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Introduction

e QCD produces amazingly rich structure from
beautifully simple Lagrangian

e After quarter century, much understood in
perturbative regime
e Non-perturbative regime still a challenge

Only tool to solve, rather than model, QCD
is lattice field theory



Auspicious Time for Lattice Perspective

e Emerging from development phase to era of
definitive results

e Confluence of theoretical/algorithmic development
and advances in computer technology
e Theoretical Developments
Improved action and operators
Chiral fermions

Partially quenched chiral perturbation theory

e Computer technology
Special purpose machines: QCDOC, ApeNEXT

Optimized commodity clusters



Resources

e Current (peak Tflops ~ 50 % sustained)
Japan: ~ 2 Tflops
Germany, ltaly: ~ 2 Tflops ApeMille
US: 1 Tflops QCDSP

e Future ( sustained Tflops)
03 1.5 Tflops Columbia QCDOC
03-04 1.5 Tflops Fermilab, JLab clusters
04 5 Tflops UKQCD QCDOC
10 Tflops BNL QCDOC
25 (x ~ 50 %) DESY,GSI ApeNEXT

e Costs
QCDOC 1%/ sustained Tflops
ApeMille ~ 1-1.5 $ / sustained Tflops
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Observables
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OM- ! = (1+rkU)"! connects 1 and 1 with line of U's

— Sum over all valence quark paths.

@ In det M generates closed loops of U's

— Sum over all gq excitations from sea
omit in quenched approximation

3 S(U) tiles with plaquettes

— sum all gluons

323 x 64 lattice = 10% gluon variables



Two Distinct Regions of QCD

e Heavy quark regime
Confinement
Flux tubes
Adiabatic potential

Isgur Wise function

e Light quark regime
Chiral symmetry breaking
Instantons
Zero modes: (yp) = mp(0)
Quarks propagate via 't Hooft interaction
Zero modes dominate quark propagation
Instantons alone yield observables similar to those from all gluons

Low energy effective theory - chiral perturbation theory



Major Issues

e Include dynamical fermions in full QCD

r

Chiral logs

: : v(r)
Static potential

e Calculate in physical regime of light quark masses
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1
mMr

L (fm)  mg (MeV)

1.6 500
4.0 200
5.7 140

e Finite baryon density



Three Broad Areas of QCD Physics

Lattice calculations are essential to understanding
physics in each area

e Heavy Quark Systems

Extract fundamental CKM matrix elements
from weak hadronic matrix elements

Confirm standard model or elucidate physics
beyond it

e QCD Thermodynamics
Equation of state and QCD phase diagram

Foundation for relativistic heavy ion physics at
RHIC, LHC

e Hadron Structure

Quark and gluon structure of hadrons

Structure functions and generalized parton
distributions



Heavy Quark Systems

e Determination of o,g(M)
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Precision Agreement in Full QCD

e Gold-Plated Observables Davies et al, hep-lat/0304004
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Impact on Standard Model Parameters

e Current constraints on p and 1
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QCD Thermodynamics

e QCD phase diagram

~150
MeV

EXPLORING the PHASES of QCD

Relativistic
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\\ Collisions
Quark—Gluon Plasma
Universe .
Color
W 7
Hadron Gas . Superconductor
\\\ CFL
\ \
= Neutron|Stars? =
\ J een ) ubaryon
Vacuum Nuclei Crystalline

Color Superconductor

e Currently restricted to i ~ 0



Equation of State at 1 =0

e Equation of state (F. Karsch hep-lat/0106019)
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Matching to Perturbative QCD
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(Kajantie, Laine, Rummukainen, Schroder hep-ph/0211321)

e Dimensionally reduced effective theory
Integrate out ‘hard’ modes ~ T
Integrate out ‘soft’ modes ~ g7
Calculate ps; in 3-D

p=1l+g+@+g*+g° +g°Ing+#g°
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T/MeV

Finite Baryon Density
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Hadron Structure

e High energy scattering measures light cone
correlation functions

A2

—ig [, don-A(on)
Ox) = [ ™ W(~5n) fipe = " w(5n)
Diagonal matrix elements

(PlOX)|P) = q(x)

Off-diagonal matrix elements

(P'|O(X)|P) — H(x,&,t),E(x,E,1)

e Expansion of O(x) generates twist-2 operators
oyt g ylmipuz.ipindy,
Diagonal matrix elements
<P\O§’ul’u2"°ﬂ”}\P> — fdxxn_lq(x)
Off-diagonal matrix elements

(P QY21 | Py 4,(6), Bi(t), Calt)



Experimentally measured quark and gluon distributions
at @* =5 GeV

0.6 - . . . . : . .

xfx90)

Phenomenological fits to unpolarized data
CTEQ: http://www-spires.dur.ac.uk/hepdata/cteq.html
GRV: http://www-spires.dur.ac.uk/hepdata/grv.html
MRS: http://durpdg.dur.ac.uk /hepdata/mrs.html
Phenomenological fits to polarized data
GRSV: http://doom.physik.uni-dortmund.de/PARTON /index.html
GS:http://www.desy.de/ gehrt/pdf



Moments of quark and gluon distributions

Moments of quark distributions in the proton

(2"}, = / dz 2" (q(z) + (~1)"g(x))
(") g = / dz 2" (Aq(x) + (—1)" Ag(x))
(2")5, = / dz 2" (5q(z) + (~1)"+15q(z))

where  ¢=q; +q Ag=qr —q 0q =qT +q1

are related to matrix elements of twist-2 operators

%<p5|zzfy{u1iDu2 .. .Z'Dun}¢|p5> _ 2<xn—1>qp{u1 ... Pp#n}

<p5|zzfy{m%zpuz .. .Z'Dun}¢|p5> _ %<CI3”_1>AQ gl pra ... pin}

. 2
<p5|¢a[a{u1]%ipu2 . .Z'Dun}¢|p5> — M<a;n—1>5q gla plul ppe . prn}

where { } = symmetrization, [] = antisymmetrization, and S? = M?

Higher twist operators:

<p5|zzfy[u1%iD{u2] . iD“”}¢|PS> _ %%—1 gl plual | ppn}



Lattice Operators

Use irreducible representations of hypercubic group with minimal
operator mixing and minimal non-zero momentum components
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where (wa)n — wnUn,uwn—f—u - wn—ng—u,uwn

m = mixing with same dimension operators

m* = no mixing for Wilson or overlap

M = mixing with lower dimension for Wilson, not for overlap
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OMS Q2 _ ; ( » + gO N2N 1 (7@] SlOg(Q2 2) (B,,;IJI-ATT _ Bi_\yls))) . OfATT(a2)
observable ¥ BLATT BMS Z(8=16.0) Z(B =5.6)
(z)$Y 8/3 -3.16486 -40/9 0.9892 0.9884
(@)Y 8/3 -1.88259 -40/9 0.9784 0.9768
(x2), 25/6 -19.57184 -67/9 1.1024 1.1097
Ez;)q 157/30 -35.35192 -2216/225 1.2153 1.2307

1)aq 0 15.79628 0 0.8666 0.8571
(@)$) 8/3 -4.09933 -40/9 0.9971 0.9969
(@)% 8/3 -4.09933 ~40/9 0.9971 0.9969
(%) Aq 25/6 -19.56159 -67/9 1.1023 1.1096
(1)sq 1 16.01808 1 0.8563 0.8461
(z)sq 3 -4.47754 5 0.9956 0.9953
dy 0 0.36500 0 0.9969 0.9967
da 7/6 ~15.67745 -35/18 1.1159 1.1242

Note mixing of d,, 757[05{m] -

Dpny with

s Vi Vipua]

Bun} for Wilson fermions.



Hadron Matrix Elements on the Lattice

— ==
2 2

Measure (O), for m,, a, L

Connected diagrams
p=20
p#0

Disconnected diagrams

Extrapolate
my : my — 140 MeV
a —~ 0.05fm
L —~5.0fm

Note: For (O), — (O),, disconnected diagrams cancel



Calculation of Matrix Elements on Euclidean Lattice

JV . Current with quantum numbers of proton

|¢J> = JT|Q> Trial function

(T (t3) O(t2) I (1)) = ij|n><n|o|m><m|¢J>6—En<ts—t2>—Em<t2—t1>

ts b2

L [0y (ofofope i)
t2 t1>>1

e

.t want |<¢J|n>|2 ~ Opg

for best plateau

» to

Normalize:
(TT(ts) JH(t1)) = Z|<w n)| e Fnltsmi)

= [wlofe e

ta—t1>1

—_—
(JOJT) =0
<O|O|O> JJT> - S

Sequential source options:
Each O(2)5(2,1) generates S(2,3) to all 3
Sink at fixed t3 generates S(3,2)
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Plateaus in full QCD for operators withp =0
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Chiral Extrapolation - Physics of the Pion Cloud

e Long-standing puzzle: Linear extrapolation in m,
yields serious discrepancies

(), — (z)g ~ 0.24—0.28 (0.16)
ga = {Day — (Dag~1.0-1.1 (1.26)

e Pion cloud essential component of nucleon
Ny GA
Suppressed with heavy quarks in small volume
Require:
Light quarks
Large volume: L >4

Full QCD

15



Chiral Perturbation Theory
Heavy baryon chiral perturbation theory for nucleon parton distributions
Chen & Ji, Arndt & Savage, Chen & Savage

3942 + 1)m?
(34~ + 1)mz m(mi))] + analytic terms

(&) — (")a ~ an [1 -

(47 fr)?
e Physical chiral extrapolation formula hep-lat/0103006
(3ga® + m2 m2 2
e [1 C (4nfa)? hq(m?T + u2) - bums
8 = ]
z
2
X o 4
V o
e -
o | 0.2 | 0.4 | 0.6 | 0.8

mﬂ2 (GeV?

Squares full QCD, circles quenched, © = 550MeV
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Chiral Perturbation Theory
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Consistent Results for Three Moments
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Chiral Extrapolation hep-lat/0209160

< x > quenched improved Wilson - QCDSF
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Chiral Perturbation Theory (cont.)

Spin distribution

(2g4% 4+ 1)m2
(47Tf7r)2

2
™

(") Ay — (@")Aad ~ ap |1 — In(m?2))| + analytic terms
Significant contributions from A excitation

Large N¢ estimate: cancel ~ 60 % of chiral log

Quenched QCD
Ghost loops cancel sea quark loops
Alters coefficient of chiral logs

Introduces spurious double pole from 7’

Partially Quenched QCD
Chiral logs for general mg., and myqience
Tool to extrapolate to meq = Myalence = Mphysical

Incorporate finite volume, finite Q corrections
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Chiral Extrapolation of g — 4

e Free fit with A hep-lat/0303002
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Analogous Result for Magnetic Moment

D. Leinweber, D. Lu, and A. Thomas hep-lat/0103006

Nucleon Magnetic Moment

19



Definitive Result Requires Terascale Calculation

5% measurement at m2 =0.05 GeV?

m, ~ 230MeV
L ~43fm.

SESAM cost function
}2.7

Nops ~ 0.38[4
~ 8 Tflops-years

i

a Mz /m,,

0.3

0.25

<X>(,_g)
0.2

0.15
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0.4

0 | 0.2 .
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Generalized Parton Distributions

e Consider twist 2 operators
OH1-+tn = GpylH1iDH2 | jDHn vy

e Deep inelastic scattering

Forward M.E. — moment of quark distribution

(|01 p) [ d~ gx)pl )

e Deeply virtual Compton scattering

(p|O#1-tn | ply



Off-forward matrix elements

Define generalized form factors

P=XP'+P), A=P-P, (=A

(p|O%p) ~ (¥1)A10(t)
+(c"1%) A B0 (1)

(p|OM182| p)  ~ (1) P2} g (1)
{011 A0 P2 Byo 1)
+Alt A Oy (1)

(p| OH1#243 | p) <y{ﬂ1>Pﬂ2Pﬂ3}A3O(t)
—|—<G{ﬂ1a>Aap”2Pﬂ3}B3o(t)
_|_<y{ﬂ1>Aﬂ2Aﬂ3}A3l(t)
_|_<(5{ﬂ106>AOCAﬂ2Aﬂ3}B31(t)



Off-forward matrix elements

e Limits
o Moments of parton distributions t— 0

Anol0) = [ g

o Form factors

Ayo(t) = F1(t) Bio(t) = Fa(t)

o Total quark angular momentum

Jg = 5142(0) + B(0)]

e t-Dependence

g(x,t): Transverse Fourier transform of light
cone parton distribution at given x

x — 1: Single Fock space component -
slope — 0.

X < 1: Transverse structure - slope steeper



n=1: Electromagnetic Form Factors

e 0° = dependence

2 2
QFf(zQ(Z% ) ~ const. counting rules
%7(252% ~ const. experiment

2 2
OFNQ) _  const. hep-ph/0212351

e Lattice results my; ~ 900 MeV
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n=2: Quark Angular Momentum

Connected diagrams, my; = 900 MeV

| |
—AY = —[(1 |
|
~ = 0.682(18)
2
|
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n=1, 2, 3: x Dependence of Slope

Transverse Fourier transform of light cone parton
distribution

Expect slope — 0asx — 1
Expect higher moments have smaller slope
Lattice results for n =1, 2, 3 (myz = 900MeV)

Factorization Ansatz invalid
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Summary and Prospects

e Striking progress in heavy quark systems
Full QCD, few percent errors

Expect decisive impact on weak M.E.

e QCD Thermodynamics
u=0 in good shape
Promising connection with high T pert. theory

1 #0 remains a challenge

e Hadron Structure

Chiral extrapolation present roadblock -
practical, not conceptual

Expect same success as heavy quark systems
with next generation machines

Hybrid calculations - staggered sea quarks and
chiral valence quarks



Shopping List

Chiral regime

1 # 0, QCD phase diagram

Disconnected diagrams - flavor singlet sector

Gluon distributions

Large N vs instantons

Confinement mechanism - vortices, merons, ...

my,,my strong CP, axion coupling, m, —m,,

Dependence on iy





