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Goals

O Quantitative calculation of hadron observables from first
principles

0 Agreement with experiment

0 Credibility for predictions and guiding experiment
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Goals

O Quantitative calculation of hadron observables from first
principles

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

0 N Ng, gauge group, Mg
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Parton and generalized parton distributions
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Parton and generalized parton distributions

High energy scattering: light-cone correlation function (A=pTz7)

dA e 7 A —ig [2 dan-A(an A
O(x):/ﬂe“‘%p(—gn) ppe 9 )5y domAl W(g”)
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Parton and generalized parton distributions

High energy scattering: light-cone correlation function (A=pTz7)

dA e 7 A —ig [2 dan-A(an A
O(x):/ﬂe“‘%p(—gn) ppe 9 )5y domAl W(g”)

Deep inelastic scattering: diagonal matrix element

(P|O(2)|P) = q()
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Parton and generalized parton distributions

High energy scattering: light-cone correlation function (A=pTz7)

dA e 7 A —ig [2 dan-A(an A
O(x):/ﬂe“‘%p(—gn) ppe 9 )5y domAl W(g”)

Deep inelastic scattering: diagonal matrix element
(P|O(2)|P) = q(x)

Deeply virtual Compton scattering: off-diagonal matrix element

(P'|O(x)|P) = (v)H(x,&,t) + 5 (0) E(x, &, 1) ; '
A=P —P, t=A2 £=-n-A/2
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Parton and generalized parton distributions

High energy scattering: light-cone correlation function (A=pTz7)

dA e 7 A —ig [2 dan-A(an A
O(x):/ﬂe“‘%p(—gn) ppe 9 )5y domAl W(g”)

Deep inelastic scattering: diagonal matrix element

(P|O(z)|P) = q(x)
[t —9vs :  Ag(z)] p

Deeply virtual Compton scattering: off-diagonal matrix element

(P'|O(x)|P) = (v)H(x,&,t) + 5 (0) E(x, &, 1) ; '
A=P —P, t=A2 £=-n-A/2

s —otys 2 E(x,€,t), H(z, &, t)]
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Moments of parton distributions
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Moments of parton distributions

Expansion of O(z) = / %e““’ﬂ(—%n) %Pe_igﬁg? da”'A(“”)w(%n)

Generates tower of twist-2 operators

Oéﬂlﬂ@---ﬂn} _— Eq’y{“liD“"‘ 3 .iD““}¢q
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Moments of parton distributions

Expansion of O(z) = / %e““’ﬂ(—%n) %Pe_igﬁg? da”'A(“”)w(%n)

Generates tower of twist-2 operators

Oéﬂlﬂ@---ﬂn} _— Eq’y{“liD“"‘ 3 .iD““}¢q

Diagonal matrix element . '

<P|O§H1M2"'“”}|P> N/dl‘xn_lq({]j) . ’
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Moments of parton distributions

Expansion of O(z) = / %e“%ﬁ(—%n) ;fiPe_igfxi2 da”'A(“”)w(%n)

Generates tower of twist-2 operators

Oéﬂlﬂ@---ﬂn} _— Eq’y{“lil)m 3 .iD““}¢q

Diagonal matrix element . '

<P|Oéﬂ1ﬂ«2...un}|P> N/dl'xn_lq({]j) . ’

Off-diagonal matrix element

(P'|og#zn}|P) — Api(t), Bni(t), Cuo(t)

/dxx" "H(x,&,t) ~ ZfAm ) +&"Cro(t)

/d:m:” B, 6,t) ~ 3 EBu(t) —€"Cuolt) g
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Moments of parton distributions

Expansion of O(z) = / %e“%ﬁ(—%n) ;fiPe_igfxi2 da”'A(“”)w(%n)

Generates tower of twist-2 operators

Oéﬂlﬂ@---ﬂn} _— Eq’y{“lil)m 3 .iD““}¢q

Diagonal matrix element . '

<P|Oéﬂ1ﬂ«2...un}|P> N/dl'xn_lq({]j) . ’

Off-diagonal matrix element

(P'|og#zn}|P) — Api(t), Bni(t), Cuo(t)

/dxx" "H(x,&,t) ~ ZfAm ) +&"Cro(t)

/d:m:” B, 6,t) ~ 3 EBu(t) —€"Cuolt) g

[ — 95 Am(t) Bm(t)]
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x f(x,Q)

Moments of parton distributions
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Lattice operators: irreducible representations of hypercubic group with
minimal operator mixing and minimal non-zero momentum components
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Staggering toward QCD with DW Fermions

Domain wall quarks on staggered sea opportunistic first step
Improved staggered sea quarks (MILC)
[0 Economical - lattices with large L, small my, several a
O Fourth root appears manageable
T RG indicates coefficient of nonlocal term — 0
U Partially quenched staggered XPT accounts well for ugly properties
0 Order a? improved
Domain wall valence quarks
[ Chiral symmetry avoids operator mixing
0 Order a?
[ Conserved 5-d axial current facilitates renormalization
Hybrid ChPT available

[ One-loop results have simple chiral behavior

BNL DWEF 3-16-07 J.W. Negele 9



Asqtad Action: O(a?) perturbatively improved

0 Symansik improved glue
O Sg(U) = Cowlxl e CI WIx2 4+ CZWcube
O Smeared staggered fermions S¢(V,U)

[ Fat links remove taste changing gluons

O Tadpole improved

_W(T// |

BNL DWEF 3-16-07 J.W. Negele
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HYP Smearing

O Three levels of SU(3) projected blocking within hypercube

0 Minimize dislocations - important for DVV fermions
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Perturbative renormalization

HYP smeared domain wall fermions - B. Bistrovic

operator H(4) NOS HYP APE

alvslq I 0.792 0.981 1.046

qlvslvuq a7 0.847 0.976 0,994

qlYyslowq 67 0.883 0.992 0.993

alyslvuDvya 63 0.991 0.979 0.954

alvslvuDvya 37 0.982 0.975 0.951

alyslyuDvDoyq | 87 1.134 0.988 0.934 , )
q[vslYuDvDoyq mixing | 5.71 x 1073 1.88 x 1073 8.21 x 10~* . :
@[ﬁl’ﬁ]ﬁl’{yﬂvﬂu}q 4; 1.124 0.987 (0.934 %
qlvslvuDvDeDgyq | 27 1.244 0.993 0.919 ,
qvslouy Doy q 81 1011 0.994 0.964 é::?
qlvs|vuDviq 6; 0.979 0.982 0,989 R e
alyshyuPwDora | 8 0.955 0.959 0.965

. gz ch oy | J— —
0@ =) (cz-j + ot ke (o el Q) - (BET - B%%))-OJ-LATT(&)
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Numerical calculations

O Improved staggered sea quarks (MILC configurations)

0 Ng=3, a=0.125 fm

[l Domain wall valence quarks
O Ls=16, M= 1.7

[0 Masses and volumes:

Mn configs Vol L (fm)
761 425 203 2.5
693 350 203 2.5
544 564 203 2.5
486 498 203 2.5
354 655 203 2.5
354 270 283 Fud

BNL DWEF 3-16-07
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Residual Mass
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Hadron matrix elements on the lattice

==

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

O Extrapolate mg,a, L
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Overdetermined system for form factors

Calculate ratio

Ro(r.P.P)= Coi (7. )

Perturbative renormalization

O (1) = Y Zij(n, )05 (a)
7

(P'| O |P) = VE(P)E(P) Y ZR;

]
P"| m?um:...unl |P) = Z a,.»‘lii T Z bJBgJ T CC’.;T
i j
Schematic form

(0F™) = " ayF,

J
(OF™y = JE EZ Z,R,
¥
—_ 1 1
Hy = — 2o Fi
w'E’EJZk i CokTh
= Z a;;F;
i

CH(r, P'. P) [C% Ty — T + Tuge. P) O (1, P') O (7, P)]V?
CWP(Tenk — T + Tare, P') C?F (1, P) C%V (7,0, P)
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Nucleon axial charge in full lattice QCD

0 Why g,!

—

. [ - 7-
O Matrix element of axial current Ay =qvus 24

—

7

(N(p+ )| AulN(p)) = alp +9)5

[94(@®) s + gp(a®)auys] u(p)
9.4(0) = 1.2695 + 0.0029

O Adler Weisberger ¢4 —1~ [(0z+p — 0r—p)

1 Goldberger Treiman g4 — frgznn/Mn

0 Spin content  (1)aq = f dz[Ag(z) + Ag(x)]

ga = (L)au —(1)ad Y=(Dau+ (1)ad+ (as

BNL DWEF 3-16-07 J.W. Negele 18



Nucleon Axial Charge

‘ NI’-\:I N Nlﬂhln
O Chiral perturbation theory ga(mz,V) @ (®
N I”; y N N I"; L
T Beane and Savage hep-ph/0404131 @ @
oy
5 i N
0 Detmold and Lin hep-lat/0501007 )
O |-loop theory has 6 parameters N - N @
3 Fix fr, ma —mn, gan (0.3% error)

O Fit 94, 9aa, C

0 Result ga(m,; =140) =1.212 £ 0.084
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Chiral expansion of axial charge

. 4

I'nn =94 - zg—ﬂ[zlgijl (M, 0, ) Beane and Savage hep-ph/0404 13|
+ AgAnga+ 5 6Rngaa) i (me, A, )
+ ggARl (M, 1)
- 39_29AN9AN1 (M, A, )]
+ Cm?
3 1t m?
Ji(m, A jp) = s [(m2 —2A?%) log 2 + 2AF(m, A)]
Ni(m, A, p) = —% 162.7r2 [(m2 - §A2) log ZL—; - %AF(m, A) + %%2[%771 — F(m,A)]

A — VA2 —m?2 — e
& e
fm,A) = /A2 —m2—ielog <A+\/A2 — —ie)
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Nucleon axial charge g, <1>X;d

1.4 L
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Nucleon axial charge g, <1>X;d
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Chiral Extrapolation of Moments

for example, unpolarized moments

397 1 2
(2")y—g = an (1 B St 0 (%)) + b, (u)m?2

(47Tf7r,0)2
choose pu = fr,0, and at one loop 9A0 — 9A,mx and fro — frmx
(393 1, + 1) m?2 2 2
(")y—a=an |1 - Ay > ZLF In ( Zbﬂ— ) + bn ,;nﬂ—
(4) fﬂ—,m7r fﬂ—,mﬁ fﬂ',mﬂ

self consistently g4 — g4 jat, fx = frjlat, Ma — Mg jat

2 2 2 2
- 2 1 (39A,Iat : 1)mw,lat | Mz jat b M lat
o Eo i SR~ T e Y -
m,lat m,lat m,lat
similarly for the helicity and transversity moments
2 2 2 2
A 1 (29A,Iat : 1 1)m7r,lat n Mz at 1 Ab Mz at
e SETNNST 7 % "1
m,lat m,lat m,lat

2 2 2 2

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

m,lat m,lat m,lat

(") Au—Ad

(#")su—64 = ban (1
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Chiral Extrapolation of Moments

P

J.W. Negele
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Chiral Extrapolation of Moments

25

J.W. Negele
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Chiral Extrapolation of Moments
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Chiral extrapolation of (z)¥~¢ = A3;(t = 0)

Chiral extrapolation O(p*) relativistic ChPT (Dorati, Hemmert, et. al.)

Ayt ma) = AR (fa(ma) + ga(t,mz)) + A% *ha(my) + Ajyrm?2 + Abot

0.25 |
I L A %

< 0.2 % ' ]
8 :
T 015 F w
S
< 0.1

0.05

0.1 0.2 0.3 0.4 0.5 0.6
m,2 [GeV?]
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Chiral extrapolation of (z)“*% = A% (¢t = 0)

q

Chiral extrapolation O(P4) relativistic ChPT (Dorati, Hemmert, et. al.)
Note: connected diagrams only

Ased(t~—0GeV?)

© o o©
W A O

o
(V)

BNL DWEF 3-16-07
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Electromagnetic form factors

0 Simplest off-diagonal matrix element

Wl wlp') = ap)F PN + Fale) S L u(r)
o) = B - 25 Fa(e®  Culed) = A + B(e)

 4AM?

' i 1
0 Fourier transform of charge density if Lgystem > Lwavepacket > £

O 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 Large g% ability of one quark to share g2 with other constituents to
remain in ground state - g% counting rules

BNL DWEF 3-16-07 J.W. Negele
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F, Isovector Form Factor

T T T T T ] L Dirac isovector charge radius
l( A ._ } - Expt; FI[J—H(QZ.) i [ T T T T T T T T T
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T 06 T s
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i = i
0.4 “ oak
1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | 1 1 | 1 1 0 L L L L L L L | L L I | I
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2 - 2
O (GeV) m_ (GeV)
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F, Isovector Form Factor

FIIJ-J(QZ)
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F, Isovector Form Factor

0.8

04

0%.

— Expt: F"(Q")| |
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v m_ =696 MeV | |
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\ \
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F, Isovector Form Factor
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F, Isovector Form Factor

04

0%

— Expt: F/(Q%)|” — .

L ]

2 2
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m_ =498 MeV
m_= 359 MeV

' Dirac isovector charge radius

504 [ % expt
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7o e
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Polarized Nucleon Form Factors Ga and Gp

(Pl vslp") = w(p)[G a(@®)V"' 5 + ¢ G p(a®) + 0" 150, Gr (g% u(p’)

G, (@) /G, (0)

0.8 r

o
o)

©
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o
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Q’ [GeV’]
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200 [y

150 [ \

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 — [ P

pion electroproduction e
pp—ovyn @

BNL DWEF 3-16-07 J.W. Negele 32



Form factor ratio: Ga/F

= I |
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Form factor ratio: Gp/Ga
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Generalized form factors
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5 (1) BaBuo(t)
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i Alm A“Q}CQ (t),
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Limits of generalized form factors

[ Moments of parton distributions t =0

Ano = [ daz"q(a)

[ Electromagnetic form factors

Ajg = Fi(t), By = Fx(t)

[ Total quark angular momentum

Jq = 5[A(0)20 + B(0)20]
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Sum Rules

0 Momentum sum rule
1= A20,q(0) . A20,g(0) - <x>q + <5’7>g
[ Nucleon spin sum rule

1 1
5 = 5(A24(0) + A204(0) + B20,4(0) + Baog(0))

1
— §A2q—|—Lq+Jg

[ Vanishing of anomalous gravitomagnetic moment

0 = B0 4(0) 4+ B2 4(0)
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Transverse structure of nucleon
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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
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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 —1r
glz,ry) = /(zw)éH(x,O,—Ai)e 184

d? A -
/d:c:cn_lq(a:,rj_) = \/(27‘-;2‘ A(_A?L)e—’LTJ_AJ_
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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 —1r
olz,ry) = /(27T)é H(z,0,—A%)e 181

d?A '
[dertawry) = [ Gk a-ateias

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

o d2Al 2 —ir A
glz,ry) = (o2 H(z,0,—A%)e

o 2A 2
/d:L’:C 1(]((,13,7"_]_) = \/(27.‘.;2_ A(_A?L)e 1A

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

0 x # |: Transverse structure = slope steeper
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38



Generalized form factors from lattice
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Transverse size of light-cone wave function
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2-d rms Radii for A,,, Ao
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Origin of nucleon spin
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Origin of nucleon spin

“Spin crisis” - only ~ 30% arises from quark spins
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Origin of nucleon spin

“Spin crisis” - only ~ 30% arises from quark spins

quark spin contribution LAY = 1 (1) autad
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Origin of nucleon spin
“Spin crisis” - only ~ 30% arises from quark spins
quark spin contribution LAY = 1 (1) autad

total quark contribution (spin plus orbital)

Jq = 3[A55 (0) + B (0)] = 3[(2)u+a + Big (0))

BNL DWEF 3-16-07
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Origin of nucleon spin
“Spin crisis” - only ~ 30% arises from quark spins
quark spin contribution LAY = (1) autaa  ~ 10.682(18)

total quark contribution (spin plus orbital)

Jq = 3[A55 (0) + B (0)] = 3[(2)u+a + Big (0))
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Origin of nucleon spin
“Spin crisis” - only ~ 30% arises from quark spins
quark spin contribution LAY = (1) autaa  ~ 10.682(18)

total quark contribution (spin plus orbital)

Jy = YA + B4 (0)] = 1(@)usa + B (0)]  ~ $0.675(7)
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Nucleon spin decomposition
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contributions to nucleon spin

Nucleon spin decomposition
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Chiral extrapolation of J, = 1(A%%(0) + B3 %(0))
ChPT including Delta (Chen and Ji)
: (gquv + 3ag, - §qu) SQET—NA(mi—ZAz)In (m—i)+2A A2 —m21n (A L m?,)
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Chiral Extrapolation of By (¢, m,)

Chiral extrapolation O(p*) relativistic ChPT O(p°) corrections
Note: connected diagrams only (Dorati, Hemmert, et. al.)

ngd(t,mﬂ)z%:f”){BO“ LAY gp(t,my) + 05t + O mfr}

0.2

] -02

m,*[GeV?]
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Chiral Extrapolation of C3y (¢, my)

Chiral extrapolation O(p*) relativistic ChPT O(p°) corrections
Note: connected diagrams only (Dorati, Hemmert, et. al.)

my(my)
mn

Cip (t,my) = {03(3“‘d + A% " go(t,my) + 66t + 84" mi}

Czo
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Summary

0 Entering era of quantitative solution in chiral regime
[ Moments of quark distributions
O Form factors: Fi, Fo,Ga, Gp
0 Generalized form factors A B C
O Transverse structure
O Origin of nucleon spin
0 Opportunity for theory and experiment to work in consort
[ Validate by agreement with key experiments
0 GPD’s: Expt. convolution, Theory moments, combine
1 Resolve experimental discrepancies
U Fy: 2-y contributions to Rosenbluth, pol. transfer

U Ga: V vs T-electroproduction
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Current effort and future challenges

Full QCD with chiral fermions in chiral regime
DW proposals for configurations and hadron structure next week
Disconnected diagrams
Strangeness content of nucleon
Flavor singlet matrix elements
Gluon observables
Role of diquarks in hadrons
Unstable states
Exotic mesons and baryons

Hadron-hadron phase shifts, adiabatic potentials
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