = 0.766(9)

e 1.2% error

Laiho/VdWaterl11

SWME11

BMW11

0.7
—&~ included in average
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Neutral K Mixing: Bk

4+ Errors in Standard Model calculation of &x:
o §K from lattice: 1.2%

e | ong distance contributions: 2.0%
 from long distance absorptive part, Im(Ao)/Re(Ao), only: 0.9%
* from long distance dispersive part correction factor p:  1.8%

e OPE coefficients [with NNLO perturbative calc., Brod & Gorbahn,
arxiv:1108.2036]: 8.7%

e from Nce . 77%
efromng : 1.1%
e fromne @ 3.9%

® Use of €k to constrain unitarity triangle is also limited by error on
Ver (NOrmalizes sides): 6.2%.

* But lattice evaluations there have lots of room for improvement.

+ Experimental error on €x: 0.5%
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Neutral K Mixing: Bk

+ Comments on errors in &x:

e | ong distance contributions: 2.0%
 from long distance absorptive part, Im(Ao)/Re(Ao), only: 0.9%

* from long distance dispersive part correction factor p: 1.8%
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Neutral K Mixing: Bk

+ Comments on errors in &x:

e | ong distance contributions: 2.0%
 from long distance absorptive part, Im(Ao)/Re(Ao), only: 0.9%
* from long distance dispersive part correction factor p: 1.8%

e RBC/UKQCD, arXiv:1111.1699 computed Im(A2)/Re(A2).

Combined with measured €k '/ €k, this allows a
determination of Im(Ao)/Re(Ao), and reduces the errors (blue).
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Neutral K Mixing: Bk

+ Comments on errors in &x:

e | ong distance contributions: 2.0% 0.5%
 from long distance absorptive part, Im(Ao)/Re(Ao), only:  ©:9%
* from long distance dispersive part correction factor p: 1.8%

e RBC/UKQCD, arXiv:1111.1699 computed Im(A2)/Re(A2).

Combined with measured €k '/ €k, this allows a
determination of Im(Ao)/Re(Ao), and reduces the errors (blue).
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Neutral K Mixing: Bk

+ Comments on errors in &x:

e | ong distance contributions: 2.0% 0.5%
 from long distance absorptive part, Im(Ao)/Re(Ao), only:  ©:9%

* from long distance dispersive part correction factor p: 4896
1.6%

e RBC/UKQCD, arXiv:1111.1699 computed Im(A2)/Re(A2).

Combined with measured €k '/ €k, this allows a
determination of Im(Ao)/Re(Ao), and reduces the errors (blue).

C. Bernard, Intensity Frontier, ANL, 4/26/1 334



Neutral K Mixing: Bk

+ Comments on errors in &x: | 70,
. (0]

e | ong distance contributions:  26% 0.5%
 from long distance absorptive part, Im(Ao)/Re(Ao), only:  ©:9%

* from long distance dispersive part correction factor p: 4896
1.6%

e RBC/UKQCD, arXiv:1111.1699 computed Im(A2)/Re(A2).

Combined with measured €k '/ €k, this allows a
determination of Im(Ao)/Re(Ao), and reduces the errors (blue).
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Neutral K Mixing: Bk

+ Comments on errors in &x: | 70,
. (0]

e | ong distance contributions:  26% 0.5%
 from long distance absorptive part, Im(Ao)/Re(Ao), only:  ©:9%

* from long distance dispersive part correction factor p: 4896
1.6%

e RBC/UKQCD, arXiv:1111.1699 computed Im(A2)/Re(A2).

Combined with measured €x '/ €k, this allows a
determination of Im(Ao)/Re(Ao), and reduces the errors (blue).

® The dispersive part is much more difficult, but RBC/UKQCD
IS working on it; arXiv:1212.5931. Requires active charm
quark.
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Neutral K Mixing: Bk

G
4+ Comments on errors in &x:

e OPE coefficients [with NNLO perturbative calc., Brod & Gorbahn,
arXiv:1108.2036]: 8.7%

e from Nce . 77%

efromn# : 1.1%
e fromne : 3.9%
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Neutral K Mixing: Bk

G
4+ Comments on errors in &x:

e OPE coefficients [with NNLO perturbative calc., Brod & Gorbahn,
arXiv:1108.2036]: 8.7%

e from Nce . 77%

efromn# : 1.1%
e fromne : 3.9%

® Symmetric (non-exceptional) momentum subtraction approach
(“SMOM?”), introduced in lattice calculations as an intermediate
renormalization scheme to reduce lattice artifacts [RBC/UKQCD,
arXiv:0712.1061 and Sturm et al., arXiv:0901.2599] may also
significantly improve perturbative coefficients [Gorbahn & Jager, arXiv:
1004.3997 and Almeida & Sturm, arXiv:1004.4613].
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Neutral K Mixing: Bk

G
4+ Comments on errors in &x:

e OPE coefficients [with NNLO perturbative calc., Brod & Gorbahn,
arXiv:1108.2036]: 8.7%

e from Nce . 77%

efromn# : 1.1%
e fromne : 3.9%

® Symmetric (non-exceptional) momentum subtraction approach
(“SMOM?”), introduced in lattice calculations as an intermediate
renormalization scheme to reduce lattice artifacts [RBC/UKQCD,
arXiv:0712.1061 and Sturm et al., arXiv:0901.2599] may also
significantly improve perturbative coefficients [Gorbahn & Jager, arXiv:
1004.3997 and Almeida & Sturm, arXiv:1004.4613].

® Active-charm approach [RBC/UKQCD, arXiv:1212.5931] should e
petter behaved in principle. But it is much harder.
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Conclusions
D

+ Standard kaon quantities have been calculated to high precision
in lattice QCD:

o fi: ~0.25%:  F.KT(0): ~0.3% : Bx: ~1.2%

+ For leptonic decays, we are close to the “EM wall,” where lattice
errors in fx are comparable to electromagnetic effects.

e Going further will require new approaches/techniques on the lattice or in
the continuum to calculate the EM effects.

+ For semileptonic decays (f+), the corresponding wall is further
away, but is likely to be reached in ~3 years.

+ For &k, lattice errors from Bk already significantly smaller than
those from perturbation theory and long distance effects.
e | attice beginning to deal with long distance effects, but it is difficult.

e Approaches developed for the lattice calculations (SMOM, active charm)
may also help reduce the perturbative errors.
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