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Introduction

1 How do hadrons arise from QCD?

O Lagrangian constrained by Lorentz invariance, gauge
invariance and renormalizability:

L S = = 518

D, = 0, —igAy P = g[DwDV]

[ Deceptively simple Lagrangian produces amazingly rich
and complex structure of strongly interacting matter in
our universe
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QCD and Asymptotic Freedom
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Nonperturbative QCD
QED QCD

e e q g d

O Fundamental differences relative to QED
0 Self-interacting: highly nonlinear
O Interaction increases at large distance: Confinement
O Interaction decreases at small distance: Asymptotic Freedom
O Strong coupling: Qs 2> Qem
1 Topological excitations
O Solution of QCD
O Present analytical techniques inadequate

O Numerical evaluation of path integral on space-time lattice
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Profound differences between hadrons
and other many-body systems

0 Atoms, molecules, nuclei,...
O Constituents can be removed

0 Exchanged boson generating interaction may be
subsumed into static potential

1 photons = Coulomb potential
[ Mesons = N-N potential
O Most of mass from fermion constituents
0 Nucleons
0 Quarks are confined
O Gluons are essential degrees of freedom
0 Carry half of momentum
O Nonperturbative topological excitations
0 Most of mass generated by interactions
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Goals

0 Quantitative calculation of hadron observables from first
principles

0 Agreement with experiment
0 Credibility for predictions and guiding experiment
0 Insight into how QCD works
1 Mechanisms
1 Paths that dominate action - instantons
O Variational wave functions
1 Dependence on parameters

0 Ng Ng, gauge group

qu

U 7-27-06 J.W. Negele



Basic Ideas in Lattice QCD

Evolution in Euclidean time

) =) _ e PPrCrltpn) — Coe™ P |gho)
Lattice Regularization

¢(z) = ¢(zn), zn=na

Path Integral

o [ i s

Stochastic Solution

[ des@P@) = 3 f@+o (%)
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Lattice QCD

n n) Up s
EUCIidean time >- :/-:,: - —F -—F -

. 3 3 " ————————
ezf dtd°x L lia 6—f drd°x L | | | | |
Discrete space-time lattice 1 1 | 1
Discrete Action D,

‘II—EP:-I—'
2N -1 1 2 =L UL
S(U) == zlj: 9—2(1 — N RQTI'UD) gy ZFMV Un = Uy U U U,
QZM(U)TP - Z [”‘Enwn + “(&n(l - ’Yu)Un,uwn+u + &n%—u(l .2 w)Ul,,,Lwn]

— Y@+ m+ig A)yY
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Lattice QCD

(T ey )
= 5 [ PWIDIDLAe | @ ria AL . g

> [¢M(U)p+5(U)]

-1 % /d% dpn, dUpe 7 P - - PP

- H/dUn %det MU)e 5N " M- U)M~U)--- M~YU)

Sample with M.C.

Y MMM
)

i=1
Uiedet]\Z/I U e_S(U)
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Lattice QCD - summing over paths

(T e PHopypap - pyfnp) = H / dUn%det MU)e 5y "M~ U)M~YU)--- M~(U)

0 M- = (1+ k U)! connects ¥’s with line of U’s i
Sum over valence quark paths

[ det M generates closed loops of U’s
Sum over sea quark excitations

O S(U) tiles with plaquettes
— Sum over all gluons

T 323 x 64 lattices — 108 gluon variables
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Computational Issues

Ll

Fermion determinant - Full QCD
Small lattice spacing
Small quark mass

Large lattice volume

1 L
e I R
me = 4
L(fm) m_ (Mev)
1.6 500
4.0 200
5.7 140

Cost ~ (mq)-2.5(mn)-4 1t (mrr)-9
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Current Status

O Include fermion determinant - Full QCD
O Precision results in heavy quark systems

0 (m_)” limited past nucleon structure to
“heavy pion world” - m_=2 500 MeV

[ Beginning to explore physical “light pion world”
role of chiral symmetry

0 Terascale resources required for physical regime

0 DOE: ~8 sustained Teraflops
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International Resource Estimates by S. Gottlieb

Final estimates consider multiple users for Julich, KEK,
Munich, Edinburgh

Location type size peak est. perf. total
Paris-Sud apeNEXT 1 racks 0.8TF 04TF 04
Bielefeld apeNEXT 6 (3) racks 49 TF 25TF
DESY (Zeuthen) apeNEXT 3 racks 25TF 1.2TF
Julich BlueGene/L 8 racks 458 TF | 11.5TF x1/2? | 10-15
Munich SGl Tollhouse | 3328 nodes 70 TF 14 TF?? x ?
Rome apeNEXT 12 (8) racks 9.8 TF 49 TF 5
KEK BlueGene/L 10 racks 57.3TF 143 TF
Tsukuba PACS-CS 2560 nodes | 14.3 TF 3.3TF | 14-18
KEK Hitachi 21 TF 1TF?
Edinburgh QCDOC 12 racks 98 TF 42TF 4-5
Edinburgh BlueGene/L 1 racks 5.7 TF 1.4TF x ?
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Precision agreement in heavy quark systems

[iAerEde = ol o g

Hadronic Jets

e'e rates

i ;+e' event shapes
Fragmentation
Z width

ep event shapes$

Polarized DlS

Deep Inelastic Scattering (DIS)

T decays
Lattice
—O0—
Y decay
_o_
| | | | | | | | | | | | |
0.1 0.12 0.14
a(M,)

(M) from Particle Data Group
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Context:

"+ i Average |
-
\ Hadronic Jets

. e'e rates

. 1 Photo-production
[ ]

,Fragmentation
, 1 Z width
-0

ep event shapes. !
-0
Polarized DIS] |
Deep Inelastic Scattering (DIS
p i I!ig ! )

. !tdecays
1 +
Spectroscopy (Lagceg
Y decay i
—0— , .

I

!
0.1 0.12
o,(My)

Mason et al, hep-lat/0503005v1 (2005); Particle Data Group (2004 )




And without light-quark vacuum polarization:

"~ '+ i Average |
-
\ Hadronic Jets

. e'e rates

,Fragmentation

. 1 Photo-production
[ ]

.+ Zwidth

ep event shapes. !
-0
Polarized DIS] |
Deep Inelastic Scattering (DIS
p i I!ig ! )

' 'tdecays

Spectroscopy (Latiiceg

Y decay '
—o—
I
0.1 0.12
o,(My)

Mason et al, hep-lat/0503005v1 (2005); Particle Data Group (2004 )




Precision agreement in heavy quark systems

1 1 T 1
| [ do—
= fx -
i - 3M= — My J:"
:HH 2Mp, — My :Hb
. W(1P — 15) +-
—-—i T(1D — 18) 4:»
e T(2P - 15) -
i -« | TB3s— 15] i+
. T(1P - 15) +
' '
00 1 1.1 09 1 1.1
LQCD/Exp't (ny = 0) LQCD/Exp't (ny = 3)

0 “Gold Plated Observables” (Davies et. al. hep-lat/0304004)
0 Staggered quarks

[ Asqtad improved action
0 a=0.13,0.09 fm
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2 2

qmax/mD;‘

D — Klv

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

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45




Lattice QCD Predictions

D meson decay constants

300 , , , - 320 , , ,
= hep-ph/9711426 [Fermilab] = hep-ph/9711426 [Fermilab]
sgof. © hep-1at/0206016 [MILC] E s00l. @ hep-1at/0206016 [MILC]
-+ hep-1at/0506030 [Fermilab + MILC] 1 - e hep-1at/0506030 [Fermilab + MILC]
-+ hep-ex/0508057 [CLEO-c] ] T + BaBar (Moriond 2006)
260 |- - 280 |-
~ —~ |_ -
E 240 ) 3 > 260 ! i
=) i = ' 4
+ g |
Q20| . ] Q240 i |
| - I +
|
200 |- H t . 20 :
[ | - L
| |
L 1 i L
180 [ - - 200 |- H
ok ! ! ! ! i 180 | | ! !
0 1 2 3 0 1 2 3
"y "y
VA mp fp :
———— =(0.786 £0.042 lattice

VM, fp,
=0.779+£0.093 CLEO/BaBar

Mass of B meson
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Hadron structure revealed by high
energy scattering

0 High energy scattering measures correlation functions
along light cone

0 Asymptotic freedom: reaction theory perturbative

0 Unambiguous measurement of operators in light cone
frame

0 Must think about physics on light cone

0 Parton distribution q(x) gives longitudinal momentum
distribution of light-cone wave function

0 Generalized parton distribution q(x, r ) gives transverse

spatial structure of light-cone wave function

U 7-27-06 J.W. Negele 22



Parton and generalized parton distributions

High energy scattering: light-cone correlation function (A=pTz7)
dA iAxT,7, A —i9 f>‘<2 dan-A(an) A
= o —— —A/2 e
O) = [ e i(~3n) Pe o(5m)
Deep inelastic scattering: diagonal matrix element

(P|O(x)|P) = q(z)
[ —pvs . Ag(z)] !

Deeply virtual Compton scattering: off-diagonal matrix element

(P'|O(2)|P) = () H(,&,t) + 45 (0) E(x,&, 1) q /
A=P —-P, t=A% ¢(=-n-A/2

[ —>otys :  E(x,6,t), H(z, &, t)]

U 7-27-06 J.W. Negele
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Moments of parton distributions

Expansion of O(z) = / %e“‘w?ﬁ(—%n) ﬂPe_igf—X% da”'A(a")w(%n)

Generates tower of twist-2 operators

Oéﬂl/-‘f%”/-lln} - Eq’y{“lz’DM 3 .iDMn}¢q

Diagonal matrix element : '

<P|Oéﬂ'1ﬂ2---,u'n}|P> < /da;x”_lq(a:) . ’

Off-diagonal matrix element

(P'|lOf#ztn}|P) — Ani(t), Bni(t), Cuo(t)

/dm” VH(x,6,t) ~ Y & Api(t) + €"Cro(t)

/ dz 2" B(w,&,t) ~ 3 € Built) — €"Crolt) ;
[ =5 0 Ani(t), Bui(t)]

U 7-27-06 J.W. Negele



Moments of parton distributions

T T T T T T T T T 0.£ b T v T v T w T
0.3 = =
3 AI“, -
— 0_2 - -
;:.J . Ag..‘ll;l L
= 01p i
lﬂ -
0
D1 Ad‘ —
02k AgGx10 -
A l i l A l A l 1l
1 0 0.2 04 08 08 1

)= Y, = / dzz™[q(z) + (~1) "D g(a)]

(pW%Dm A D“n'(ﬂp

(pITZ'YKYqu crem Dun¢|p> — (Z")aq = /0 drx"[Aq(x) + (_1)(n)A(j(x)]

1
(pllz'Y'f)o'puDul e . Dun¢|p> - <xn>5q - L dxxn[(sQ(x) + (-1)(n+1)5(.7(x)]

Agq=q1 —q, 0q=gqT+4qL,
U 7-27-06 J.W. Negele
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Lattice operators: irreducible representations of hypercubic group with
minimal operator mixing and minimal non-zero momentum components

W 6 By
3
b) T T ] By Dl
(@) 37 YDy — 1S duDab
i=1

—F =

(@%)g 27 r{1515454}u + T,L"‘r{EDEDSDS}F — {3 4}
(Dag 47 97 ¥

(@)% 65 Vv"yDsy¥

(@8 65 7V ysDayd

(#)aq 45 97*y1DsDiy¥

(1)sq 67  wy°caap

@ ST 05Dy

dh 67 @Dy

dy 81 PP TnD s Dy ¥
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Full QCD Calculations

Collaboration 0l Gluon action | Quark action
(MaV/)
LHPC / SESAM > 650 Wilson Wilson
QCDSF / UKQCD | > 550 Wilson Clover improved Wilson
RBCK > 500 DBW?2 Domain wall
Staggered sea
LHPC / MILC > 350 Asqtad

HYP Domain wall valence

U 7-27-06 J.W. Negele 27




Asqtad Action: O(a?) perturbatively improved

0 Symansik improved glue
7 Sg(U) — Cowlxl e CI WIx2 4 CZWcube
0 Smeared staggered fermions S(V,U)

U Fat links remove taste changing gluons

[ Tadpole improved

_WKT// |

U 7-27-06 J.W. Negele
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(05} ~ ~ &
‘li,}l = PrOjsu(3) [(1 — al)a,}‘ + ? Z Vi,V;}lVl'-l-\?,}l;VViz-ﬁ,V;}l] ?
VR

- o2 o o Al
Vi,,;,v = PrOjsu(3)[(1 - az)Ui,y + T 2 Vi,P;V}lVi+P,F-PVvi+i¢,p;v1a] ’

EpFV.p

o3

1-
2 Z Ui,fl Ui+1‘ a"t]l+fl,ﬂ] .

ANFEP.V.H

Vigvp = ProjSU(3)[(1 —03) Ui+




Perturbative renormalization

HYP smeared domain wall fermions - B. Bistrovic

operator H(4) NOS HYP APE

Yslg 1T 0.792 0.981 1.046
Y51V 4y 0.847 0.976 0.994
| i 0.883 0.992 0.993
¥slYuDvia 63 0.991 0.979 0.954
VslViuDvya 3 0,982 0.975 0.951
VsluvDoyq | 87 1134 0.988 0.934
) ‘i]“f{;;Dx-Da}q mixing | 5.71 x 1073 1.88 x 1073 8.21 x 10~*

|

|

|

|

|

1.124 0.987 0.934
1.244 0,993 0.919
1.011 0.994 0.964
VsYDvg 67 0.979 0,982 0.989
0.955 0.959 0.965

2 2
g Nc - 1
OFF(@Y) = - (5 + joi "y (11 los(@e®) - (BT - BI) ). 0177w

U 7-27-06 J.W. Negele 30



Numerical calculations

U Improved staggered sea quarks (MILC configurations)
0 Ng=3, a=0.125 fm

[0 Domain wall valence quarks
LRE=6, M= |7

[0 Masses and volumes:

Mn configs Vol L (fm)
/61 425 203 pA
693 350 203 23
544 564 203 2.5
486 498 20" 25
354 655 203 2
354 270 283 3.5

U 7-27-06

J.W. Negele
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Hadron matrix elements on the lattice

=]
=y

[P {

1 Measure (O) for My, a, L
0 Connected diagrams
O Disconnected diagrams (cancel for (), — (O)q)

O Extrapolate mg : m; — 140 MeV
a —~ 0.05 fm
L —~5fm

U 7-27-06 J.W. Negele
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JT : Current with quantum numbers of proton

[#s) = JT|Q2) Trial function

(TI(t3) O(ta) JH(t1)) = > (Ws|n){n|O|m}{m]|e; e~ Erltsmtz)=Emlta=t)

fa _ B
N ; — | (5|0} [* (0] 0|0y~ Erlte=ts)
tg —iq Sl

Normalize:

(TJ(ts) T () = | (s |n)| e~ Entet0)

ta—t11 |{eru}lzﬁ_Eﬂiﬁa_h:J

—

(JoJt) €2
(0]o0) = aine







Plateaus for operators

sl
L R R ™ R s A E
AU S e |
(@) T Text (0) e
FURR— Y o 0 a . e T
gg
S [ S
) e (d) e
U 7-27-06 J.W. Negele
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Nucleon axial charge in full lattice QCD

0 Why g,?

—

7

[ Matrix element of axial current Ay = qVuYs 24

—

7

(N(p+9)|AuIN(p)) = ulp +9) 3

[94(a*)7.75 + 9p(6%)qus] u(p)
94(0) = 1.2695 + 0.0029

O Adler Weisberger g% —1~ [(05+p — 0r-p)

O Goldberger Treiman g4 — frg=nn/Mn

O Spin content  (1)a, = [ dz[Ag(z) + Ag(x)]

ga = (L)auw —(1)ad Y= (L)au+ (1ad+ (1)as

U 7-27-06 J.W. Negele
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Nucleon axial charge

0 Gold-Plated observable
O Accurately measured
[ No disconnected diagrams
O Chiral perturbation theory for ga(mz,V)

[0 Renormalization - 5-d conserved current

U 7-27-06

J.W. Negele
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Nucleon Axial Charge

: N h ) N M : ) N
0 Chiral perturbation theory ga(m2,V) @
Nl"’;iﬂ N g
O Beane and Savage hep-ph/0404131 @
W 0
— .
0 Detmold and Lin hep-lat/0501007 ©
1 |-loop theory has 6 parameters M_‘Tu

O Fix fx, ma —mn, gaN (0.3% error)
O Fit g9a, 9aa, C

O Result ga(m, = 140) = 1.212 4 0.084

U 7-27-06 J.W. Negele






Nucleon axial charge g, <1>Z;d

A
_. ]
¢ 2. e ... .
B e SN
L _
0.8 |
gA . i
0.6k = LHPC/MILC —
I + LHPC/SESAM i
04l v RBCK |
: 4 QCDSF/UKQCD
I e Experiment
0.2 i
o | ' ' ' | | '
0 0.2 0.4 0.6 0.8
2 2
m_ (GeV')
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Chiral Extrapolation of Moments

e for example, unpolarized moments
(3¢50+1) (m2>
) y_ga=an|1— 2 m2in | —Z ) | 4+ &, (u)m?
(" )u—d n( (47Tf7r,0)2 7T ,LL2 n ™
e choose u = fro, and at one loop 9A,0 — 9Am;, and fro— frmx
(393, +1) m2 2 2
(™) g = 0n [1 - —20 R In( Vo ) + b ™
(47T) fﬂ—?mﬂ' ‘f7r7m71' ‘fﬂ—7m7r

e self consistently g4 — g4 jat, fx — frjat, Ma — Mg jat

2 2 2 2
n o (39A,Iat : l)mﬂ',|at m7r,|at mﬂ',lat
( ﬂ-) f7r,|at f7r,|at fw,lat

e similarly for the helicity and transversity moments

(ngxlt"‘l)mzlt mzlt m2lt
<xn>Au—Ad = Aan (1 - (éla )2 ;’ = in —g’ _ + Aby ;T’ :
% f7r,|at f7T,|at ‘fﬂ',lat

2 2 2 2

by (49A,Iat > 1)m7r,lat - Mz at + &b Mz lat
2(4m)2  f2 = -

m,lat m,lat m,lat

(") su—54 = Odan (1

U 7-27-06 J.W. Negele
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Electromagnetic form factors

1 Simplest off-diagonal matrix element

Wl vlp) = @) (@) + Fa(e?) % Ju(p
Ge(q®) = Fi(¢*) x Fy(¢?) Gum(qa*) = Fi(q°) + Fa(q%)

 4AM?

¥ i b 1
0 Fourier transform of charge density if Lgystem > Lwavepacket > &

0 Pb:5 fm >> 10 fm, Proton: 0.8 fm ~ 0.2 fm: marginal

0 For transverse Fourier transform of light cone w.f, m = p, ~ o

1 Large g% ability of one quark to share q2 with other constituents to
remain in ground state - g% counting rules

U 7-27-06 J.W. Negele
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F, Isovector Form Factor

— Expt: Flp'"(’Qz)

Dirac isovector charge radius

® m_=715MeV | |
v m_ =696 MeV |
0.8 ¢ m_=005MeV |-
m =498 MeV | -
S mn =359 MeV | T
S
T _06 |
=~ « 504 | % expt

<~ L |m om=359MeV

= m, =498 MeV

y 7 [

. v mn= (S
0.2 ® m =775MeV
0 0 I ! ! ! | | | | | | |
% 0.2 04 0.6 0.8 1.0 1.2 0 0.2 ) 0.24 0.6
2 2
O (GeV) m_ (GeV)
2 2
<T2>u—d - g = (1+5g%) log ( may )
(Amfr)? m2 + A?
U 7-27-06 J.W. Negele 46




Isovector Form Factors at higher Q?

F QY

MILC_2064f21b681m030m050, ¢=0.124 fm, }7}}605 MeV

~ MILC_2064£21b681m030m050, ¢=0.124 fm, mR:()Oﬁ MeV

L L L L L L L L B L B S N L L I R B L R
I i‘ Ip’l = Ipl ® p =(000)] B
-8 H p =(1,0,0)|
N, ¢ p =(L10)| |
HERN A p =(LL1)
0.8 =% p =(2,0,0)|7
. - Expt
0.6 .
0.4 .
0.2+ i N e - 5
()\|III\|III\|III\|III\llll\‘llll“ll I|I II..lll.II..I.. IiIIIIIIIIIIIIIIIIIIIIIIII_IIIIIIIIIIIIIII
0 05 1 15 2 25 3 35 4 0O 05 1 15 2 25 3 35 4 45
2 2 2 2
Q" (GeV') Q" (GeV')
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pQCD
cqM
1.-0.13(Q2-0.04)

>>p e

JLab 1998

JLab 2000

SLAC 1993

JLab Christy

JLab Super Rosenbluth

o m = 775 MeV
= m_=498 MeV
vom = 359 MeV
... Expt: K -K,

2. 4. 6.
Q® in GeV?




Polarized Nucleon Form Factors Ga and Gp

(ploy"v591p") = u(p)[G a(@®)V*vs + ¢" G p(¢°) + 0" 150, Grr (¢%)|u(p)

G, (Q) /G, (0)

0.8 r

0.6

0.2

0.2

0.4 0.6

Q° [GeV’]

0.8

200 v

150 Ir \

50 -

0.05

0.1
Q’[GeV’]

0.15 0.2

Bernard, Elouadrhiri, Meissner; J. Phys. G Nucl. Part. Phys. 2002, R |

pion electroproduction &
Vym — W P

pion electroproduction e
B p—rv,n @

U 7-27-06 J.W. Negele 49




Form factor ratio: Ga/Fy

= I |
N; o0& |— Expt: electroproduction .

%) - |— Expt: CCQE

“‘G« - | e m_=T775MeV

o m = 605 MeV

0.4r m_= 498 MeV i
mm o= 350 MeV
0_ | | 1 | | | 1 | 1 | 1 |
0 02 04 06 08 1 1.2
2

Q (GeV-Z)

U 7-27-06 J.W. Negele



G,(0)/G,(Q%)

Form factor ratio: Gp/Ga

A S S ‘ ‘ ' A
120% % Expt: electroproduction | 30- % Expt: electroproduction ||
x Expt: muon capture I i x  Expt: muon capture
o m_=7T15MeV | i o m_=7T75MeV
+ m_=605MeV — e m_=605MeV
goll m_ =498 MeV | % 20~ m_ =498 MeV |
I = m_=359MeV 25 fm))ll| | O % = m_=359 MeV (2.5 fm )]
- 5 om =359 MeV 3.5 D)l | o | 5 m_ =359 MeV (3.5 fm”)|
- » m_ =301 MeV & » m_=301 MeV
7T [a W I
10 ¥ A o0 ¥ = .
|- - [ ﬂ ]
% i E{i g g
| B % % | 0 > I T
|- m - L
0 \ | Iﬂ tnief e = ey 0 ‘ \ ‘ | ! | ! | ! | ! |

o 02 04 06 08 1 12 0 02 04 06 08 1 12
0 (GeV?) )’ (GeV?) .
} 4M2GA 2
soft pion pole: Gp(q®) ~ (@)

2 2
g —Mmz
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Generalized form factors

Ofprbz-bnt =3 ylBriphz | jDknYep, P=1(P +P)

: A=P -P
(PO (P) = (") Ao (t)

) — A2

+ 50" ) AaBio(t). s -

2m
(POt} P) = Pl () Aa(1)
+ LP{M <<0“2}a>>AaB20(t)

2m

+ lA{Nl ANZ}C’2 (t) ,

m

<p/|@{u1uzu3} |P)

plus pua ((’y”?’}»Ago(t)

Rtk
__ plw pra psta A, Bao(t
= (o> 1N A Bso(t)

A.{Nl AM2 <<V“3}>> Asa(t)
YN YN <(a“3}°‘>)Aang(t),

2m

+

+ 4
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Limits of generalized form factors

1 Moments of parton distributions t =0

i / dzz™g(x)

0 Electromagnetic form factors

Ao = Fi(t), B = Fs(t)

O Total quark angular momentum

Jq = 1[A(0)20 + B(0)20]

U 7-27-06

J.W. Negele
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Transverse structure of nucleon

H(x, 0, - A% ) is transverse Fourier transform of light

cone quark distribution q(x,r, ) at momentum fraction x

dQA —r
oz,ry) = / (27r)§ H(z,0,—A2)e tr+81
— dQA —1ir
/da:a:” Ye(z,ry) = /(270; A(—A2) e iridL

0 x = |: Single Fock space component = slope = 0

0 x # |: Transverse structure = slope steeper

U 7-27-06 J.W. Negele
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Transverse size of light-cone wave function

g(x,71) model (Burkardt hep-ph/0207047)
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Generalized form factors Ao, A20, A3o
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First X moments:
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Origin of nucleon spin
“Spin crisis” - only ~ 30% arises from quark spins
quark spin contribution IAY = L) ausad  ~ 20.682(18)
total quark contribution (spin plus orbital)

Jy = A0 + By (0)] = 3(@)ura + BiH(0)]  ~ 50.675(7)

OB T T T ] ]

1 y
my = 897 MeV |

=
064 . R
=] | Spin Inventory
= S AU | 68% quark spin

| = TyE % 0% quark orbital
e - 32% gluons

0.2 B u+d E R e E] &
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0.0 P_EEEEI
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Nucleon spin decomposition
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contributions to nucleon spin

Nucleon spin decomposition

0.4 | = u n m ;o= Az N
x
0.2 Ad . .
A A qu 4&
0 %l N
05 + oo ‘e o ‘e bo v ¢ v
0.2 04 0.6 0.8
m.2 [GeV?]

U 7-27-06

J.W. Negele

64



Comparison with Phenomenology

GPD parameterization: Diehl, Feldmann, Jakob, Kroll EPJC 2005
nucleon form factors, CTEQ parton distributions, Regge, Ansatz

Ay = [dxx H(z,0,t) Aso = [dxz® H(x,0,t)
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Comparison with Phenomenology

Ay = [dxx H(,0,t)
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barison with Phenomenology
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Baryon shapes

1 Observe oblate deformation of spin
1/2 A directly on lattice from

density-density correlation function
(Alexandrou, nucl-th/031 1007 )

0 Infer deformation experimentally
from N— A transition form factor

O Dominant transition M|

0 C2 and E2 would vanish if nucleon
and A spherical
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Axial N-Delta transition form factors
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Axial N-Delta transition form factors

Frgznal(q®
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Pentaquarks

©O(1540) reported at SPRing8, JLab, ...
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S = +| five quark state  uudds
Diquark model - positive parity [ud][ud]s
Quark model - negative parity

Lattice calculations in heavy pion world
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8 local Lorentz covariant spin |/2 operators

= eengfabEgcd (qa’c lT:qu) (QCC’Y5 iTzqd) (C_'Sf)s
Eefgefa,bfgcal (¢“Cs i’qub) (4°Cs7p 1m24") (75%055)5
— eefgﬁfabEgcd (¢"C iqub) (¢°Cysy, 1729%) (”YMC_'EZ)E
€L pA EengfabEgcd (qaC’YS’Yu iTQQb) (QCC’Y..S% iT;qd) (%C‘Ef)s
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M({eff), type 0
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Insight into how QCD works: classical solutions

) Stationary phase approximation %ﬂa

/D fd xS[A [detS//] —fd4:L’S[Acl]

0 Instanton solutions connect vacuua with different winding numbers

2Napv Ty
A () = 22 + p?

2

4fF2 gL’ Q= 322fFF—1

1 To what extent are analytic expectations observed on lattice!?
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Instantons on the lattice

0 Cooling (relaxation) reveals lumps with § ~ 817and  Q ~ %1
O For small size p, distribution ocp®
(ﬂ) IGE E ! I T I |
y fv E  UKQCD Collaboration ‘98, /
‘ “‘ D.A. Smith and M.J Teper
: *’J "“‘ -
' }/\ﬂ'ﬂ,‘ !fé\ " }' il | ,f;f
‘ wr{q\vf ; /4
T - - &E
10”'? Ifi
(c) [T .
o oy i a:p
o"" ‘ . h"' “ 101 = |
“ ' :"’ ’ll,.»' ‘ 'I? ff Y
" I; s
£ /f 1 I 1 M S
%1 0.2 0.4 0.6 0.8
p[fm]
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Instantons on the lattice

. . ¥
Observables calculated with only instantons oo B TV
close to those including all gluons 8%-%%
0.10 | & 1
0.05 i%
: ok M
Observe quark zero modes localized at o . . ‘
;i 0 0.5 1 1.5
instantons x (fm)

Zero modes from instantons generate
and dominate light quark propagators

<>, 3 +-Full QCD
~¢-Cooled QCD

Topological susceptibility from instantons, X=
(180MeV), yields N’ mass S B PP

=
=]
|
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"2 <rho> (not normalized)

Diquark correlations in heavy light light baryon

Patrick Varilly - senior thesis

Good diquarks:
color antitriplet
flavor antisymmetric
spin singlet
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Summary

0 Lattice Field theory has become powerful tool to solve QCD
and understand hadronic physics
0 Substantial theoretical issues and accomplishments
[ Resources now available to solve frontier problems
O Challenging and rewarding research field
0 Entering era of quantitative solution in chiral regime
U Form factors: Fi, F2,Ga,Gp N — Delta
O Generalized form factors A B C
O Transverse structure
0 Origin of nucleon spin
[ Insight: instantons, diquarks, dependence on parameters
[ Two other major areas:
0 QCD thermodyanmics

' Weak decays

U 7-27-06 J.W. Negele
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Current effort and future challenges

Full QCD with chiral fermions in chiral regime
Nonperturbative renormalization
Disconnected diagrams
Strangeness content of nucleon
Flavor singlet matrix elements
Gluon observables
Role of diquarks in hadrons
Unstable states
Exotic mesons and baryons
Evolve quark masses from glueball world to QCD

Hadron-hadron phase shifts, adiabatic potentials
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