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Introduction

« Special role of light cone correlation functions

Asymptotic freedom —
Reaction theory perturbative

Measure matrix elements of light cone
operators unambiguously

« Use lattice field theory to explore and understand
these matrix elements as fully as possible

* Impact on experiment and on model building
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Goals

 Quantitative calculation of hadron observables
from first principles

Comparison of theory and experiment
Credibility for predictions
* Insight into hadron structure - how QCD works
Mechanisms
- Paths that dominate action - instantons
 Variational wave functions
Dependence on parameters
* N¢, Ni, Gauge group

* Dependence on m,
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Two Distinct Regions of QCD

s Heavy quark regime

Confinement
Flux tubes
Adiabatic potential

Isgur Wise function

s Light quark regime
Chiral symmetry breaking
Instantons
Zero modes: (i) = 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
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Parton and Generalized Parton Distributions

High energy scattering measures light
cone correlation functions

d\ . — A —1 A2 dan-A(an A
O(x) :/Ee”‘“"w(—an) #APe 9 ) s ( )w(gn)

Deep inelastic scattering

Diagonal matrix element
(P|O(x)|P) = q(x)
Deeply virtual Compton scattering

q q

P P
Off-diagonal matrix element

(P'|O(x)|P) = (v)H (z,&,t) + 22 (o) E(x, &, t)
A=P —P, t=A2 ¢=-n-A/2
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Moments of PD’s and GPD’s

Expansion of

o ra/2
ig f_}‘/z dan-A(an)

d\ .. — A _ A
O() = [ e b(=n) siPe $(on)

Generates tower of twist - 2 operators

Ofprma-biny — o yluriprz  jDHnly,

Diagonal matrix element . ]

(PlOéM1M2"'.u'n}|P) ~ /dmm”_lq(m)

Off-diagonal matrix element

(P'|Ofpsbzbnd|P) ~ [daxx™ ' [H(z, &), E(z, &, 1)]
— A,i(t), B,i(t), Cy(t)
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GPD’s and Transverse Structure of
Parton Distributions

M Burkardt, hep-ph/0005108,0207047

* Form factors in non-relativistic and relativistic
systems:

Consider Fourier transform of density
Fy(q) = [ dPx eT% (|p(x)|2))
= | ol (F + () + dle(0)17)

= [ T Ty (5 4+ Py () F ()
Non-relativistic limit

(E:D+Ep+q)
2/ EpEp g4

— 1

92 = (Ep — E:o—l—q)2 - ‘5_1"2 — —52
[d3py*(P+ Qv (p) — 1
Fp(q) — F(q?)

Transverse Fourier transform behaves the same
for light cone wave functions

P+ enters like mass e's

Formally, Galilean subgroup of Poincare Group
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 Parton and Generalized Parton Distributions

Light cone correlation function

A* =0, Transverse position 0,

R de™ . + - T T~
Og(z,01) 2/?8 P Q(—790¢)7+Q(790¢)

Forward matrix element
Q(:E) — (P,S|@|P, S)

Off-forward matrix element

) e otV
%U(P ;S (7+Hq(a:,£,t) + 1 2}\?“ Eq(m,ﬁ,t)) u(P,S)

= (P',S'|O|P, S)

PH = %(p# + P’H)
AH = PH — P'H

t = A2
_ AT
§ =  2p+
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e Limits

Hq(:I:,0,0) — Q(m)
Zq €q f drH(q,&,t) = Fi(t)
Zq €q f drE(q,§,t) = Fa(t)

Combine features of parton distributions and form
factors

» Structure for§=0

operator aytq | eizp e grtqg

forwardm.e. Q q(x)
off forward F(t) H(x,0,t)
density o(r) alzby)
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* Impact parameter dependent parton distribution

q(z,by) = (p+aRJ_ = 0,)\|(§(£B,bl)|p+,RJ_ =0, )

dx™ _ x~ x
— —abl)’YJFQ(?abJ_)

A ieptae— =
Oq(ax,bl):/ - e**P q(— 5

E=0— Pt =P*
Diagonal, positive density
Avoid uncertainty principle problems
Longitudinal: xP™T
Transverse: b,
Consider no helicity flip: A =N’
(P )ou(P) = 0,a(P )y u(P) = 2Pt
H,(xz,0,t)
= [ L e (P A (— %, 00) v a(%, 01) [P A)
= (P',X|Oq(z,0.)| P, A)
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‘Impact parameter dependent parton distribution

Q("Ba bJ_)
= (P*,R, =0, )\]@(az b))|Pt,R, =0,

— |N|2f ?2;-?5 (2 )2 (P+ Pj_a)\|o($a bJ-)|P+ PJ_3A>

— |N|2 f ?2:}5 . ?2':}5 (P+5Pj_s)\|@(maOJ_)|P+sPJ_aA>eibJ"(PJ'_Pi)

= NP2 [ &Bs [ G H (2,0, —(PL — P{)?)eibs (Pr=FD)
AJ_:PJ_—PJ_, pJ_:%(PJ’_—I—PJ_)

Then:

Q(ma bJ-) - f %H(Ia 0, _Ai)e_ibLAJ_

Thus,H(x, £ = 0, — A?% )measures Fourier transform
of q(x,b.)

Note: at x=1, one parton carries all momentum
« Single component in Fock space
« d(b1)

«Zero slopein A? =t
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Light-Cone W.F. for DVCS
Brodsky, Diehl & Hwang hep-ph/0009254

No A, dependence for x,— 1

2
1-— 62 H{n—-n][’fsgat} - \/%sz(ﬂ—*ﬂ:l(i?f?t} [:f

ndr, d2ky " "
- Ji—e “Vite Zfz —es 16735 (1—§zj) 52 (J;m)

=1
XO(F — ay) o (@ KL ) Wl (i, T ),

1 Al A2
JI—& 2M

d.r,,d ki " n
- i "ire ;f 16r3l 16735 (1 - Z;.rj) 62 (’Zlﬁclj)
n 1= =

Xﬁ(l‘ — I]_] wgﬂ;(if;‘, klia}\ ] |{ [yz E'J_z A ]

El:ﬂ-—*ﬂ:l [:-3_3 f? t]

where
Ty = ']:11__5 , _'11 = -E;J_l 11__'? SQJ' for the final struck quark, (75)
T = 1%£ L K =Fk+ %:f % for the final (n — 1) spectators,

and
Y = "Iil_:_g , Ell = F_L:J_l + 11;? Sé for the initial struck quark, (76)
Y = lif : =k — IITZZ;" % for the initial (n — 1) spectators.
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Forward Matrix Elements

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

xf(x0)

0 0.2 0.4 0.6 0.8 1

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
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Moments of quark and gluon distributions

Moments of quark distributions in the proton

o = / dz 2" (g(z) + (~1)"1q(z))
(™) g = / dz 2" (Aq(x) + (~1)"Ag(x))
(275, = / dz 2 (8q() + (—1)"183(x))

where q=4q1 +q| ﬂq:fﬁ—(u g = q1 +q1

are related to matrix elements of twist-2 operators

%(ps}ﬂg,}({migm ...ipnn}wp@ _ g(mﬂ—1>qp{n1 ... PHn}

(PSHV}«{M%@'D”Q ...iDP‘n}d)}PS> _ E(In—l)&q glui pua ... pn}
mn

<PS‘71EU[a{M],T53-DM2 ~-3'D”ﬂ}zb‘PS> _ %(ﬂjn—1>6q glo pleil pra .. pin}

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

Higher twist operators:

(PS‘@!_)W[M%,@'D{”?] .. .iDuf1}¢‘pS> — ldn_l gl pleel | prn}
T
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Lattice Operators

Use irreducible representations of hypercubic group with minimal
operator mixing and minimal non-zero momentum components

(@) 6% 157{154}119
PN 3 _
()¢ 37 $yaDap — 3 3. PyDiv

(%) 27 &7{1515454}15 + 15’?{2525353}15 — {34}

(Dag 44 ¥ ys¢

(m)ﬂ. 65 1575’}’{153}1:‘)

(m}ﬂ 65 ‘45’?5’}’{354}15

(%) aq 43 &757{15354}15

(1)sq 67  ¢yPosa

(x)sq 87 &7503{451}?&

dy 6, &75’}’[354]1‘0

ds 81 Y 5{3] B4} P

where (u@fw))n = nUn p¥nip — ”(Bn—uUl—p,pwn

m = mixing with same dimension operators
m*™ = no mixing for Wilson or overlap

M = mixing with lower dimension for Wilson, not for overlap

INT 7-03 J. W. Negele
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p,m

0,M

p, M
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Perturbative Renormalization

nrE -
(}"ﬁ Q2 Z( i 1512- *""5 w 1 ("}uﬁlﬂg(Qz 2) (HI_I;ATT _ Bff“"))) ,Oj,AT*I'(az)
J

observable ¥ BLATT BMS Z(F =6.0) Z(3 =5.6)
(z)i®) 8/3 -3.16486 -40/9 0.9892 0.9884
(z) 8/3 -1.88259 -40/9 0.9784 0.9768
(22, 25/6 -19.57184 -67/9 1.1024 1.1097
(x3), 157 /30 -35.35192 -2216/225 1.2153 1.2307
(1) ag 0 15.79628 0 0.8666 0.8571
(z){® 8/3 ~4.00933 -40/9 0.9971 0.9969
(mpgi 8/3 -4.09933 -40/9 0.9971 0.9969
(z2) aq 25/6 -19.56159 -67/9 1.1023 1.1096
(1)sq 1 16.01808 -1 0.8563 0.8461
()54 3 447754 -5 0.9956 0.9953
dy 0 0.36500 0 0.9969 0.9967
ds 7/6 ~15.67745 -35/18 1.1159 1.1242

Note mixing of d,, o v5 r[nﬂ{,q]

INT 7-03

Wk et

Dy With 2957167V ) - - Dy} for Wilson fermions.,
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Calculations in Heavy Quark Regime

SESAM Configurations

* N- =2 Wilson fermions

*B=05.6

«a=0.92 fm (M,)

* 163 x 32 lattice

L =148 fm

» 200 configurations per quark mass
* pion masses (MeV)

754 868 962 M,
744 831 897 ro
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Hadron Matrix Elements on the Lattice

— =

e Measure (O), for my, a, L

Connected diagrams
p=>0
p#0

Disconnected diagrams

e Extrapolate
myg : My — 140 MeV
a —~ 0.05fm

L —~5.0fm

e Note: For (O), — (O)4, disconnected diagrams cancel

INT 7-03 J. W. Negele
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Calculation of Matrix Elements on Euclidean Lattice

JT: Current with quantum numbers of proton
|¢7) = JT|Q) Trial function

(TJ(t3) O(t2) I (t1)) = Z(W\n><n|@\m><m|¢J>B—Enn:tg—tzzl—ﬂm{tz—m

tq ta

Ve (IOf ol B

tg—tgi1
to—t13 1
\\-___,.-—/)
ta want |<¢,J‘n>‘2 ~
R for best plateau
tz
Normalize:
(TI(ts) T (02)) = 3| (h|n) e Bntta—t)
2 — _
—— [(g]o)[ e Bttt
—
(0|o|0) = (JOJ) =
(JJT) —

Sequential source options:
Each O(2)S(2,1) generates S(2,3) to all ¢5
Sink at fixed ¢35 generates S(3,2)
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Calculation of Connected Diagrams

e
¢

J d3z P75 [ d3y(J (s, )0y, to) T (24, b))
V- [ d3a e PP (J(xp, tp) T (24, t;))

!
R(IEI (t% t(), tf) -

(Plofp)
bl [

Mumber of lterations Alpha

e Nucleon source: J* = uguf((}yg,)ﬁﬁ;d-f;e“bc
e Use upper two components of J
e Dirichlet boundary conditions for quarks in t-direction

e Gauge-invariant Wuppertal smearing of sources

3
Pz, t) — (L+a Y [U@,i)d, 15+ U@ -7, , DV u(z,t)
i=1 ’ ’
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Source Optimization

Overlap between |¢;) and |0)

(T(ta) J(t1)) = Z|w|n>| Bnlte=t) 4 -
A=Y"(wsln)|” B

B = |(us]0)[*
()

B_ _alOP 1oy e pg,

A [(@sln)l?

A-B  Y.zol@sln)l*  P@n>0)
B |0 P

tz—t1

Optimize
Vary parameters in trial function to maximize P(0)
o Crucial for accurate lattice measurements

o Tool to study physics of proton wave function

INT 7-03 J. W. Negele 22



Lattice Measurement of Overlap

10®

=2
—

—
L

0.8

0.6

P(0)

0.4

0.2

INT 7-03

1w 10 10 10t 10 1% 107

) ; '1I{J 1I5 2ID 2I5 BIEI
t
Pt
% S
| |
g
E 1 2 3 4 5 EIS
< )1ﬂ
J. W. Negele
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x4

Plateaus in full QCD for operators withp =0

m
=F
@ " o b @ )
4} o - o @ [-: @ u)
¥ - 10 g o e
=+
o
W
(=]
g
o m
o o B e s e eeriE] E
o
O e e
DT .......................................................................... T T [F] = = = 1]
1 1 1 1
0 2 4 ] a 10 12 Q z 4 L] 2 10 12
t_tﬁrc b t_tsrc
(a) (b)
L}
@
LI 5 D
R SR & T ] e o T @
L 1 -t 1
(o7
e :
1 "
- o
Sl 1 o
= ] O il
s n
! 1 1 .;l-_. 1 1 1 1 =
] 1 4 & a 10 12 a b4 4 ] a 10 12
t—t -t
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Plateaus in full QDC for Operators with p = 0

o o
xug EI] EI] qt"‘ i T @ t f Nx P R |
------ EERER Rk SEEE: EEERL SRR EP [F.EPEF

SR - & L] L e LR TR TR TR TR a

12 T 10 12

t—t t—t
(Q} Bre (b:l Sre
=4

- gt
= »
n“"E[J b EI:TI'I'J:[.-L ____________ b T B o 8
............ . } b :ﬁmqu}qaq, b g
t—t, t—t
{c) {d)
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Error Analysis

Observables in plateaus measured two ways:

1. Average over window [tsource + A, tsink — A]

2. Flt R{t} = R'D + Zi Bi(ef:'ift—fsourcej + eC‘ﬁftsiﬂk—ﬂJ

Consistent within statistics,

Window average (1) most stable

Checked bootstrap distributions

(z)y for B = 5.6, k = 0.1575

Ensembles of 25 and 204 configurations

INT 7-03

100

Jrekbrita mathed  DLEB1 [ALETVE]

ENE aonderoe (mnval [L4B7E, CUBE19] madian 00048

toatrirep moen ;IBHA[CLIBS1] shew —EF

J. W. Negele

Jochbnfe mmthod  AS1SHIO141]

bostetrop maon RO IBH00141] s 0341

BEX esnfiienes intersal [0.0622, O8193] medar D04 D8 1

1 1 1
=) a2 L
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Comparison of Quenched Calculations

<1>, ; ——Quenched (MIT)
T -# Quenched (QCDSF) |
e - . - .
To oz o4 _ os _ o8 1
m, 2, GeV?

<x>ﬂ(b) - —4—Quenched EMIT)
T ~# Quenched (QCDSF)
'?’3— o & —— ——
EI;U — ULE — ﬂf‘r — D:E — ULE — 'jl J
mﬂz, Ge\.«’2
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Comparison of Full and Quenched QCD

0.5
T

———————— e e
(b) —<-Full QCD
X7 [ -t-Quenched QCD

0.2
'1%

0 0:2 0214 2 DTB CIjB
m_~, GeV
w;%- _@ [] B . = _'_—d
1>, o ~-Full QCD ]
< >& _
. -3-Quenched QCD |
Sr ]
0 O.I?_ . Cé# l IZ‘ 0!6 . I I DI,B
m_", GeV
INT 7-03 J. W. Negele
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Qualitative Behavior from Instantons

i _________ R o |
[ ¢
$ 3 .
< >(b)1:_ -
“Ta c +-Full QCD
“4-Cooled QCD 1
_________ .g_...____m__._._.____.
gilr : . ] L
o 02 Y 0.6 l 08
mﬂz. GeV?

<1>aq “+-Full QCD ]
q r
~4-Cooled QCD |
i T e T
+H-—-=-=——"- |
" ]
[ 0 nl,z léﬂ- . l 5 D:E 013
m.", GeV
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Qualitative Behavior from Instantons

<T> 5030 4Full QCD ]
[ 4-Cooled QCD
,,.:a ———————— == — — =
I‘; 0z ié-‘ l ) 06 08
mﬂ. GeV
3 +Full QCD ]
di “b-Cooled QCD

—-0.B

-1.2

T

\
T

-1.&

INT 7-03 J. W. Negele 30



Comparison of Results

Connected QCDSF QCDSF Wuppertal Quenched Full QCD Phenomenology
M. E. (a = 0) (3 pts) (g +q)

() 0.452(26) 0.454(29) 0.459(29)

(z)q 0.189(12) 0.203(14)  0.190(17)

() u_d 0.263(17) 0.251(18)  0.269(23) 0.154(3)
(x?)y 0.104(20) 0.119(61) 0.176(63)

(z2)4 0.037(10) 0.020(32)  0.031(30)

(£ u_d 0.067(22) 0.000(68)  0.145(69) 0.055(1)
(%) 0.022(11) 0.037(36) 0.069(39)

(z3)q —0.001(7) 0.009(18) —0.010(15)

(23)u_d 0.023(13) 0.028(49)  0.078(41) 0.023(1)
(L)au 0.830(70)  0.880(20)  0.816(20)  0.888(80)  0.860(69)

(L)ad —0.244(22) —0.236(27) —0.237(9) —0.241(58) —0.171(43)

(1) Au_nrd 1.074(90) 1.14(3)  1.053(27)  1.129(98)  1.031(81) 1.248(2)
(x) Au 0.108(8) 0.215(25)  0.242(22)

() Ad —0.048(3) —0.054(16) —0.029(13)

() Au_nd 0.246(9) 0.260(29)  0.271(25) 0.196(9)
(x2) An 0.04(2) 0.027(60)  0.116(42)

(z?) ag ~0.012(6) —0.003(25)  0.001(25)

() Au_Ad 0.05(2) 0.030(65)  0.115(49) 0.061(6)
Sut, 0.93(3)  0.980(30) 1.01(8)  0.963(59)

5d. —0.20(2)  —0.234(17) —0.20(5) —0.202(36)

dy —0.206(18) —0.233(86) —0.228(81)

3 —0.035(6) 0.040(31)  0.077(31)
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Chiral Extrapolation - Physics of the Pion Cloud

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

() — (x)a ~ 0.24—-0.28 (0.16)
ga = (Dayw — (Dag~1.0—-1.1 (1.26)

e Pion cloud essential component of nucleon
KN, A
Suppressed with heavy quarks in small volume
Require:
Light quarks

Large volume: L > 4,”%

Full QCD
N

INT 7-03 J. W. Negele 32



Chiral Perturbation Theory

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

@)y — (2")a ~ an [1 -~

(3g4% + 1)ym?

111(-mi))] + analytic terms

(47 f)?
e Physical chiral extrapolation formula hep-lat/0103006
) ) (3g.4% + 1)m? m? )
(J: >-..l - <.'f..—' >ﬂ' ~ (i [] - (1?‘_‘}01—)2 h](ﬂ]_% n '”J'Z) + bn"f”..:

0.3

0.25

(x)tu_d)

0.2

0.15

1 i 1 i 1 L 1

0 l 0.2 0.4 0.6 0.8
r'r'l,“2 (GeV?)
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Chiral Perturbation Theory

]
o

J. W. Negele
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Consistent Results for Three Moments

(T)u — (T)a <5‘32>u - <x2>d ’ <x3>u - <373>d

Fay

»

W
0.15
Y

a1

0.05

012 0

.08

a
0.06

0.03

0060

A
x
[
W
0.04

Tl =

Diamonds full QCD, squares MIT quenched, triangles QCDSF quenched
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Chiral Extrapolation hep-lat/0209160

< x > quenched improved Wilson - QCDSF

0.4 7
L |
1
- |
02t ' -
L 2 a af - mwet R R
N
L |
0.2 r 1
K| |
i ::mTE |‘~J'2mK
04 Lothoue i i
0.0 2.0 4.0 6.0 8.0 10.0
(rem,,)
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Analogous Result for Magnetic Moment

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

C O = =N W
O Uo Lo Uo O

|
O
&)

|
= =
o O

Nucleon Magnetic Moment (u,)

|
0N g
oo
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Calculation in Chiral Regime

SESAM configurations
* N;= 2 Wilson
* N_=754, 868, 962 MeV
MILC configurations
*n;=3
» Asqtad Staggered sea quarks
 Domain wall valence quarks
« HYP smearing
* Preliminary results:
a=0.13 fm
m_= 343 MeV, 635 MeV
~ 100 configurations

Unrenormalized

INT 7-03 J. W. Negele 38



Asqgtad Action: O(a?) Perturbatively Improved

Symanzik Improved glue
Sg(U) = ¢, W 1x1 + c, W 1x2 4+ c, W\ cube

Smeared staggered fermions: S,(V,U)
 Fat links remove taste changing gluons
* Lepage term: 5 - link O(a?) correction of
flavor conserving gluons
* Third-nearest neighbor Naik term (thin links)

 All terms tadpole improved

niflt

INT 7-03 J. W. Negele 39




HYP Smearing

Three levels of SU(3) projected APE blocking
mixes links within hypercubes

7 i ’ {il 7 ¥ )
Vig=Projsus)[(L = o)Uiut—= 2, VivaVirssoVitivgl
EVEH

- , . Oi2 — = s
Vigew = Projsy3)[(1 — 02) Uy + n > vf..p;v}e"‘i+fr-y;pvaT—y._p;u;;] :

TpFV.p
V.vo = Proj | — 03U,y 22 UinlUsin JU
LUVp — mJSU(B][( _':'53) 1.}4+T Z NI BRI z‘+ﬁ.n]-
< Am#Epvpe
e R
F o
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HYP Parameters

* Non-perturbative: Minimize dislocations
by maximizing the minimum plaquette

* Perturbative: remove flavor changing
gluons

OLq O O3
Non-pert. 0.75 0.60 0.30
Pert. 0.875 0.571 0.25

INT 7-03 J. W. Negele



Precision Agreement in Full QCD

Davies et al, hep-lat/0304004

| ' | | ! |
: —— f:rr —lLo—
- | +
: - 3M= — My -}0—
:kF 2Mp, — My :H—
o (1P —18) +-
. Y(1D —15) -
1o T(2P — 15) o
| |
. T(1P — 18) i
L4 1 L1 1
00 1 1.1 0.9 1 1.1
LQCD/Exp't (ng = 0) LQCD/Exp’t (ny = 3)
Staggered quarks

Asqtad improved action
a=0.13,0.09 fm
Errors ~ 3%

Gold-plated processes for 8/9 CKM elements
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Light Quark Plateaus

343 MeV <1>
P |
% :
343 MeV <x>
} Lo | } 1
% r I ! 1
i
INT 7-03

635 MeV
f ey e f
I e e S A
] [
635 MeV
¢ - '
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p(0)

Onset of Unphysical Doublers

0.0015

MILC_2064f21b676m0O10mO50_hyp

0.0010 |—

0.00056 —

0.0000

g X
Sl o g

0.0

INT 7-03

0.5 1.0 1.5 2.0
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Momentum Fraction <x>

-

= LHPC/SESAM (Wilson)

e LHPC/MILC (DWF, prel. unren.)

+ Experiment

INT 7-03

0.2

04 0.6
2 2
mn/ GeV
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Axial Charge <1>,, .4

1.5

1.251*

0)=g,

-
|

A

. LHPC/SESAM (Wilson)

e LHPC/MILC (DWF, prel. unren.)

¢ Experiment

0.5

INT 7-03

0.2

|
G.ft j 0.6
II]T_Ef GeV™
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Au-Ad

0.4 . . .
i 0.3 4y
‘f
5 *
[ {
2
Z ~02F
s LHPC/SESAM (Wilson)
» LHPC/MILC (DWF, prel. unren.)
Experiment
- . | . | . |
0. ID 0.4 0.6 0.8
m’ / GeV’
b
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Off-forward matrix elements

Define generalized form factors

P=3(P'+P), A=P-P, t=4A°

(P'|OML|P) ~ (1) Aq(t)
+ (0"*) AaB1o(t)

(P'|0MF2|P) ~ (4111} P2} A (1)
+(611%) P2 By 1)
+ (V)almarmlcyy 1)

(P'| OM11215|P) ~ (1) PI2PH3} Ag (1)
+ (o11%) A PF2PIS) B3o (1)
+ (V) AP A (1)
+ (o 1M* A A ARSI B (1)
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Correspondence of Moments and
Generalized Form Factors

n=1
f d$H($,£,t) — Alﬁ(t)
f diI}E(a’.‘,, 5, t) p— B10(t)

n = 2
f dLE.’EH(:E, £a t) — A20(t) + CZ(t)4£2
[ deaE(x,€,t) = Bao(t) — Ca(t)4€?

n—=3
f dLE:EZH(LI:, £a t) — A.‘SO(t) + A32 (t)4£2
[ dex?E(x,€&,t) = Bso(t) + Bsa(t)4&2
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Off-forward matrix elements

e Limits
o Moments of parton distributions t— 0

A,0(0) = f dx g (x)

o Form factors

Ao(t) =F(t) Biolt) =Falz)

o Total quark angular momentum

Jg= 5[A20(0) +Bao(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
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Lattice Calculation

Calculate Ratio

Ro(r. P'. P} = Cﬁptf’r F' P) [T Ty — T + Tape, P) CFF4 T, P) C%FY (7, P') 1/2
olT. -wzptlr. P:I C"Ept.'::,?-’nk — T+ T F'r:l C_"’E'pl:.'::,.ll.. P:I f.ﬂptf_"-"mkrP}

Perturbative Renormalization

Z E-z.j I{,L! f:]lat {ﬂ

(P'|OM3|P) = \/E(P')E(P) Z ZiiR,
{Prlﬂ{p 1z pn}lp}zzﬂi +Zbi'Bq +C{rq
Schematic Form

(OF™) = 3 ayF;

3
(0™ = VE'EY Zi;R,
J

R;

1
Z anF
gﬁ? i TR
ZE;ij.
i

Overdetermined set of equations

Multiple representations

Multiple mumentum combinations
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Solution of Overdetermined Equations

Schematic form
R =A-F

Minimize 2

N ntl s 2
s (Ejﬂ A - R;)
i=1

7y

Rescale

Ay = A/ o R; = R{/o;
Minimize

x*=|A-F - R
By singular value decomposition

For singular values, automatically
minimize in residual subspace
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N=2 Operators

3 diagonal operators

_ 1
f_’jfi&g'n_z = 5 [‘f}]_l + EjEE - Ej33 - E'-J-'i"-]
diag,n=2 !
O = 517 105 = Oudl,

_ 1
Ejgiagln_z = ﬁ [{E}ll - E:IEE] bl

6 non-diagonal operators

1
~diag,n=2 __ =
f_ﬂ}n-!-lf?f-!-i wnTE = E [C}.I'-‘!'lf-‘!'z + ':jj'-!-:af-h] _ C}{J’-‘!‘”“!'E}

Minimal subset: diag1,diag2 {2,0}

Equavalent momenta

N 1 2 3
P (0, 0, 0) (0,0,0) (0, 0, 0)
P (—p1, 0,0] (0, —m, 0] (0,0, —pr)
4 5 i 7
(0,0,0) (0,0,0) (0,0,0) (—pi,0,0)
(e, 0,0) (0, pi,0) ED,U,}J,{:] (0,0, DJ

INT 7-03 J. W. Negele
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Overdetermined Form Factor Fits

0204 o ‘I{ l ‘I{ o
I - | }
L=
015 T
1 2 3 4 a8 i}
Case #Ops | # Mom M
1 1 1 ' ' ' ' ' '
2 6 1 0.50 -
3 6 2 - [
= 0,45 4
4 6 3 ® 5 ? {
5 6 4 0,40 4
6 6 5
7 6 6 0357 L
i 2 3 4 85 8 7
8 6 7 N
.10+ [
- 0054 |
"3
(-
.00+ } }V { :{ i[
005 :[ ]:
0 1 2 3 4 B 7
M
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N=3 Operators

12 traceless, symmetric linear combinations

0= =

OF=* = G
08 = G
o = (3
OF3=2 = ﬁ
OF=* = ﬁ
05 = i
0= =

E}unn-diag,n=3

Hrfdzafis

INT 7-03

:'1'3{122} — '3:'{133}:
(02117 — Ofzaz]

:'5'{311} — '3:'{322}:

(Or4117 — Opazzy]

:‘f}{mz} + O3y — E':j{lii}:

:‘f]{zn} + Ofzaat — E'Ej{zu}:

:‘f]{sn} + Ofaazy — E‘f}{zdd}:

= ﬂmmwg}

J. W. Negele



Set of Lattice Monenta

(-1'0'0) (=53"F1°0) " (=5'0"F71) (r'£1'o) ' (r'o =£1) -2°080
(-1'0°0) (=5'0°0) (1'o'0) 3183
(—1'0'0) (—T"Fr'F1) (0" 1" %71) -T2
(-1'0°0) (-rI'Fr'o)’ (-1’0’ F1) (0’*1'0) "(0'0 *1) -I'37e
(0'0'0) (Fr¥ro) (FroFn o FrFn (Erxro) (Fro £1) (o' £1' £1) -1 13
(-1'0°0) (0Fr'o)' (00 F1) (—r'=®r'o)’' (=1r'o’=%r1) -0°28L
(—1°0°0) (-1°0°0) (0'0'0) 0055
(0'0°0) (Fro'o) (0Fro) (0’0" Fr1) (1r'0'0) (0’ £1°0)* (00" £1) )
(—1°0°0) (0'0'0) (—1'0'0) 0
(0'0'0) (0'0'0) (0'0'0)
B, 4 » TN
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n=1: Electromagnetic Form Factors

e 0? =t dependence

2 2

Mg—) ~ const. counting rules
F1(07)

%ﬁg%) ~ const. experiment

0°F(0?)
. — ~ const. hep-ph/0212351
log? (Q2)F1(Q%) PP

e Lattice results mg ~ 900 MeV

3%§ RN

LHPC/MIT preliminary
® | | . |
0 1 2 3 4
t/GeV’
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Q*FL(Q?)

TP YIC > ~ const.
log™(Q=/A)F1(Q?)
_ * A=400MeV
— A=300MeV
L A=200MeV |
(8 | ]
L m [1]
NZ 0.2 t ] e [2] -
& ST
NQ, . LI s s
? 0 1 B "mew m N 8 ™ F
Né mg B m [ | [ ] L ] L ] a
0 1 1 1 ! 1

I
n
I

I
s}
\

o
N
\
S\
e
—eo—
-
L
e
L

Form factor ratio

=

(g '
T ‘ T
e

1560
1570

©
f—
|

0 | 1 2 3
-t/ GeV~
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RMS Charge Radius

x=0.1565

x | 0.1570 | 0.1565 | 0.1560

rms[fm] |0.61+0.01/0.59+0.01]/0.59+0.01

INT 7-03

P
r latt

0.2 0.4 0.6 0.8 1
m-2[GeV 2]
J. W. Negele
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(-0)

~1-d

A

1.5

0.5

INT 7-03

n =1 Axial Form Factor
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Axial F.F. Dipole Masses

25 I T T T
1L i
- E |_§_| -
1.5 —
L . sz-d(—t) _
b= » Experimental K?'d(-t) |

g | | . | . | .
90 0.2 04 0.6 0.8 1

m2 [ GeV~
i
INT 7-03 J. W. Negele 61



Axial u+d Form Factor

]. | ] I
0,75 _
'
B L
2 i
I |
E 05F ]
%'-‘-r— E
0.25F i ¢ ;
I | I | I |
0 1 2 3
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Pseudoscalar Form Factor

10

F}"':'d(-t )

(]
[
8-

|
0 1 2 3
t/GeV’
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Pseudoscalar F.F. Dipole Masses

25 - | ' | ' ' T
20 7]
=
=5
S0 15+ —
Il
S boeo
w 10, .
51 = LHPC/SESAM (Wilson)| -
+ Experiment
0 ) | ) | ! | ! |
0 0.2 04 0.6 0.8

m. / GeV’
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n=2: First x Moments

hep-lat/0304018
0.6, ]
L} :
0.4 : y .
S BECI
= '
= A v T
024 g a0 [ . ]
— II N - _-""I._
. C J-d e T -
2 T o
00 04 12 16 20 24 28 32
2
1t [GeV?]
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n=2: Quark Angular Momentum

Connected diagrams, my = 200 MeV, hep-lat/0304018

AT = 3[(1) aut (1) ad]

~ 3 0.682(18)

T, = 3A5°(0)+ B5(0)]
~ ()t (x) 4 +0]

~ 0.675(7)

0.8 — | | T | I T
=
064 ° . =
= .
LL x u+d
0.4 i . AED -
_ X |
— ‘ i’ - []
0.2 - ud . _
SR N
BE'EI |
I z
0.0 """'";:"'"‘EE ““““ %"““"‘E ““““ =
T [ I | I | I | I | I | I | !
o0 04 08 1.2 i6 20 24 28 3.2
2
1tl [GeV?]
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Quark Angular Momentum

GFF

GFF

GFF
o

INT 7-03

k=0.1560

-t [GeV?]
x=0.1565

0 0.5 1 1.5 2 2.5 3
—t [GeV?]
k=0.1570

R0t 9, Byt d, oyt d

0 0.5 1 1.5 2 2.5 3

—t [GeV?]
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Quark Angular Momentum

Connected diagram contributions

K 0.1570 0.1565 0.1560
AY, |0.666+0.033 | 0.727+0.028 0.684+0.018
2Jdg | 0.730+£0.035 | 0.688+0.024 0.682+0.029

21410.064+£0.048 | -0.039+£0.037 |-0.002+0.034

AZlatt
’
i |
ﬂizexp
2Lq,latt
0.2 0.4 0.6 0.8

m,2 [GeV 2]
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0.4

n=2 Spin Dependent

0.1+

INT 7-03

J. W. Negele
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n=2 Spin Dependent

4
= |
1.5F
®
3 1+
= il .
0

ol

INT 7-03 J. W. Negele
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n=1, 2, 3: x Dependence of Slope

Aﬂmc}rm

Transverse Fourier transform of light-cone
parton distribution

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

Factorization Ansatz invalid

— T
129, % |
o] : I |
05- E{} 11111 { |
06- A —-IE { ]
04, TEE EIE :
02- EII
0.0-

It [GeV]
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N=1,2,3 Mass Dependence

GFF

k=0.1560
1 A3OU|dIA20u_\d’Alould
0.8
E 0.6
O]
0.4
0.2
0 0.5 1 1.5 2 2.5 3
-t [GeV?]
x=0.1570
1.4
1.2
1
& 0.8
<]
0.6
0.4
0.2

x=0.1560
1.4 ' '
1.2 239, Bt d, B, 09
1 }
0.8
0.6 i
0.4 '
0.2 # s
0 0:5 1 1:5 2 2:5 3
-t [GeV?]
K=0.1565
1.4
1.2
1
= 0.8
&
0.6
0.4
0.2

K 0.1570

0.1565 0.1560

mp[BA10] [1.40+0.02

1.46+0.02 |1.47+0.03

mp[Azo] | 1.81+0.07

2.06+0.05(2.10+0.11

mp[B3g] | 2.37+0.35

2.81+0.84 |3.86+1.07
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n=1,2:L x Dependence of Slope

I
o K
li_ - _{i;_d(—t)
.F =
< 45l ¢ ; |
(] ; '
¢
| I |
0 | 2 3 4
-t/ GeV~
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Summary

 Generalized form factors characterize transverse
structure of parton distribution

 Limit A(0)5¢ + B(0)31¢ yields total angular
momentum for quarks

* Developed an effective method to calculate

« Lattice moments will be valuable constraints,
since experiments cannot fully determine
function of three variables with convolutions

* Results in heavy pion world

Slope of H(x,0,t) decreases as x increases,
confirming transverse size decreases

Factorized Ansatz ruled out

Q*F»(Q?%)
log?(Q2%2/A2%)F1(Q?)

Angular momentum from connected diagrams

~ constant, like experiment

67-73% from quark spin
0-6% from quark orbital

* Beginning to get results in light pion world
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Current and Future Effort

* Production with MILC configurations

L'a am; ams mg mz Configs
MeV GeV?

20 01 01 609  .371 339
20 0.05 005 522 272 414
20 003 005 448 .201 564
20 002 005 391 153 385
20 001 005 304 .092 630
28 0.01 005 305 .093 165+

MILC Lattices with a = 0.13fm to be used with
valence domain wall fermions

20° a=0.13fm L=2.6fm m; =300 MeV

28% a=0.13fm L=3.64fm m; =216 MeV

Finite volume effects: L =2.6 and 3.6 fm

Finite size effects: a=0.13 and 0.09 fm
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Current and Future Effort

* Perturbative renormalization

 Partially quenched chiral perturbation
theory for staggered sea and GW
valence

* Disconnected diagrams

 Topology - low modes with HYP

* Multiple pions - correctable with
chiral perturbation theory?

* Square root
« Optimal U in covariant derivatives

» Short distance properties
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