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Nucleon Matrix Elements

e Moments of Parton Distributions - unpolarized, helicity and transversity
distributions

e Form Factors - vector and axial vector
Fy Iy Gy Gp

e Generalized Form Factors / Generalized Parton Distributions -

Transverse Structure - 3D distribution of quarks in a mixed representation:
2 transverse coordinates b; and 1 longitudinal momentum =z

q(z,b1)  ADq(z,b))

Spin Decomposition - decomposition of nucleon spin into quark helicity,
quark orbital and gluon contributions (ask me during the questions)

1 1
5 = 5% utd T Lutd T Jg

Comparing with Phenomenology - full determination of GPDs requires
combination of experiment, lattice and phenomenology (ask me during
the questions)



Mixed Action Lattice Calculation

e asqtad staggered sea quarks (MILC) with a = 0.124 fm

amij?ltad L/a | L mBPWE | 4
fm | MeV

0.05 20 | 2,62 | 7061 425
0.04 " " 693 350
0.03 " " 594 564
0.02 " " 498 486
0.01 " " 354 656
0.01 28 | 3.53 | 353 270

e domain wall valence quarks with HYP smearing and Lg = 16
e one-loop perturbative renormalization at u =2 GeV
e chiral perturbation theory following hep-lat/0610007

e please see hep-1at/0409130 for more details



Moments of Parton Distributions

e for example, unpolarized parton distributions
dy— ;. .p+,—_ _ _
a@) = (Ps| [ &PV gy /27 ey /2)IP.S)

e light-cone expansion generates unpolarized twist-two operators

o1t = giDWH .. DHn—1Hn) g
e moments of parton distributions from forward matrix elements

(P, S|Og* 1" P, S) = 2 (a" ) Puy -+ Py

n

e unpolarized, helicity and transversity moments
1
(x™)yg = /ldaf;af;nq(x)
1
/1da:anq(a:)

1
()5 = /_1d:13:13n5q(a:)

B
=
>
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e please see, for example, hep-lat/0201021 for more details



Lowest Moments: Axial and Tensor Charges
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Momentum Fractions and Higher Moments

(T) Au—Ad

(T2) Au— Ad

(T) 5u—6d

0.05

35

30

25

15

10

35

30

25

15

10



blue is

Comparing with Experiment

lattice, red is experiment, both normalized to lattice
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Form Factors

e vector form factors: Fj and F5, from off-forward matrix elements of the
vector current, gvyugq, a twist-two operator

< P SN P S >=U(P,S" (yﬂFl (t) ead AVFQ(t)) U(P,S)

e axial-vector form factors: G4 and Gp, from off-forward matrix elements
of the axial-vector current, gysvyug, again a twist-two operator

< P S|P, S >=TU(P',5) (7“756%4(15) | %’256?13(75)) U(p,S)
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Vector Form Factors: Fy7 and F>5
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Axial Vector Form Factors: G4 and Gp
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Generalized Form Factors

e for example, unpolarized twist-two operators
oLt = GiDWHL .. DHn—1Hn) g

e Off-forward matrix elements of the twist-two operators [1]

n—1
(P!, s’ |of P sy =T (P, SN Y. AL (DHKL(P, P)

1=0
even

n—1
+ Y BL()KB(P', P) + 6%,enCL()KS (P, P)IU(P, S)
1=0

even

e similar expression for the helicity form factors: Al (¢) and B (t)

e examples, A1g(t) = F1(t), Aop(0) = (x), and higher moments Aszg ...

[1] X. D. Ji hep-ph/9807358



Transverse Distributions: Q2 Dependence

e generalized form factors, A,,g, are Fourier transforms of quark distribu-
tions [1]

— N "N ]- —
Al(=A3) = [dby B [ do an T g(a5))
e the slopes are related to the transverse rms radius
/
AT5(0)
Aro(0)
e at x = 1 a single quark carries all the momentum

(b7)h = -4

nmlq(a;,zg x 6%(b))
€Tr—
e higher moments A, weight z ~ 1 more heavily

lim A7 (1) /dsz 21 0152(b,) = constant

n—aeo

e slopes of A%O should decrease as n increases

o Ajg, A3g, Axg measure q—q & Aqg, Azg, Ayg measure q+q

[1] M. Burkardt hep-ph/0005108



Transverse Distributions: Q2 Dependence
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Transverse Distributions: Q2 Dependence

more my, dependence
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Transverse Distributions:  and I;L Dependence

transverse rms radius (momentum space)

<bJ_> [d?b b3 q(z, b, )
[d2by q(z,b))

transverse rms moment radius (Mellin space)

A’ (0) 1
n0 — _ b2 b2
A,0(0) 4< L>n < l>n
transverse distribution of quarks

- 1 -
w1 = [ dva@b) =

transverse distribution of momentum

- 1 -
() = [ dveq(eb) =

[d?b, b3 [tidea"lq(z, b))

[d?by [ridwzn—lq(w,b))
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‘Transverse Distributions: = and li Dependence

g(z,b,) from model

(b3 T q1(b1), q2(by), q3(by)
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Conclusions

e challenges include: lighter pion masses, finer lattice spacings, higher q2,
disconnected diagrams, higher moments, gluon observables, and on

e Chiral extrapolations give rise to results in the physical limit that agree
to within statistical errors with experimental measurements of (1) Au—_Ad:

()u—ar (Z) Au—_ng aNd (22) Au—Ad

e careful study of systematic errors should lead to genuine predictions for
(L)su—6d and (x)sy—sd

e accurate calculations and even predictions for moments of parton dis-
tributions will bolster the strength behind calculations of the nucleon’s
form factors and generalized form factors and other hadronic observables
that might not be experimentally accessible
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Vector Form Factors: Fy7 and F>5
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Spin Decomposition
e quark helicity, quark orbital, and gluon contributions [1]

1 — EAZU-FCZ 4 putd 4 g9
2 2
1., 1
ATy =~ A{,(0) Jo=7 ( 20(0) + B 0(0))
1 1
Lg=Jqg—= 5824 Jo =35 = Jutd

0.6

04

0.2

e large No: B} d/A ~ N¢

[1] X. D. Ji hep-ph/9603249
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phenomenological curves from M. Diehl, et. al. hep-ph/0408173

0.15
0.125

& 0.075

Aszo/A1o

0.05¢

0.025

0.15
0.125

Azo/Aqp

®0.075

0.05

0.025

0.15
0.125

/A1

<):80.075

0.05 ¢

0.025

0.15
0.125

Azo/Aqg

% 0.075
0.05
0.025

0.1+

0.1;

0.1+

0.1}

Phenomenology

.

' m,=769MeV, 203, u-d

| m,=769MeV, 203, u+d

Lk

. p

' m,=693MeV, 203, u-d

' m,=593MeV, 203, u-d

| m,=593MeV, 203, u+d

L

oot

' m,=498MeV, 203, u-d

| m,=498MeV, 203, u+d

120 02 04 06 08 1 1.2
—t[GeV 2]

0O 02 04 06 08 1
—t[GeV ?]



Moments of Generalized Parton Distributions

e moments of generalized parton distributions

1 n—1 .
/_1dx 2" Hg(z, 6, 1) = Y AL (D) (=26)" 4 6genCA (1) (—28)"
i=0

even

1 n—1 _
/_10““ " Ey(w,&,t) = Y BL(1)(—28)" — 68yenCi (1) (—28)"

1=0
even

e transverse momentum transfer, &€ — O

1
/_1d:1: 2" H,(x,0,t) = AL (1)
1 n—1 q
/_1dx 2" By (2,0,t) = B, (t)

e similar results relating the polarized GPDs, Hy(x,0,t) and E4(x,0,t), to
the polarized GFFs, A7 (t) and B}, (t)



Quark Angular Momentum

angular momentum operator

q

energy momentum tensor

1. . .
T gk 3 Ok,.j3 7035, k
J—Qe /dw(Tqaz qu>

T = gy lhiD g = O

angular momentum

Jg = (P,1/2|J;|P,1/2) involves (P,1/2|0}"|P,1/2)

matrix elements of n = 2 twist 2 operator O}”: Axq(t), Bao(t), Ca(t)

Jq_

l\)ll—l

(A%5(0) + B,(0))



Transverse Quark Distribution

wave packet in transverse coordinates

[ d?pi (L) L
>—/(27T)\/ﬁ|l7pz p_(pJ_7PZ)

transverse quark distribution
qy(z,b1) = (P|Og(x,b))|y) involves (k,, P:|Oq(z,b,)|F), P)
infinite momentum limit & transverse localization
M< P (k) ~y(p))

matrix elements of Og(z,b,): Hy(xz, &, 1), Eq(z ,€,t)

g(z,b|) = /d2A _Zbl AlHq(az 0, —A? )
relativistic corrections controlled by

1
not —

VM2 4 P2



