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Accuracy of Lattice QCD




For many years, uncertainties in lattice calculations have
been dominated by the quenched approximation

History of lattice errors (before 2006)

4>

QUENCHED

f, f,. /B, £
[MeV] [MeV]
J.Flynn 175(25)

Latt’96 14%
C.Bernard | 200(30) 267(46) 1.16(5)
Latt”00 15% 17% 4%
L.Lellouch | 193(27)(10) | 276(38) | 1.24(4)(6)
Ichep’02 15% 14% 6%
Hashimoto| 189(27) 262(35) 1.23(6)
Ichep’04 14% 13% 5%
N.Tantalo | 223(15)(19) | 246(16)(20)| 1.21(2)(5)

CKM~06 11% 10% 4%




tainties,
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Ciuchini et al.,1995:
Sin2p,., = 0.65 * 0.12

Ciuchini et al.,2000:
Sin2p,, = 0.698 * 0.066

UTfit today:
Sin2p,, = 0.751 + 0.035
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PREDICTION OF Sin2p

Predictions exist since 1995

:
N
+ Hi@ hoE
+
¥
/
Measurements
A Y S T A N M

90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05
year

Direct measurement today:
Sin2p,,, ., = 0.655 + 0.027



SM PREDICTION OF Am,

LOOKING FOR NEW PHYSICS EFFECTS

Ciuchini et al.,2000:
Am_ = (16.3 + 3.4) ps-’

UTfit today:

Am_ = (16.8 = 1.6) ps-
?"’
®

The predicted range was very large in
the frequentistic CKMFitter approach

C z g &
o L L 1 I | N N Y T T O Y
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A mypsT]

Direct measurement today
Am_ = (17.77 £ 0.12) ps-




The present




I PRECISION FLAVOUR PHYSICS I

‘ Experiments 2010 Lattice 2010 | 2006
IV,.|f.(0)| 0.21661 +0.00047 |0.2% f(0) |0.5%|0.9%
Vsl Fi o ‘ o

0.27599 * 0.00059 | 0.2% FJF. |0.9%|1.1%
|Vud| Fn
€k (2.228 + 0.011) x 10-3 | 0.5% By 5% | 11%
Am, | (0.507 +0.005) pst | 1% fVBg | 5% | 13%
Am,_ (17.77 £ 0.12) ps* | 0.7% || fg\Bgs | 5% | 13%
Sin2p 0.655 + 0.027 4% — — . —

Kaons at the Tevatrun
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KAON AND B PHYSICS ON THE LATTICE

: Quark (M_)min
Collaboration action Nf a [fm] (MeV] Observables
MILC Improved f, Bk, fg, B
2+1 >0.045| 230 | K ~K B =B
+ FNAL, HPQCD,... | staggered B—D/x Iv
PACS-CS Clover (NP) | 2+1 0.09 156 fy
f.(0), fx, Bk,
RBC/UKQCD DWF 2+1 >0.08 290
K—nn
BMW Clover 1 241 | 2007 | 190 fi
smeared
2
JLQCD Overlap 2+1] 0.12 290 Bk
ETMC Twisted 2 15007 | 260 | #O)fk Bk
mass [2+1+1] fB
QCDSF Clover (NP) 2 > 0.06 300 f,(0), fx




THE "PRECISION ERA” OF LATTICE QCD: WHY NOW
1) Increasing of computational power

=) Unquenched simulations

- gun‘ Projected Performance Development For‘ La.l"l,ice QCD
The Mooce sit.a¥ | today: ~ 5-30TFlops
10 P Flops - . o 25"-'“ (like The # 500 in The
1 PFlopsz / _ﬂn:‘*“" TOP5OO Iis.r)
E 10 TFiops | DDD.:“‘DD _SL,'_::':iT'E“" TeraF|opS mGChineS
S [ are required to
o creen 1 LLgpe#T] perform unquenched
 orops e simulations. Available
only since few years.
hitp:/‘'www.top500.0mg/
CPU cost for Nf=2 Wilson fermions: [Del Debbio et al. 2006]

= 6
N L L 1 08 f
TFlops-years = 0.15 canf s ¢ AO S 0.08 fm
100 3 fm ZLS m / m5 a



2) Algorithmic improvements:

mmm) |ight quark masses
in the ChPT regime

Ukawa 2001 (The Berlin wall): mips /iy

N L, \(L 2 1 fm Y
TFlOpS-years z@ conf s t ,\0 0 mj
100 ) \3fm ) (2L ) ( fi/m, 3

Del Debbio et al. 2006:

5 6
N L L 0.2 0.1f

TFlops-years = 0.03 [ —L | | —— : - m)
100 3fm ) |\ 2L, m/m, a

Today: M = 200-300 MeV (rﬁﬁt/ms ~ 1/6_1/12)

Few years ago: M ™ =~ 500 MeV (rﬁlﬁt /mg = 1/2)




FLAG (constituted in November 2007) = 85
Flavianet Lattice Averaging Group . o S
G.Colangelo, S.Durr, A.Juttner, L.Lellouch, P i
H.Leutwyler, V.Lubicz, S.Necco, C.Sachrajda, S s
S.Simula, T.Vladikas, U.Wenger, H.Wittig e 258 mm
A working group of: F lav_iA e
net e

AIMS: for each quantity, provide to the network’'s working groups
and to the wider community

@ a collection of current lattice results and references

@ a summary of the essential aspects of each calculation, using an easy-
to-read “color code” classification (& « W)

o averages of lattice results (when it makes sense)




The FLAG colour coding

A number of sources of systematic errors are identified and to each
calculation a colour with respect to each of these is assigned:

when the systematic error has been estimated in a satisfactory manner
* and convincingly shown to be under control

when a reasonable attempt at estimating the systematic error has been
made, although this could be improved

. when no or a clearly unsatisfactory attempt at estimating the systematic
error has been made

e Chiral extrapolation:

* Mymin < 250 MeV
250 MeV < M i < 400 MeV
B M. > 400 MeV

It is assumed that the chiral extrapolation is done with at least a three-point analysis. In
case of nondegeneracies among the different pion states M stands for an average pion mass.




The FLAG colour coding

e Continuum extrapolation:
# 3 or more lattice spacings, at least 2 points below 0.1 fin
e 2 or more lattice spacings, at least 1 point below 0.1 fm
B otherwise

It is assumed that the action is O(a)-improved. The colour coding criteria for non-improved
actions change as follows: one lattice spacing more needed.

e Finite-volume effects:
*  (M;L)min > 4 or at least 3 volumes
o (M;L)yn > 3 and at least 2 volumes

B otherwise

It is assumed that L..;,, > 2 fm, otherwise a red dot will be assigned. In case of nondegen-
eracies among the different pion states M, stands for an average pion mass.

e Renormalization (where applicable): e Running (where applicable):
Y non-perturbative Y non-perturbative
o 2-loop perturbation theory o otherwise
(with a converging series) H —

B otherwise




V,. from kaon decays: f<"(0) and f /f,

VvV 2 mp
=N FK—m;‘v:CE(_me;ISEW“+ASU{2}+23EM]
K T 1927 “
\V} 5 S 3'%
T(K = uv,(y FL L &
=N ® 2 ) x 0.9930(35) FF & p
K F(?T — qu’” }’)) (1 _ ﬁ) . :: qél ;:s' 2y
1~ m2) [Marciano 04] S F
G o5&
g5 5 &
N Collaboration Ny R T @ & i/ Fr
s e ¥
FEFELF ALVAW 09 24T B 1.192(12)(16)
& ,gf‘ e & BMW (9 241 ¢ 1.195(8)(11)
FF¥ S § RBC/UKQCD 09 241 € 1.225(12)(14)
3 e £ ((aLe oob 2941 A * k K 1.198(2)(38
Collaboration Ny R T« & f(0 MILC 09a 241 x *x x 11973)(1%)
PACS-CS 08 2+1 W H 1.189(20)
(RBC/UKQCD 07) 2+1 m0.9644(33)(34)(14) | ( HPOCD/UKOCD 08 ) 241 X 1.189(2)(7
RBC/UKQCD 07 g4 A % MW 1.205(18)(6
(e 0o ) 0.9560(57)(62) NPLQCD 07 2+1 A R 1.218(2)(
QCDSF 07 2 c M 4 MW 0.9647(15) MILC 04 2+1 1.210(4)(1:
RBC 06 ) 5 M & MW 0.968(9)(6)
JLQED 0 2 =R B A (envic o9 ) o x 1.210(6)(1
ETMC 07 2 B 1.227(9)(2
SPQcpR 04 0 s W & W 0.960(5)(7) QCDSF/UKQCD 07 2 ¢ 1.21(3)




V,. from kaon decays: f<"(0) and f /f,

V 2 [|Vus|f+(0) = 0.21661(47)

us \ rK—m C 152 f; SE“['I T ASU ‘}‘ZAEM]
K T —

Flavi A
”etKaon wG
Vys T(K = uvu(y)) {<(1- gﬁ_)
\ — il K %0.9930(35) Vs Fie

K. [m = 7)) <(1- % ) [Marciano 04] Vo | 0.27599(59)

Assuming the Standard Model and combining with nuclear B decays:

From nuclear (3 decays
q|Vud|2 + | Vis|? ‘H%F: 1] [ [Vial = 0.97425(22) 1 20 superallowed transitions
[Hardy and Towner 08]

one obtains: [FLAG]

| £:(0) = 0.9608(46) | | Fie /P = 1.1927(59)

|V | — 0.22544(95) Lattice indepenfienf estimates

of the hadronic parameters




—

V,. from kaon decays: f<"(0) and f /f,

o I

= ]
f.(0) [ V.Lubicz@LATT’09 ]
0.95 0.96 0.97 0.98 0.99
| | | |
H— ( RBG/UKQCD 07
1 lETMC 09
HH QCDSF 07
—i | — RBC 06
11— JLQCD 05
f f 5 f ! SPQcdR 04
—a— lattice average
—$ nuclear [} decay
— S —i KN 08
: 2 : CEEKPP 05
| A | JOP 04
: v : BT 03
| LR 84 \
| | | | |

0.97 0.98 0.99

Error in 2006: @

—

VUS
N\

GEm®
Ty = CE ﬁ [ Sl + Asyp + 2AEM]

e [V, | s = 0.2252(13)
.« |V,.] = 0.2255(10)

Using unitarity and |V 4| from
nuclear 3 decays

Analytical model calculations
tends to give larger predictions
than lattice results



V. from kaon decays: f<7(0) and f,/f_

F/F. [V.Lubicz@LATT’ 09 ] V,.
114 116 118 120 122 124 126
| | I—|—I—|—|| | | | | [ ALVAW 09 ) \
- BMW 09 K
——— RBC/UKQCD 09
- \_ MILC 09b J
- MILC 09a
@ —a— —RACS.CSO08
z | HPQCD/UKQCD 08 mﬁ
N =Eo i (1 Y1,
il e Tl 1ly) \ Vool e ] iy 1 - 2 [Marciano 04]
E* 10— % -
O QCDSF/UKQCD 07
== lattice average
H8- nuclear [} decay ° vLIS KIZ - 0'2248(19)
1.|14 1.|1s 1.|1a 1.|20 1.|22 1.|24 1.|25
* |Velyz = 0.2252(13)
o
f/f, = 1.196 (1) (10) & . |V, | = 0.2255(10)

Using unitarity and |V 4| from
nuclear B decays

The accuracy is comparable to the
ohe reached on f,(0) [0.5%]



KO- KO mixing: B,

V

05 -
0.5~
T [
ey 1 | i
E] 0.5 o 0s 1

B,=0.90 £0.03 + 0.15
S.Sharpe@Latt'96

B, = 0.86 + 0.05 * 0.14
L.Lellouch@Latt'00

o

B, = 0.79 + 0.04 * 0.08
C.Dawson@Latt'05

B,= 0.731 £ 0.036
V.Lubicz@Latt'09

= Ni=0. KS. PT JLQCD'97]
O  Nf=0. DBW2-DWE. RI [RBC'05]
& NE=0, Iwasaki-DWE, SF [CP-PACS'08]
£ Nf=0, KS-AsqTad, PT [HPQCD/UKQCD' 06)
080 —| ® NE=2, DBW2-DWE, RI [RBC'04]
B Ni=2, Overlap, RI [JLQCD'08] '
A Nf=2+1, KS-AsqTad. PT [HPQCD/UKCD'06] L
075 | ¢ Nf=2+1, Iwasaki-DWE, RI [RBC/UKQCD'07] o
7
0,70 L
| 7

5 0as # -

>0,

Qo " b A
Q060 e -
E s e |

% 0,55 4 = e

m P § f I

e . i ------------- o
045 i
| | | | | |

0’3%000 | 0,0025 0,0050 0,0075 | 0,0100 | 0,0125 | 0,0150 | 0,0175
a’ (fmg)
[VL, C.Tarantino 0807.4605]
Until 2008 few unquenched calculations at

fixed (and rather large) lattice spacing




KO-K° mixing: B,
ﬁ

B,=0.724(8)(28) [Nf=2+1, ALVdW 09]
A
B,=0.738(8)(25) [Nf=2+1, RBC/UKQCD 09]
A
3 results with no B, =0.730(30) (.30) [Nf=2, ETM 09] )
red tags, allnew & & 5 & & Novisible effect of the
e & 5 § 8  partia quenching (Nf=2).
F &35 &7
Collaboration N; § T § & BYS2GeV) By
(ALVAW 09 ) 2+1 * * 0.527(6)(20)  0.724(8)(28)
(RBC/UKQCD 09 ) 2+1 c * ok 0.537(6)(18)  0.738(8)(25)
RBC/UKQCD 07 241 4 MW *x K 0.524(10)(28)  0.720(13)(37)
HPQCD/UKQCD 06 2+1 + W * N 0.618(18)(135)  0.83(18)
(ETMC 09 ) 2 cC K * 0.518(21)(21)  0.730(30)(30)
JLQCD 08 2 Aom | IR 0.537(4)(40)  0.758(6)(71)
RBC 04 2 . | % 8 .699(25
UKQCD 04 2 A m 0 ) .69(18)




KO-K° mixing: B,
*

. ’
B, [ V.Lubicz@LATT’09 ] y:
04 05 08 07 08 09 1 i g qs qd
HaH ALVAW 09 -
HaH RBG/UKQCD 09 asf
2* ] RBC/UKQCD 07 o
: & | HPQCD/UKQCD 06 R il
HOHH ETMC 09
—0— JLQCD 08
o HH RBC 04
z 0 UKQCD 04 /Fr'om the UT fit, Gssuming The\
Standard Model
HE lattice average
oA oE e D B oS T h [QK — 0087 (8)] UTfit |

with Ke = 0.94(2),
=0.731(7)(35) @ A.Buras, D.Guadagnoli, 6.Isidori,

arXiv:1002.3612
Error in 2006:




B-mesons decay constants: fg,fp.

) b R I | I == PR
CP-PACS 00 CP-PACS 00 CP-PACS 00
{ CP-PACS 01 I CP-PACS 01 CP-PACS 01
— f
oes MILC 02 e MILC 02 MILC 02
e & JLQCD 03 JLQCD 03 JLQCD 03
= i ETMC 09 ETMC 09 ETMC 09
-l ETMC 09 * — ETMC 09 * I ETMC 09 *
— FNAL MILC 08 * - FNAL,MILC 08 * & FNAL,MILC 08 *
Nf=2+1 Nf=2+1 Nf=2+1
i HPQCD 09 ’—r—‘ ( HPQCD 09 ) - HPQCD 09
i b L e il e AL s 0 s O e 0 e T e I s T N | S| T S O i L b e b e s Tl s OL e IE s G e T s

L
140 160 180 200 220 240 260 280 300 320 340 160 180 200 220 240 260 280 300 320 340 360 1.00 1.05 1.10 115 1.20 1.25 1.30 1.35 140 145 1.50
. (MeV ' U
fy (MeV) fy (MeV) E it

Averages from J.Laiho, E.Lunghi, R.Van de Water, 0910.2928

£,/ = 1.231 £ 0.027 (C

f,.= 238.8 + 9.5 MeV

f,= 192.8 + 9.9 MeV

Error in 2006: 14%

. - Error in 2006: 5% -




B - B miXing . BBd/S thVt’é ‘

(i 1)z

e E Only one modern calculation
= HPQCD [0902.1815]
NE=2 e JLQCD 03 A
Wi | Bag=1.26 2011
Jm et HPQCD 09 o
e ) Bg. = 1.33 +0.06

Combining with fB and fBs:

fo By = 275 + 13 MeV @‘ £=1.243:0.028 @)




Exclusive Vcb

=
Nf=0

HlH
Nf=2+1 [—®—

F ( 1 )B-->D*
FNAL 01
ROMA-TOV 08
FNAL 08

084 088 092 096 100 1.04
T T T T T T

1.08
T

| |
B-->D

TWO DIFFERENT APPROACHES:

- "double ratios” (FNAL)
- "step scaling” (TOV)

Remarkable agreement

G(1)
FNAL 99

w0 FNALOA Y

ROMA-TOV 07

]

.04 1,08 1,12 1.16

1.2

1.24

GB ->D V|

0.04

Averages from

VL, C.Tarantino 0807.4605 0 L

F(1) = 0.924  0.022 @

= 1.060 + 0.035@

6(1)

012 —

0.1

0.08 -

0.06 -

0.02 -

CLEO
BELLE

Roma-TOV

elei%eiiﬁﬁs

T T
this work

*

—e—
"
-—

*®

1 1.1 1.2 1.3 1.4

1.5

1.6

Error in 2006: 4%



Exclusive Vub

10’
—~, 052 60
T T T T T T T = C
> 045"
UKQGCD 00 , ¢ ° S a
0.4: c
APE 01 ; . 0358
FNAL 01 , * , u_3§
JLacbot . , No 0.255
0.25
HPQCD 07 L e 0155
FNAL/MIL Nf=2+1 '
(+BaBa,)C 08 g e 0.t b s
e 0.05
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 q) D
F{q'>lﬁGeV2)z’IVuhI2 s 0.003 o0foo35 o0.flo4 0.0045 0.005
Vub
\Y; 35.0 + 4.0) 10 Vi = (3.5 0.4) 107
| ubIech._ ( V= ) ub ) )
From LQCD and QCDSR

Error in 2006: 11% I

VoL (4.0 £0.4) 103
MORE LATTICE Model dependent
CALCULATIONS REQUIRED BLNP DGE 6GOU ADFR BLL




UTfitl OF LATTICE PARAMETERS

rﬁ}’T“"}%e\sf 1 -lattice Assuming the validity of
B A = the Standard Model one
=" —a can perform a fit of the
/4 \ “ hadronic parameters:
@ from Ams
By foVBg (MeV) 3

UTA 0.87 = 0.08 265 t 4 1.25 £ 0.06

Lattice | 0.73 £ 0.04 275 * 13 1.24 = 0.03

Lattice inputs are less relevant today for the SM analysis.

But they are crucial when looking for new physics effects



K-K AND B-B MIXING BEYOND THE SM

EL.____;___X___H____ d, . Q) = (Z%%JJS%(E%’YMS? 7 Q) = CPRS%&?JS’% 7 _
Sh k _ _ _ _
g 3 Qo = d%s%d%sf : 5 = daRSLdgsaR )
el | Qg = dsdps? , MCiuchini etal., hep-lat/9808328]
K-K || s By* By’ B W
AN
APE 99 0.68(21) 0.67(7) 0.95(15) 1. Q\D 0.66(11)
Babich etal 06 (. 56(6) 0.87(8) 1.41(16) e E&) 0.62(8)
CP-PACS 06 * (.52(4) 0.54(2) D.?j g; ?*v' 0.70(1) 0.62(1)
B-B | B | WC@/PT B BY B
APE 01 0. U 0.84(4) 0.91(9) 1.15(6) 1.74(7)
JLQCD 02 5) 0.86(5) — — —
HPQCD 06  0.76(11) 0.84(13) 0.90(14) — —

The full operator basis only in the quenched approximation
For K-K mixing results quite in disagreement




The future




The goal of the SuperB factory is precision flavour
physics for indirect New Physics searches

For example: testing the CKM paradigm at the 1% level

Today With a SuperB in 2015
=% o =% =0 “the nightmare” // //
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The theoretical accuracy must compete with the

experimental one.

Can we reach the 1% accuracy in Lattice QCD ??




1 Cost of the “"SuperB” lattice simulation r

Simulation
parameters

Nconf =120

a = 0.033 fm
[1/a=6.0 GeV ]

m/m_=1/12
[M_=200 MeV ]

L.=4.5fm
[V =1363x 270]

~ 3 PFIop-yeaE

Performance

_— &
H-IS00
B tmonrura s

Projected Performance Development

100F Flaps

10 FFlops

1 PFlops T

100 TFlops

10 TFlops - 4

1 TFlops
100 GFlops

10 GFlops

)
1 GFlops Eﬁ:’fﬂ

"

100 MFlops

mmmmmmmmmmmmmm
DDDDDDDDDDDDDD
DDDDDDDDDDDDDD
NNNNNNNNNNNNNN

hitp:/'www tops00.om/

Affordable with

The SuperB

is
ning

1-10 PFlops available
for Lattice QCD in 2015 |




V.Lubicz @

Villa Mondragone

Monte Porzio Catone - Italy
13 - 15 November 2006
Hadronic | Current latt.| 6 TFlop | 60 TFlop | 1-10 PFlop
matrix error Year Year Year
element (2006) [2009] |[2011 LHCb][[2015 SuperB]
£57(0) 0.9% 0.7% 0.4% <0.1%
N (22% on 1-f)) (17% on 1-f)) (10% on 1-f)) (2.4% on 1-1))
B o 11% 5% 3% 1%
fy 14% 3.5-4.5% 2.5-4.0% 1-1.5%
f, BL? 13% 4 - 5% 3-4% 1-1.5%
£ 5% 3% 1.5-2% 0.5-0.8 %
(26% on &-1) (18% on &-1) (9-12% on &-1) (3-4% on &-1)
9a ) 4% 2% 1.2% 0.5%
B—->DD*v 1 410%on1-7) | 21%on1-F) | (13%on 1-F) (5% on 1-F)
f 2 . 11% 5.5-6.5% 4 - 5% 2-3%
T~ 13% -——- -——- 3-4%




THE 2009 STATUS REPORT @&,
Hadronic | Lattice | Lattice | ¢ v | 60 TFiop | 1-10 PFlop
matrix | error in | error in
| Year Year Year
element | 2006 | 2009 [2009] [[2011 LHCb] [2015 SuperB]
£5(0) 0.9% 0.5% 0.7% 0.4% <0.1%
B, 11% 5% 5% 3% 1%
fy 14% 5% |3.5-4.5%(2.5-4.0%| 1-1.5%
B 13% 5% 4 - 5% 3-4% | 1-1.5%
E 5% 2% 3% 1.5-2% [0.5-0.8 %
Fe oo | 4% 2% 2% 1.2% 0.5%
" . 11% 11% [55-65%| 4-5% | 2-3%
TP I13% 13% 3-4%

The expected accuracy has been reached! (except for Vub)



The past

1
1988 = 1995
L 0 L L 1
0.5 05 _'\ -1 -0.5 Q Q.5 _1
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= 1
2000 2003
0.5 0.5
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-1 05 0 05 0—1 0.5 0 0.5 1

the
present

Flavi A

"€ Kaon WG

£.(0) = 0.9644(49)
f/F = 1.189(7)

and the
future
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