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Introduction
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How to stay clean in the brown muck

Purpose of lattice

@ QCD fundamental objects: quarks and gluons
@ QCD observed objects: protons, neutrons (7, K, ...)

@ Need to solve low energy QCD to:
e Compute hadronic and nuclear properties
“people who love QCD”
@ Masses, decay widths, scattering lengths, thermodynamic
properties, ...
e Compute hadronic background
“people who hate QCD”
@ Non-leptonic weak MEs, quark masses, g-2, ...
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How to stay clean in the brown muck

Lattice

Lattice QCD=QCD when
@ Cutoff removed (continuum limit)

S

> >

@ Infinite volume limit taken

@ At physical hadron masses (Especially 7)
e Numerically challenging to reach light quark masses

Statistical error from stochastic estimate of the path integral
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Lattice setup

Landscape M, vs. a
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Lattice setup

Landscape L vs. M,
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We have done our homework

The light hadron spectrum
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(Science 322:1224,2008)
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Introduction

Light quark masses

Goal:
@ Compute light quark masses ab initio

@ Go to the physical point
@ Read off input quark masses and renormalize

@ Minimize and control all systematics
e 2+1 dynamical fermion flavors

Physical quark masses

Continuum extrapolation

Infinite volume

Nonperturbative renormalization
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Quark masses
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Renormalization

Renormalization strategy

@ Goal:

Full nonperturbative renormalization
Optional accurate conversion to perturbative scheme

o We use RI-MOM scheme (wartineliiet. al., 1993)
@ O(a) correction (Maillart, Niedermayer, 2008)
Compute my at low scale 4 < 2n/a~ 11 — 24 GeV

o u=21GeV e 1 =13GeV
Do continuum non-perturbative running to high scale p/ > Aqcp
Further conversion in 4-loop PT
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Renormalization

Nonperturbative running
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Renormalization

Reaching the perturbative regime

Quark masses
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Finite volume

Tiny finite volume effects

= @ FV effects tiny

i @ Dedicated FV
| runs

4 @ Perfect

1 agreement with
FV xPT (colangeio et. al.
I ] 2005)
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with physical quark masses

Lattice
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Quark masses

myq and mg
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Quark masses
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my and my

Individual m, and my

@ Goal:
e Compute m, and my separately
o
e Need QED and isospin breaking effects in principle
e Alternative: usée dispersive input -Q from n — 7w
=3 (7)
v Transform precise ms/myq into
e We use the conservative Q = 22.3(8) (Leutwyler, 2009)
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Systematic errors

Systematic error treatment

@ Goal:
o Reliably estimate total systematic error
°
e 288 full analyses (2000 bootstrap on each)

2 plateaux regions

2 continuum forms: O(asa), O(&%)

3 chiral forms: 2 x SU(2), Taylor

2 chiral ranges: M, < 340,380 MeV

3 renormalization matching procedures
2 NP continuum running forms

2 scale setting procedures

e All analyses weighted by fit quality

@ Mean gives final result
@ Stdev gives systematic error

e Statistical error from 2000 bootstrap samples
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Systematic errors

Final result
Rl @ 4 GeV RGI MS @ 2 GeV
Mg 96.4(1.1)(1.5) 127.3(1.5)(1.9) 95.5(1.1)(1.5)
ms/myq 27.53(20)(8)
m, 2.17(04)(10)  2.86(05)(13)  2.15(03)(10)

Relative error budget:

| stat. | plateau scaleset mass renorm. cont.

Mg 0.702 | 0.148 0.004 0.064 0.061 0.691

ms/myq | 0.921 | 0.200 0.078 0.425 —  0.301

(JHEP 1108:148,2011; PLB 701:265,2011)
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Systematic errors

Comparison

Quark masses

ooe

m
ud m
2 3 4 5 s
(R — T T 60 80 100 120 140
e PACS-CS 09 T " T T
L HPQCD 09 PACS-CS 09
HH MILC 09A ML oA
HEH MILC 09 ILC 09
] PACS-CS 08 s S-CS
O+ RBC/UKQCD 08 R RBC/UKQCD 08
el CP-PACS 07 z PPACS
HEH MILC 07
i HPQCD 05 HPQCD 05
cm MILC 04 MILC 04
RBC 07
H-O-+H RBC 07 mﬁ 87
—O— ETM 07 o QCDSF/UKQCD 04-06
HOH QCDSF/UKQCD 04-06 Il QCDSF/UKQCD 04-06
HO-H QCDSF/UKQCD 04-06  Z SPQcdR 05
—O———— SPQcdR 05 ALEHA %S
o JLQCD 02 CP-PACS 01-03
HOH CP-PACS 01-03
FLAG estimate
i FLAG estimate
Dominguez 09
o Dominguez 09 Chetyrkin 06
—o— Narison 06 \l{laaw;:)g%s
H—— Maltman 01 Vainshtein 78
A PDG 09 PDG 09
This work This work
| | |
| | | |
2 3 " < 60 80 100 120 140
MeV

stian Hoelbling (Wuppertal)

ttice

with physical quark masses




Kaon mixing
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Introduction

Standard model neutral K mixing

@ Goal:
@ Check SM CP violation in neutral K system
° —
e Compute effective weak matrix element Bk = %
o Relate kaon CP violation to CKM phase o
>from CKM unitarity: QK = 089fg122 (CKMfitter, 2011)
o

e Minimize and control all systematics
@ 2+1 dynamical fermion flavors
@ Physical quark masses
@ Mixing of unphysical operators
@ Continuum
@ Infinite volume
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Introduction

Observable

Matrix element of the effective weak operator (K|O|K):

ty—4oo ‘<K‘P’O>|2
_> -

(Pi(t;)O(0)P(t)) G

(K|O[K) e Milts =t

where

P= [gd]P = §ﬁ5d ‘ gw Y ‘ T
Ops—2= [Sd]v_a[Sd]v_a Y a
Norm from:

too [(KIPIO)[? 1y,
<PT(t)P(O)> — We Mt
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Kaon mixing
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Data

Unphysical operator mixing
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Running
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Results

Physical point
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Results

Continuum extrapolation

B (3.5 GeV)
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statistical systematic
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Results
Comparison
CKM Fitter (2010)
—— ETMC (2009, TM)
—.— RBC-UKQCD (2010, DW)
i — Aubin et al. (2010, DW/MILC)
—H— SWME (2010, HYP-STAG/MILC)
b BMWe (2011, 2HEX-CIW)
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Errors - unit weight

statistical systematic
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