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Outhne

e |attice QCD
e Hadron Spectroscopy

e Stangeness in the Nucleon and Dark Matter searches

[see review talk by C.Taratino, parallel talks
by F. Bernardoni, T. Kurth, A. Shindler]

¢ Flavour Physics
e Other topics

e Summary & Outlook



The Latti(}e Ken Wilson (1974)

e Discretise space-time with lattice spacing a
volume L3xT

e Quark fields reside on sites
e Gauge fields on the links

e Approximate the QCD path integral by Monte
Carlo methods

e Use a big computer
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Systematics of a Lattice Calculation

e Extrapolations:

e Continuum

>

e Unavoidable
e Improved actions (errors O(a?))

¢ Finer lattice spacings
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¢ | arge volumes so effects are exponentially suppressed
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e Finite volume




Systematics of a Lattice Calculation

e Extrapolations:

e Continuum >

e Unavoidable

e Improved actions (errors O(a?))

¢ Finer lattice spacings

e Finite volume

>

¢ | arge volumes so effects are exponentially suppressed

> A

e Chiral

e Chiral perturbation theory

e Simulate at physical quark masses

a — (O
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Speed of a Lattuce Calculation

1000 configurations with L=2fm
[Ukawa (Berlin, 2001)]
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Speed of a Lattuce Calculation

1000 configurations with L=2fm
[Ukawa (Berlin, 2001)]

“Berlin Wa
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” of Lattice QCD

Many algorithmic improvements
M [Clark (Tucson, 2006)]
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Speed of a Lattice Calculation i

Rt F 405 F SRS
. |

1000 configurations with L=2fm
[Ukawa (Berlin, 2001)]

“Berlin Wall” of Lattice QCD

2001 2006

Many algorithmic improvements
M [Clark (Tucson, 2006)]

10

- w0 =
B NN N —
B W oM. -
B W ‘A ‘\\ 7]
- W \"\\ ~. |
{ - “\ T el

- \"5\\ \\ ‘.-‘““ 3
- RN -~ 3
i RN ... :
2 - : \‘\ \\“ O i

) \\§§ \\ S T
;: 0.1 RSN e
F o AT =
o C ~ \\\\\ ~. ]
e . LRI A -
. ‘\ - ‘\“ —
?3 001 ® N =2+IDWF (L =16) \:\\‘:::“\ Tt —
- A e S~a 3
S - m N, =2 Wilson RN e :
Physical point [~ — Ny=2Clover T
A Nf:2TM Sae TSSSmell Tl
0.001 g Sso eSSl —
I 6 T E| 4 Ny=2+1AsqtadR Sse eSS E
C _ K mPS L5 | 7 - N, =2+1 Asqtad RHMC \\\ a
- a- - » N.=2+1 Clover TSl -

mV 0.0001 1 O 1 | 1 | 1 | LSS

0 0.2 0.4 0.6 0.8 1



The Power of Computers

e Progress in Lattice QCD aligned with the dramatic increase in supercomputing
power —

e From Top 500 list (http://www.top500.0rQ)

e June 2002: Earth Simulator, 36 TFlops

e June 2012: Sequoia (BG/Q), 16 PFlops

e | attice code performance on BG/Q:

e 3.07 Petaflop/s sustained on half of Sequoia

e 32% of peak for highly optimised routines (BAGEL - Peter Boyle, Edinburgh)


http://www.top500.org
http://www.top500.org

The lLatuce Landscape

[Hoebling (Lattice 2010) 1102.0410]
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¢ | eading sources of error:
e Unphysically large quark masses

¢ Finite Volume
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The lLatuce Landscape

[Hoebling (Lattice 2010) 1102.0410]
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Ilavour Lattice Averaging Group (FLAG]

e Motivation:

e Digging into the Lattice literature not easy, even for “Latticists”
e Compilation of results with “best” values ready for use

* FLAG + Lattice Averages > FLAG?2
e First review [1011.4408]

e hittp://itpwiki.unibe.ch/flag/index.php

e Quantities covered in first review:

e [ ight quark masses ® Vus, Vud
e LECs * Bk

e Second review extended to cover [Released early next year]
*: S * B— Hlv

e fg, BB


http://itpwiki.unibe.ch/flag/index.php
http://itpwiki.unibe.ch/flag/index.php

N f=2+1

N=2

Quark Masses

Flavour Lattice Averaging Group

http://itpwiki.unibe.ch/flag/index.php

(FLAG) [1011.4408]
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Spectroscopy



QCD Hadl‘()n Spectrum IE" : BMW, MILC, PACS-CS, ;

H-#!: , , Hadron Spectrum ($);
Plot from A. Kronfeld [1203.1204]  p, B: Fermilab, HPQCD, Mohler-Woloshyn
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Excellent agreement between different collaborations/lattice formulations



The Excited Hadron Spectrum

Isoscalar Mesons [Dudek et al. 1102.4299]

negative parity positive parity exotics
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¢ |[ncludes high spin and light exotic states M = 396 MeV

e Most states identically flavour mixed strange-light mixing

L =42(1)° e = 1.7(2)°



Spectroscopy

¢ | ight hadron spectrum is in good shape

¢ Significant advancement in the determination of excited states

[see also |l talk by K. Juge]

¢ Now confronted with new challenges:
® |sospin breaking
(See plenary talk by T. Izubuchi at Lattice 2012)
e QED effects

e Resonances (See plenary talk by D. Mohler at Lattice 2012)



Isospin Breaking

(rrLd __'rT1QL)

¢ To date, all Lattice simulations have been performed with degenerate up and

down quark masses

Ne=2, Np =241, Ny =2+1+1

* Progress by several collaborations in determining the (g ! my ) effect on

some observables

M, ! Mg

-— RBC('10)

e QCDSF('12) .

.- RM123('12) .

o : NPLQD('06) .

M, —M, [MeV]

no *7p

QCDSF (1206.3156):

M, — M, = 3.13(55)
My, — Mg+ = 8.10(136)
Mz — M=o = 4.98(85)

Rome 123 (1110.6294):
mg — my(MS, 2GeV) = 2.35(25)
P+ [ Fi +
Fr/F
M, — M, = 2.8(7)

— 1= —0.0039(4)



QLD Effects

(See plenary talk by T. Izubuchi at Lattice 2012)

e Many Lattice QCD results are achieving high precision

Afi, Afc ~1%, A(fi /fx) ~ 0.5%
e QED effects may not be negligible and should be included

e Although in some cases, QED can be treated perturbatively, this is not
always the case

==>> QCD-+QED Lattice simulation

e Currently two main methods employed:
e Quenched QED

e Dynamical QED via reweighting



QLD Effects

(See plenary talk by T. Izubuchi at Lattice 2012)

e E.g. Quark masses from QCD+QED simulation [PRD82, 094508 (2010)]

my = 2.24% 0.10% 0.34 MeV
mg = 4.65x 0.15%x 0.32 MeV
ms = 97.6x 2.9+ 5.5 MeV
mg! my = 2.411% 0.065% 0.476 MeV
mug = 3.44+ 0.12+ 0.22 MeV
my/mg = 0.4818 £ 0.0096 = 0.0860
ms/myg = 28.31% 0.29+ 1.77,

e and for n-p: (M, — Mp)QED = —0.54(24

e Combine with previous QCD result

(M, — M) = 2.14(42) MeV
c.f. experiment: 1.2933321(4) MeV



Strangeness Content of the Nucleon

& Dark Matter Searches



Strangeness and Dark Matter

(See plenary talk by R.Young at Lattice 2012)

e Strong evidence that Dark Matter is made up of weakly-interacting massive
particles:”"WIMPs”

¢ Direct experimental searches depend on WIMP-nucleon cross sections

10

DAMA XENON100 (2011)
O /Na — observed limit (90% CL)
Expected limit of this run:

XENON100, PRL(2011)]

S
5

CoGeNT

1
DAMA/I f ; .| expecte((ij
\“ ~ CDMS (2011) 21 expecte

XENON100 (2010)

—

<
A
@

X
ﬁ
\
\
\

WIMP-Nucleon Cross Section [cm?]
=

[y p—
= =
ES =
T T T T T T T I TR =TT
e i i

\ N Trotta et al.
al. \ \
1 1 | | | 1 1 1 \'If 1 1 nl 1 1 1

6 78910 20 30 40 50 100 200 300 400 1000

WIMP Mass [GeV/c’]
¢ Significant uncertainty coming from nucleon “sigma” terms
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Strangeness and Dark Matter

® XN = Ou+ 4can be obtained from ! N scattering

e ! s then determined from! | N and an estimate for the non-singlet

| o = my(N|uu + dd — 25s|N)
C I::> poorly determined o5 ! 300+ 300 MeV

Mg

e Even with perfect ! 1N | 0¢ = | 59 ~ 90 MeV
2m
o |::> Lattice QCD wf
1.8} A Ay
* Two options: =1l , A
o} ;
Z 14| &
e Determine (N |@g|N) directly N
l v 52 |
"Mn 1.0 |
e Feynman-Hellmann ! ¢ = Mq < 54

m q 0.0 0.2 0.4 0.6 0.8 1.0 1.0
m? [GeV?]




Strangeness and Dark Matter

Ross Young's Lattice Estimates:

60 MeV

‘Fukugitaetal. 199¢
-Dongetal. 199¢
1SESAM199¢
‘Leinweberet al. 200C
‘Leinweberet al. 200¢&
‘Procureetal. 200z
‘Procuraetal. 200¢
1ETM 200¢

-JLQCD 200¢
-QCDSF(Direct) 2011
-QCDSF(Spectrum 2012(=<Prelim
“Young& Thomas200¢
PACS-CS200¢

-D¥rr etal. 2011
‘QCDSF-UKQCD 2011

30 MeV |
020 40 60 80 10T
Nf=0
Nf=2
Nf>2 .,

1Shanahaetal. 2012

0 20 40 60 80 10C

o (MeV)

(Plenary talk by R.Young at Lattice 2012)

20 MeV! 11 60 MeV
L ~ JLOCD200¢
Nf=2
I JLQCD201¢
L 'QCDSF2011
— . ‘Young& Thomas200¢
Nf>2

"

0 20 40 60 80 10C12C14C
os IMeV"

‘Toussain®& FreemarR00¢
‘DYrr etal. 2011
‘QCDSFUKQCD 2011
‘Freemar& ToussainR01z
‘Shanahartal. 2012
‘Engelhard012!«Prelim"
‘RBCHIKQCD 2012!«Prelim’
1 yQCD 2012!+Prelim"

Dramatically improves cross section estimates




Flavour Physics

[see talk by Cecllia Taratino, Monday 17:10 for detailed review]



Ilavour Physics

¢ The most sensitive test of CKM Unitarity is provided by the relation

‘Vudl2 L ‘Vus‘z L ‘Vub‘z =13l

e Error dominated by uncertainty in! = |Vys]|

e

KT I"# KT ul

e Required Lattice input: f . (q = O) fK/f -
e FLAG [1011.4408];
f.(0) A
0.95 096 097 098 0.99 1.00 = 114 116 118 120 1.22 1.24 126
i i I I [ [ I I I
I R ¥ 1N ETM 10E
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I + | HE RBC/UKQCD 07 Z Al MILC 10
& | | x - RBC/UKQCD 10A
e our estimate for N, = 2+1 - | BMW 10
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i ETM 10D - :ﬂ MILC 09A
o | T ETM 09A & i Xut(_: %98
: : - - ubin
=P QCDSF 07 = i{:% PACS-CS 08, 08A
P RBC 06 e ' RBC/UKQCD 08
—O-H O JLQCD 05 i HPQCD/UKQCD 07
i i : * L NPLQCD 06
e our estimate for N, = 2 I AT MILC 04
: 5 1l our estimate for N, = 2+1*
| H—A—H Kastner 08  [59] 5 : i
b ——A— Cirigliano 05 [58] HHH ETM 10D
A Jamin 04 [57] % H E_‘m 83
: A Bijnens 03 [56] < ! .
LAl LR 84 54] e QCDSF/UKQCD 07
il | | | | | hianiy | | our estimate for N, = 2
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Flavour Physics

e Combining lattice results with experimental decay rates, FLAG [1011.4408] finds

0.230

us

0.225

- lattice result for f,_(0), N, = 2+1
mes [attice result for f /f , N = 2+1
----- — lattice result for f,(0), N, = 2

——— lattice results for N, = 2+1 combined

....... lattice result for fK/f ,N.=2 -
e f

| =——— lattice results for N, = 2 combined

0.220 L unitarity

nuclear p decay

0.98 0.99 1 1.01

Vud



Flavour Physics

e The Unitarity Triangle uses the unitarity constraint

e Required Lattice input: (0, 0) (0,1)
(Www.utfit.org)
BK = :UTfit
1=
f+ (¢°) -
0.5_—
de @Bd 0-
| (fs., Bs.) 0.5
(de BBd)
1_
fg |

1 0.5 0 05

[see talk by Cecilia Taratino, Monday 17:10 for more details] P
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Flavour Physics

e The Unitarity Triangle uses the unitarity constraint

e Required Lattice input: (0, 0) (0,1)
(Www.utfit.org)
BK = F
.
f+ (¢°) -
0.5_—
de @Bd 0:
| (fBS; Bg,) 0.5
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A=

f B L |

1 0.5 0 05

[see talk by Cecilia Taratino, Monday 17:10 for more details] P
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Flavour Physics

e The Unitarity Triangle uses the unitarity constraint

e Required Lattice input: (0, 0) (0,1)
Bk = F
(S
f+ (¢°) -
0.5_—
de @Bd 0-
| (fBS; Bg,) 0.5
(de BBd)
A=
fB [

11 1 1 L1 1 ‘
1 -0.5 0 0.5 1

[see talk by Cecilia Taratino, Monday 17:10 for more detaﬂs] P
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Flavour Physics

e The Unitarity Triangle uses the unitarity constraint

e Required Lattice input: (0, 0) (0,1)
Bk = F
1-
f+ (¢°) -
0.5_
fg, Mg,

| (fBS; Bg,) 0.5

(de BBd)
_1-
fB [

11 1 1 L1 1 ‘
1 -0.5 0 0.5 1

[see talk by Cecilia Taratino, Monday 17:10 for more detaﬂs] P
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Flavour Physics

e The Unitarity Triangle uses the unitarity constraint

e Required Lattice input: (0, 0) (0,1)

T R
1 -0.5 0 0.5

[see talk by Cecilia Taratino, Monday 17:10 for more details] P
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P Violation

¢ Matter-Antimatter asymmetry |::> CP Violation
[thanks to tremendous experimental

“effort (NA31, E731,NA48,KTeV)
e Direct & Indirect CP violation quantified by | K and !k

e First seenin K — 77 decays

e !k isrelated to K% — g9 mixing

A 0
A

Il I known factors" Vekm " C(u) " Bk ()

e where

8

=

| RIOLS2 (K™ = 2 F ME B (1)

e Bk has been studied extensively on the Lattice

e Direct determination of K — 77 decays on the Lattice a challenge



Kaon Mixing

e Summary of Lattice results forBk from FLAG [1011.4408]

B, (MS, 2GeV)

0.3 0.4 0.5 0.6 0.7 0.8
| | ' | ' | ' |
- SWME 11
== RBC/UKQCD 10B
a SWME 10
c-||\|-| Aubin 09
- ] RBC/UKQCD 09
i RBC/UKQCD 07A, 08
| HlH HPQCD/UKQCD 06
- our estimate for N=2+1
HCH ETM 10A
o —H JLQCD 08
z HH RBC 04
1 I UKQCD 04
| | | | | | | |
0.3 0.4 0.5 0.6 0.7 0.8




Kaon Mixing

e Recent result from BMW; [1106.3230] B%S (2 GeV) — 0.564(9)
0.6 | |
a~0.093 fm ———
| a=0.077 fm
0.58 | ; a~0.065 fm —x— -
; a~0.054 fm —s—
056 - cont-limit —=—
S g
) 0.54 r i - il
S o052 | Jﬁ%b & T%ﬂ J _
. 1 __
x i
@ o5t =
0.48
0.46 f

0 002 004 006 008 01 012 014 0.16
M_“[GeV-]

below physical pion mass!!



Direct CP Violation

. K — (7)) =0,2 ;

e Al = — amplitude enhanced relative to Al = — amplitude

2 2
e Wilson coefficients accounts for only a small fraction
¢ In SM, remainder must arise from the nonperturbative hadron matrix elements

= > Lattice QCD 2012 Ken Wilson

e This is a notoriously difficult calculation on the Lattice Award winner

e Euclidean space, finite volume
o After >20 years, first results appeared in 2011
e Al = with physical kinematics [PRL108, 141601 (RBC/UKQCD)]

°* Al = K, 11 both at rest (unphysical) [1106.2714 (RBC/UKQCD)]

NI PN W



IPRL108, 141601 (RBC/UKQCD)]

| (I | ) _
K | )1 =2 (See talk by N.Christ at Lattice 2012)

Kk

m, = 142.9(1.1) MeV
mx = 511.3(3.9) MeV

En =492.6(5.5) MeV

Re(Az) = (1.436 & 0.0634¢a; + 0.2584,5) 10" ® GeV
IM(A2) = (! 6.29% 0.465 = 1.2055) 10 *° GeV

c.f. experiment: Re(As) =1.479(4) 10 ° GeV

combine with experimental Re(Ap) and €'/ ¢

Phase Shift (Degrees)
S

0

0

n k= 2 4L
l___h:'% T T /I T

b/ |
i,

\%
0 This Calculation { £
~
~

o Hoogland et. al. (A)

0

¢ Hoogland et. al. (B) ~
& Losty et. al. }\\
—- Phenom. (Schenk)
] ] ] ] ] ]
100 200 300 400
k;-: (MeV)

::> Re(!!/ !)EWP = | (652 + 0.49t * 1-245ys)10" 4

Future:  Re(Ao), Im(Ao)
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Other Topics

http://www.physics.adelaide.edu.au/cssm/lattice2012/index.php

e Many other areas of Lattice QCD with exciting new results, including:

e Finite Temperature and density

(Plenary talks by M.Lombardo & G.Aarts at Lattice 2012)
e Nuclear Physics (He, H-dibaryon)

(See plenary talk by T.Doi at Lattice 2012)

e Hadron Structure (Nucleon PDFs, decomposition of proton spin)
(See plenary talk by H.W.Lin at Lattice 2012)

e Applications beyond QCD (Technicolour theories, Lattice SUSY,...)
(See plenary talks by J.Giedt & M.Hanada at Lattice 2012)

e Muon g-2:
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® Hadronic vacuum polarisation Mainz(‘11)y .,
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e A recent flurry of activity | . ETM('11)y, _,
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e Hadronic light-by-light

o AB('06)y, 5.,
e Challenging but encouraging progress
o AB(06)y 5

(See plenary talk by T.Blum at Lattice 2012)
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Summary & Outlook

e Many Lattice simulations now approaching (or even below) physical masses

e Precision determination of many quantities is now possible (spectrum, decay
constants, B-parameters, ...)

e Implications for experiment and phenomenology. E.g. provide constraints on:
e CKM matrix
e Models Beyond the SM

¢ While low-lying mass spectrum is now under control, it is now important to
extend calculations to excited states and light nuclei

e Ground-breaking result for K — 77 shows that it is now possible to compute
hadronic decay amplitudes on the Lattice



