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Some fundamentals of Lattice QCD

L attice QCD:
\/ non-perturbative approach
(path-integral method)
only the QCD parameters
\/ theory regularization
_Xdiscrete space and finite volume




Path Integral Method:
Green functions= derivatives of the generator functional

23,10~ [anopg & PR

Toformally definetheintegrals, one considers

adiscrete LATTICE of finite volume:
infinite-dimensional integralsﬂ ordinary multipleintegrals

[(O(Aa.0)) = [3A5a5a O(A g, a) & A9~
1N few configurations contribute ©
= N;O({C}J\ generated by a Monte Carlo

112




In the era of precision Flavour Physics

' &« (2.280 + 0.013) 103 0.6%
Am, (0.507 + 0.005) ps-? 1%

Am, (17.77 + 0.12) pst 0.7%
Sin2p 0.672 + 0.024 3%

IV, | f.(0) 0.21664 + 0.00048 0.2%

we are also entering the era of

Precision LATTICE QCD

Unquenched calculations with relatively low quark masses

are now being performed by several groups using

dif ferent approaches (lattice action, renormalization, ...).
Crucial when aiming at a percent precision.




"PRECI SI ON"” LATTICE QCD: WHY NOW

1)l ncreasing of comput ational power

(TeraFlops machines)
=) Unquenched simulations

S>> = G

QUENCHED UNQUENCHED

2) Algorithmic improvements:

mm) | ght quark masses
In the ChPT regime




A comment on the results presented below,
@ taken into account In estimating averages

V. Lubicz, C.T. 0807.4605

*The quenched approximation introduces a systematic uncertainty
which depends on the observable and is difficult to estimate

HOWEVER

‘Unquenched simulations are more “expensive” and some unquenched
calculations have not reached yet the same accuracy in controlling
other systematics as (cheaper) quenched calculations

(e.g. continuum extrapolation, non-perturbative renormalization)

*For some observables only few unquenched determinations are available

We will mainly present unquenched (N:=2, 2+1) results,
but without forgetting accurate quenched calculations !




Importance and Success of
° Lattice QCD in Flavour Physics

IVUus|=A

e P (CKM parameter)
Vs and the “1st row” unitarity test

*The Unitarity Triangle Analysis (UTA)

1St row: the most stringent unitarity test

|Vud|2 + |Vus|2 + |Vub|2: 1

Source: Nuclear B-dec. KI3,KI2 b—u semil.
Abs. error: 4-10-4 5-10-4 ~10-6



V. from KI3 decays

G
Tty = Cg 152;; Sew[ 1+ Asugg) + 2Apm] X J

Ademollo- _ . O(1%). But represents the
Gatto: f.(0)=1- O(ms-m) largest theoret. uncertainty

ChPT

f,(0) =1+f, +f, + O(p?) Old standard
estimate:

Leutwyler, Roos (1984)

Vector Current f2 ==0.023 THE LARGEST (QUARK MODEL)

Conservation Independent of L; '~ UNCERTAINTY =R oNokloE RoNelok:
(Ademollo-Gatto) 4




. f(q,,.)
Lattice QCD . ] }
THE O(1%) PRECI S| ON CAN BE REACHED 104
1.0050 - 0 i }
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dependent) results slightly
higher than Lattice QCD

a9 9% 090 97 g9% 9% 4 N

f.(0)=0.964(5) == |V,|=0.2246(12)



V,./V, from Kp2/ap2 decays

T(K — u,(3) fVisP £\ K- 53) s
— - (—) X % 0.9930(35) N\
O — pw, () \WVeaP \F) J, 4 _ ) | K
n m2’ [Marciano 04]

The lattice determination of f,/f_, together with
the experimental measurement of the leptonic decay Br’s,
and with |V 4| from nucleon beta decays,

allows to extract |V |




f /f_: LATTI CE SUMMARY

Flavianet Kaon WG
f /f,=1.189(7)
IV,.|=0.2261(15)

usl

o230} Fravi A
@ "%l kaon we
>

F.(0) = 0.9644(49)
fic/Fx = 1.189(7)

T T T T e R
Rl —— REC 04
f I 1
o— ETMC 03 (0904.0954)
I 1
i.'::#—' MILC 04 - Latticad?
Nf=2+ 1 H_q._. NPLGCD 06
| HPQCD-UKGCD 07
I 1
L 1 REC-UKQCD 08
.—H PACS.CS 03
._H_. ALV 08 - Lattice08*
._.H SMW 08 - Lattice0s*
Lo
105 L0 L3 120 13 130 135 T4
f/
KI3 and KIl2
determinations
of V.
are in good
agreem ent

First row
unitarity test

works well

0.225

0.970 0.975 Vid



Status of the UTA within the Standard Model (SM)

M. Ciuchini et al., hep-ph/0012308
‘ M. Bona et al. [UTfit Collaboration], hep-ph/0501199

The experimental constraints:

AmS Vub relying on theoretical calculations
€. Am, , of hadronic matrix elements
Am, |V,
sin2B,cos2B,a,y( 2B +Y) independent from theoretical

calculations of hadronic parameters
overconstrain the CKM parameters consistently

® 5 | _______.
UTf: t WWW.utfit.org
C.T.,0902.3431

SM analysis
= o : g
e 4 /\x '
s - )
'--"“'--..,___ “"L__% Amy '{j'm" .
off N {,,,5?4 The UTA has established that
g %:‘%X\\ the CKM matrix is the dominant source
of Yol e o el of flavour mixing and CP violation
[ ".IIL - sin{2fisy)
S
0.5 H\J'E____ H,f'/“
p =0.154 +0.022 fj > [~14%
|
- | [n=0.342+0.014 —F—T |~ 49
0% ) B
p



http://www.utfit.org

THE UTA CONSTRAINTS UTfi

Relying on LATTICE calculations
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The Kaon bag-parameter: B,

(R\Q(u) [ K°) = 5 fhm Bic (10

043

Nf=0, KS, PT [JLQCD’97]

Nf=0, DBW2-DWF. RI [RBC’05]

Nf=0, Iwasaki-DWF, SF [CP-PACS’08]
Nf=0, KS-AsqTad, PT [HPQCD/UKQCD'06]
Nf=2, DBW2-DWF. RI [RBC’04]

Nf=2, Overlap. RI [JLQCD’08]

Nf=2+1, KS-AsqTad. PT [HPQCD/UKCD’06]

« »+ B @& [ < 0O 4

E 2k Nf=2+1, Iwasaki-DWF, RI [RBC/UKQCD'07] [

®3%o00

0,0025

02,0050 0,0075 0,0100 00125 0,0150 00175
2 2
a (fm")

*Recent unquenched results (so far at fixed lattice spacing)

*Quenched calculations: O(a)-improved, multiplicative renormal., continuum limit
*No evidence of quenching

*Discretization effects could similarly affect quenched and unquenched results

| = Unquenched simulations at several
B, =0.75+0.07 ( By{ 2GeV)=0.55:0.05) Lattice spacings are in progress !!

V. Lubicz,




The B, ; decay constants:

fg , fae ‘ Inputs for Amy,, and B—1v \

f, (MeV)

T — T T ]
N R CP-PACS 00 N B CP-PACS 00
Nf=2 Nf=2
O | CP-PACS 01 = ' CP-PACS 01
- MILC 02 - | MILC 02
———— JLQCD 03
" JLQCD 03
- FNAL,MILC 07 *
= FNAL,MILC 07 * Nf=2+1
Nf=2+1
e HPQCD 09
H—=— HPQCD 09
1 | 1 | | 1 | 1 | | 1 | 1 | 1 | 1
e e I e N L 160 180 200 220 240 260 280 300 320 340 360
140 160 180 200 220 240 260 280 300 320 N340 f, MeV)

*Heavy quark treated with two different
approaches (NRQCD, FNAL)

Importance for f; of light quark masses (< m./2)
sImportance of continuum limit

m
‘ = ‘ CP-PACS 00
Nf=2
i CP-PACS 01
— MILC 02
’ = ’ JLQCD 03
& FNAL,MILC O7 *
Nf=2+1
] HPQCD 09
| | 1 | 1 | 1 | | 1 | | | 1 | | | 1
1,00 105 L0 115 120 125 130 135 140 145 150
st’;B

V. Lubicz, C.T. 0807.4605

fo = 245 + 25 MeV
fz= 200 + 20 MeV
fo/fy = 1.21 +0.04




The D and D, decay constants: f, foq \

The Br’s of th Dy,
\ég{ s leptonic decays
D D, have been accurately
measured at CLEO-c
I | I | + I : I IGP—P.-&.:‘ZE ;]CI | In 2008, the
NE<z | = s MILC 02 experimental
- BT measurements and the
. Siss lattice results for
HEmdel = F”’!“"'M"‘G‘”V were ~ 2-3 ¢ away
i He P 08
. CLEO 09 % _|
T R Y T T R R TR 35?\ e ey CLECRE
fo, (MeV) measurement
(0901.1216)
| I | I 1 II | | I | I | I I I I | I | I Went tOWardS
NE=2 e B CP-PACS 00 lattice results
|—+—| MILC 02 ;
| i ETMC (0904.0054) V. Lubicz, C.T. 0807.4605
Nf=2+1 i HPQCD 07 —
e = +
] FNALMILC 08* fDS 250 £ 15 MeV
| o fo= 212 + 14 MeV
1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
140 L& 180 20 120 244 260 280 300 320 340 — -+
R foo/fp = 1.18 + 0.03




The B, s bag-parameters: Bgy , Bgg

(BIQ(u)IB)=-m3 f:B, (1)

\VARYAS
‘ th Vtq
O\
) ; 1 5 (
>
I
B & UKACHOD
- BB
5
ey APE 01
Nf=0
EA JLQCD 02
NE=2 P A JLQCD 03
A RBC,UKQCD 07 *
Nf=2+1
Wl HPQCD 09
I I | | | I | | I |
0,50 0,60 0.80 0,90 1.00 1,10 1,20 1,30
BBq(mb)

*Bgs = Bgg _
*Chiral logs are unimportant
In the B-parameters

N

By, =Bg, =1.22+0.12 |y | ypicz, c.T. 0807.4605

f, (Bs, =270:30MeV , f,.B,, =225:25MeV

f, \/Bs
g=— - ° =1.21+0.04
fB BBd




Nf

Nf=2+1

il

FNAL 01
ROMA-TOV 08

FNAL 08

Nf

Nf=2+1

— e

=D

c)®

FNAL 99

ROMA-TOV 07

FNAL 04 *

0.96

V,, from

B— D/D* | v decays

*Form factors calculated by FNAL and
ROMA-TQOV Collaborations, with
different techniques — in agreement

*Percent level accuracy achieved, as
required to evaluate corrections to
the static limit

*Privileged role of B— D* | vdue to
the better experimental accuracy

V. Lubicz, C.T. 0807.4605
« 39.2 £1.1)-10°°

B—D*lv

excl.
B—Dlv

‘ Cb‘excL

Vool
« 39.9 £4.4).10°°




V fromB— w | v

[
UKQCD 00

APE 01

FNAL 01

JLQCD 01

FNAL/MILC D4 * | ®

HPQCD 06

. 4

NT=0

Different techniques to treat the b
guark (NRQCD,relQCD,FNAL)—
In good agreement

*No evidence of quenching effects

V. Lubicz, C.T. 0807.4605

+ 35.4 +4.0)-10™*

LQCD

‘ ‘VUb ‘excl

Q.0

1 1
1.0 13 2,0 2.5 3,0

T(q =16 GeV )|V | (ps )

In agreement with a new improved
lattice study (FNAL/MILCO08) which
combines lattice and BaBar data

for f,(g%) in a model independent way:
|V,,|=(33.8% 3.6)*104 [0811.3640]

QCD Sum Rules provide well compatible results
(see talk by Patricia Ball)




Due to many experimental constraints, some hadronic
guantities can be extracted from the (overcostraint)
UTA and compared to Lattice calculations

Extracting them as free Averaging recent accurate

parameters from the UTA: Lattice results:
(UTfit, update of hep-ph/0606167) (V.Lubicz, C.T., 0807.4605)

£¢ B,Ur=0.75:0.07 B,47=0.75:0.07
Amy f, VB, UT=265:4 MeV|| f, VB, 4T=270+30 MeV
JAM EUT=1.25+0.06 ELAT=1.21+0.04

Remarkable agreement:

Additional evidence of the SM success
In describing flavour physics
‘Reliability of Lattice QCD

Further improvements in Lattice calculations New accurate studies

of B and & are looked forward : .
to increase the UTA accuracy are in progress:.







BACKUP



KO- KO mixing: the complete operator basis

2 ad

o (K% O1(p)|K® = =M& 7 B (1) ,

L'..w-fIC&'-

& 2
(KOO () |K%) = —= - | My fi B3d(y,
7| Og () |7 3 \ . () I ma(p) i fic B2 (1)

2
MZ f2 B3 (u)

(K9 O3(p)|K°) =

2

1
(msuu—l— mdl;u)

(K O4(1)| K% = 2 M3 2 B3 (u
KO )| K7 mSHHJr md”“) il Byt (p)
9 2
(KOO () |K% = = | MEfE B RI-MOM
K5 Os(p) | K7 3 Um.(; u-l— ma (1) KJr Bs | (2 GeV)
Byt B3¢ B3 B3t Bt
All hep-1at/9920027 0.68(21) 0.67(7) 0.05(15) 1.00(9) 0.66(11)
quenched hep-lat/0605016 0.56(6) 0.87(8) 1.41(16) 0.94(6) 0.62(8)
hep-lat/0610075 0.52(4) 0.54(2) 0.71(2) 0.70(1) 0.62(1)
I

*The differences among the three determinations are larger than quoted errors
New studies are needed

V. Lubicz, C.T. 0807.4605

Bt =0.7(2) . B =10(4) , B=0092) ., B=06(1)




BO- B® mixing: the complete operator basis

RI-MOM
(2 GeV)
By* B By By B
SPQcdRO1 0.88(5) 0.84(4) 0.91(9) 1.15(6) 1.74(7)
JLQCDO02 0.86(5) 0.86(5)
unquenched®»HPQCDO06 0.76(11) 0.84(13) 0.00(14)
I

V. Lubicz, C.T. 0807.4605
BY =1.15(13) BYM = 1.74(19) |

ByY = 0.85(10) , B3 =0.90(13)

‘New unquenched studies are looked forward |




V. Lubicz@SuperB workshop, 2007

©2007 V. Lubicz

Hadronic | Current | 60 TFlop | 1-10 PFlop
matrix lattice Year Year
element error [2011 LHCb] [2015 SuperB]
t5 0y | 09% 0.4% <0.1%
(22% on 1-f,) (10% on 1-f,) (24% on 1-f))
sz 11% 3% 1%
fy 14% 25-4.0% 1-1.5%
r Bl 13% 3-4% 1-1.5%
£ 5% 1.5-2% 0.5-0.8 %
(26% on &-1) (9-12% on &-1) (3-4% on &-1)
A 4% 1.2% 0.5%
B * (40% on 1-F) (13% on 1-F) (5% on 1-F)
£ . 11% 4-5% 2-3%
PR 13% 3— 4%

S .Sharpe @ Lattice QCD: Present and Future, Orsay, 2004
and report of the U.5. Lattice QCD Executive Committee

Trying to predict

the future...

C. Davies@SuperB workshop, 2009

What can we achieve
in five years?

For calcs required to extract
CKM, progress required 1s clear

. 3 Kr — K — fr\’ D,Dg B_"BSH B — = -
pl?:tfs K alv |a—iv|—=Iv|—=IN|p 1y B‘T'Bd vranoe
: . b, Ao [ Y mixing | (§)
cale. |MMXINE | £ (0) |(fre/ fu)| (Fo)| () | £ (6D
- t - (]
cutenl) 70 10.5%(0.6% | 2% | 6% [0 6% | 3%
error disc. | chiral | volume a normin EI::::‘LIn :;I:nln :g:al
current
exptl [0.5%(0.2%[0.2% | 4% | 30% | 4% 1% | 0.5%
error
future
lattice | 2% [0.2%(0.3% [ 0.5% | 2% |2-4%| 3% 1%
error
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