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Lattice landscape

ETMC N; = 2
QCDSF N; = 2
CERN-ToV N; = 2
CLS N; = 2
JLQCD N; =2

JLQCD Ny =2+1
PACS-CS Nf =2+1
BMW Ny = 2+ 1
RBC-UKQCD N; = 2 + 1
MILC Ny = 2 + 1

ETMC Ny =2+1+1
JLQCD (2001) Nf =2
exp®
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Lattice kaon physics

» High precision
» Unitarity of first row of CKM matrix and quark-lepton universality

fljt_).,r—ny/fﬂ

» Precision
» CP violation in neutral kaon mixing in SM and beyond

Bk and BSM matrix elements
» Al=1/2rule

» Direct CP violation in K — 7 and Re (¢’/¢)
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[ Vias|

» fi/fr and K3 provide best
lattice constraints on |V ]|

» Involve SU(3)-breaking: 0230 IZ_J?],%G

20% in fx/frx, 4% in f;?;r(o) > £,(0) = 0.9644(49)
» Precision K3 studies more i/l =1.189(7)
recent, but improving
rapidly
» high precision possible
because f. (0) — 1 is
calculated

» Devil is in the systematic
error estimation

» Around 1% precision now, 0570 075 Vi
aiming for 0.1% or better
by 2012
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fK/fﬂ'

ETMC
NPLQCD
MILC
HPQCD
RBC/UKQCD
ALV
PACS-CS
BMW

PDG

Summary table:

™ 2 >0.07 3.6 >260 1.210(6)(15)(9)
KS/DWF ~ 2+1 0.13 3.7 >290 1.218(2)(34
KS 2+1  >0.06 4 > 240 1.197(3)(%;)
KS 241 >0.09 3.8 >250 1.189(2)(7)
DWF 241 0.11 46  >330  1.205(18)(62)
KS/DWF 2+1 >0.09 23 >240  1.191(16)(17)
NP-SW 241 0.09 23  >160 1.189(20)
sw 241 >0.065 >4 >190 1.18(1)(1)
1.193(6)

Lellouch Lat08, Simula CKM2008, Boyle Kaon09

ETMC 0904.0954

MILC 0710.1118

HPQCD PRD73 (2006) 114502
RBC/UKQCD PRD78 (2008) 114509
PACS-CS Lat08 0811.2630

BMW Diirr Lat08
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K — mlv: f+(0)

JLQCD 05 NPSW 2 009 >5 >550 0.967(6)

RBC 06 DWF 2 012 >6 >490  0.968(9)(6)
QCDSF 07 NPSW 2 008 >6 >590 0.965(2)(-)
ETMC 08 prel  tmW 2 009 >4 >260  0.956(3)(5)
FNAL/MILC 04  SQ 241 0.962(6)(9)

RBC/UKQCD 08 DWF 2+1 011 >3 >240 0.964(3)(4)(1)
Lellouch Lat08, Simula CKM2008, Boyle Kaon09
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Neutral Kaon mixing: By

15 e L e e e e M
[ [exc has CL>0.95 % 7

> |ex| = (2.232+£0.007) x 1073
known to 0.3% precision

» 5By ~ 5% from lattice
calculations

r fitter \ sol.wicos 28< 0

::::: o8 (excl. atCL>095) -

S SR AN R S W S R
-1.0 -0.5 0.0 0.5 10 15 2.0

p

In the standard analysis (Buras et al 1998)
lex| o< BK|Vcb‘2 [|Vcb|2(] — P)NeeS(xe) + et S(Xe, Xt) — nccxc]
...but §|V,| = 2.5% so §|V,,|* also relevant
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Bk

JLQCD o’lap 2 012 2.7  >290  0.734(5)(50)
ETMC 0S/TM 2 0.07 3.1 > 300 0.78(3)
HPQCD KS 241 013 45  >360  0.85(2)(18)
RBC/UKQCD  DWF 241 011 46  >240 0.720(13)(37)
ALV KS/DWF 2+1 >0.09 >25 >230  0.724(8)(28)

Lellouch Lat08, Boyle Kaon09

JLQCD PRD77 (2008) 094503

ETMC Lat08 0810.2443

HPQCD PRD73 (2006) 114502
RBC/UKQCD PRL100 (2008) 032001
ALV arXiv:0905.3947

» Last two well-renormalised calculations are in remarkable agreement

» Renormalisation error becoming dominant; statistical and extrapolation
errors will be subleading

» Error ~ 5% now; aim for 1% error
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B-meson decay constants

Unquenched results have FNAL/MILC ~ HPQCD
5-7% precision today fs,/MeV ~ 243(11) 231(15)
(0902.1815, 0903.3598) fs/ MeV 195(11) 190(13)

fs,/fs 1.25(4)  1.226(26)

New techniques developed in

quenched simulations: 3-4% » combine step-scaling + HQET

error (JHEP 0801(2008)076)

» interpolate HQET plus fs./ MeV
relativistic (~ charm) (ALPHA static + relativistic 193(7)
JHEP 0802(2008)078) fin-vol step scaling 192(6)(4)

» finite volume step scaling combined 191(6)

(Rome 1l NPB672(2003)372)

Aim for 2% precision by end 2012
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D-meson decay constants

N¢ fo/ MeV fo./ MeV fo./fo
ETMC 2 197(7)(12) 244(4)(11) 1.24(4)(2)
FNAL/MILC 2+1  207(11)  249(11)  1.200(27)
HPQCD 241 207(4) 241(3)  1.162(9)
CLEOC 205.8(8.9) 259.5(7.3)

> Best quoted errors already at 1-2% level

» Aim to reproduce with other light quark formulations and
treatments of charm quark and get below 1% by 2012
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Decay constants and new physics

» B, D and K all interesting
» New physics modifies coefficients of low-energy operators and
introduces new operators

» Example for fp,: exchange of particle with mass M generates
(Dobrescu Kronfeld PRL100 (2008) 241802)

/ /

Ch_ _ G- _
V‘;S%ﬁscun“h + M—ZS’Y5C1/L/R + hc

leading to B(Ds — Iv) = Rp,B(Ds — Iv)su with
2

| 02
[y G
CA + ml(mc+m:)

Rp, = |1 + —&_ mlmetm:)
P V2M2GRV

12/27



(my, ,tan §) constraints in 2HDMs

» B— 11

‘ _ mp  tan’j

Rg = |1
B m,ﬁi1+eotanﬂ

Hampered by fg and V,,;, uncertainty
» D; — 7v and Ds — pv
e, 1 — (mg/mc)tan® 3
m2 (1 + ms/mc)(1 + eo tan 3)

Rp, =

S

1+

Most constraining at present (asuming Vs known): less if fp,
goes up to ~ 250 MeV. Experimental errors dominate.

» K decays
- m? - md tan? g3
mf, 1 +eotanf

+_,0+
Vut Vg °

K 12
Vuég Vud

fx/fr and f,j;(o) input: 1% errors important for constraint
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‘ Vcb‘

» Luke’s theorem and use of double ratios allow good precision

» Errors approaching 2% for quantities |F(1)| in B — D* and
|G(1)| for B— D from FNAL/MILC. Combine with experimental
|fx1)V%b|a”dlg(1)V%Hi

Vil = 38.2(0.6)expt(1.0)thy x 1073 B — D*
B 139.5(1.5)expt(0.9)ehy x 103 B — D

» Application of step-scaling methods and twisted BCs have
given 2% accuracy in |G(1)| from a nonperturbative
calculation.

» Quenched: extend to unquenched
» Also calculated A8~P(w), parametrizing difference of B — Drv
and B — Dev: independent of CKM, sensitive to NP

» Prospects good to aim for 0.5% theory error
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‘ Vub‘

» Experimental results for |V,,|f5 (4°) in g% bins

» Combine with lattice f, (q?) using a parametrization of the
form factor, preferably model-independent (eg based on
analyticity and unitarity)

» Recent results

V| = 3.40(20)(33) x 1073 HPQCD quoted in 0903.3598
“17)3.38(36) x 1073 FNAL/MILC 0811.3640

» Approaching 10% accuracy for exclusive |V,,;|; aiming for 3%
in late 2012.

» Discrepancy with inclusive |V,,;|
» B — p semileptonic decays could also be used
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B mixing and decay

» BY-B° mixing
» Most recent lattice results at 3 to 4%:

 fa/Bs,  [1.258(33)
= fs,\/Bs, | 1.205(52)

» HPQCD quote:

HPQCD 0902.1815
FNAL/MILC prelim 0903.3598

|Vial _

¢ AMyMg,
| Vis|

AMsMBd =021 4(] )eXpt(5)|attice

» Aim for sub 1% precision in £ by late 2012
» Lifetime differences
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Rare B decays

(Pla"b|B)

< |qgﬂl’qyb|3>
(V|g~"blB)
(V]Gy"ysb|B)
(

(

Vigo*" q,b|B)
V| qg# s qub| B>

B— 7lv
+ £0
. f {B — KIT I~
fr B— KItI~
% B — (p/w)lv
Ag, A, A B — K*ItI~
T; B — K*vy
T, T3 B — K*ItI~

» Semileptonic cases good if can work at high g2

» Vectors in final state more difficult for chiral extrapolation
since not strongly-stable

» B — K*v biggest challenge: need g°> = 0
» Investigation of moving NRQCD to increase g° range
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Lattice b-physics: complementary approaches

» Use relativistic quarks in charm region and extrapolate to b
» Effective theories

» HQET: substantial progress in nonperturbative renormalisation,
use of static-link fattening and inclusion of O(Aqcp/mp)
corrections

» NRQCD or Fermilab/Tsukuba (RHQ) actions

» Finite-volume and step-scaling approach of Rome-Il group

o) . _O(Ly)

O(Ls) = O(LO)@(LO) O(Ln-1)

Lo small enough to allow a ~ 0.01 fm and Ly ~ L (last factor
is 1 to required precision)
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b-physics prognosis

» Best results likely from combining extrapolation from
mq ~ m. with effective theory results (including Aqcp/my
corrections)

» Few % precision requires nonperturbative renormalisation

» Medium term: look for agreement between different
approaches (HQET, NRQCD, Fermilab/Tsukuba) and study
theoretical foundations

» Although quenched approximation has been banished from
light quark physics, some heavy quark analysis still being
developed using quenched ensembles: redo unquenched once
methods established

19/27



Stress testing LQCD?

fT[
» Every new ensemble requires study ‘;ﬁ
of light hadron spectrum, fx, fr mfj
» Many checks in spectroscopy, Mo,
masses and splittings Mo
p g mgy - mp_
» Al=1/2rule and €'/e My, - My ——
» LO ChPT with K — 7 and K — |0) Y(1P-1S) -
matrix elements is not sufficient znTBs,w'mY -
. . B, [ |
» Need I;—;17r7r m.atr||>c<jelet|“nents. halls Y(@3s19) La
spurred theoretical developments; Y(2P-19) Lms
computations underway Y(1P-15) -
» B — M; M, on the lattice needs new Y(1D-18) HE—
ideas 09 1 11
» Turn question around to test ChPT: n=2+1
LECs Davies 0807.1402; see also

MILC 0903.3598
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MESON MASS (GEV)

The gold-plated meson spectrum from lattice QCD - HPQCD

expt
fix parameters O
2
v hy(2P) /EE&QP) postdictions —&—
E —=— Y. —_— —e— redictions
Ny o—Y SO Uh2(1p) Y(D) P
M, ——6—Y  hy(IP) bl
UNFLAVORED FLAVORED
B, ——
B B,
B® 7 *
) X2
n e === el
N —o—5y, A c %e0
B ===
K O

plot from Davies HPQCD
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Lattice calculations of LECs

> SU(2)L x SU(2)r vs SU(3)L x SU(3)r
» SU(2) LECs (Necco 0901.4257; FLAG [Colangelo] Kaon09)

» (3 and /4 from m2 and f;
» (¢ from pion electromagnetic form factor (charge radius)

CERN/TOV
JLQCD/TWQCD
ETMC

ETMC

PACS-CS
RBC/UKQCD
Gasser Leutwyler
Colangelo et al
Bijnens et al 98

2

3.0(5)(1)
3.38(39)
3.42(30)
3.2(4)(2)
3.14(23)
3.13(33)(24)
2.9(2.4)

2

4.1(1)(-)
4.12(38)
4.59(14)
4.4(1)(1)
4.04(19)
4.43(14)(78)
4.3(9)

4.4(2)

le
11.9(7)(10)
14.9(12)(7)

12.2(9)

16.0(5)(7)
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Theoretical

» UK groups linked to three international collaborations using
three different formalisms

» ETMC: twisted mass
» HPQCD: staggered
» RBC/UKQCD: domain wall

collaborations leverage resources
» Nonperturbative renormalisation
» Chiral extrapolation: SU(2) versus SU(3)

» Making better use of configurations: stochastic propagators,
wall sources, one-end trick for spatial averaging; multiple
sources

» Working with arbitrary momenta: twisting and partial twisting

» Improved actions and operators

» Effective actions for heavy(ier) quarks: HISQ, static, NRQCD,
RHQ
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Computational cost

» Dramatic algorithmic improvement
in C21: improved scaling

» Good idea of needed resources for

target simulations Neonf 120

» Europe, US, Japan: access to a 1/20fm
10-100 Tflops now, 0.5-1Pflops a’ ~ 4 GeV
2010-2012 mi/ms  1/12

» HPC bid submitted April 2007; PPRP My 200 Mev
recommended ~ £7M funding for L 4.5 fm
UKQCD 21 months ago. Vol 903 x 180
» Would get us to ~ 0.4 Pflops in Wilson 0.1 Pflops yr

2011-2012 DWF  1.5Pflopsyr

» Still awaiting final outcome
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People power

» UK in credit from recent past (eg QCDOC) but now relying on
manpower contributions and theoretical input

» Community needs access to machines to maintain
international collaborations and to entice new blood
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QCD and beyond

» New physics via matrix elements of additional quark and
gluon operators at low energies
» hot and dense
» QCD transport coefficients (viscosity, conductivity, ...) and
validity of the hydrodynamic description at RHIC/ALICE
» Nature of ultradense baryonic matter: deconfined,
superconducting, can it be found in our universe? Difficult (sign
problem) but indirect attacks via 2-colour QCD and complex
Langevin simulation
» Lattice BSM: explore strongly-interacting QFTs that might help
us interpret LHC results
» SU(N) for any N with quarks in arbitrary representations: new
technicolor, orientifold-planar equivalence (SUSY < non-SUSY at
large N)
> supersymmetry
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Summary: targeted precision

Quantity
fK/fﬂ'
K — wly
€K
Dy — Iv
B—Iv
Amd
Amy/Amg
B — DXy
B — wlv
B — [K&), p][y, I*17]

CKM

| Viss|

| Vs

Im V2,
‘Vcd" |VCS‘

|\/}d,/ \/fs|
‘\/cb‘
|\44b|

|Via/ Vis|

Hadronic ME Error
fK/f7r <0.1%
i (0) <0.1%

Bk 1%
fog <1%
fz 2%
fz,+/Bs, 2%
¢ 0.8%
Fe_ .ot 0.5%
fi@) 3%
T, etc 4%
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