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QCD 1s a key part of the Standard Model but quark

confinement i1s a complication/interesting feature.

ATLAS
@LHC

VS

Properties of hadrons calculable from QCD if fully nonperturbative
calculation 1s done - can test QCD/search for new physics and
determine parameters (to 1%). CLEO-c

Event: 98595
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Applications of Lattice QCD/Lattice field theory

Annual proceedings of

Pal"tiCle phySics lattice conference:

http://pos.sissa.it/

QCD parameters
H d_ trum Shintani: Lat2011 .
e Hadron structure INuiclear,physics
Lat2012 Lin: Lat2012
| 11 '
CRTE Glueballs and exotica

Tarantino: Lat2012

QCD at high temperatures

Theories beyond the and densities
Standard Model Lombardo, Aarts: Nuclear masses

Lat2012; :
2 and properties

Giedt, Panero: Lat2012 Satz: Saturday
Doi: Lat2012

Quantum gravity

Laiho: Lat2011 A condensed matter physics
computational physics
Astr OPhyS ICS computer science ...
Young: Lat2012 Boyle: Lat2012
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Lattice QCD = fully nonperturbative
QCD calculation

RECIPE

* Generate sets of gluon fields for
Monte Carlo integrn of Path Integral
(inc effect of u, d, s (+ ¢) sea quarks)

* Calculate averaged “hadron
correlators” from valence q props.

* Fit as a function of time to obtain
masses and simple matrix elements

* Determine @ and tix m,, to get
results 1n physical units.

lJ-L‘

» extrapolate toa = 0, m, ¢4 = phys for
real world. *now have phys my¢*
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Example parameters for gluon configurations being made
using two different formalisms for handling quarks.

u,d.s,c in sea

mass 014 | MILC HISQ,2+1+1 ~ ® “| Highly Improved
' BMW clover, 2+1 O St d Quarks
of u,d \\ aggered Quar
0.12 } 1> u,d,s1n sea
quarks o
Vool | Need volume:
. . .‘ ® .. .. () mﬂ-L > 3
> ° and >500
S 008 F 1 independent
N ® .
s o configurations
oot 8 8 :
S oo o o «— my g~ mg/10
0.04 ® * NEW! physical u/d
: ° / now possible * My g ~= M2
002 F o _os 3 o 1« Tud 2 1
real / MILC:1212.4768
WOI’ld 0 | | 1 1 | BMW: 1011.2711
0 0005 001 0015 002 0025 003 grpc/urQCD: dw

a2 / fm2

quarks underway
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Results for the masses of mesons that are long-lived and so can be

= <z [ [/ |

) . . . — / |
well-characterised 1n experiment A
expt
fix params
b%(ZP) postdcns —H—
bg e o= predcns —o6—
b1 (1P) Y(1D)
(‘\lg 3 k T "
>
8 b quark | = :
&) c © B
2 6 I ~ 2005 —>B —— @ B, N -
= lfsﬁ:_uﬂ B mpocp:
Z 1207.5149
N
Y ' X i
S \ P c2
N = === Kl
o= gy © %<0 — cquark
7k DS:E:E: / 7
D
u, d, s quarks
K
y — I N
0 e

Agreement very good - errors typically a few MeV, need to worry about em, mu-md ..
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Hadron Spectrum:1004.4930
Dudek: Lattice2012
BGR: 1112.1601

Mapping excited states 1s harder ..

Light 1sovectors: 7, O, . . .
(huge basis of single-hadron operators, but a=0.12 fm (anisotropic), mass it = 700 MeV)

- . . . O .
3000f . - o- 1. : . . ., -0
X R oo : c ol |
] ca . . ) 0~ 37% ]
2500t [ _ .= i
o~ :
=*D* (— _ [ s D D*
g 2000 r —_— = = = 1-t ot~ 2t
= ] _ exotics
1500 | o - , ‘
\ / 1+— O++ 1++ 2++ 3++ 4++ 3+— g (q](qz:g
[ CJqq D
1000 - ¢¢ %9 n
| normal” J¥¢ =1t
' _ T 4’ 9 .
0" F1 2 "3 4 2 Ft4 hybrlds A=

lightest hybrid multiplet=1"", (0, 1, 2)_+ = Swaveqq(0~ 7,177 ) x g(177)
strong overlap with “gluey” operators 71 (1600), (1800), 7o (1880) + 177
see also charmonium: sadron Spectrum:1204.5425
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Lattice QCD sets world averages for quark masses and g4

Direct access to parameters in QCD Lagrangian means systematic errors smaller

PDG av:94.3(1.2) MeV
——
._._|
H@H
@
80 90 100 110

m_ (2 GeV) (MeV)

120

& \

RBC-UKQCD 11
BMW 11
Blum 10

HPQCD 10

a variety of lattice methods agree

I
HPQCD (Wilson loops) KIJ (b)
HPQCD (c-c correlators) IO
Maltman (Wilson loops) I:O-I

J LQCD (Adler functions) I-QI-I
PACS-CS (vac. pol fctns) :I—O4

011

av:0.1184(7) PDG

Dominiguez 08

Chetyrkin 06

\ a
non-lattice methods
have larger errors

Lattice calcs now adding QED for accurate my/mg

Izubuchi:Lattice2012;

RM123:

1303.4896

0.12 0.13

" a s(Mz)
\y

e
t-decays O~
Lattice o,
DIS —0— |
ete” annihilation +—O7—
Z. pole fits TO—
|
M I BT I I
0.11 0.12 0.13
ag(Mz)
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Meson decay constants
Parameterises hadronic information needed

for annihilation rate to W or photon: " o¢ f 2

0.8 =
ll“ Lattice QCD predictions —6— / \
Lattice QCD postdictions —=—
0.7 F Y experiment -
Q My
< 06 F -
a8
@)
= 05} HPQCD , .
<Zt 1208. )‘2 855 Y
= ” @
. J/ Y -
S
~ 03} W { 2012
<
2 e Ds o B Ly~
S ( D
- 02 F s ® D" @ %"‘ BELLE
—=— K B — tv
0.1 fF -
UNFLAVORED FLAVORED HPQCD
0 1302.2644
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Constraining new physics with lattice QCD
* results at physical u/d quark masses™ f K / f7T .

0.164
~ 0.162
0.160

Jk (GeV

0.158
0.156

0.150
0.145

(GeV)

0.140

T

= 0.135
0.130

HISQ on

MILC configs
HPQCD:1301.1670

Annihilation of K / T to W
allows CKM element
determination given decay
constants from lattice QCD

expt for [(KT — (v)

0.05

0.10

0.15

0.20

2
K_Kmn
mu,d/ms

] [(rT — fv)
: |VUS|fK+ ¢
Vo 0.27598(35) By(x+) (25) B
o ];K+ from lattice gives CKM
T+
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Comparison of results  (note: T+ < [K) m1123:1303.489
gives by 0.40(4)%

good agreement from different formalisms

* results at physical u/d

f/f 4 quark masses™
" n=2+1+1 | HPQCD, 1303.1670 !
HISQ A K+
. MILC, 1301 5855 = 1.1916(21)
HISQ fo+
P ETMC, Lattice2013 l
twisted mass Vv
____________________________________________________ [Voss| = 0.23160(29) capt (21) Ear (41) 1044
i/t Vad
— n=2+1 BMW, 1001 4692 l
clover
. HPOCD. 07061726 |1/ | — ().22564
— e LvW, 1112.4861
domain-wall ~ (28)B:r(20) £ar(40)1at¢(5) v,
o MILC, 1012.0868 l
asqta
. = RBC/UKOCD 1 — |Vual? = [Vasl® = |V |?
. . . . domain-wall ___{)00009(51)

115 117 119 121 123 125
Vud from nuclear 5 decay now needs improvement for unitarity test!
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Constraining new physics with lattice QCD: fp., /D

MILC:1210.8431 new results using HISQ quarks on MILC 2+1+1 configs

260 —

f, (MeV)
| \\

240 —

220 —

CR A

Q_) r - NUR

: T

o 200 — 2o m; = 0.2 my —

- 0: m; = 0.1 my
O: m; = 0.04 mg

+ I’I | | | | | | |
0.00 0.01 0.02 0.03

* results at physicalau/élm )
quark masses™

experimental update: new Belle results

World av: fp, = 257.2(4.5)MeV
20 above theory

f, [MeV]

» 280

Zupanc:charm2012

MILC (Lattice2013):

fp. = 247.2(2.2)MeV
fp = 211.4(1.6)MeV

agree well with previous HPQCD:

Fp. = 248.0(2.5)MeV
HPQCD:1008.4018

fp = 208.3(3.4)MeV
HPQCD:1206.4936

300 CLEO-c BaBar Belle Preliminary

D %U\ D — TV,

260 |

240— ’

220—
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Constraining new physics with lattice QCD: fB., /B

126}, % sl § sas)|  HPQCD: 1302.2644.
R i % o % | Uses improved NRQCD for
S % ¥ ses & sas)| b quark and HISQ u/d and s
Sl Th | quarks on HISQ 2+1+1
§1_18_ @ | gluon configs
T Ls g} T st — 224(5)Mev
114} hysical point

0.00 T0.0S 0.10 0.I15 O.I20 0.25 BI‘(BS % //L—I_//L_) J—

Mz/My,  — ml/ms

* results at physical u/d 347(19) < 10—9

quark masses™

= Standard e s i el
t 4 Vv
Model b | _w__ L,
processes: s e
t 2
w—r =,
LHCD .
mey - a—
s Nov. 2012
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185(3) 225(3)

averages

fB I

fBo'Q o,

H@* -
SR
e i@

ial

d,s,c sea

u, d S sea

u ‘dsea

150 175 200 225 250 275 300

tg / MeV

B, Bs decay constant
update 2013

PDG av BR(B->tvy) (Ol Belle
+ PDG av Vub 1208.4678 =

211(28) MeV)

* results at physical
130%%16)414\11RQCD u/d quark masses*

CD NRQCD
120% 4914 <

HPQCD HISQ 1110.4510
FNAL/MILC 1112.3051

ETMC Lattice2013
ALPHA 1210.7932

NOTE:
fBs < fps now quite clear
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Constraining new physics with lattice QCD: form factors
K — mly

NEW - now results with full continuum

and chiral extrapolation. Different formalisms agree

MILC, 1212.4993
HISQ

RBC/UKQCD
1305.7217
domain wall

fie(q°=0), n=2+1
Fiex(0) = 0.9667(40)

TAS

|

Fren(0) = 0.9670 (*27)

—50

0.955 0.96

l 0.965 0.97

with experiment:
fr=(0) =0.2163(5)

v
= 0.2238(11)

0.975

1005.2323

*MILC in progress: HISQ results with

physical u/d quarks - expect ~0.3% error*

0.99 —

(q°=0)
A

<098 —

f

097 —

—

asqtad re lt(ttl erro )

x HISQ on

—— chiral extrapolation in the continuum
—— chiral extrapolatiol f —015fm

e a=0.12fm (N, =2+1+1 HISQ)

e a=0.15fm (N =2+1+1 HISQ)

—— chiral extrapolation for a=0.12fm
—— chiral extrapolation for a=0.09fm

o a=

0.09 fm (N, = 2+1+1 HISQ)
a=0.06 fm (N, = 2+1+1 HISQ)

chi2/dof [dof] =028 [8] p=0.99

am /(am )

0.5
physical
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Form factor shapes and dependence on spectator quark:

B->D: X2/d0f=5/20, p-value=1.0

C I
LOS F T T T AT .
C 007/050 —&— 7 i
1 F 020/050 = J i
u 0062/031 ——=— 4 -
0.95 _ 0124/031 H»%_ 2 L2r ]
= 0.9 ;— —i Né 1: i
0.85 [ - T \
08 - - spectator
075 :| P TT TN N T HNNN T N M N M A |: ] | | ] ]
1 .05 1.1 115 12 0 0.5 qz(éevz) 1.3 2
w HPQCD:
B.->D_: ’/dof=7.6/20, p-value=0.99 1305.1462.
oS T T T T e T \ C—S w
C 007/050 —&— 3 7771 BES
! E_ 082(2);82(1) %A%_E b % C 300 [T BaBar
0.95 [ 0124/031 —=— 3 <SS CLEO
+ - ] , 253 HPQCD | |
£ ool 4 form factors &
085 - 7 same for lightor <1
S 3 strange spectator d
075 Bl Lo b Lo 1]
1 .05 1.1 115 12 1l
i compare f+ shape /! .
Fermilab/MILC:1202.6346. S50 15 10 05

parameters:

determined ff ratio to use in ,
lattice and expt.

normln of B, — pu T~

f 35 3.0 25
D — K/lv

by /by

Tuesday, 25 June 2013



B semi-leptonic decays and constraints on new physics

B decays with 7 1n final state are sensitive to form factors suppressed
by lepton masses for €, [l so may see new physics.

Fermilab/MILC:
B — DZV 1206.4992.
L B B I I AL IR I
T f+5 1o
> LTS i
S i 1
o” 06 - -
N;ﬁ 04 [ .
§ 02 H -
R I < T T .
0 2! 4 6 8 10 12
q> (GeV?)

Br(B — Drtv)
= 0.316(14)

Br(B — D/lv)

“l=e,pu

BaBar:1205.5442;

1303.0571 — 0-440(72)

HPQCD:

B%KZ_I_K_ 1306.0434;

1306.2384.

0.6
JYy YRS —o— Belle
s L —a— BABAR
_ : — 53— CDF
L —o— LHCb[16]
8 04 F —4— —e— LHCb [17]
o~ il
= T
= 03F —
o = € T 67 :UJ
°
~. 02 F
% Y
01 [ _ _;
0 _e_l | | | |
0 4 8 12 16 20 24
2
GeV
q [Gev') T+: fo, I
03
Y (2S)
3 (=T
=
6) 02
5
kS
\P 0.1
8
0 | | |
12 15 18 21 24
q [GeV?]
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Electromagnetic transitions provide important tests

pion electromagnetic

J/ — yne

form factor
22 ‘ I‘IHSQ ,_'e_| ' 120'8 . 28'55 ' 1-05: T 0] expt f| LN N B N I Y B B I D Y B N O D B B B :
e e . 1206.1445 | S e 1T NA7 =
2r CLEO-c I i & finef, &
[ |— exptfit :
? @ @p 095~ |— Iattice fit 7
18 F $ ] - -
~ 09— —
> % T f T -
16 H 1 7 0.85F ’:;’ il .
08 22277 o —
Lar $ T F *HPQCD preliminary 1
OPE at physical u/d masses™7
12 ' : : ' : ' : - .
0 0002 0004010006 0008 001 0012 0014 07l At
a / fm> q2 in GeV’
Different quark formalisms Test lattice QCD vs direct eXperiment at low
agree. Lattice more accurate  spacelike q* ; <r®> sensitive to light quark mass
ﬂunlexperﬁnent ETMC: 0812.4042; JLQOCD:0810.2590;

Mainz:1306.2916
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Muon anomalous magnetic moment 7 __ g - S

[ =

1 g - O(1073)
a — —
R 2 e.g. from QED: ﬁ M

azxpt — aiM ~ 29(8) %« 10719 = 30 mismatch
BNL, to be improved at FNAL and J-PARC

i nE=2+1 QCD contribn from hadronic
A HE Mainz 11122804  VacC. POI and hght by-light’.
AR clover-quenched s
A BC/UKQCD gﬁ@%
| domaln wa 1
L 1107.1497 ~10x
from ava | AubinBum P HVP 10
et e —>l asqiad rogress on 10-
P hep-1at/0608011
HLBL needs
. n=2 QCD+QED e e
@ 15 ETM 11034818 o P
i WISTEA Mmass Toode0st ¥
i : ETM underway . ‘;} 3e-08 | - aﬁorew:'_v_f,
: o nf=2+1+1 R E
500 600 700 800 T preminy [SHERE R S
a,(HVP)x 10" Blum lattice2012:1301.2607 Y e "
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K — 7 and the A]:1/2 rule

K — mrr—2 450 times more likely than K — 7m7—g

nonperturbative enhancement of matrix elements
of 4-quark operators from weak Hamiltonian
[=2 amplitude now calculated directly in lattice QCD; I=0 underway

: Find cancellation in A between different
Hyy L color contractions of key operator (same
S

\j; ; effect will enhance Ao) .

3.0 5 e
25[}3 —@ o
' O+ Q@ e~

—

S 20+ .
1 —
= 15 %} i ]
H w’ i m
w 310 ¢ $4355 U0
S -

t
Christ: Lattice2012; , . B
RBC/UKOCD: 1212.1474; 1111.1699  haive expectn: (ME2)=(MEIL)/3
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Ken Wilson
1936-2013
Originator of Lattice QCD
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Conclusion

 Lattice QCD results for gold-plated meson masses, decay
constants and form factors provide stringent tests of QCD/

Standard Model.
* Gives QCD parameters and some CKM elements to 1-2% and

constrains Beyond the Standard Model physics.
Future

e sets of ‘2nd generation’ gluon configs now have
M, 4 at physical value (so no extrapoln) or
a down to 0.05fm (so b quarks are ‘light’)

also can include charm in the sea now.
* v. high statistics/large volumes needed for harder calculations
(precision baryon physics, flavor singlet /glueball spectroscopy,
excited states, nuclear physics) will become available with
increased computer power...

Lattice 2013: Mainz, JU.ly 20th www.lattice2013.uni-mainz.de
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