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I. Overview of lattice QCD

LQCD is QCD formulated on a discrete Euclidean space-time grid.
LQCD is in a formulism of Feynmann path integral quantization.

LQCD is a theory from the first principle, it retains the
fundamental character of QCD.

The functional integrals are calculated through the numerical Monte
Carlo simulation instead of the perturbative expansion.

Therefore, LQCD is a non-perturbative method for solving QCD.

The numerical simulation of LQCD becomes the third branch of hiﬁh
energy study parallel to the theoretical and experimental approach.



Wick Rotation from Minkowski Space to Euclidean Space

A D-dimensonal Minkowski field theory is connected to a
D-dimensional Euclidean field theory through analytical

continuation----Wick rotation:
4
rg =t > —txy = —it, r%:émf:mﬂ—ﬁ:—mﬁd,
Po= F - ip4 .




Path Integral Quantization in Euclidean Space

- The generating functional of QCD in the Euclidean Space
7 = [DA# Dip DY e™°
S = f d*r (% Flun FRY —ah Map)

* Integrating out the fermion fields, we have,

S = Sgauge + Squarks = f d*z (invap) - Zi lﬂg(DeJ['Mi)

- The physical observables are obtained by calculating the expectation
value of a field operator

1
(0) = Ef'mpf?e-s.



QCD on a Euclidean Space-time 6rid

- Space-time discretization Lattice spacing a

.

—>

A,(X) => U, (x)=eP"

w(X) ==> (X



The symmetry group of the continuum theory — Poincaré invariance — is
reduced to a discrete group. On a hypercubic lattice rotations by only 90°
are allowed so the continuous rotation group is replaced by the discrete
hypercubic group [34]. Translations have to be by at least one lattice unit,

a0 the allowed momenta are discrete

2
k = E n=10,1,...L
or equivalently
2
k= :I:E n=0,1,...L/2.

On the lattice momentum is conserved modulo 2.

T
It is easily seen that, the largest momentum on the lattice is —
The finite lattice spacing provides a natural UV cutoff. a



The Local gauge symmetry

* Local gauge transformation:

(z) = Viz)p(x) NI \ ,,,,,,,,, L

¥(z) = B(2)V(z) I SN S Y 2

Uu(z) = V@)UV e+ o o

* There exist only two types of gauge invariant quantities:

Tr ¢(z) Uuy(z) Uy(z + ) ... Uy(y — p) ¥(y)

Wil = Re Tr (Uu(2) Up(z + i) Ul(z + ) U} (z))



The simplest gauge action

* The action should be gauge invariant, so it is constructed by
Wilson loops.

W;f P =Uu(2)Us (z + 2)UN (2 + D)U N (2)
a4gz

o Fu Y+ 0(a®) + ...

eAeB _ eA+B+[A,B]/2+---

4 2

ReTr(1 — WF}:,”) _ 29 Fo, F'* + terms higher order in a

! Re 1x1 a* 1 4
EZZ Tr(1-W,7) = EE:E:FPU‘F#” — zfd xFy, FH
T py BT

6 1 151
SQ=EZZReTr s(1=-W2h).
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Naive fermion action

Replace the derivatives to differentiate

~(4(x +a) — é(x — a))

0:6(z) = Asd(a) = o

¢E’¢— — (=) Z YulUn(e)d(z + ) — Ul(z— p) v(z — )]

— ~F

SV =mg > P(=)b(=) =
o V@ lU (e + )~ Ul(e — (e — )
= qu z) My [U]¥(y)

1
Mi.j[U] = mq&u + EZ [TpUi,in,j—p - T#UiT—p,pJ‘:J'H"]
n

Satisfying the chiral symmetry 7/5|\/| + M Ve = 0



The properties and problems of naive fermion action

A

“Fermion doubling”

-1 _ 1 .
S™(p) = myg + GZT“ sin pya

No-Go theorem on finite lattices

On a four-torus
Locality, hermicity, correct low-momentum limit

Chiral symmetry and free of fermion douling
cannot be satisfied simultaneously

v



Wilson fermion action

* Adding an additiong dimension 5 term to the conventional action,

0% (x) > - (B(x+a) + p(x-2) - 26(x))

+ zi ;armwﬂ(rwmm - Ul(z - i)(z — )]

_ 2:;& Y H@) U)oz + ) — 26(z) + Ul(z — p)e(z — )]
T, p

I 1
= ) b, My vy mga = S—— 4r
r,y

2K

M;T;,[U]a = Opy — K Z[(T’—‘Tn)Ur.ﬂ5r.y—ﬂ+('-‘“+’m)U£—p.p‘?r.yw]
il



Properites of Wilson Fermion

Free of fermion doubling

1

1 — 2k Zp_ (r cosp,a — ¥y, sinp,a)

Sr(p) = My (p) =

The 15 extra states get heavy masses propotional to 2r/a and
decouple from the theory when a is small enough.

Discretization errors

ga  (ma+r) %/ (1+ 2mar + m?a?)
B 1+7r

=

Naive fermion (r=0): E=m+ O(mi}ai)

Wilson fermion (r=1): Fa = log(14+ma)



Chiral Fermions

* Ginsburg-Wilson relation- - -chiral symmetry on lattice
7:D+Dy,=aDy.D

- Chiral tranformation in the continuum

y — ey,

v — e’

 Chiral transfromation on the lattice

W —> aifrs(1-ab /2)

v — pe

v, The lattice action is invariant

i0y . (1-aD /2) if GW relation holds for D



* Two types of fermion actions that satisfy GW relation:

overlap fermion
domain-wall fermion

* Free of fermion doubling + chiral

- But computation is much more expensive.



Monte Carlo Simulation of Lattice QCD

The equivalences between a Euclidean field theory and Classical Statistical Mechanics.

Euclidean Field Theory

Classical Statistical Mechanics

Action
unit of action A
Feynman weight for amplitudes

—~S/h _ e-f cdifh
Vacuum to vacuum amplitude

f D :ﬁB-S Ik
Vacuum energy
Vacuum expectation value ({}l ﬂlﬂ)
Time ordered products
Green'’s functions {GlT[lﬂl . ﬂnllﬂ}
Mass Af
Mass-gap
Mass-less excitations
Regularization: cutoff A
Renormalization: A — eo

Changes in the vacuum

Hamiltonian
units of energy 3 = 1/kT
Boltzmann factor e—FH

Partition function z con e—HH

Free Energy

Canonical ensemble average (Iﬂ}

Ordinary products

Correlation functions {lﬂl e li'Jn}
correlation length £ = 1 /M

exponential decrease of correlation functions
spin waves

lattice spacing «

continuum limit ¢ = 0

phase transitions

Due to the similarity, we can borrow the methods of statistical
mechanics to study lattice QCD, such as Monte Carlo simulation.




MC Simulation——Importance Sampling

Taking @ SIVv V] as a probability distribution, an ensemble
of configurations are generated from MC simulation. This is the
procedure that eat the computation resources mostly.

After the generation of configurations, the
functional integral

_ 1 _ _
(O(A,.7.y)) =— [ [DA,DFDy1exp(=S (A, 7.4 ))O(A,.77.¥)
becomes the much simpler arithmetic average:

<O >|v|c - Iil-_lzjll O,

* Generally speaking, the quantites that are most commonly calculated
are Green's function, say, the vacuum expectation values of field
operators defined at different space-time points.



Quenched and Unquenched

Z = [DUD yDye ™™ = [ DU det Me ™
_ J‘ DUe ~Sy+TrinM

On the lattice, M is a very large matrix, such that the calculation
of its trace is very expensive in the MC simulation. A way out this
difficulty is to take the approximation

det M [U ] = const .

Theoretically, this means that we set the sea quark mass to be
infinitely large such that they decouple from the gauge field. In
other words, we will ignore the vacuum polarization diagram, say,
the effects of sea quarks.



(B) Full QCD

(A) Quenched QCD: quark loops neglected



Extracting Physical Quantites from MC Simulation

Example: LQCD calculation of pion mass and pion decay constant

* Two point function:

C(t) = (OIT[Z, Os(=,8)0:(0,0)]|0) Oy = O; = Ag = Praysed

Theoretically, we have the following relations

C(t) = ((1|Z@f £)0:(0)[0) = Z(ﬂl@;ln}*(nl@lu} Bt

C(t) = (01D Os(=,00:(0)0) , = (ﬂlf}f';ﬁ:w”} e~ Mxt

(0| A4(p = 0)|7) = M fe.



The local interpolating field operators for mesons and baryons m Wilson-like theories.

Frojection to zero momenium states B obtained by summing over the points © on
a time slice. The C-parity is only relevant for flavor degenerate meson states. The
() in baryon operators denote spin trace. C = 43-y4 and the symmetry properties of
Aavor indices for nucleons are discussed in the text. The decuplet baryon operator is
completely symmetric in flavor index

State IS(JF) Operator
Scalar(«) 1~ (ott) u(z)d(x)

1~ (ot u(z)yad(z)
Pseudoscalar 1~(0~T) T(z)ysdiz)

1~ (0™7F) u(z)yays d(z)
Vector 1+ (1) Tz )yid(z)

1t (1=~) T(z)yived(z)
Axial (a;) 1=(1++) Tz )yiysdiz)
Tensor(b; ) 1t (1+-) T(z)yiyid(z)
Nucleon octet 33 ) (ulCdp)ys sceabe

2(z7) (uTCysdp) sce?®

Delta decuplet 22N (6T Cyidy )sceabe




Mumerically, C(t)

m(t)a=1In
C(t+1)

N I B ]

= M(t)a:m& .

0.32 |- o, = ot Ct+Y) -

= i |
— 03|
= i
0.28 -
0

The mass plateau



* Three-point function:
) d By
V].J.
- s
v

CaplterPotyiq) = D e ®*00|T [K*V,D°] |0)
Xy
= 2 e PTG 5(0)pu(0)2(y)yus (y)a (<) yse(<) 0}
Xy

exp (Ex(p +q)t, — Ep(p)(t: — 4,))
4By (p +q)Ep(q)
x A0|5sulK(p+ q)){K(p + q)|ey.s| DipH{D(plEysc|0}

: ]

Form factors

\v




Control of systematical uncertainties

paramEterS:

= Quark mass m orm, /m,

= Lattice size L{fm)

= Lattice spacing a (ﬁ”) L

il

Sources of systematical uncertainties:

Pion masses are higher than the physical value
chiral extrapolation-ChPT

Finite lattice spacing: continuum extrapolation

Finite volume effects. [T . L >3.5



Going back to the Contimuum

 Dimensionful quantities measured on the lattice are all in unit of
lattice spacing a, since the only dimensionful parameter in LQCD
actions is the lattice spacing, apart from quark masses.

* The continuum limit can be reach by extrapolating the measured
values at several finite lattice spacings.

Qphy. = Iima—>0 Qlat (a)

* LQCD has the correct continuum limit, continuum QCD. This is
guaranteed by the renormlization group theory.

* The only tunable parameter in the action of LQCD is the bare
couping constant, g, which directly relates to the lattice spacing
according to the RG equation,

1

1 A 2
=3 1O f(g)=(pg?) e




II. Present Status of LQCD

Lattice QCD: A path integral formalism of QCD on Euclidean spacetime

7 = f[DU]e—Sg(U)HmM[U]

Trln M[U] ~ const. = Queched Approximation
mz“‘z #m,* = Partially Quenched )

My [U)# M[U] = Mixed Action Dynamical

Calculation

>

Otherwise, a unitary theory of full QCD on the lattice

Observables: VEV of operators, such as Green's functons.
- +Tr In 1
(0)=[[DU b )e > @rmmMBl— T2 0

Monte Carlo simulation, importance sampling



Ukawa, KITPC 2009

& Lattice QCD over the years...

19I?5 1980 1985 1990 1995 2000 2005 2010
| | |
7300 j i | ; 1 i ==
1974 lattice QCD
Physics
1=* spec calculation
1981
Hamber-Parisi
Weingarten :
— 0.8fm 1.6fm 2.4fm .0fm 3.0fm
Lattice size L aIE 163%32 243x48 643x118 323%64
_ Nf=0 quenched
Algorithms
. Nf=2 u,d
Nf =#sea quarks Nif=2+1 u,d,s I
= 4% generation
2rd generation o ge?eratmn 10Tfops  100Tflops
Machines 1st generation IGGHGDSAPElﬂ 1Hops
1Gflops [

APE1

! ‘o




Ukawa, KITPC 2009

@ Development of supercomputers

NWT
o

PFLO

TFLOPS

GFLOPS

160

10

100

10

0.1

O Vector computers

o
o -

| L]
]

2]

e ® o b O O

b ———"l——r—r————r— E

&

CRAY/CDC

Major project machines
in Japan

B Earth Simulator

Hitachi/Fujitsu/NEC

Fujitsu
NEC
CRAY

Parallel computers
Qe n . @

CRAY
IBM

Intel
™C
other
Fujitsu
Hitschi
NEC/Sun

Project machines
® Tsukuba

Columbia

GF11(IBM)

4 Vector-parallel computers

13



Ukawa, KITPC 2009

@ Current computing resources for
lattice QCD in the World

e ¥ QCDOC 10TFx2
- &% NY BG/L 100TF
= #5Y ANL BG/P 557TF
- TAC Ranger 504TF

QCDOC 10TF 3
CRAY XT4 63TF | .

= Julich BG/P 220TF
Berlin ALTIX 62TF .
Bielefeld APENEXT 6TF

I
o About 10 major cites scattered in USA, EU(UK, Germany,
Italy etc), Japan

o In total 500~600Tflops in peak speed (US300Tf, EU150Tf,
Japanl100Tf)

o Data sharing through ILDG (International Lattice Data
= Grid) —

17



Lattice QCD

Dynamical

configurations

¥ ¥\

Probel Probe2 ...

Probes: valence quark propagators, etc.,

. 1

Data analysis

Expensive

Fairly
expensive

Manpower
intensive

Experiments

\

Detectors

. 1

Data analysis



Recent |large-scale Nf=2+1 calculations

Collaborations  action a L m,,
(fm) (fm) (MeV)

s MILC Kogut-Susskind 0.06 4 220

=  PACS-CS wilson-clover 0.09 3 155

= BMW wilson-clover 0.09 4 190

= RBC-UKQCD domain-wall 0.085 4 220

= JLQCD overlap 0.11 1.8 290




- RBC-UKQCD Collaboration:
2+1 Domain Wall Fermions (DMF)

N; a[fm] aL[fm] L*xT m,;[MeV]
241 0.121 ~ 19 16 x 32 400,526,627
2+1 0.114 ~ 27 243 x64 328417
2+1 0.084 ~ 3.0 322 x64 295,350,397

Advantage: chiral symmetry on the lattice



* MILC Collaboration:
2+1 Staggered Fermions (Asqtad)

Chiral symmetry = partially reserved

Each has 4 tastes
The Fourth Root Solution

Advantage: computationally cheap

Disadvantage : 100 ) L L) L] | L] L] L] L] | 1 1 1 L] | 1 d L] 1
the fourth-root-trick is i 5 )
controversial. 80 |- —

- 0 -
o~
- O -
| < 0 i
Ensemble | Iy | am | B ‘ size | ML | E 60 — o =
~0.09fm (F) | 0.0062 | 0.031 [ 7.00 | 28° %96 | 4.14 o - ® '

7 0.09 fm (F) 0.00465 | 0.031 | 7.085 | 323 %96 | 4.10 E - -

~0.09fm (F) | 0.0031 | 0.031 | 7.08 | 40 x96 | 4.22 ~, 40 " O o

=2 0.09 fm (F) 0.00155 | 0.031 | 7.075 | 64° %96 | 4.80 E [ 'n) o

~ 0.06 fim (SF) | 0.0036 [ 0.018 | 7.47 [ 483 x 144 | 450 20 - g 0 o0 -
= 0.06 fin (SF) 0.0025 | 0.018 | 7.465 | 56° x 144 | 4.38 [ o ® § R O 7
= 0.06 fin (SF) 0.0018 | 0.018 | 7.46 | 64° x 144 | 427 - 8 B 0 O

~0.045 fin (UF) | 0.0028 | 0.014 | 7.81 | 64> x 192 | 4.56 | ot oo b 10y
0.00 0.05 0.10 0.15 0.20
a (fm)




+ 2+1 Wilson-type Fermions (Clover,etc.)

Disadvantage: chiral symmetry can be restored only

in the continuum limit.

Collaboration BMW PACS-CS QCDSF CLS
Ny 2+1 2+1 2 2+1(SLiNC) 2
Gauge action | Tree Symanzik | Iwasaki Wilson Tree Symanzik | Wilson
Csw Tree level NP NP NP
Smearing Stout Stout
Algorithm (R)HMC DDHMC (R)YHMC DDHMC
+PHMC +deflation
a(fm) 0.065-0.125 0.09 0.072-0.09 ~0.08 0.04-0.08
mz(Mev) >~ 190 156-702 | 140 - 1010 360 - 520




- ETMC Collaboration:
nf=2 (2+1+1) Twisted Mass Fermions (Asqtad)

Ens. 4 | alfm] V/a Uflsea | e [MeV] | my L | Negq
A, || 3.8 | 0.10 | 247 « 48 | 0.0080 410 5.0 | 240
A 0.0110 480 5.8 | 240
B, 3.0 | 0.085 | 24°% » 48 | 0.0040 315 3.3 | 480
By 0.0064 390 4.0 | 240
B, 0.0085 450 4.7 | 240
B, 0.0100 490 5.0 | 240
B- || 3.9 [ 0.085 | 32% x 64 | 0.0030 270 3.7 | 240
B 0.0040 310 4.3 | 240
[ 4.05 ] 0,065 | 327 < 64 | 0.0030 310 3.3 | 144
Yy 0.0060 430 4.6 | 128
Cyq (0.0080 500 5.3 | 128




III. Selected Latest Results of LQCD

+ Static potential----confinement

-+ Standard model parameters
alpha_s

current quark masses

CKM matrix elements relevant

- Spectroscopy



1. Static potential and confinement

Derived from vacuum expectation
values of Wilson loops

W(R,T)
V(R) = 1i ll (W(R,T))
) = fign, ~ 1B VR T)).
R
Cornell confinement potential v (R) =V + o R — =,
6r 'X'é\GO"'l"'w""_ L L B
¥ =0. i - X §=5.6, £k=0.156
4 i g;gi {{ L[t £=586, £=0.1575
B Attt 13 -
2| ' . i
o B o 2
e B I o i a3 B
T T oF
-2 3 — i
N Quenched potential .,
s . X
[ [ n,=< potential
76 [ ‘ L . L ‘ o o I L . L . I . L1 L ] _4 L L1 L1 | 1 | 1 | I 1 - | I | 1 1 1
0 1 2 3 4 0 1 2 3

R/Ry R/R,



2. Strong coupling constant

0.8 | T
" i Average ' |
1 _kladronic Jets
—_ 06 F 1‘ § . 1 e'erates
3 . i 1 Photo-production
~ 1 O
3 By 1 Fragmentation
~ N [:-':I _3 | . 1 Zwidth
Eg 0.4 0, "f ep event shaped !
\@W %%Wmﬁ Polarized DIS !
. Bl T Deep Inelastic Scattefind (DIS)
02 n¢ = @‘Wh g, -—ﬁ;iﬁ”:::_ ] p —Eo—g':- T decays
. T
| | | | Spectroscopy (Lal.tgcp)
2 4 6 8 Y decay E E
| | | | I: :| | | | |
d/a (GeV) 0.1 0.12 0.14
o (M)
a(Myz) Observable Sea formulation Reference
0.1183 £ 0.0008 Wilson loops, Creutz ratios, ete. 2+1 asqtad staggered HPQCD |
0.11744+0.0012 charmonium correlator 2+1 asqtad staggered HPQCD |
0.1197 £ 0.0013 Schrodinger functional 2+1 improved Wilson PACS-CS
0.1185 £ 0.0009 Adler function 2+1 overlap JLQCD [4
0.1186 £ 0.0011 scattering, 7 decay, etc. 2+1(+1+1) Dirac (!) Bethke [4!




3. Quark masses

(a) Pseudoscalar meson masses=-Light quark masses. The lowest-order
ChPT gives

a2
m_ o 1y, + 1My.

(b) Up and down quark are always set to be degenerate in mass,

| =

my = —(1Mmy, + myg)

i

et

(c) The bare quark mass should be renormalized. Z,, is always abtained by
the The Ward identity of a flavour non-singlet vector current J; = 1,5@?“‘1,&,

(0,J5) = (V[ M, °]1) + contact terms,

which gives the relation 7,7, = 1, where M is the quark mass matrix
and Z;, is the renormalization factor for the scalar operator.




For heavy quark masses, HPQCD proposes a new solution
C. McNeile et al, arXiv:1004.4285

J5= ‘t.ﬂ"-‘h’}fai.'»"-‘h

G(t) = a® ) (amon)?(0]j5(x, )35(0,0)[0)

G, =Y (t/a)"G() /

Gn — Qn{ﬂﬁ(ﬂ-)a .u'f{ﬂlh) + O((amh}m)
/

(amp(p))m—1

Lattice calculation

_ PT calculable




Latest results of quark masses

Quark masses KMf:V;'cEJ

1000 F

100

10 |

1y [MeV] mq [MeV] My /Mg
MILC 1.96(0)(6)(10)(12) 4.53(1)(8)(23)(12) 0.432(1)(9)(0)(39)
Aubinetal.  1.7(0)2)2)(1) 44(0)02)@)(1)  0.39(1)(3)(0)(4)

2009 PDG

- 2010 HPQCD &
10000

b

c
=

C. T. H. Davies et al. (HPQCD Collab.),
arxiv:0910.3102[hep-ph]

Quantity HPQCD/MILC PDG
my(2 GeV) 2.01 £0.10 2.55 4+ 1.05
mg(2 GeV) 4774+ 0.15 5044+ 1.54
m (‘3‘ GeV) 02.2+1.3 105 £ 35

m.(m,) GeV | 1.273+£0.006 | 1.27£0.11
mp(mg) GeV | 4.164 £0.023 | 4.20£0.17
my(my) GeV - 160 £+ 3
M. /Mg 11.85+0.16 -
My /Mg 0.42 £+ 0.04 0.35 - 0.6
mg /1y 27.2+0.03 25 - 30
my /M, 451+0.04 -




4. CKM matrix elements relevant

+  CKM matrix and PDG number (Amsler2008)

Vid Vis Vi 0.9742 0.2257  3.59 x 1073
Vekm = | Veg Vg Vep | = 0.2256 0.9733  41.5x 1073
Via Vis Vip 8.74x 1072 40.7 x 1072 0.9991
/ Vu{l Vus Vuh \
Lattice gold-plated T—(v K—1{v B—nly
processes which can K — mty
be used to determine Ved Ves Ven
the CKM matrix elements D—/{v D;—{v B— Dily
D— aév D— Kiév B— D*{vy
th Vts Vth

\Bﬂu—:ﬁd B, — B, /



Master equation:

Expt 4 = (SM parameters) (matrix elements) (kinematic factors)

v

Decay constants,

Form factors

Decay constants: (0(4,|H,(p)) = ifu,pu

Which can be derived from the two-point function,

Ca, (1) = (4a(1) O}y (0))



Form factors

Vi
S N
~
K<_/‘D
u v

CaplterPotyiq) = D e ®*00|T [K*V,D°] |0)
Xy
= 2 e PTG 5(0)pu(0)2(y)yus (y)a (<) yse(<) 0}
Xy

exp (Ex(p +q)t, — Ep(p)(t: — 4,))
4By (p +q)Ep(q)
x A0|5sulK(p+ q)){K(p + q)|ey.s| DipH{D(plEysc|0}

S d S
B
\W% e
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Aubin et al 2005
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-

H A5TMeV
O 256MeV

2 — # physical pion
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Shigemitsu et al 2005



a) Latest results of f_pi and f_K

E. E. Scholz, PoS(LAT2009)005

Jx [MeV] fx [MeV] S [MeV] fo [MeV]
ETMC input 158.1(0.8)(2.0)(1.1)  121.57(70)
JLQCD (2) 119.6(3.0)(1.0)("55) 111.7(3.5)(1.0)(*57)
JLQCD (2+1) input 157.3(5.5) 121(14) 79(20)
RBC-UKQCD 122.2(3.4)(7.3)  149.7(3.8)(2.0)  113.03.8)(6.8)  93.5(7.3)
PACS-CS  134.0(4.3) 159.4(3.1) 126.4(4.7) 118.5(9.0)

MILC  128.0(.3)(2.9) 153.8(0.3)(3.9) 122.8(3)(.5)  111.0(2.0)(4.1)
Aubinetal. 131.1(1.3)(2.2)  156.3(1.3)(2.0)

PDG 130.4(04)(2)  155.5(2)(:8)(2) - _




1.14 116 118 120 122 124 126
I

i ALVdW 09
H—H BMW 09
H—— RBC/UKQCD 09
MILC 09b
- MILC 09a
i JLQCDIMWQCD 09
I i I PACS-CS 08
HPQCD/UKQCD 08
I I i I I RBC/UKQCD O7
i NPLQCD 0&
——HH— MILC 04

=2

N,

{1+ ETMC 09
I —{ I ETMC 07
I L} I QCDSFUKQCD 07

—— lattice average
HH nuclear § decay
|




b) Latest results of f D and f_Ds

3

350

CP-PACS "00
MILC "02
ETMC 09
300
HPQCD

FNATLMILC "03

A

FNATMILC "09

Sp MeV)

¥QCD 250

s PDG 08

" CLEQ-c 09

150

350 400 200

Grey bands indicate
the HPQCD results
(Kronfeld 2010)



c) Latest results of f_B and f_Bs

2+1 flavor
Group fs MeV)  fz, MeV)  f5./fs £
Fermilab/MILC 195(11)"  243(11)° 1.245(43)" 1.205(50)
HPQCD I 190(13) 231(15) 1.226(26)  1.258(33)
RBC/UKQCD (APE) 1.20(14)  1.187(112)
RBC/UKQCD (HYP2) 1.19(16) 1.18(19)
2 flavor
Group I3 JB, J3./ /3 &
ETMC 203(17) 247(16) 1.22(6)
Burch ef a/ (0.16 fm) 1.108(29)

Burch er a/ (0.11 fm) 1.089(41)



d) Other lattice inputs to CKM

Current status of lattice inputs to the global fit of the CKM unitarity
triangle. These are obtained by averaging all available 2+1 flavor
results documented in proceedings and publications that contain
Complete error budgets, and account forcorrelations between
different calculations in a conservative manner.

Quantity Error
Bx =0.725+0.026 ~ 4%
B, \/g =275+13 ~ 5%
E=1.243+0.028 -~ 2
Viblexet = (3.424+037)x 1073 ~ 11%
Veplexe, = (386 £1.2) x 1072 ~ 3%
Ke =0.92+0.01 1%

fk =155.8+£1.7 MeV ~ 1%
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Figure 5: Tension between inclusive (blue square) and exclusive (red circles) determinations of |V,,|. The
inner and outer errors bars on the inclusive value denote the errors from the moment fit and from other
systematics, respectively. The inner and outer errors on the exclusive values are experimental and theoretical,
respectively. The inclusive determination [15] disagrees with the exclusive determination from B — D{v by

.26 and from B — D*/v by 2.36.



| S S— HFAG Winter '09 + BLNP
] |HF'AG Winter "09 + DGE

i 3 | exclusive B->alv
il ey oy oy iR g e HE
3 32 34 36 318 4 42 44

IVubI x 10

Figure 6: Tension between inclusive (blue squares) and exclusive (red circle) determinations of |V,;|. The
inner and outer errors on the inclusive values are experimental and theoretical, respectively. The error bar
on the exclusive value denotes the total statistical plus systematic error added in quadrature. The exclusive
determination disagrees with the inclusive determinations [15] by 1-20 depending upon the theoretical
framework used to obtain the inclusive value.



5. Hadron spectroscopy

+ Light hadron spectrum
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S. Aoki et al. (PACS-CS Collab.) S.Durr et al.(BMW Collab.),

Phys. Rev. D 79, 034503 (2009). Science 322, 1224 (2008).



* Lattice predictions of heavy flavored hadrons
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Rho resonance 0T+

On the finite lattice,

VA

2
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Pion-pion I=1, L=1 phase shift and BW fit
(6. Shierholz, arXiv:0810.5337(hep-lat))

m, = 770(111) MeV
r, =2007150 MeV



6. Summary

- High precision for standard model parameters.
+ The spectrum of quite a few light hadrons can
be reproduced.

* Further efforts desired for most of hadron
resonances.

* Lattice calculation at the physical point is
expected in the following ten years.



Thank Youl!
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