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facavy Quarsegeleptons This talk is dedicated to
* 11%15% October, 2010 @BE/-[FM NICOLA CABIBBO

He was the "father of flavor physics® [M .Wise]
Universality of weak interactions, the Cabibbo angle,
the GIM mechanism, the CKM matrix, ...

He has given fundamental contributions to
Lattice QCD The Cabibbo-Marinari algorithm,
Weak interactions on the lattice (Cabibbo-Martinelli-
Petronzio), the APE project (Cabibbo, Parisi, ...)




OUTLINE

[Vud Vus Vub] e The 1st row unitarity test
Ved Ves Vb Processes: K—lv, K—=nlv
Vid Vis Vi Theory input: f/f,, f.(0)
Vuda  Vus Vb  The 2nd row unitarity test
[Vcd Ves Vcb] Processes: D, —»1v, D - Kinlv
Vie Vis Vi Theory input: fp, fp,, .(0)
A P
Vud| Vus | Vub » The unitarity triangle analysis
Ved| Ves | Vob Processes: B—lv, B—Dinlv,K-K, By, -B,
\\E Vis Ltb/ Theory input: fg, fg,, f.(0), Bk, Bgy




THE 1st ROW
UNITARITY TEST
Voal? + V]2 + T2 = 1

The most stringent unitarity test

[Vud Vus Vub }
Ved Ves Vob
Vid Vis Vi

Processes: K—lv, K—mxlv

Theory input: f./f_, f.(0)




Vus/Vud from Kp2/np2 decays
(K = i0,0) [TVl (1 20— ) Vus

Vus from KI3 decays

Vv

G2 m5 us
Cosris = Ci 152 z Sew[ 1+ Asy) + 2Apu] X J >
T

(- )

ﬁ//us“ :k =O.2758(5)] I__'%ﬁe (Ms\f+(0)=0-2163(5)

. ‘ arXiv:1005.2323 [hep-ph] ‘ .




LQCD independent estimates of f./f., f.(0)
A Vis | [Hf_k = 0.2758(5)] )

"
Assuming the Standard Model and combining with nuclear 3 decays

From 20 superallowed
[H/ud‘Q 4+ |Vus|2 +M: 1& [ Via| = 0.97425(22& transitions

[Hardy and Towner 08]

Flavi A

Kaon WG

one obtains:

/f =1, 192(6 f (0) 0.960(5 |vus =0.2254(10) ]

The error is at the per mille level: a challenge for Lattice QCD

FLAG [Flavianet Lattice Averaging Group]

G.Colangelo, S.Duarr, A.Juttner, L.Lellouch, H.Leutwyler, V.Lubicz, S.Necco,
C.Sachrajda, S.Simula, T.Vladikas, U.Wenger, H.Wittig




History of LQCD errors until 2006

For many years, uncertainties in lattice calculations have

been dominated by the quenched approximation

4>

QUENCHED

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

Latt’96 14%
C.Bernard | 200(30) 267(46) 1.16(5)

Latt’00 150/0 170/0 40/0
L.Lellouch | 193(27)(10) | 276(38) | 1.24(4)(6)
lChep’OZ 150/0 140/0 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%




" 00 'F‘“l_‘EUﬁ Projected Performance Development
| THE “PRECISION ERA" | e
OF LATTICE QCD

10 PFlops

1 PFlops o

100 TRlops -

1) Increasing of

10 TRlops
n

Performance

1 TFlops o

computational power

100 GFIopsi

10 GFlops o

TeraFlops machines are required to | owis
perform unquenched simulations.
Available only since few years. vz i oponiony

AW R RS arl  CPU cost of a simulation
(for Nf=2 Wilson fermions):

- Ukawa 2001 . ;
(N fj ( L j [Lt ] [ 0.2 P(O.lfm)
TFlops-years z@ —2 2 —
100 3 fm 2L m/m, a
- Del Debbio et al. 2006

5
L L .
TFlops-years = 0.03 Neonr s t AO 2
100 ) \3fm ) | 2L_) ( fi/m.

M_ ~ 200-300 MeV === Light quark masses in the ChPT regime




FLAVOUR PHYSICS ON THE LATTICE

: Quark (M_)min
Collaboration action Nf a [fm] (MeV] Observables
fie, By, f
MILC Improved =K D)
+ FNAL HPQCD.... | staggered 2+1 >0.045 | 230 D—n/Klv, fB(s)’
BB(S)’ B—D/nlv
PACS-CS Clover (NP) 2+1 0.09 156 fy
RBC/UKQCD DWF 2+1 >0.08 290 f,(0), fx, Bk
BMW Clover | 241 | »007 | 190 fi
smeared
2
JLQCD Overlap w 0.12 290 Bk
i 2
ETMC Twisted >007 | 260 |0 fic BrTpgs),
mass [ 2+1+1 D—m/Klv, fi,
’ S)
QCDSF Clover (NP) 2 > 0.06 300 f,(0), fx




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
=7 N BELLE
» /) AN

3o/ MEl

I




V,./V, 4 from leptonic K decays: f,/f_

f /t, [ FLAG preliminary]
1_|14 1_|16 1_|18 1|2(|) 1_|22 1_|24 1_|26
| BMW 10 Vv

- JLQCD/TWQCD 09B us
1 MILC 09A
H IMIILL UY

o - ALVdW 08 K
PACS-CS 08, 08B

= f !
|--:—< HPQCD/UKQCD 08
I I ' } ! al= URULCD U

NPLQCD 06
MILC 04

ETM 09

ETM 07 OO0 = included in the
QCDSF/UKQCD 07 FLAG average

1™ N, = 2+1 plus SM
I N, =2 plus SM

} 2

114 116 1_|18 1_|20 122 124 126 .
'0.8% Using |V 4| from
| nuclear B-decays:

f/f =1.196(10) [VL @ Lat2009 ]
o (10) * |Vl =0.2247(19)
1.193(6) [FLAG, Nf=2+1]

f /f_ =

1.210(18) [FLAG Ni=2] [, |y | . = 0.2254(10)

preliminary




V,. from semileptonic K decays: f"(0)

\'

G <
[kosriy = Gk K192 [ Sew[1+ Asue) + 2Aem] X J
| ) T

O(1%). But represents the
largest theoret. uncertainty

Ademollo- S N2
Catto: 1+(0) =1 - O(m;-m,)? tmmm

SU(3)-ChPT

EOBEIXTON o cie

Leutwyler, Roos (1984)

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

Conservation Independent of L; UNCERTAINTY _ - 16 +
(Ademollo-Gatto) fa 0.016 £ 0.008




V.. from semileptonic K decays: f."(0)

f.(0) [ FLAG preliminary]

095 096 067 098 099 100 101 Vus
@ | iy RBC/UKQCD 10 \{
z H--H RBC/UKQCD 07
L HH ETM 09A T
o~ 1 QCOSF U7
z H——L—H RBC 06
—H O JLQCD 05
. N, = 2+1 plus SM
o g N, = 2 plus SM
A 124] Kastner 08 Analytical model calculations
A [123] Cirigliano 05 +— tends to give larger predictions
[ e | [122] Jamin 04 .
A [121] Bijnens 03 than lattice results
A [119] Leutwyler & Roos 84
UILEISI O_IQG ll]lg'." O_lJS 0_|99 1_|00 1_|01

The first lattice calculation

(ﬂ(O) =0.960(9) Nf=0 SPQcdR 04 )

Nf is not the only parameter in
— a lattice simulation

f,(0)=0.956(8) Nf=2 ETM 09
f.(0) = 0.959(5) Nf=2+1 RBC/UKQCD 10

f.(0) = 0.956 (8) [ FLAG prelim.]




The 1st row unitarity test

0.21 022 0.23 0972 0.974 0.976 0.978
| DAl RBC/UKQCD 10 | NI |
{H BMW 10
| JLQCD/TWQCD 09B e
| MILC 09
: MILC 09A i
e ALVAW 08 | imp
T I—g—i—| PACS-CS 08 }_#E_4
= -t HPQCD/UKQCD 08 i |
(oA |1 RBC/UKQCD 08 [
" | RBC/UKQCD 07 ! -
N NPLQCD 06 H—- :
- MILC 04 m fit= fit with
o | ETM 09 | HHo— unitarity
2 ETM 09A A
o~ A ETM 07 H——
I, W QCDSF 07 i
=z f i} ! QCDSF/UKQCD 07 f 1 !
s RBC 06 e
HH ! JLQCD 05 A
HEH N, = 2+1 plus SM L
MO N; = 2 plus SM HOH
| e [62] nuclear p-decay 1
e | | 93] Gamiz08 t-decay | || |-@
—eo—Hi || 95] Maltman 09 t-decayande'e | H—@—
| 1 1 1 1 | 1 II II 1 | 1 | ” I | | 1
0.21 0.22 0.23 0972 0974 0976 0978 I laM
imi Kaon WG
V.| [ FLAG preliminary] |v |
qu?\b'r\‘/mg o |V.olz = 0.2263(20) * |V clyz.kiz = 0.2255(14)
with [V 4 us 1KI3 : us 1 KI3+
from nuclear . |v I _ O 2247(19) V | - O 2254(10)
uslKlz = V- us ! Unitar. = Y-

B decays

Acim = [Vigl? + Vsl + IV [2 -1 =(0£8)-10*




THE 2nd ROW
UNITARITY TEST

Ivcd|2 + Ivcs;l2 + Ivcb|2 = 1

ACKM= Ivcdl2 = Ivcsl2 = lvcbl2 -1-= 014(13) [PDG 08]

Vud Vus Vub
[Vcd Ves Vob 1
Vid Vis Vi

Processes: D — Iv, D—K/n lv

Theory input: f,, fp., f.(0)



Leptonic D, mesons decays: fp, fp.

The 2008 fos =241+ 3 MeV  HPQCD 07 3 sigma
summer pUZZ'@ fD =273+ 10 MeV PDG 08 deviation

S ) s e s ) ' O GO S e Y A e S
" FNAL,MILC,HPQCD 05 —e—4 | FNAL MILC,HPQCD 05
Nf=2+1 NE=2+1
e HPQCD 07 1l | ! HPQCD 07
NE£=2 —s— ETMC 09 Nf=2 —E— ! ETMC 09
L —e—| PDG 08
—e— PDG 08 ; ;
1 | | | 1 :l 1 :l 1 | | | | | | | | | | 1 | | | | | | |: 1 |: 1 | | | | | 1 | 1
140 160 180 200 220 240 260 280 300 320 340 180 200 220 240 260 280 300 320 340 360 380
£ (MeV) £ (MeV)

The discrepancy led to speculations about new physics in leptonic D-decays

B.Dobrescu, A.Kronfeld, 0803.0512 o . \\/f+
"Evidence for nonstandard leptonic > < '(+>/‘3) (-
decays of Ds mesons”




Leptonic Dy mesons decays: fp, fps

The 2008 fos =241+ 3 MeV  HPQCD 07 3 sigma
summer pUZZ'@ st =273+ 10 MeV PDG 08 deviation

: : 5 s e o T s T e
R e s e e | f
" FNAL,MILC,HPQCD 05 ——H FNAL MILC,HPQCD 05
Nf=2+1 '—f’—' FNAL,MILC 10 * Nf=2+1 '_H. FNAL MILC 10~
R HPQCD 07 LR HPQCD 07
e | HPQCD 10 * HPQCD 10
NE=2 —a— ETMC 09 Nf=2 —m ETMC 09
: : O PDG 08
—e— PDG 08 / PDG 10 e HFAG 10
| | | | Lt ] | | | | | | | | | | | I | ! 1 | i { 1 | ! | I | 1 | ! | !
140 160 180 200 220 240 260 280 300 320 340 180 200 220 240 260 280 300 320 340 360 38
£y, (MeV) £ (MeV) |

\

2010: the fo.=248.0+25MeV vracp 10 | ENCELD

puzzle solution IENEPLINEXAN I ISVARTICETIN - 77, (1.80)
(CLEO-c, Belle, BaBar)

1 sigma agreement



V. and V_ from semileptonic D decays
New lattice calculations: HPQCD, FNAL/MILC, ETMC

— D—K, ETMC (Nf=2) LAT2010, prelim.
D—K, HPQCD 2010 (Nf=2+1) : , P
11 T T T T T
[T | | ! | ] N e e e e L S e B I B B e
r chiral/conti. extrapolation | B PREL 'M'N'\RY -
: o (3 ensemble L — [, ‘I.FI'(D) ETMC N =2 (Partially Q. HMChPT, continuum)
1 o Cz ensemble B b SR f+(q')!f((l) ETMC N[=2 (Partially Q. HMChPT, continuum}) N
L o (1 ensemble ] - B {_(g"Vf(0) BaBar D"->K [PRD 76 052005 (2007)]
2 2 )
i * fo atq =0 25 f,(q")/f(0) FOCUS D'->K [PL B607 233 (2005)] -
- 1
09 - )
0.8 -
0.7 | | | | | | | I | | A | | | | | | |
0.2 0.4 0-62 02-8 1 1.2 034 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
B [GeVT] q° (GeV?)

F —— 5 ensembles of full QCD lattice data (statistical errors only)

5\~ | e CLEO-. PRD (2009), arXiv:0906.2983 ‘ i F NAL/M I LC/
HPQCD 2004

ETMC 2010
(preliminary)

oo MHPQCD 2010 -m- 0.75(2)

4 (Gev?)

.LD—m, FNAL/MILC (Nf=2+1) _
LAT2010, prelim. ]

£ IE015)




The 2nd row and 2nd column unitarity test

Very precise experimental results from BaBar and CLEO-c

sl ' average

The unitarity tests

Using the precise lattice — 7

deTer'm iInation by HPQCD 2010 | HPQCD (2010) [second row] |
~ 0.978 (55) HlH =
[ f+D—) K (O) — O . 747( 1 9) ] - fi;&ﬁf?imﬁ%amnd row] -

- HPQCD (2010) [second column]
- 0.976 (51) HillH N

= PDG 2008 [second column] .

[V, [=0.961£0.011,, £0.024 o f| | 150

! | ! ! | ! !
It will be interesting to compare with the 02 04 06 08 L 12 L4
forthcoming FNAL/MILC and ETMC results Vo TN HIVGl or V[ VIV




THE UNITARITY
TRIANGLE ANALYSIS

Vud V:;b + VgV + VgV = 0

Vud
Ved

Vid

Vus
Ves
Vts

Vub
Veb

Vib

Processes: B—lv, B—D/r v,
K-K, B -Bg

Theory input: fg, fg., f.(0),
B., By, ..




THE UTA CONSTRAINTS

UT-LATTICE

AVuelVel &

-0.5-

o5 sk
i I
o of
05 o8-

e iy

e oL
=] = 1 1 0.5 o 0.5 1
—
-

KO_KOo °

sin2f cos2f3 o b
- “F - L = T Y

T TN
P !
-‘% R T Y T L = Pl TR Dacy * o | i :& T -‘..'1 Y n.si::
B—J/WK*®  Botm,pp’ B—-D"K "  B—D"m,Dp
See also talks by C. Tarantino and L. Silvestrini

\

B—JIWK®’




THEORETICALLY CLEAN
BUT MORE LATTICE
CALCULATIONS ARE WELCOME

!
UKQCD 00

APE 01

FNAL 01

JLQCD 01

HPQCD 07

FNAL/MILC 08
(+BaBar)

I | I | I | I |
0.0 0.5 L0 1.5 2,0

T(*>16 GeVHNV_ T (ps™)

\Y = (35.0 + 4.0) 10

ublexcl.

Exclusive vs Inclusive Vub

IMPORTANT LONG DISTANCE
CONTRIBUTIONS. THE RESULTS
ARE MODEL DEPENDENT

HFAG Ave. (BLNP)
431+0.16 +0.22 -0.23
HFAG Ave. (DGE)
4.44+0.16 +0.18 - 0.17
HFAG Ave. (GGOU)
4.33+0.16 +0.15 - 0.22
HFAG Ave. (ADFR)
416+ 0.14 +0.25 - 0.22
HFAG Ave. (BLL)

4.87 £ 0.24 + 0.38
BABAR (LLR)

443+ 0.45 £ 0.29
BABAR endpoint (LLR)
4.28+0.29 + 0.48
BABAR endpoint (LNP)
4,40+ 0.30 + 0.47

| Spling2010 |

|V

uinncI.

5
3
V.o [x107]

= (42.0 + 1.5 £ 5.0) 10~




e The uncertainty of inclusive Vub estimated from the spread among
different models. This is questionable

e The fit in the SM favors a low
value of Vub, as indicated by
exclusive decays

= (42.0 + 1.5 £ 5.0) 10~

|V

ubhncL

\Y = (35.0 + 4.0) 10

ubIexcL

e Improve the accuracy of
exclusive Vub in order to clarify
the issue (see D—n/K lv)

=1

e : |
0.0025 0.003 0.0035 0.004 0.0045 ¢

V!

‘UTﬁ't
IVuplsmrie = (35.5 £ 1.4) 10




Exclusive Vcb

TWO DIFFERENT APPROACHES:

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

B-->D*
F(l)
l FNAL 01
Nf=0
HEH ROMA-TOV 08
Nf=2+1 [—®— FNAL 08
e e e

Remarkable agreement

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

1.08
| | | | | e

B-->D
G
Nf=0 FNAL 99 012 | | | . | |
- ROMA-TOV 07 o1l ‘é‘ﬁf‘é’im HG:@H,,
Nf=2+1| +—e— FNALO4" | Roma-TOV
L el >
0.96 1 L4 1,08 LI2 Ll16 12 124 5 ool %
m@ 004 -& g o % e%
= * 3
Averages from 0oz | 2 a a
VL, C.Tarantino 0807.4605 o P TR —

F(1) = 0.924 + 0.022 @
6(1) = 1.060 % 0.035@

IV | = (39.0 £ 0.9) 103

cbIexcL




Ay )
004 0045  0.05

V|
Ivcblincl.= (41.7 £ 0.7) 10-3 c

|Veplsmrie = (42.7 £1.0) 103

IV = (39.0 £ 0.9) 10-3

cbIech.



- S
(K°|Q(m)| K®) = o fxmi Bre (1)

KO-K° mixing: B,

QCD SR, Pich, De Rafael, 1985:
A

B,.=0.33+£0.09
1/Nc exp., Buras, Gerard, 1985:

A
B.=0.75
LQCD, Gavela et al., 1987:
A

I B,= 0.90 + 0.20 l I

Quench. error

B,= 0.90 % 0.03 #0.15)
S.Sharpe@Lat1'96 QAL

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

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

B,= 0.731 £ 0.036
V.Lubicz@Latt'09




KO-K° mixing: B,
04 05 o6 ;B;K 08 09 | / Vs qd

T T G T T T ]
—— SBW 10
Ha ALVdW 09 “i* A )
HH RBG/UKQCD 09 Yoy .
- RBG/UKQCD 07 — —
: |

HPQCD/UKQCD 08

o [Fr'om the UT fit, assuming 'rhe\
s Standard Model

egens [%K =0.85 (7)] ‘UTfit \

lattice average ( WlTh Kg = 094(2):
w.Bur'as, D.Guadagnoli, G.Isidori )/

B. = 0.724 (12) (43) [Nf=2+1, SBW 10] I

B, =0.724(8)(28)  [Nf=2+1, ALVAW 09 ]

B, = 0.738 (8) (25) [N=2+1, RBC/UKQCD 09] =0.731(7)(35)
n [ VL @ Lat2009 ]

B, = 0.729 (25) (16) [Nf=2, ETMC 10]




B-mesons decay constants fg,fg,
and B-B mixing, Bg,/.

U:S
T | R P e e T I T T TI77 B s e
—r— CP-PACS 00 44 CP-PACS 00 ¢4 CP-PACS 00
| CP-PACS 01 1 = | CP-PACS 01 . CP-PACS 01
- MILC 02 1 3 = MILC 02 - MILC 02
Nf=2 Nf=2 Nf=2
- JLQCD 03 —a— JLQCD 03 . | JLQCD 03
H—— ( ETMC 09 - ( ETMC 09 ) —— ETMC 09
Rt ( ETMC 09 * - ( ETMC 09 * ) — ETMC 09 *
- ( FNALMILC 08 * R E ( FNAL,MILC 08 * ) - FNAL,MILC 08 *
Nf=2+1 Nf=2+1 Nf=2+1
- ( HPQCD 09 T ( HPQCD 09 ) - HPQCD 09
1 [ ] | [ S S 1 1 T S o] [ (el [ [ L I L | S [ I |
160 200 2 320 340 160 180 200 20 0 300 320 340 360 1, 1.05 1.10 L.15 1.20 1.25 1.30 1.35 140 145 1.50

220 240 260 280 300
f, (MeV)

f,.= 238.8 9.5 MeV
f,=192.8 £ 9.9 MeV

Combining with the only modern A A
calculation HPQCD [0902.1815]: Bea = 1.26 £ 0.11, Bgs =1.33 £0.06

‘ st\/IIB\BS= 275 + 13 MeV @l ¢=1.243 £ 0.028 @

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




future

A look at the

Simulation
parameters

Nconf =120

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

m/m_=1/12
[M, =200 MeV]

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

0P Acpn

Projected Perfo rmance Development

10 P Rcps
1 P Rogs

100 TAeps

£ 1 TAnge
&

1000 G ficps

100 GAcks

1 LAops

4
10 TAcps

The

is
running

100 W Acps

~ 3 PFlop-years

V.Lubicz @ A
e e - iy &3
13 - 15 November 2006
Hadronicgat ticSuglatticRll ¢ 7|5, | 60 TFlop | 1-10 PFlop
matrix error in | error in Ye.ar Ye.ar YE‘.GI“
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%
f, 14% 5% |3.5-45%25-40%| 1-1.5%
i B3 13% 5% 4-5% 3-4% | 1-1.5%
g 5% 2% 3% 1.5-2% | 0.5-0.8 %

1

F s _oow [ 4% 2% 2% 1.2% 0.5%
il 11% 11% |55-65%]| 4-35% 2-3%
e 13% 13% 3-4%

nnnnn

Cost of the “"SuperB” lattice simulation

SuperB

Affordable with
1-10 PFlops available

for Lattice QCD in 2015 !
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