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D — K(TF)EV & Vcs(d)
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e BtoDorD*decays B— D™y & Vy
Bs! Dg!"/B ! D" & Bg! p ",
@ Conclusions & outlook
@ Appendix & glossary
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Why Lattice QCD?

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010)

| p—value = 6

-1atticeaverages.ﬁrg
End of 2011

0 . T o3

Error bands are (still) dominated by theory errors, in particular due to
hadronic matrix elements.
A. El-Khadra, FPCP 2012, 21-25 May 2012
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Why Lattice QCD?...cont'd

generic weak decay process:

(experiment) = (known) X (CKM elements) x (had. matrix element)

g Lattice QCD

dT(B —!"# ) dT(D —K"# )

dg* 7 dg* L parameterize the ME in
di’(B! D () terms of form factors,
d# decay constants, bag

_ Br(B—Dtv) parameters, ...
R(D) ~ Br(B—D/{v)

A. El-Khadra, FPCP 2012, 21-25 May 2012




Why Lattice QCD?...cont'd

example:
B — B mixing

I My = (known) ! " BO|OAg —2|B Y%

\

| f5, BB,

A. El-Khadra, FPCP 2012, 21-25 May 2012



errors, errors, errors, ...

v statistical errors: from monte carlo integration
also need to include errors from fit procedures
L

> finite lattice spacing, a: (&= (0" O(ap)"

take continuum limit:
computational effort grows like ~ (L/a)>*®

v’ finite volume: keep m, L > 4

» m; dependence: chiral extrapolation
In numerical simulations, m; > m,; but very recently
ensembles with m;=m,, (i.e. at physical value!)

" use chiral perturbation theory to extrapolate
If necessary

v n,dependence: realistic sea quark effects: use n,=2+1or n,=2+1+1

** renormalization: <J:°nt> = Zlat<th>

= use lattice perturbation theory: 7 =z + % +2z%? + O(a))
need to include PT errors

=> use nonrenormalized operators where possible

=> or use nonperturbative methods

A. El-Khadra, FPCP 2012, 21-25 May 2012




LQCD: Current status

plot by C. Hoelbling (based on Rev. Mod. Phys. 84 (2012) 449)
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Different groups use different actions & methods

see glossary in Appendix

A. El-Khadra, FPCP 2012, 21-25 May 2012




Focus on “easy” LQCD calculations

stable (or almost stable) hadrons, masses and amplitudes
with no more than one initial (final) state hadron,
for example:

A. El-Khadra, FPCP 2012, 21-25 May 2012




Focus on “easy” LQCD calculations

stable (or almost stable) hadrons, masses and amplitudes
with no more than one initial (final) state hadron,
for example:

« | K, D, D, B, B, mesons

masses, decay constants, weak matrix elements for mixing,
semileptonic and rare decay form factors

- charmonium and bottomonium (#_, J/$, &, ..., #,, %(1S), %42S), ..

states below open D/B threshold
masses, leptonic widths, electromagnetic matrix elements

This list includes most of the important quantities for CKM
physics. Excluded are &,K* mesons and other resonances.

A. El-Khadra, FPCP 2012, 21-25 May 2012




Lattice QCD program relevant to CKM elements

- ’ v )

K" 1 [ B' ! [
N
V V V.,

cd cs
D D' K[ B' D, DI
D' [ D."

I/td I/l‘s

BO _ E mixing B -RB

K KO_F /

A. El-Khadra, FPCP 2012, 21-25 May 2012




Strategy

* Lattice QCD action has the same free parameters as continuum QCD:
quark masses and )

» use experimentally measured hadron masses as input, for example:
|, K, D, B, mesons foru, d, s, ¢, b quark masses

* need an experimental input to determine the lattice spacing (a) in GeV:
25-1Ssplitting in %system, f, * mass, ...

this also determines )

* lattice QCD calculations of all other quantities should agree with
experiment ...

A. El-Khadra, FPCP 2012, 21-25 May 2012




LQCD Achievements

MILC+HPQCD+FNAL (Phys. Rev. Lett. 92:022001,2004)

lattice QCD/experiment

Postdiction
at the 2-3% level

before

0.9 1

LQCD/Exp’t (nf = 0)

fr

fx

3M= — My
2Mp, — My
(1P — 19)
Y(1D — 15)
T(2P —15)
(38 — 19)
T(1P — 1)

see Appendix for a (partial) list of other
LQCD achievements or milestones

A. El-Khadra, FPCP 2012, 21-25 May 2012

LQCD/Exp’t (nf = 3)



progress in last ~5 years

| will focus on reliable
LQCD results that can be
used for testing the SM!

latticeaverages.org
‘ ; of 2011
expect new LQCD
results this summer

at Lattice 2012 etV T 4

—value = 6
0.0} p :
~1.0 05

Vub
Vcb B | . )+ Al O
0.5
1

A. El-Khadra, FPCP 2012, 21-25 May 2012 2




Lattice Averages

 \We now have reliable & independent lattice results from different lattice
groups using different methods for an increasing number of quantities

<zneed averages

e two efforts:
1. FLAG -1 (Flavianet Lattice Averaging Group)
Colangelo, et al (Eur. Phys. J. C71 (2011) 1695, http://itpwiki.unibe.chfflab? people (EU)
light quark quantities only

2. LLV (Laiho, Lunghi, Van de Water)

(Phys.Rev.D81:034503,2010, http://latticeaverages.org/)
light and heavy quark quantities

+ UT fits with lattice averages as input

A. El-Khadra, FPCP 2012, 21-25 May 2012




Lattice Averages

 \WWe now have reliable & independent lattice results from different lattice
groups using different methods for an increasing number of quantities

<zneed averages

e two efforts:
1. FLAG -1 (Flavianet Lattice Averaging Group)
Colangelo, et al (Eur. Phys. J. C71 (2011) 1695, http://itpwiki.unibe.chfflab? people (EU)
light quark quantities only

T 2. LLV (Laiho, Lunghi, Van de Water)

(Phys.Rev.D81:034503,2010, http://latticeaverages.org/)
light and heavy quark quantities

+ UT fits with lattice averages as input

= FLAG -2 (Flavor Lattice Averaging Group)
28 people (EU, US, Japan) representing all big lattice collaborations
light and heavy quark quantities

1st review at end of 2012
A. El-Khadra, FPCP 2012, 21-25 May 2012




Kaons and pions

4+ leptonic and semileptonic decay

fK/fw
FE= (0

} Vus» Vus/vud

4+ mixing and nonleptonic decay
BK & EK
K! n &" /"«

A. El-Khadra, FPCP 2012, 21-25 May 2012



leptonic K, D, and B meson decays

example: B — 7uv

Same for K, D mesons

use exp. combined with LQCD input for:
» determination of CKM element

» constraints on new physics (D, B)

A. El-Khadra, FPCP 2012, 21-25 May 2012




Kaon and pion decay constant ratio

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010)
— - rr - - - - 1 - - T T 1
B ~owee | fx/fr (0.44% error)

f/f FiaviA

1.14 116 118 120 1.22 124 1.26 FLAG

I | lE IE | I I ETM 10E

2+1+1

) : : MILC 10
BPOCD 07 H i RBC/UKQCD 10A
4 ! BMW 10
Laiho & Van de Water " 11 ; | JLQCD/TWQCD 09A
MILC "10 = MILC 09A
RBC/UKQCD ’10 : : MILC 09
— | Aubin 08
| ] ] L L ] f i : PACS'CS 08, 08A

N,

1.25 . % RBC/UKQCD 08
f /T : : HPQCD/UKQCD 07
K 1t HoH NPLQCD 06
: : MILC 04

our estimate for N, = 2+17

Expect results from simulations ETM 10D

with physical light quark masses | 3 T ETM 07

this summer (FNAL/MILC, BMW, HE QCDSF/UKQCD 07

H our estimate for N, = o

PACS_CSa) 1.I14 1.[16 1.I1z:3 1.I2:0 1.122 1124 1.I26
FLAG-1 (Eur. Phys. J. C71 (2011) 1695)

A. El-Khadra, FPCP 2012, 21-25 May 2012
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semileptonic K, D, and B decays

el

example: B 1 I"#

| ' | 2
dF(Bd'qz' #) = (known) X !f—l-(q2)!

' normalization <z Vegum

A. El-Khadra, FPCP 2012, 21-25 May 2012



Form factor for X — wfly

L0 Fiavi A

095 096 097 098 099 1.00 FLAG
[ | Ll | I |

ol it FE=T(0) (0.46% error)

our estimate for N, = 2417

o= =
o | ETM 10D
HH | ETM 09A . :
‘ QCDSF 07 Laiho, Lunghi & Van de Water

RBC 06 Phys.Rev.D81:034503,2010
JLQCD 05 (|y||||| |)|

our estimate for N, = oY

Kastner 08 K 08 ® FTMC '09 | >

Cirigliano 05 Co5 © BC/UKQCD ’ 10
Jamin 04 J04

: ' ' Bljnens 03 80 latticdaverages.org
. LR 84 L ... End of 2011

I N Y ! | | i S
0-95 0-96 0.97 0.98 0-99 1.00 ||||||||||||||I|||||||||I|||||||||I|||||||||||||I|||||||||I||||

FLAG_1 (Eur. PhyS J. C71 (2011) 1695) 0.94 0.942 0.944 0.946 0.948 0.95 0.95én0.954 0.956 0.958 0.96 0.962 0.964

f, (0

+

Expect preliminary results from simulations with physical light quark masses
this summer (Gamiz for FNAL/MILC, PACS-CS, ...)

A. El-Khadra, FPCP 2012, 21-25 May 2012
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FLAG-1 (Eur. Phys. J. C71 (2011) 1695)

1 . Ty 1 I | usl f
A ! = 0.2758(5)

V

(M. Antonelli, Eur. Phys. J. C (2010)69, 399)

- lattice result for f‘(O), N, =2+1
lattice result forf /f_, N, =2+1
lattice results for N, = 2+1 combined |

..... — lattice result for f‘(O), N =2
lattice result forf /f_, N, =2
lattice results for N, = 2 combined

unitarity
mes - NUCleAr B decay

1 1 | 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
096 . 098 0.99 1

Vya| = 0.97425(22) ud

<z unitarity test of 15t row of CKM matrix at 0.1% level

A. El-Khadra, FPCP 2012, 21-25 May 2012




neutral K, B, and B; meson mixing

example:

B! BYmixing

I My = (known) !! \ @|OAB _o|B V¢

y
also: B % Bg,

— =Vts| | 12 fesn Beg

!MS — mle . Il
I My Mepgqg ° "V ° 7 ° with - -

fsy Bsy

* For kaon mixing, just need to calculate the bag parameter.

A. El-Khadra, FPCP 2012, 21-25 May 2012




Brx and €x

Ik :(known) I Bk " " Vcb‘z! 7} f(ﬁ,#,vcb,#i)

7N

local non-local NNLO pert.
operator operator QCD

!

Beyond “easy’,
but sub-dominant here
~6% correction
with ~2% error

A. El-Khadra, FPCP 2012, 21-25 May 2012



Bx and ex

I—_Iavi

FLAG

SWHE 1 Bx (1.3% error)

RBC/UKQCD 10B
SWME 10

Aubin 09
RBC/UKQCD 08
RBC/UKQCD 07A, 08
HPQCD/UKQCD 06

Laiho, Lunghi & Van de Water
(Phys.Rev.D81:034503,2010)

our estimate for N,=2+1

ETM 09D ceaverléges”. org

JLQCD 08 End o€“12011 OH
RBC 04 —
UKQCD 04

1 ()
I 7

BMW °11
HPQCD/UKQCD 06

Laiho & Van de Water ’11
RBC/UKQCD 11

SWME 11

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05

A
BK

A. El-Khadra, FPCP 2012, 21-25 May 2012
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Bk and €k
Ik :(known) I Bk "1 " VCb‘Z! 7.} f(ﬁ,#,vcb,#i)

Enrico Lunghi (based on arXiv:1204.0791 )

1.0}

Vi, only
—— Bk only
n1 only

latticeaverages.org |§

IEnd of 2011

~10 ~0.5 0.0 0.5

o
Dominant error on €k is now due to:

1. Ver 2. NMee OF 71 (NNLO pert. QCD)

A. El-Khadra, FPCP 2012, 21-25 May 2012




K! mm & € /ek : beyond “easy’

Al = 3/2

* First quantitative results have been obtained by the RBC
group at the ~20% level from a direct calculation at small pion
Mass (arXiv:1111.1699,1111.4889).

* A new method was developed by Laiho & Van de Water
based on combining ChPT (indirect) and direct methods
(arxiv:1011.4529, expect ~20% error

Al =1/2
* First calculation using the direct method on small volume and

large pion mass with a 25% statistical error to establish
feasibility by RBC group (arxiv:1111.1699.

A. El-Khadra, FPCP 2012, 21-25 May 2012




B and D mesons

4+ leptonic B & D decays
f .t tB./f B.tD. D, TD.M D
4+ neutral B meson mixing
fBVBB, [B,A/ BB, §
4+ semileptonic B & D decays
B—mlv & Vy D— K(m)lv & Vg
B! KI*D

B — D™y & Vi
Bs! D"/B ! DI" & Bg! ptu",

A. El-Khadra, FPCP 2012, 21-25 May 2012



B and Bs; meson decay constants

ldtticeaveréges.org
O : ... End of 2011

, e HPQCD 11: uses HISQ b quarks,
: A with extrapolation to physical b
24%error | quarks mass using 1/m expansion.

180 185 190 195 200 205 210 215 220

e HPQCD 12: uses NRQCD b
quarks.

LI LI | I

I8, |
FNAL/MILC "11
® HPQCD 11

® HPQCD'I2 e FNAL/MILC’11: results based on

latticeaverages.org

’ small data set.
0 r End of 2011
SIS .1.2;53.4.)2!‘09..“35 ~...| Expect new results on full FNAL/
T MILC data set this summer.

[\
[
(9]

averages.org f B S / f B ‘I

i m N * RBC/UKQCD: expect new results
FNAL/MILC "11 ;
® HPQCD’12 — e this summer
® RBC/UKQCD ’10
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1.4% error
1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 | 1 | | | 1 | 1
1.05 1.1 1.15 1.2 1.25 1.3
f /f
B B A. El-Khadra, FPCP 2012, 21-25 May 2012



http://arXiv.org/abs/0910.2928
http://arXiv.org/abs/0910.2928

D and Dy meson decay constants

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010)

latticeaveréges.org

i T | | ® FNAL/MILC 11
© HPQCD’10

I O |
f D 1.9% err(|)r | | | | Expect results from
195 200 205 210 215 20 a5 20 ms|Simulations with physical
f,, (MeV) light quark masses this
I | | I I | I | | I I | I I | | I I I I | I I | I | I | I I Summer (MILC/FNAL,

PACS-CS, ...)

| . e ENALMILC’Il [
f I & | ) HPQCD 310 lai“ttlceaverages”.org
D« |
| | | I
0

., End of 2011

] | ] | | I ] | | | I ] | | | I | | | | | | | | | | | ] | |
245 250 255 260 265 270 275

st (MeV)

24

1.2% error

A. El-Khadra, FPCP 2012, 21-25 May 2012
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B and B; meson mixing parameters

Laiho, Lunghi & Van de Water (Phys Rev. D81'O34503,2010)

IIII|IIII|IIII|IIII|IIII|IIII|III|IIII|IIII| IIIIIIII |IIIJ| IIIIIIIIIIII

fBS BBS

. End of 2011

® FNAL/MILC 011 | o FNAL/M”_C,11 preliminary

° i HPQCD 009 _
4 7% error results from partial data set for all

245 250 255 260 265270 275 280 285 290 295 300 305 310 315 320 5 operators (iﬂClUding BSM)

" | <zeXxpect new results on entire
-~ Endot2on “ l : data set this summer

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII’T'|-

. | INAMILC O | o FNAL/MILC 2012: (almost) final
/. 6% error analysis of small data set

1 O T Y |III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
185 190 195 200 205 210 215 220 225 230 235 240 245 250255 260 265270 275 280

| | I I | I | I I I Inﬂdl’l | I‘ | I I I I I I I | I

Mveigesioriaflie | | e new results from RBC/UKQCD,
End0f2011 - [ O ETMC,

FNAL/MILC B 2012
® HPQCD 09 : i

® RBC/UKQCD 10
| \ about to be updated

1.25 1.3

A. El-Khadra, FPCP 2012, 21-25 May 2012
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semileptonic K, D, and B decays

el

example: B 1 I"#

| ' | 2
TE) = (known) >< f(g?)

' normalization <z Vegym

! shape for B, D'%:
use z-expansion for model-independent
parameterization of g% dependence

' test LQCD with shape, not normalization

A. El-Khadra, FPCP 2012, 21-25 May 2012



Form factor for B — wwlv & V3

FNAL/MILC (PRD79, 054507 (2009)) + BaBar (PRL 98, 091801 (2007)

x*/d.o.f. = 0.59 Y%/d.o.f. = 0.59

— simultaneous 4-parameter z-fit ] - — simultaneous 4-parameter z-fit

- O Fermilab-MILC lattice data O Fermilab-MILC lattice data
% BABAR data rescaled by |V,;| from z-fit . . % BABAR data rescaled by |V,;| from z-fit ¢ |

Z-expansion:
| compare shape between LQCD and exp.
' combined fit of lattice and exp. data from different recolil regions

<Zbetter determination of Vs

A. El-Khadra, FPCP 2012, 21-25 May 2012




Form factors for B — wwlv & V3

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010)
IIII|IIII|II I|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|II

o | © HPQCD ’06 + BABAR ’10

© FNAL/MILC 08 + BABAR "10
® FNAL/MILC "08 + BELLE "10

& i latticeaveréges .0rg
.. End of 2011

3.2 3.4 3.6 3.8 4 ) 4.4 4.6
3
IV |1x10
ub

‘Vub‘ — (3 12+ 026) X 10| S
cf. HFAG 2010 (inclusive): |Vp| = (4 .27+ 0.38)" 10 °

* FNAL/MILC expect new results from much larger data set by end 2012
e also expect results forBg !  K!" soon

A. El-Khadra, FPCP 2012, 21-25 May 2012
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Form factors for D — K(m)lv & V,ga)

Heechang Na (based on HPQCD PRD 84 (2011) 114505 & PRD 82 (2010) 114506)

I ' I ' I ' I ' I
Lattice QCD
HPQCD (2011)

Fermilab/MILC (2005)

o 4 % error

ETMC (2011, preliminary)
Other theory
Sum Rules (2009)

Experiment + CKM Unitarity
CLEO-c (2009)

Belle (2006)

D! I"#

Fam

A\
o\
NS

D>/, 2

(g =0)

| | | | | | | | |
01 02 03 04 05 0.6
f+

new method by HPQCD:

I ' I ' I ' ' I ' I
Lattice QCD

HPQCD (2010)
Fermilab/MILC (2005) [ &

H=H 2.5 % error

Other theory
Sum Rules (2009)

Experiment + CKM Unitarity
CLEO-c (2009)

BaBar (2007+update)

— K/l

| | | | | | | |
03 04 05 06

f,(q°=0)

e use HISQ action for charm and light quarks

e calculate fo(q? = 0) from scalar current matrix element that doesn’t require
renormalization
e use kinematic constraint f4+ (0) = fo(0)

A. El-Khadra, FPCP 2012, 21-25 May 2012




Form factors for D — K(m)lv & V,ga)

Heechang Na (based on HPQCD PRD 84 (2011) 114505 & PRD 82 (2010) 114506)

HPQCD 2011 VC d
V| =0.225(6), (10),

PDG 2010: Semileptonic decay

(Fermilab/MILC 2005)

PDG 2010: Neutrino exp.

PDG 2010: Unitarity

01 0.15 02

V|

HPQCD (2010)
IV 1=0.961 VCS
_1=0961 (11)(24)

PDG 2010: direct estimation
i Semi-leptonic decay: |Vcs| =0.98 (1)(10)
Leptonic decay: IV_I=1.030 (38)
Average: |Vcsl =1.023 (36)

PDG 2010: CKM Unitarity
IV_I=0.97345 (16)

e
e

I I | I | I | I | I | I | I | I
02 03 04 05 06 0.7 08 09
A

CS

<z unitarity test of 2"d row of CKM matrix:

|Vcd‘2

| Ves|?

|Vop|? = 0.976(50)

A. El-Khadra, FPCP 2012, 21-25 May 2012
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Form factors for D — K(m)lv & V,ga)

Jon Bailey (FNAL/MILC 2012)

i | - i
-| — FNAL/MILC PRELIMINARY, partial data set (stat. errors only) . . | — FNAL/MILC PRELIMINARY, partial data set (stat. errors on

e CLEO-, PRD (2009), arXiv:0906.2983 ] - | ® CLEO-c, PRD (2009), arXiv:0906.2983

‘DI 1"

—
S
]
Q)
o
F!
(@)
e
S~
~~
N’-\
S
—
o~

shape from z-expansion, statistical errors only, partial data set

Expect new results this summer (Lattice 2012) from several different
lattice groups.

A. El-Khadra, FPCP 2012, 21-25 May 2012




Formfactorsfor B I K 17T 1°

Ran Zhou (FNAL/MILC 2012)

3 . , | |
o FNAL/WLCf —_— 57 | FNAL/MILC fr —
2.7 FNAL/MILC fo : Cambridge Group
54 | Cambridge Group - o4 |

21 |
1.8 |
1.5 |
1.2 |
0.9 |
0.6 |
0.3 |
o |l

2.1
1.8
1.5 |
1.2
09 r
0.6
0.3

ENAL/MILC: shape from z-expansion, systematic errors included
expect near final results this summer (Lattice 2012)

e also expect new results from HPQCD, ...

A. El-Khadra, FPCP 2012, 21-25 May 2012




Form factors for B — DY) ¢y & Vi

HEG— = (known) '\‘ (2" YRR (1)[?
=g = (known) '\" (12" 1¥2I6(1)[?

at zero recoil (HFAG 2010):

B —D'!" |Vl F(1) =(36.04+0.52) x 10 3

B! DI" :|Ve|G(1) =

(42.3 -

-1.5) X 10~

<zneed form-factors at non-zero recoilfor B! D!" to

match precision for V., determination fromB — D" !I"

A. El-Khadra, FPCP 2012, 21-25 May 2012



Form factors for B — DY) 0y & Vg

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010)

1atticeaveréges.org

O . ... End of 2011

~©® B->Dlv: FNAL/MILC ’04
® B_>Dlv: ENAL/MILC °10

IIII|IIII|IIII|IIII| IIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
37 37.5 38 385 39 395 40 40.5 41 415 42 425 43 435 44 445 45

3
chbl x 10

Vep| = (39.5+ 1.0)! 10 3

cf. HFAG 2010 (inclusive): |Vepl = (41.5+ 0.7)" 10 °
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http://arXiv.org/abs/0910.2928
http://arXiv.org/abs/0910.2928

Form factorratioR(D)=Br( B! D!")/Br(B! D#")

& = [Vepl? ! (known(c?)) ! £2(R) + (known) ! f2(c?)! M7

BaBar (V. Liith, FPCP 2012).

_ Br(B—=DI") _ ‘
R(D) = She—5) =0.440(71

to compare to SM theory we need the form factors at
non-zero recoil.
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Form factorratioR(D)=Br( B! D!")/Br(B! D#")

3 FNAL/MILC form factors:
08: PRELIMINARY /-

_ /- | from partial data set used
0.6- 0+ in arXiv:1202.6346

BaBar 2012

0.4
SM— =
0.2

0.1 0.2 0.3 04 0.5
tanB/my=(Gev™!)

+ FNAL/MILC form factors
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Form factorratio B! Dg!"/B ! D!" & Bg! u™p"

* _LHCb measures the rare Bs decay using a normalization channel

Br(Bs! MW )=Br(Ba! X) ™
S UM

<z They need to know fs/f g

* new strategy: determine f s/T ¢ from hadronic decay ratio
BR(Z° | D!!')/BR(E°! D'K')

using factorization (Fleischer et al, arXiv:1004.398%:

! " (s) + I P2
W %o, %k Npgy , 1 . N, = A (Dgm)
0.0743 $39 %S! NDK NaNF Wlth #ag_d)(D+ Kcll,)

- 42
fFE(MP)

M2y

and Ng =

A. El-Khadra, FPCP 2012, 21-25 May 2012




Form factorratio B! Dg!"/B ! D!" & Bg! u™p"

Daping Du (FNAL/MILC, J. Bailey et al, arXiv:1202.6346¢ calculate
f§ (M)
d
fo (M2)
using a subset of the full FNAL/MILC data set.

= 1.046(44)(1°

0.05

comparison with 0.041
BaBar 2010 data
(arXiv:0904.4063:

0.03F |

0.02 |

Z expansion

0.01 : BaBar 2010——-—

o L
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Form factor ratio Bg! Dg!"/B ! D!I" & Bg! p*p"

Daping Du (FNAL/MILC, J. Bailey et al, arXiv:1202.6346¢ calculate

IV

fPM2)

= 1.046(44)(1°

using a subset of the full MILC/FNAL data set.

flslf dl

PDG Average

LHCb Semileptonic

0.210.240.270.30.33

A. El-Khadra, FPCP 2012, 21-25 May 2012

expect results from
the full FNAL/MILC
data set this summer
(Siwei Qiu, Utah)

<Z Vcb

LHCb Hadronic (sum rule Ng)

LHCb Hadronic (Lattice Ng)




Conclusions & Outlook

* reliable LQCD results for “easy” quantities are here!

e light quarks: several (many) results with different actions and methods, all
INn reasonable agreement

e heavy quarks: dominated by HPQCD & FNAL/MILC, with new results
coming from other groups soon ...

e expect a large increase in computational resources (Bluegene Q, Blue
Waters, GPU clusters, ....)

e three groups have already generated ensembles with light sea quark
masses at their physical values
<zexpect to see an increasing number of physics results with these

and an increasing number of such ensembles

e averages: LLV + FLAG-1 = FLAG-2 to help consumer navigate
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Conclusions & Outlook

* LQCD is systematically improvable

e Better precision is still needed in order to maximize the impact of flavor
physics experiments
<z constrain/discover/understand NP from the precision frontier

e As LQCD errors decrease with better simulations we’'ll need to include
effects that are currently subdominant, for example:

| Isospin breaking |

| EM effects } IN Progress ...

I charm sea quarks

e Also in progress: Develop methods to reliably calculate quantities that are
beyond “easy’, for example:

weak hadronic decays (kaon, D meson, B meson,...)

non-local operators for D mixing

weak decays to resonances (K*, rho, ...)

A. El-Khadra, FPCP 2012, 21-25 May 2012




Conclusions & Outlook

® creativity can yield hard to predict progress, for example:

z-expansion for shape of form factors
development of HISQ action for heavy quarks

HPQCD’s method for calculating f+(0) using nonrenormalized
currents

A. El-Khadra, FPCP 2012, 21-25 May 2012




Appendix

e more on LQCD introduction & achievements

* Glossary of actions:
light quarks
heavy quarks

e Glossary of commonly used terms:
quenched approximation, full QCD,
rooted staggered Chiral PT, ....

* Glossary of Lattice collaborations

A. El-Khadra, FPCP 2012, 21-25 May 2012



Introduction to Lattice QCD

discretize the QCD action (Wilson, ...)
e.g. discrete derivative

9 p(x)— Ay (x) =i[w(x+aﬁ)—w(x—am]

A

in general: <Qlat = <Qcom + O(ap)” n+1

errors scale with the typical momenta of the particles,
e.g. (, ocpa)" for gluons and light quarks <zkeep Va <, ocp

typical lattice spacing a < 0.1 fmor 1/a = 2 GeV

In practice: need to consider a range of a’s

A. El-Khadra, FPCP 2012, 21-25 May 2012




Introduction to Lattice QCD

discretize the QCD action (Wilson, ...)
e.g. discrete derivative

9 p(x)— Ay (x) =i[w(x+aﬁ)—w(x—am]

A

in general: <Qlat = <Qcom + O(ap)” n+1

errors scale with the typical momenta of the particles,
e.g. (, ocpa)" for gluons and light quarks <zkeep Va <, ocp

typical lattice spacing a < 0.1 fmor 1/a = 2 GeV

In practice: need to consider a range of a’s

Improvement: add more terms to the action to make » large

A. El-Khadra, FPCP 2012, 21-25 May 2012




Glossary - Light Quark Methods

* Asqgtad (improved staggered):
errors: ~ O() «?), O(a*), but large due to taste-changing interactions

has chiral symmetry; uses square root of the determinant in sea
computationally efficient

* HISQ (Highly Improved Staggered Action):  also similar: HYP smeared
errors: ~ O() ,a?), O(@*), x1/3 smaller than Asqtad

comp. cost: efficicient, x2 Asqtad

* improved Wilson (Clover, ...): also Stout link smeared
errors: ~ O() .a), if tree-level (tadpole) imp.; O(a?) if nonpert. imp.
Wilson term breaks chiral symmetry
comp. cost: x4 Asqtad for mjign; ~ mgyrange Ut lESS efficient at small quark masses

« twisted mass Wilson (tmQCD):
errors: ~ O(a?)
twisted mass term for quark masses at chiral limit
comp. cost: x4 Asqtad

* Domain Wall Fermions (DWF):
errors: ~ O(a?), O(m,.«)
almost exact chiral symmetry; breaking ~ m s~ 3 1103
comp. cost: xLg Asqtad, L ~ 16- 20

* Overlap Fermions:
errors: ~ O(a?)
exact chiral symmetry
comp. cost: x5-10DWF

A. El-Khadra, FPCP 2012, 21-25 May 2012



Glossary - Heavy Quark Methods

e relativistic HQ actions (Fermilab, Columbia, AKT,...)
start with O(a) improved WIlson action
use HQET to analyze discretization errors

<zno errors that increase as power of amg

* NRQCD
start with effective theory, then discretize

power expansion in p/m or v
need to keep lattice spacing > 0
<z use highly improved action with negligible discretization errors

needs scaling window to extrapolate errors due to light quark and gluon
actions

* HQET/static
1/m expansion, static limit is the leading term
1/m corrections ~10% included in HQET

e HISQ charm
HISQ action has very small discretization errors

<zcan be used for charm and heavier quarks, keep amp <1

A. El-Khadra, FPCP 2012, 21-25 May 2012




Introduction to Lattice QCD

_ ; . . [- | 1
(O) ~ /Dtz,vDA O, 1, A)e™® S = /d4:1’ V(D4 m)y + 1(

use monte carlo methods (importance sampling) to evaluate the integral.

Note: integrating over the fermion fields leaves det(® +m) in the integrand.
the correlation functions, 0, are then written in terms of (/D+m)1and gluon fields

steps of a lattice QCD calculation:

generate gluon field configurations according to det@+m) e

calculate quark propagators, (D+m,)1, for each valence quark flavor and source
point

tie together quark propagators into hadronic correlation functions (usually 2 or 3-
pt functions)

statistical analysis to extract hadron masses, energies, hadronic matrix elements,
.... from correlation functions

systematic error analysis
A. El-Khadra, FPCP 2012, 21-26 May 2012




Glossary — sea quarks

* quenched approximation: no sea quarks, n,= 0 'W¢W

det(p+m)=const " computational cost reduced by factor ~ 100-1000
but systematic errors ~ 10-30% ( for ! OKOs... particles without decay thresholds)

- unquenched: n,- 0
simulation includes sea quarks,  det([) +m) included in integration

e np=2
two degenerate flavors of light quarks (for up and down) in sea, generally with m; > m,,
strange quark is still quenched

® nf: 2"’1
two degenerate flavors (for ¥ and d) plus one heavier sea quark (for s) with mass . mps

° nf= 2+1+1
two degenerate flavors (for u and d) plus one heavier sea quark (for s) with mass . mpms
plus one heavy sea quark (for ¢) with mass . m#»s

- partially quenched: n.- 0 with m,, - m,45c.

sea quarks are computationally much more expensive than valence quarks
one often generates several light valence quarks on each sea quark ensemble

use partially quenched ChPT; extremely useful for determining chiral parameters

A. El-Khadra, FPCP 2012, 21-25 May 2012




Glossary con'td

 rooted staggered quarks

doubling problem " 4 “tastes” (degenerate lattice quark flavors) for every continuum flavor

in the sea: \/det(lZ+m) " two remaining tastes = two degenerate continuum flavors (u,d)

YdettB+m) " one remaining taste = one flavor (s)

* |s rooted staggered lattice QCD = QCD ?

\/det(l) + m) is nonlocal at a - 0 (Bernard, Golterman, Shamir)

but there is a lot of evidence that nonlocality ~ a2
based on renormalization group analysis (Shamir) and ChPT analysis (Bernard)
also a growing body of numerical checks (Durr& Hoelbling, Follana, Hart & Davies, MILC, ..)

- rooted staggered chiral perturbation theory

accounts for the taste violations in the rooted staggered sea
includes leading discretization effects, which can then be removed in continuum limit

A. El-Khadra, FPCP 2012, 21-25 May 2012




The Players

Collaborations which generate n. = 2+1, 2+1+1 ensembles

BMW: generate n; = 2+1 tree improved stout smeared Wilson sea
Durr, Fodor, Frison, Hoelbling, Hoffmann, Katz, Krieg, Kurth, Lellouch, Lippert, Ramos, Szabo, Vulvert,...

ETMC: generate n; = 2, 2+1+1 twisted mass Wilson sea
Blossier, Dimopoulos, Frezzotti, Haas, Herdoiza, Jansen, Lubicz, Mescia, Palao, Shindler, Simula, Tarantino, Urbach, Wenger,...

HSC: generate nf = 2+1 anisotropic Clover sea
Bulava, Cohen, Dudek, Edwards, Engelson, Foley, Joo, Juge, Lin, Mathur, Morningstar, Orginos, Peardon, Richards, Ryan,
Thomas, Thomas, Wallace,...

JLQCD+TWQCD: generate n; = 2, 2+1 Overlap sea

Aoki, Aoyama, Chiu, Fukaya, Hashimoto, Hsieh, Ikeda, Ishizuka, Kanaya, Kaneko, Kuramashi, Matsufuru, Noaki, Ogawa, Ohki,
Okawa, Onogi, Shintani, Takeda, Taniguchi, Ukawa, Yamada, Yamazaki, Yoshie,...

PACS-CS: generate n; = 2+1 NP improved Wilson sea

Aoki, Ishii, Ishikawa, Ishizuka, lzubuchi, Kadoh, Kanaya, Kuramashi, Murano, Namekawa, Okawa, Taniguchi, Ukawa, Ukita,
Yoshie,..

MILC: generate n; = 2+1 Asqtad sea and n; = 2+1+1 HISQ sea

Bazavov, Bernard, DeTar, Du, Foley, Freeman, Gottlieb, Heller, Hetrick, Laiho, Levkova, Oktay, Osborn, Sugar, Toussaint, Van de
Water,...
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The Players

Collaborations which generate n; = 2+1, 2+1+1 ensembles

RBC+UKQCD: generate n; = 2+1 DWF sea

RBC: Aoki, Blum, Christ, Cohen, Dawson, Ishikawa, |zubuchi, Jin, Jung, Kim, Li, Li, Lightman, Lin, Liu, Mawhinney, Ohta, Sasaki,
Scholz, Soni, Van de Water, Witzel, Yamazaki,..

UKQCD: Allton, Antonio, Boyle, Clark, Donellan, Flynn, Hart, Juttner, Kelly, Kennedy, Kenway, Maynard, Pedroso de Lima,
Pendleton, Sachrajda, Tweedie, Wennekers, Zanotti,...

QCDSF: generate nf = 2+1 stout smeared NP Clover (SLINC)
Al-Haydari, Ali Khan, Braun, Collins, Cundy, Gockeler, Horsley, Kaltenbrunner, Kennedy, Lacagnina, Nakamura, Panero, Perlt,

Pleiter, Rakow, Schafer, Schierholz, Schiller, Streuer, Stuben, Zanotti

FASTSUM: generate nf = 2+1 anisotropic clover
Aarts, Allton, Kim, Lombardo, Oktay, Ryan, Sinclair, Skullerud, ...
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The Players, cont’d

Users:

ALV: use MILC n; = 2+1 sea + DWF valence
Aubin, Laiho, Van de Water

SWMME: use MILC n; = 2+1 sea + HYP smeared improved staggered
Bae, Kim, Kim, Kim, Jung, Lee, Yoon, Sharpe,...

/| QCD: use PACS-CS n; = 2+1 sea
Alexandru, Chen, Dong, Doi, Draper, Horvath, Joo, Kathuria, Lee, Lewis,Li, Liu, Lujan, Mankame, Mathur, Moerschbacher, Pelissier,
Streuer, Thacker, Wang, Zhang,...

Fermilab Lattice: use MILC n; = 2+1 sea + Asqtad valence + Fermilab heavy quarks
Bailey, Bouchard, Du, AXK, Freeland, Gamiz, Gottlieb, Kronfeld, Laiho, Mackenzie, Neil, Simone, Van de Water, ..

use MILC n; = 2+1 sea + HISQ valence (light and charm) + NRQCD b quark
Allison, Dalgic, Davies, Follana, Gamiz, Gregory, Horgan, Hornbostel, Kendall, Lepage, McNeile, Shigemitsu, Trottier, Woloshin

LHPC: use MILC n; = 2+1 sea + DWF valence

Edwards, Engelhardt, Fleming, Hagler, Lin, Lin, Meyer, Musch, Negele, Orginos, Pochinsky, Procura, Renner, Richards, Schroers,
Syritsyn, Walker-Loud

NPLQCD: use MILC n;= 2+1 sea + DWF valence and HSC n; = 2+1 sea
Beane, Detmold, Lin, Thomas, Orginos, Parreno, Savage, Torok, Walker-Loud

RBC+UKQCD: use n; = 2+1 DWF sea + DWF valence + rel. heavy quark action or static

Australian group: use PACS-CS n; = 2+1 sea
Mahbub, Kamleh, Leinweber, Moran, Williams, ...
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LQCD: Current status

ETMC '09 (2)
ETMC '10 (2+1+1)

MILC '10
MILC '12

QCDSF '10 (2)
QCDSF-UKQCD '10
BMWc '10
BMWc'08

PACS-CS '09
RBC/UKQCD '10
JLQCD/TWQCD '09
HSC '08

BGR '10 (2)

CLS '10(2)

0O @@ ¢ 4+ O O ¢ X%

X 4+ o o =n

| | | | |
100 200 300 400 500 600 700
M [MeV]

Many different groups, different actions, methods
see Glossary in Appendix

A. El-Khadra, FPCP 2012, 21-25 May 2012




LQCD Achievements: Predictions

Form factor shape for D' K [( Form factor shape for D — m lv

D — Kiv | : D — mlv

— — lattice QCD [Fermilab/MILC, hep-ph/0408306] i — lattice QCD [Fermilab/MILC, hep-ph/0408306]
i & experiment [Belle, hep-ex/0510003] ] | & experiment [Belle, hep-ex/0510003]

m  experiment [BaBar, 0704.0020 [hep-ex]] 5 A experiment [CLEO-c, 0712.0998 [hep-ex]]

A experiment [CLEO-c, 0712.0998 [hep-ex]] s - v experiment [CLEO-c, 0810.3878 [hep-ex]]

v experiment [CLEO-c, 0810.3878 [hep-ex]]I

O_IIII

0.3

(Phys. Rev. Lett. 94:011601, 2005)

*Normalization agrees with experiment plus CKM unitarity

*Prediction of the shape

also: B. mass prediction (HPQCD+FNAL PRL 2005, hep-lat/0411027)
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LQCD Achievements: Predictions

fos D+ meson decay constant

FNAL/MILC (PRL 2005, hep-lat/'0506030

[ ] CLEO-c (PRL 2005, hep-ex/0508057)
| | | | | | Predictions

!
200 220 240 260 300 3 of
Mev fD+ and fDS
at

7-9% level

D, meson decay constant
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LQCD Achievements: /p;

Time history

A. Kronfeld (Annu. Rev. Part. & Nucl. Sci, arXiv:1203.1204)

_—Experiment +
- CKM unitarity

- T

2006 2007 2008 2009 2010 2011 2012

year

A. El-Khadra, FPCP 2012, 21-25 May 2012




LQCD Achievements: Hadron spectrum

—I

-I

k
£

I-

I

I I I
N % &

0

AN

A. Kronfeld (Annu. Rev. Part. & Nucl. Sci, arXiv:1203.1204)
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