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e 4_'—- p\ea& lod\_jefl//

e Pages & pages of K decays in PDG Br to 10! !

e K-UT
* Haven’t we tested the SM-CKM enough? ¢ ; m,
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Sad story of &/¢
LACTUALLY  aLDiecT P 3

e ~15% measurement obtained with heroic efforts
(spanning over 20 years!) on both sides of the
Atlantic at a cost very iikely well over $200M:

Re(e' /e) = 1.65(26) x 107
* |ts WORTHLESS FOR NOW! It has 0 impact on theory

* ONLY LATTICE METHODS CAN CHANGE THIS FACT

* My entry into lattice methods ~1982 was
motivated by wanting to reliably calculate €’
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Ao/ A2| =

Reminder

1.573(56) x 1078GeV. x1-

= 33107(19) x 107Gev, A=, '/7_ 13/1
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T \I670
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| = 2.228(11) x 107%,

Re(€/e) = 1.65(26) x 107
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Bit of history

* Who proposed it?



HADRONIC WEAK PROCESSES (M HRS H“ K ck ﬂ "&43

These predictions have not yet been tested because the data are too
meager.

(b) Consequences of AI = } Rule for K — 2w Decays. The mode
Kt >a+ o (6.95)
constitutes 21.0 & 0.39 (cf. Table 6.4) of the K™ decays with a partial
rate
(K" —> 7" + %) = (1.70 £ 0.026) x 107 sec™ (6.96)

Two-pion decays account for essentially the whole of the Kg total
decay rate (cf. Table 6.4)

D(KS% — 2m) = (1.144 £ 0.019) x 10 sec™ (6.97)
The large difference between (6.96) and (6.97), namely

Mgt ok 0 _

LR m ) (6.98)
%KY — 27) 670

is one of the most interesting features of weak hadronic decays. To

account for this larse ratio. the AT = 1 rule was proposed [38]. The

- T T e e 4 GMWAMLYG, QUVIEE FYS. JETP, 5, 1297
M. Gell-Mann and A. Pais, Proc. Intern, Conf. High Efze:ﬂg y P}iﬁigilzgi'gamnﬂ

Press (1955): M. Gell-
1957, ell-Mann and A, H, Rosenfeld, Ann, Rev. Nucl. Sci., 7, 407
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and Goldhaber, Phys. Rev. 101, 1081 (1956).

4V, Fitch and R, Motley, Phys, Rev. 101, 496 (1956); Alvarez
Crawford, Good, and Stevenson, University of California Radia-
tion Laboratory Report UCRL-3165 (unpublished).

5 R. Dalitz, Proceedings of the Fifth Annual Rochester Conference
on High Energy Physics (Interscience Publishers, Inc., New York,
1955), Feld, Odian, Ritson, and Wattenberg, Phys. Rev. (to be
published); Orear, Harris, and Taylor (to be published).

6T. D. Lee and J. Orear, Phys. Rev. 100, 932 (1955).

? Note added in proof.—~T. D. Lee and C. N. Yang [Phys. Rev.
(to be published)] have proposed that strong reactions be in-
variant with respect to & parity conjugation operator which
operates only on particles of odd strangeness, In this scheme the
production ratio of the ¢ and # must be a constant under all
conditions.

i

Heavy-Meson Decays and the
Selection Rule |a7|<1/2

Grecor WENTZEL

The Enrico Fermi Institute for Nuclear Studies,
University of Chicago, Chicago, Illinots

(Received December 15, 1955)

THE validity of the selection rules,!

AI,=0 for fast transitions,
AlL= 3 for slow transitions,

is well established in the domain of hyperon and
heavy-meson physics, Whether there exists an inde-

-r"—'.tl + (et ”
2'+at (Y decay”).

The branching ratio 7/7" has been observed to be as
large as 4 (average values 4.1 and 4.6 are quoted in the
literature?). Dalitz* has shown that, if the final three-
pion state is an eigenstate of I, the branching ratio
7/7’ is } for I=3, and 1 for I=2, whereas

1<7/7'<4 for I=1. (2)

Thus, the only single I value compatible with the
observations i1s I=1. This may either mean that the 7
meson has isotopic spin 1 and decays with isotopic spin
conservation*; but this interpretation would reopen
the question why the lifetime of the 7 is so long. It i3
much more natural today to assume that the 7 has
isotopic spin § and that the selection rule (1) is effective,
leading to the same limitation for the branching ratio,
nz. (2).

We observe further that the upper limit 4 for
r/7'[I=1] is obtained only if the state function of the
three pions hasa particularly simple symmetry property :
it has the form u(pipeps)x (f1:22:45:) Where each factor 1s
totally symmetric in the three particles, namely # with
respect to the three momentum vectors, and x with
respect to the three charge numbers. Specifically:

x=(15)H2[ A1)+ (110 + (111)]
_ ~[(100)+ (010)-+ (001) 1}
(writing 1 for —1).
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JUST A BIT OF THEORY



All C'P violation in the Standard Model arises from a single

phase in the (unitary) Cabibbo-Kobayashi-Maskawa mixing matrix

d
s | wte

Voru
Vie@h Vis Vi
| — ’H"TJ A AN(p—in)
& —A -4 AN

AN
0 1 ﬂ <+ (' P violation
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On the quark level, A — 77 decays are mediated by strangeness
changing s — d transitions (AS = 1). In the Standard Model, typ-
ical Feynman diagrams are (a) current-current, (b) QCD penguin,

and (c) Electroweak penguin:

u s d s
W
[
W u.c,t u,c,t
g
d u q q
(a) (b)
d 5
W x

u,c,t / u.c,t
T.L
q q

(c)
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Technical problem: vastly different energy (distance) scales.

weak interactions: g ~ My = 50 GeV

strong interactions: u ~ 1 GeV.

Solution: operator product expansion (OPE) and renormaliza-
tion group (RG). Integrate out short distance part perturbatively —»
low energy effective theory. Effective Hamiltonian: linear combina-
tion of all local operators allowed by symmetries, coefficients given

by underlying theory.

- H""--..‘ T [ ", |
~ >< I
3
f - i)
- > =T
. - (el —])
Expansion coefficients ~ A, , 50 only a few operators,
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Il. The AS = 1 Effective Hamiltonian
The Standard Model Hamiltonian: a short distance expansion in
terms of effective local four-quark operators (J;(;1) (c.f Fermi

interaction) with Wilson coefficients z;(;) and y;(p).

as—y  Gry, . o ViaVi ., -.
H ) = EL’HH‘L’”,&: Z: z;u-(“-_- L':”FLH*'U?.(H'-' Q?(ﬂ-

i=1 Uus

Both depend on an arbitrary factorization scale 1. Effective
Hamiltonian is independent of this scale. Take p low enough that
non-perturbavtive calculations are practical (1/a < M), but high

enough that continuum perturbation theory remains valid.

Key to the OPE is that the full amplitude is divided into low
energy (hadronic matrix elements of ();) and high energy (Wilson

coefficients) parts that can be computed separately.
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NOTE: active charm and charm integrated out cases are

being investigated; however, only charm-out is finished (at a lattice

spacing of 2 GeV).

Note also: SU(3); x SU(3)p very useful for classification of these
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AS = 1: 10 linearly dependent (); (12 if charm is active)
SUL3) = SUR(S) chiral symmetry (LR): (27,1), (8,1), (8,8) irr.
rep’s

Isospin symmetry: Al = 1/2 and 3/2 irr. rep’s

W\~

\ 1>

current — current [progenitor weak op. |

Cre

(J_J - Err'":"','.' (] I ,ud" "II.:"“:",'.'[‘ ] Vs ) Ua

N

\,J {(8, 1) 1/23{(27, 1) 1/2} {(27,1) 3/2}
™M A -
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Operator mixing & Renormalization



LATTICE EFFORTS: “SETBACKS” AGLORE!
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Four stages ?L D

. "‘1982 — 1994 .with Claude Bernard

~ 1995 1998 W|th Tom Blum

ZDl/\/F/ ChPT, QA

* 1998---2008 RBC

PWF,ChPT QA =—a/\/F'& (C

2008 -> present RBC-UKQCD

DWF, LL, Ne= 2+ Cw@@ @C?)

llllllllllllllllllllllllllll



Computing power & accuracy

« ~1984 : 6X6X6X17, QA: §(B,) ~ O(100%),
K=>nt not doable, because chial sym
of WF found to be horrible

e ~ 2012 :32X32X32X64X16, full QCD

i.e. more than a factor ~ 107 more since '84:

e d(By) <3%; 0 (Re & Im A, ) <20%; o (Re A, ) <30%
 Note: actually we could easily use another 10-100
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PHYSICAL REVIEW D VOLUME 32, NUMBER 9 | NOVEMBER 1985

Application of chiral perturbation theory to K — 2 decays

Claude Bernard, Terrence Draper,® and A. Soni w () ]A/

Department of Physics, University of California, Los Angeles, California 90024

H. David Politzer and Mark B. Wise
Department of Physics, California Institute of Technology, Pasadena, California 91125
(Received 3 December 1984)

Chiral perturbation theory is applied to the decay K — 2. It is shown that, to quadratic order in A
meson masses, the amplitude for K—27 can be written in terms of the unphysical amplitudes

K —m and K—-B;where 0 is the vacuum. One may then hope to calculate these two simpler ampli- C A fT

tudes with lattice Monte Carlo techniques, and thereby gain understanding of the Al =%_— rule in K

decay. The reason for the presence of the K—0 amplitude is explained: it serves to cancel off
unwanted renormalization contributions to K. We make a rough test of the practicability of
these ideas in Monte Carlo studies. We also describe a method for evaluating meson decay constants

which does not require a determination of the quark masses, b
jL H[ HD Cé/ Ag Partlcle ar; 2/ /123; w 26
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162 C. Bernard, A. Soni/ Weak matrix elements on the lattice
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Additional difficulties from BK to ReAOQ

More diagrams

Additonal diagrams are a lot harder
Ops1=>10

Deadily operator mixing

Lack of chiral symmetry <=> fine-tuning
problem

4-pt function and not 3
Maiani-Test



KC> g
A

Digression: Initiate Heavy-light( @)
WME program-> important
application to UT constraints

RATIONALE: Chiral symmetry less of
a concern, utilize in a profitable way
stored away light quark propagators
towards exploratory application to
important physical observables
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Lattice calculation of weak amplitudes of D and B mesons

C. Bernard*
Department of Physics, Indiana University, Bloomington, Indiana 47405

T. Draper
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 243

G. Hockneyt and A. Soni

Department of Physics, URTGersity of Catifornia, Los Angeles, California 90024
(Received 27 June 1988)

A lattice calculation of the pseudoscalar decay constants and the [A(flavor)=2] mixing matrix
elements for D and B mesons is reported. Calculations are done (in the quenched approximation)
with 8=6.1 on a 127 X 33 lattice; results from 8=15.7 on a 16° X 25 lattice contribute to our estimate
of the systematic errors. An extrapolation to large meson mass is required in order to treat
the B meson. We find f,;,=105+17+30 MeV, f,,=155+31+48 MeV, f.,=174+26+46 MeV,
fes =2341+46+55 MeV (with normalization such that f =132 MeV). The ratios of these quantities
have considerably smaller errors: f,,/f.4=0.60+0.01+0.03, f,, /f.=0.66+0.004+0.09,
Sos / foa=1.47 £0.07+0.30, and f./f.sa=1.35+0.07+0.21. For the lattice "B parameters"” we
find B}%'=1.01+0.06+0.18 and B}*f'=1.16+0.01+0.11 for the bd system, with quite similar values
for the cu and bs systems. These B parameters are defined slightly differently than in the continuum
and are effectively renormalization-group invariant. The first error in each of our results is statisti-
cal; the second is an estimate of the systematic errors due to scale-breaking, finite-size, extrapolation
and operator-renormalization effects.

$Ca bowto B- *’E}S\LS :
' HDCO/%R&Y Lalla 5 j{/ syil -0
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Lattice computation of the decay constants of B and D mesons

Claude W. Bernard
Department of Physics, Washington University, 1. Louis, Missouri 63130

James N. Labrenz
Department of Physics FM-15, University 07-WasfTngion, Seattle, Washington 98195

Amarjit Soni
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

(Received 1 July 1993) Semileptonic decays on the lattice: The exclusive 0™ to 0™ case

Claude W. Bernard*
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106

Aida X. El-Khadra
Theory Group, Fermi National Accelerator Laboratory, P. 0. Box 500, Batavia, Illinois 60510

Amarjit Soni
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
and Department of Physics, Brookhaven National Laboratory, Upton, New York 11973
Received 21 December 1990}

PHYSICAL REVIEW D, VOLUME 58, 014501

SU(3) flavor breaking in hadronic matrix elements for B -B oscillations

L 6!.\6\’ BM\S C. Bemard

E /D cPwpmmmm of Physics, Washington Universiny, St. Louis, Missouri 63130
69 ' T. Blum and A, Soni

Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

(Recerved 28 January 1998; published 5 May 1998) >



Severe limitation of Wilson

Fermions for application to

light-light physics, e.qg. Kaon

mixing, K->7w. A serious fine
tuning problem

=~ Move 5 Dommy W”LL

FER M N wtﬁ 7 e -



EXACT CHIRAL SYMMETRY ON THE LATTICE

Conventional fermions do not preserve chiral-flavor
symmetry on the lattice (Nielsen - Ninomiya Theorem)
= AS — 1. Al — 1/2 case mixing with lower dim.
(power-divergent) operators & or mixing of 4-quark
operators with wrong chirality ones makes lattice
study of X — m physics virtually impossible.

Domain Wall Fermions (Kaplan. Shamir. Narayanan
and Neuberger)

3 M5
Right

Left 0

(] o

m
+«—5th dim.—+

Practical viability of DWF for QCD demonstrated
(96-97) Tom Blum & A. S.
Chiral symmetry on the lattice. @ /# 0! Huge

1

improvement
= Now widespread use at BNL and elsewhere
Particle Seminar; 2/14/123; A. Soni
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PHYSICAL REVIEW D VOLUME 56, NUMBER 1 1 JULY 1997

QCD with domain wall quarks

T. Blum* and A. Soni'
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

(Recetved 27 November 1996)

We present lattice calculations n QCD using_Shamir’s variant of Kaplan fermions which retain the con-
tinuum SU(N); X SU(N)g chiral symmetry on the lattice i the limit of an infinite extra dimension. In par-
ticular, we show that the pion mass and the four quark matrix element related to Ky-K muixing have the

expected behavior in the chiral limit, even on lattices with modest extent in the extra dimension. e.g..
N.=10. [S0556-2821(97)00113-6]
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PHYSICAL REVIEW D 68, 114506 (2003)

Kaon matrix elements and CP violation from quenched lattice QCD: The 3-flavor case

T. Blum,' P. Chen,> N. Christ.> C. Cristian,” C. Dawson,” G. Fleming,>* R. Mawlﬁnnez.z S. Ohta,*' G. Siegen.” A. Soni.”

>

P. Vranas,” M, Wingate,"* L, Wu,” and Y. Zhestkov”
RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA
ZHr_\'sics Department, Columbia University, New York, New York 10027, USA

3Physics Department, Brookhaven National Laboraiovy, Upton, New Yovk 11973, USA c p ! S O

Institute for Particle and Nuclear Studies, KEK, Tadada, Iharaki, 305-0801, Japan
SIBM Research, Yorktown Heights, New York 10598, USA
(Received 19 July 2002; published 30 December 2003) < ' ?

We report the: results of a calculation of the K— 77 matrix elements relevant for the A7=1/2 rule and €'/€
in quenched lattice QCD using domain wall fermions at a fixed lattice spacing @~ '—2 GeV. Working in the
three-quark effective theory, where only the i, d, and 5 quarks enter and which is known perturbatively 1o
next-to-leading onler, we caleulate the lattice K7 and K—|0) matrix ckments of dimension six. four-
fermion operators. Through lowest onder chiral perurbation theory these yield K— 77 matnix elements, which
we then nomalize to continuum values through a nonperturbative renomalization tochnique, For the ratio of
isospin amplitudes |A,|/|A, we find a value of 25.3+ 1.8 (statistical error only) compared to the experimental
value of 22.2, with individual sospin amplitudes 109:-20% below the experimental values, For €'/€, using
known central values for siandard model parameiers, we cakulaie (—4.0£2.3)x 10~ (staiistical emor only)
compared to the cument experimental average of (17.2+ 1.8)> 107, Bocause we find a large cancellation
between the =0 and 7=2 coniributions 0 €'/, the resuli may be very sensiiive 10 the approximations
employed. Among these ane the use of quenched QCD, lowest order chiral perturbation theory, and continuum
perturbation theory below 1.3 GeV. We also cakulate the kaon B parameter By and find By 55(2 GeVy
=0532(11). Although currently unable to give a reliable systematic emor, we have control over statistical
errors and more simulations will yield information about the effects of the approximations on this first-

-0RCS
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Kaon Matrix Elements and CP Violation

from Quenched Lattice QCD

Calin-Radu Crnstian

Advisor: Professor Robert Mawhinney

Submitted in partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

in the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY

2002
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BLUM et dl.

TABLE XXXIX, The contribution in GeV from the renormalized continuum operator Q; vy to the real
parts of (), —TH™=DK? for w=151GeV. The central values for the standard mode] parameters

PHYSICAL REVIEW D 68, 114506 (2003)

given in Table XXXVII have been used.
Real 4, Real 45
[ choice 1 choice 2 choice 1 chouce 2
—> 1 @I ABODXI07° —ANAYXI0T —4822)X107
\—5 2 200(18)x 107" 283029x1077  13926)x107F  1,635(73)x 1078
3 14(29)x 10710 20(41)x 10710 00 0.0
4 3808107 —54(1% 107" 00 0.0
5 —6:9(20)x 107" —0.8(41)x 107" 00 0.0
— > 49T %1077 71(11)x107° 0.0 0.0
7 404021y % 1071 8.00(42)% 107! 2.86(15)% 107" 363(19)x 107"
8 =517 —L3ne)x1070  —40622x107 =505028)x 107!
9 =3IIGNKI0TE 554560 X107 469(21)% 107" 551(25)%107
) )

=

227041y % 107"

323(59)x 107"

317X 1075

435(20)x 1073
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TABLE XLIX. Our final values for physical quantities using
one-loop full QCD extrapolations to the physical kaon mass (choice

2) and a value of ©=2.13 GeV for the matching between the lattice
and continuum. The errors for our calculation are statistical only. &

Quantity Experiment This calculation
(statistical errors only)

Re Ay(GeV) 3.33%x 1077 (2.96+0.17)x 107
Re A,(GeV) 1.50< 1078 (1.172+0.053) X 10~ 8
w ! 22.2 (25.3+1.8)

Re(€'/€) (15.3+£2.6)X 10" 4(NA48)  (—4.0+23)x10™*

(20.72.8) X 10”4 KTEV)
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Framework for amproved hbtbce calculations of

epsiion” fepsilon S — the full et

by Ladhro, Jack, PhD., Primceton Universiby, 200, 188 pages; A48T

3142347 Dissertatons amnd theses cam e
purchased n a wanety of fomnmats

Albstract [ Sunmnmary ) which may include: PDF for web:

In this thesis we show that it is possible to construct £ /e to MLO using ;;mgcmfﬂﬁmﬂf"’

boih fiull and partially guenched chiral perfurbation theony (POCHPT) from

ampiitudes that are computable using nuemencal latbce gawungs theory. We Copy” button to see the formats

. . - anailable for this iterm.
fimed that the sectroweak penguin (& § = 32 and 1/2) confributions. to & 7=
in PFCECHhPT can be determined o MO using only degenerate | m ;= m ¢ Order a Copoy

} K [armoesr righid] 7 computsiions wathowul momendum insertion. Al one-loop
formmudas neaedad to extract the necessany BLO concstants from the lattice
are presanted in this work . Issues peraiming fo poswser divergent
contributions., originating from miczing with lower dimensional operators na Arrailable withowut purchase:
lattice regulanzation, are addressed.
3 Ercicw

In emiaedding the GO0 pemguin left-ight operator onto PCECHPT an

ambiguity arises when the number of Bght sea guarks is mot e physical

wdlue of three, as first emphasized by Goltermnan and Pallant=. In the

quenched fheony they havwe pointed out that there are addibional effectivwe

operators. that appear in the quencihed chiral perburbation theory needed o

make comtact with K [aroes righf] wr anplifudes, at phhysical kinemnatics.

They henee allso proposed a method for determining  the: leading onder |omee—

ensngy constant, [Special chamacters omitted. ] . associated with the mewr /
operators. We show fhat their method has dificulities dse to poeser

divergent combnbutions and propose 8 new method o obisn this constamt —
from the lmttice which does not sulfer from this probdem. Using this 7
alimmatine method, we obtain [Special characters cmitted. ) | and showes

that ocwr wale mplies a lange ambaguity in e guenched oot buticm of &
5 toE Je j
Indexing [ docwument det=ails) k

Parihries e Marow, Dan. Somni, fenargii
School: Primvcebon Linneersiby
School Location: United States. — Mew Jersay i ’ A/w
Faaynarordls - Latice calculations, Epsilon”, Chiral peraarbation
fhveony
S - DA B 8507 p. 3515, Jan 2005
Saource hygee: Dissernatiocn

Subjecis: FParicle: physics.
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Estimate K = 7 7 amplitudes (con’t)

0o

—T—7 17— 77—

0—0 O-loop full QCD ) i &—o O-loop full QCD | u i
o—a l-loop full QCD =—=a  1-loop full QCD
*  Quenched ¢  Quenched
N | 4  Experiments] i L 4  Experimental 5
§ -
= Bl —//,,m . -
<
2 L ) e ﬂ = U 5

N~ < FulL @D

LO C‘hPT

m=&m,,

LO + NLO log

Lattice 2008, July 14, 2008 (21)

Sam Li (CU thesis)

@@OC 0 TJE N 0 5— meeaoo/J B N Christ, LAT'08
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Faomn MhWiatrix Elements and CF W iolation
fromm Lattice OQCI)» with 211 Flavors of
Iormmairn Wwall Fermions

Shua La

Subrmiitteard in partial folfillymsnt of the
recyuiremmomts for the degrres
of Dheertor of FPhilosopebny

im the Gracdoate Schhocd of S Fits ancd Sceienaoes

COLTTRIBRLA DNV ERSTT Y
s WU
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[0/ (sqr(2) |8)] (P8 - P,()

Estimate K = 7 7 amplitudes (con’t)

Re gb/e

Re eb/e

00— 11 T 0.004 I T T T
N e 0063 [5— 0oop fl QCD T A
s o—o 2 I [ || S ——— |
a2 0002 - ¢  Quenched A -
e Experimental
o ';:‘:; 0
"é -0.001 -
0002} - =
= Qo0 B
-0.004 - - 0003} -
-0.004 : L
-0.006 — ol.z 0 02 :
I=0 =2 LO +NLO log LO ChPT
m=E&m i Lattice 2008, July 14, 2008 (22)
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124

Table 49: The contribution of each operator to the physical quantity ReAdy and ReA,
at the energy scale g = 1.92 GeV. The unit of each number in this table is GeV. The
values in the columns with the superscript “(1)" are extrapolated with zeroth order
ChPT formula, and those in the columns with superseript “(2)” have the contribution

of the chiral logarithms included. The errors are statistical only.

i Re(Ag) Re(Ay)@ Re(A,)™M Re(Az)™

>1 4.19(96) x 1075 79(1.8) x 107 —220(22) x 107" —3.02(30) x 10° L—

2 2.77(56) x 10-7 5.3(1.1) x 10-7 0.74(97) x 1077 1.34(13) x 10-® <—

3 —1.8(6.1) x 1072 —0.3(1.2) x 10~ 0.0 0.0

4 1.24(34) x 10 2.36(64) x 102 0.0 0.0

5 —3.12(61) x 107'° —5.9(1.2) x 101 0.0 0.0
//ﬁ 6 —1.56(28) x 102 —2.96(53) x 10~° 0.0 0.0

7 247(38) x 107" 7.7(1.2) x 107 1.75(27) x 107 2.75(43) x 107

8 —1.60(24) x 10710 —4.06(74) x 1077 —1.13(17) x 10 —1.78(26) x 10~'°
0 —7.8(1.6) x 10713 —147(30) x 10-12  4.15(41) x 10~ 5.71(57) x 10~
10 1.13(25) x 10-11  2.15(48) x 1011 8.66(86) x 10~ 1.19(12) x 102
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Conclusion

Quantity This analysis Quenched Experiment
Redy (GeV) 4.5(11)(53) x 10~/ 2.96(17) x 10~/ 3.33x 10~/
Red, (GeV) 8.57(99)(300) x 10~ 1.172(53) x 10~%  1.50 x 10~%

ImA, (GeV) —6.5(18)(77) x 10~ —2.35(40) x 10~!!
ImA,; (GeV) —7.9(16)(39) x 10713 —1.264(72) x 10712
/e 50(13)(62) 25.3(1.8) 239

Re(€'/€) 7.6(68)(256) x 107*  —4.02.3)x107* 1.65x 1073

‘-——’% « ChPT approach to K = 7 r faces severe difficulties.
« RBC/UKQCD studying physical 7 7 final states.
« DWEF on coarse lattices and large volumes: 4 = 5 fm?

Vranas auxiliary determinant (Renfrew talk on Wed.)

(P\GE S ST@W\&/HC | N. Christ @LATO8
. U\c\o\i} DUECHP ..




RBC-UKQCD mK too heavy for ChPT

= K&U\b) W7
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Direct K-> zrr (a la Lellouch-Luscher),
using finite volume correlation

functions, [i.e. w/o ChPT] RBC
initiates around 2006
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week ending

PRL 108, 141601 (2012) PHYSICAL REVIEW LETTERS 6 APRIL 2012

K = (7m);=; Decay Amplitude from Lattice QCD

T.Blum,' P.A. Bnylﬂ NH Christ,” N. Garmn E. Goode, Goode,’ T Tzubuchi,* C. Jung L Kﬁlly C. Lehner
M. nghtman "QLi, AT Ly[le R.D. Mawhmney .1 Sachrajda A. Soni,” and C. Sturm”

~~

(RBC and UKQCD Collaborations)

@w@ + Fll QCD+ P}\\ngw‘é

/CVY'(M 2 .
(m‘/\ N 5”/"(\/) (mﬂm/z/& me‘/
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MNP =32 K — w Decays Using Lattice

ODOCI with Domainmn VWall Fernmions

hllarthow Lightman

Advisor: Profossor MNorman Christ

Submmuitted in prartial folfilmment of the
reaguirermentys for the deymress
of Dhosctor of P hialosoply
in the Gradonsitse School of Ares and Sciences

COLTIARIEES DNV ERSTT ©
e
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ESSENT GB\LZ Physical T omd VJng@
S LI T Tud
¢! )

(IIHAQ )
E —
\/Q RGAQ RGAU

M+ Myt E. mg—E;
Smulated | 511.3(3.9) 142.9(1.1) 492.6(5.5) 18.7(4.8)
Physical | 493.677(0.016) 139.57018(0.00035)  myg ()

Table 1: Kaon and pion masses and the two-pion energy E_ m the simulation together
with the corresponding physical values. The results are given in MeV.
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RBC-UKQCD, arXiv:1111.1699, PRL 2012

Re Ay =(1.436 % 0.062,, = 0.258,,) X 1078 GeV

Im Ay = —(6.83 £ 0.5y = 1.3045) X 107 GeV.



T<6 Chamenel

Difficulties of a direct Lattice calculation

Disconnected (Vacuum) Graphs!

Type 1 Type 2
s - T
/‘3 r-' & I/s 4'/\‘ /' ?‘M)( 3' f/+
— >\ — %\ >

Type 3 Typed /?'
Typed = (K(0)O(t)7n(tr)) — (K(0)O(t)) (mq(tz))

e

\OA!
Qi Liu, LAT’11 p\ﬁ'
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0
K" to mm decay Results

Preliminary Results 2:
We take the kinematics point my ~ 2m,., therefore, the decay is a little bit off

shell because of m — T interaction. Real part (x10~® GeV), Imaginary part
(x1072GeV) .
m,  Re(Ay)  Re(Ay) Im(Ag) Im(Ap) Re(Ap) Im(A)
320.3 | 36.8(6.6) 27.7(1.1) -31(23) -34.9(21) 2.663(19) -0.6527(43)
4214 | 45(10)  48.8(24) -41(26) -74.6(47) 4.911(31) -0.5502(40)

) —
1, Re PTS 23 X058
g Heq°

C

78 gc -> 140 around 9/15/11 END of QCDOCawaiting QCDCQ,

to accumulate more data
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Kaon to Two Pions decays from Lattice
QCD: AT = 1/2 rule and CP wviolation

i Lin

Submitted in partial fulEllment of che
resquirernents for the degres
of Dioctor of Philosopbny
in the Graduieats Scehool of Arts and Sciomces

CGOLUMBLA UNIVERSTTY
L 1 b e
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Organization

s + UKQCD Collaboration (2005-)
® Univ. of Edinburgh

= BNL HEP Theory 5 faculties, 1 fellows, 1 staff
M. Creutz, TI, C. Jung’, 2 PostDocs, 3 students '
A. SO_nI, R* Van de Water, ® Univ. of Southampton
0. Witzel*, ' . . 2 faculties, 1 Postdoc, 2 students
R. Arthur, T. Kawanai¥, T. Misumi¥ CERN,Julich

(* SciDAC, ¥ JSPS)
= RIKEN BNL Columbia (RBC) Collaboration = + JLQCD (planned since 2010)

(1998-) ® KEK, Tsukuba & Osaka Univ
®* RIKEN-BNL Research Center
1.5 fellows, 2 PostDocs, (# of Bersonnel accumulation of last 3 years
3 long-term visiting scientists # of PhD thesis: accumulation of last 5 years)

®* Columbia University , —
University of Connecticut \ : X | ~ r—
2 faculties, 2 PostDoc,
8 Students

® University of Connecticut
1 faculties, 2 PostDoc, 2 Students

Harvard, Yale,

Virginia (Google), Regensburg

16 current students,
~20 PhD theses since 2005

T Izubuchi icle Seminar; 2/14/123; A. Soni 57




O LJICC LUl L

Emerging understanding of the AT =1/2 Rule from Lattice QCD

P.A. Boyle,! N.H. Christ,>2 N. Garron,®> E.J. Goode,* T. Janowski,*
C. Lehner,® Q. Lin,2 A.T. Lytle,* C.T. Sachrajda,* A. Soni,° and D. Zhang®
(The RBC and UKQCD Collaborations)

LSUPA, School of Physics, The University of Edinburgh, Edinburgh EH9 217, UK
ZPhystps Department, Columbia University, New York, NY 10027, USA
4School of Mathematics, Trinity College, Dublin 2, Ireland

4School of Physics and Astronomy, University
S RIKEN-BNL Research Center, Brookhaven
® Brookhaven National Labora

of Southampton, Southampton S017 1BJ, UK
National Laboratory, Upton, NY 11973, USA
tory, Upton, NY 11973, USA

There has been much speculation as to the origin of the Al = 1/2 rule (ReAg/ReAs ~ 22.5).
We find that the two dominant contributions to the Al = 3/2, K — 77 correlation functions
have opposite signs leading to a significant cancellation. This partial cancellation occurs in our

computation of ReAs with physical quark masse

s and kinematics (where we reproduce the exper-

imental value of As) and also for heavier pions at threshold. For ReAp, although we do not have

results at physical kinematics, we do have results

\ ics, e ;s for pions at zero-momentum with m, ~ 420 MeV k’
(ReAp/Reds = 9.1(2.1)) and m, ~ 330 MeV (ReAg/ReAs = 12.0(1.7)). The contributions which

partially cancel in ReAs are also the largest one

s in ReAp, but now they have the same sign and

so enhance this amplitude. The emerging explanation of the Al = 1/2 rule is a combination of the
perturbative running to scales of O(2 GeV), a relative suppression of ReAs through the cancellation

of the two dominant contributions and the corre
penguin operators make only very small contribu

SURPRISE F/I
SIGN FitANT

Partlcle Semlnar 2/14/1

sponding enhancement of Redp. QCD and EWP
tions at such scales.

y DING:
UpPRESSED K Fl2 &



VIIT—5 Rare koon desans 22T

Vacroum satwaration

e discussion of direct calcualstions of the nonleptonic smplittdes s
evorkdl the scope of thi=s book, Sutlhoe it B0 say that no itreatmoent is
ntly adequate. Lot s give the simplest estimate, called vacunn
miwradion, as a convenient benchmark with which o compare the theory,

Donoghue,,G,H

simplicity we consider only @4 (the largest A7 = 1 /2 operator] and “ .
s (bhe AF = 3/2 operator), Dynamics of
- I T EG* VS Vialen O + eaDha) (4.148) The SM” 92
'ﬁ-’

ith ¢y =~ 1.8 and &3 =~ 0.5. The vecuum saturation approscimation cons-
of inserting the vacoom intermediate state bhetween the two currents

any way possible, 2 g
et (P (p-) [ (1 + ) wdy™ (1 + n) | A7 (k))
= (& (p-] |d7"rmu| 0} {x " (py) [Ev"s| K™k}
+ (ot (pe Y (po) [ el 03 {0 [dar™rass]| K9(k)} (4.17)

: . B ; Y
= —iVZFnfopt (b + Pa)y — gVEFrfak, (p- — pe "

In obteiningeg this result the Fierz resarangement. property

doy? (1 4+ myg) wadigy® (1 + vg) 8 = dop™ (1 == =) satigr™ (1 + ),

has bheen used, where o, F are color indices which are smmmed over. In
addition, the color singlet property of corrents is employved,

{0 |darurasa| A (k) ) = iv'Z Fick, '5‘3"“ : (4.18)

Within the vacuuam saturation approximation, we sea that the ampli-
tudes are piven completely by known segmileptonic decay matrix elements.
Puiting in all of the comstants, = find that

i p

Ay = 5 —— Vi Ve Fr {my — m..r_:l-LL — 084 » 10~ mrp ,
(4. 187
Mo = @ Vi Ve For (13, — il oy = 042 3¢ 10 T
We see that the above estimate of 4= works reasconably well, bat that é
Ap falls considerably short of the observesd A = 1/2 amplitude. This

demonstrates that vecuum saturation is not s realistic I.‘Lu]_l.'l.'l.?'il'l.'l.'lﬂ.[l'l:ll'_'l.
However, it does serve totrdicate how muoch additional AFf = 1/2 en-

Particle Seminar; 2/14/123; A. Soni




i asC &@
T 0 @ —®

Contraction (1). Contraction (2).

FIG. 1: The two contractions contributing to ReA,.
They are distinguished by the color summation (i.]
denote color). s denotes the strange quark and L that
the currents are lett-handed.
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2.0

mIOIOODmm
1.8 Fm_m mmmmEEm -
1.6 F H 4
= 14t -
S,
— 1.2 + -
< 1.0 ¢,¢'¢¢m¢¢¢¢¢*¢¢ °-
- - ‘*g 2
o 08 - ecescceccseec®®s @& -
0.6 @}|_5_| @
0_4_ —@I—e—l ]
02 ®+@| | | | | | |
‘ 0o 2 4 6 8 10 12 14 16 18 20
t

FIG. 3: Contractions (1), -(2) and (1) + (2) as functions of
t from the simulation at threshold with m.. ~ 330 MeV

and A = 20.
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Cyo(A,t) [107)

3.0

2.0

1.0

0.0

1) g~
—(2) |
%% 1) 4+ (2) e
i%}i@@@@ :
%%%%@@@@@mm
§§§§§‘§' Npm_
¥
@@@@mmmmmmmmmmmm@@@igg_ <
| | | . . PLATFAR
4 & 12 16 20 24
t

FIG. 2: Contractions (1), -(2) and (1) + (2) as functions of
t from the simulation at physical kine

A =24 .
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Mass depends of ReA2, AO

™" [GeV] my [MeV] mi [MeV] Reds[10° GeV] Redy [10° GeV] 3 notes
16° Twasaki| 173(3) 422(7) 878(15)  4011(3)  45(10) 9.1(2.1) threshold caleulation
o4 Twasaki| 173(3)  320(6)  662(11) 2668(14) 3.1(46)  12.0(L.7)| threshold caleulation
IDSDR | 136(1) 1420(L1) 5113(39) 1.38(5)(26) - | physical kinematics
Experiment| - 135-140 404-408 1479(4) B2 245(6)

TABLE I Summary of simulation parameters and results obtained on three DWF ensembles.

Particle Seminar; 2/14/123; A. Soni
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i QI [GeV] MS-NDR [GeV]

U | 8.1(4.6) 10—% | 6.6(3.1) 105

- S, 2 2.5(0.6) 10°7 | 2.6(0.5) 107
3 | -0.6(1.0) 10~ % | 5.4(6.7) 10— 1°

4 — 2.3(2.1) 10—

5 -1.2(0.5) 10—% | 4.0(2.6) 10—1©

\~—> 6 4.7(1.7) 102 | -7.0(2.4) 10— °
e 1.5(0.1) 10— ' 6.23(0.5) 10—

8 |-4.7(0.2) 10" | _-3.9(0.1) 10— 1°

0 — 2.0(0.6) 10— %

10 — 1.6(0.5) 10—

ReAp| 32.2(0.5) 10—7 | 3.2(0.5) 107

TABLE 1I: Contributions from each operator to Re.Ag
for mp = 662 MeV and m, = 329 MeV. The second
column contains the contributions from the 7 linearly
independent lattice operators with 1/a = 1.73(3) GeV
and the third column those in the 10-operator basis in
the MS-NDR scheme at g = 2.15 GeV. Numbers in

parentheses represent the statistical errors.

Particle Seminar; 2/14/123; A. Soni 64



Sources of ReAO/ReA2 enhancement

e Factor of 3 to 4 suppression of ReA2 due to
(unanticipated) cancellation between the 2
contractions

e Factor of 2 + some perturbative running for
ReAO vs ReA2

Factor of around 2 to 3 in the matrix elements for
|1=1/2 versus 3/2



REPERCUSSIONS FOR B,



i i

[ i L j__
S [P D
Contraction (1). Contraction (2).

THE AS = 2 MATRIX ELEMENT FOR K%-K° MIXING*

John F. DONOGHUE, Eugene GOLOWICH and Barry R. HOLSTEIN
Department of Physics and Astronomy, University of Massachusetts, Amherst, MA 01103, USA

Received 29 July 1982
We use SU(3) and PCAC to relate the AS = 2 matrix element M = (K° IETH( 1+ y5)s dyH(1 + v5 )5 1K®) to experimental

information on the A7 = 3/2 contribution to K — 2x. Our result is = ﬂ.lﬂm‘;{ which is about 33% of the vacuum inser-
tion value.



Following the discovery that (1) and @) have opposite
signs we examined separately the two contributions to
the matrix element (K°|(5d)(5d)r|K") which contains
the non-perturbative QCD effects in neutral kaon mix-
ing [11]. The two contributions correspond to Wick con-
tractions in which the two quark fields in the K'° interpo-
lating operator are contracted i) with fields from the same
current in (5d)z(58d)z and ii) with one field from each of
the two currents. Color counting and the vacuum inser-
tion hypothesis suggest that the two contributions come
in the ratio 1:1/3, whereas we find that in QCD they
have the opposite sign.

ROC-UKAL m\ullla
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CONTIUUM EXPECTATIONS FOR M,

i KNI



To get an order of magnitude of the size of (K|®,,|K)>, we make the

‘'vacuum saturation’ approximation (
L2t [ 3;1

CKI[dy*(1 — y5)s1[dy,(1 — y5)s]K> = 3 (Kldy*yss[0><0|dy,yssIK)>

Cheng & Li, Gauge Field Theory gfﬁf”i
= = (12.93)
3 2myg

where fyx ~ 1.23 f is the kaon decay constant; the factor (2my)~! arises
from the normalization of the state. The factor 8/3 corresponds to the four
ways of Wick contraction times a colour factor 2/3. The hope in making such

To make contact with phenomenology, one must evaluate the matrix
element of 0°°=2 between K and K° states. It is conventional to express
the results in terms of the so-called B-parameter,

o 16

DGH (B |02 RO = < FxmiB (1.19)
|

where B = 1 corresponds to the simple vacuum saturation approximation]

s [4E SN | T = ™ i TTTTT 1 i
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152 The Neutral K Mesons and CP Violation

would be too large. Such a statement requires some estimate of the matrix ele-
ment of the AS = 2 operator. Gaillard and Lee used a version of the vacuum in-
sertion approximation [see 9.4.7 and 9.4.8]. If we insert a vacuum state between
all possible pairs of quark fields in 0%, we get

0.2 The Box Diagram and the QCD Corrections 153
Weak Interactions &
Modern Particle 3
V=2 (K| 0% KDY = = 2k (10.2.7)

Howard Georgi
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WHAT A STUPID OVERSIGHT!



79, NUMBER 19 PHYSICAL REVIEW LETTERS 10 NovemBER 1997

0
Domain Wall Quarks and Kaon Weak Matrix Elements g
Ay
T. Blum and A. Soni -

Department of Physics, Brookhaven National Laboratory, Upton, New Yorkgl 197
(Received 30 June 1997)

We present lattice calculations of kaon matrix elements with domaimn wall fermiong. Using lattices
with 6/g* = 5.85. 6.0, and 6.3, we estimate Bx(u = 2 GeV) = (.628(47) in_quencfed QCD. which
is consistent with previous calculations. At 6/g> = 6.0 and 5.85 we ﬁm:ltlm%fmm n
agreement with the experimental value, within errors. These results support expectations that O(a)
errors are exponentially suppressed in low energy (E < a~!) observables, and indicate that domain
wall fermions have good scaling behavior at relatively strong couplings. We also demonstrate that
the axial current numerically satisfies the lattice analog of the usual continuum axial Ward identity.
[S0031-9007(97)04682-6]

Because we did not look separately at the contribution from the two
contractions,

the discovery of this remarkable suppression in A I1=2 channel got delayed
By 15 years!!
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A 3R\EY’N&§:)€ an§ h’\dc'\J 0,{_ Br

] Ll L] ] I T 1 ] T l Ll ) Ll L] [ 1 I
2015 9737:002 o Average LLV 2011 (Np=2+1) ]
i 0.74+0.025 e Average LS 2010 (Ng=2+1) |
i 0.724+0.045 boe SBW 2010 (Ng=2+1) |
i 0.749+0.026 e RBC-UKQCD 2010 (Ng=2+1) |
2010 F 0.724+0.084 —e—i ALV 2009 (Ng=2+1) _
= Il 0.73+0.03 o ETMC 2009 (Ng=2) i
i 0.738+0.055 e JLQCD 2008 (Ng=2) |
i 0.782+0.07 pooe CP—-PACS 2008 (Ng=0) ]
i 0.72+0.039 —eo—i RBC-UKQCD 2007 (Ng=2+1) |
2005 | 0.83+0.18 - HPQCD 2006 (Ng=2+1) _
B 0.699+0.025 e RBC 2004 (Ng=2) .
- 0.87+0.061 —e— Becirevic 2003 (Ng=0) .
i 0.73+0.015 e RBC 2001 (Ng=0, Q?) i
B 0.789+0.027 e CP-PACS 2001 (Ng=0.Q?) ]
2000
i 0.863+0.058 —e— JLQCD 1997 (Ng=0) :
i 0.86+0.07 —e— Blum—-Som 1997 (Ng=0) g
1995 -1
1990 |- 0.86+0.12 e Bernard — Soni 1990 (Ng=0) ]
| 0.96+0.05 —e—i Kilcup et al. 1990 (Ng=2) ]
- 0.75+0.15 Bardeen at el. 1987 (1/N¢) .
- [Bemard et al. 1985 (Ng=0) .
1985 =+t - Cabbboetal— 1985 +=56-
i Gavela et al. 1985 (Nz=0) .
= 03 Donoghue et al. 1983 (SU(3) -
- & PCAC), No error estimate -
1980 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1
0.0 0.5 1.0 1.5

—

>3t
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826' Results Lattice 2011

Mawhinney, plenary

LAT'11 .Lattice' 2011 claverag'e
M m 0.755 +/- 0.012 =
eV oL

S L. BMw = HUGE STRIDES
Qov |°S IS vmoy Laiho, van de Water | —E— IN LATTICE
L v PQJ AN . UKD CALCUII.BAK'I"ION OF
‘7“6\@)‘\\0 % L d\"W{S SWME =

&b\(\ \O'L\WN —k‘)k \

ane /R, ETMC (2 —8—

el %0
05 055 06 065_.07 075 08

TpRGI T
BK
* Average the four 2+1 flavor calculations presented

* Except for BMW, all are preliminary, although all groups have recently published By
results from earlier datasets, so preliminary work should be fairly reliable.

See also recent summary by FLAG working group of FLAVIANET (arXiv:1011.4408)
They quedicle Eeﬁingr;zh&/&%,) ),i%mf =2+1 75



EXPECTED PROGRESS NEAR FUTURE[RBC —
UKQCD]






Expected progress near future[RESI -UKQCD]
NUW ~ ljf\/ [mﬂ;l ‘fo‘\g,(/)
KIZ3 oo l/ib/o o) //4./.
Be 3, =2,

Re A, &07. ~N o/
Im A,

Re A, oV ;2{/,., Y, [{;\/‘

ImA, -~ loo‘/, N 3970
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New applications [RBC-UKQCD]:
“Long-distance “ effects 4

5 ﬁ
e KL-Ks mass diff
/Lt °

£ 2
o0 L’S“(

e K* => w*vv & other rare decays
2ot 2 Ot

v




Also Relevant to Expected Progress

» Super-KEKB/BELLEI!

e S(LHCb)



Some implications

e 1. Improved determination of the B-UT

e 2.significant progress towards a separate K-
UT

* Crucial 15t step in factorization fails
completely

pervasive use in K, D, B decays, so many
phenomenological expectations will need to be
modified.



HAVEN’T WE TESTED THE SM-CKM
ENOUGH?



Haven’t we tested the SM-CKM enough?

e Recall current tests around 15-10%

 Recallalsoe ~2X 103 ;if BNL had stopped
experimental searches at the level of even
1%, history of Particle Physics would have

been completely different IN© AP,

000 <\[‘5

* v mass & osc is another example. g‘/»

@W



A lesson from history ()

"A special search at Dubna was carried out by E. Okonov and his
group. They did not find a single K, = ©* ©~ event among

600 decays into charged particles [12] (Anikira et al., JETP 1962). At
that stage the search was terminated by the administration of the

Lab. The group was unlucky."
-Lev Okun, "The Vacuum as Seen from Moscow"

1964: BF=2 x 103 CAW‘M) |
LA

A failure of imagination ? Lack of patience ? ab//ﬂ,( K / é L,
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Lesson learnt from Vv’s

~ Circa 1983, after long and arduous efforts, Am?
upper bound used to be around a few ev? but
efforts to Search oscillations continued basically because
there was no good theoretical reason for m, to be zero.

* Recall it took more than a decade beyond ‘83 and Am?
had to be lowered by almost 4 orders of magnitude (!)

before osc were discovered.

Ill

 Moral: Physical “principles” shouldn’t be
abandoned easily
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SUMMARY & Outlook

 With the use of DWF significant progress has been made in
tackling outstanding non-perturbative effects in weak decays

e Improved precision in KI3, BK, Re&IM A2, ReAO

e Sources of Delta I=1/2 enhancement have been quantitatively
identified

e ¢’ /e (Im AO) still needs more work but is underway

* Hitherto inaccessible LD effects are for the first time becoming
computable

e Since QCD is intrinsically a non-perturbative theory,
it is extremely important that we put greater efforts

in sharpening our computational capabilities on & off the
lattice [Higgs & Strong Dynamics] to enable us to interpret
experiments in a more cost effective manner



XTRAS



ReAs | ImAs
lattice artefacts 15% 15%
finite-volume corrections 6.2% | 6.8%
partial quenching 3.5% | 1.7%
renormalization 1.7% | 4.7%
unphysical kinematics 3.0% | 0.22%
derivative of the phase shift | 0.32% | 0.32%
Wilson coefficients 71% | 8.1%
Total 18% 19%

Table 2: Systematic error budget for Re Ao and Im As.

Particle Seminar; 2/14/123; A. Soni
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RBC-UKQ(D PRY6S
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RBC-UKQCD (-07) Initiate use of
SU(2)XSU(2) ChPT for
chiral extrapolations-> significant
improvement in BK and many other light-
light entities {07->}

P e Seminar; 2/14/123; A. Soni



Why hadronic matrix elements from
the lattice are needed: lllustration BK

Kv LADK 0™ <@I\/L/é‘{>
). 9 1)

G 'm’--"fr’mfr - roTr*
‘EH‘ — IQT/EFQELIE%BHHE Im(mgﬂ(i‘-c](hspﬂ) T QFgSD(lC E;)L Lr:dL Ltd
m K

+mSo(ze) (V) ) g AROWY M&CF
€y N Kaguom Comslob Dk Wl«kgw
= /K|EY, d) 7/53%’v
K [/0 %W T
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VeryVery Brief Introduction to Lattice methods

Quantum ChromoDynamics (QCD): Theory of strong interaction which
governs interaction between quarks and gluons.
In contrast to Quantum Electrodynamics (QED), The effective coupling
of QCD decreases in high energy, hence is calculable by hand, but not in
low energy. — Nonperturbative techniques such as lattice QCD is needed
for ab initio calculations. (1(x), A, (x)) = (¥(n), U, (n) — exp(—iA,))

A A A

¢y %[O - m)ep(~(5)

b oo T [laviigan] ew(-(s; + )
Ux St =D(MTM)™1,  Ser = Sz + S¢
‘P. T 3 w3 > S, zﬁZ [(U“(X)Uy[}{—l—ﬁ){}i(x_|_1_‘})Ui(x)]
y
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SYMBOLICALLY

(0) Z/d |06

Z = | dlAd,le

Monte Carlo methods and importance sampling
ideas are used to numerically

compute these starting from path integrals over
discretized space-time boxes
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