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GPD'’s and generalized form factors (GFF’s)

PDF's and Generalized PDF's (GPD'’s)

» Thanks to QCD factorization, very little knowledge of
hadron structure needed for inclusive DIS reactions.

» A lot of information about hadron structure is lost in
the inclusive sum over final states of remnant.

» Semi-inclusive and exclusive processes build
two-dimensional pictures of hadrons (pvcs, pvwp, ...)

» GPD’s are PDF’s with a transverse kick to struck
parton before putting it back into the hadron.

> More kinematic variables: X:%(X{ + Xi), 6:%(Xf — ), t(or Q%).
»  GPD's are form factors of the collection of partons with same fixed x.
> As ¢ — 0and t — 0, GPD's must reduce to ordinary PDF's.
>

t dependence at fixed x should contain information about spatial

distribution of all quarks with same x.
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GPD'’s and generalized form factors (GFF’s)

and Generalized Form Factors (GFF's)

» Experimentalists measure matrix elements of light cone operators
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» They can be written in terms of GPD's !
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» Eight GPD'sinall: H, E, H, E, Hr, Er, Hr, Er
» Using OPE, light cone operators replaced by tower of local twist
two operators

<P’5’ op ik PS> - <P’5’ g(x)iD(+1 v-~iD“"*1|"‘”’q(X)) F’5>

» They can be parameterized by generalized form factors (GFF's).
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» Nine GFF's: Au, Bu, Coo Aniv Buiv A7niv Brois A7 Broi

! X. D. Ji, hep-ph/9807358. Recent review: M. Diehl, Phys. Rept. 388, 41277 (2003).
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GPD'’s and generalized form factors (GFF’s)

Equivalence of GPD's and GFF's

» GPD’s and GFF's are formally equivalent by Mellin transformation

Sy dx x"TTHI(x, €, Q)
SL e x"TEE(x, €, Q2)

S10! aven AL(QD)(=2€) + 81, even CH(Q?)(—26)"
Y0 even BH(QP)(—28) — 8n, even CI(Q?)(—26)"

» Choice of GPD's vs. GFF's depends on physics.
GPD: PDF’s and transverse PDF's

GFF: elastic form factors and nucleon spin

» In Euclidean lattice QCD, only GFF's can be computed directly.
» Many GFF's are familiar experimental quantities:

Alo(@%) = (@), Bih(Q%) = F3(Q?)

A(@%) = G(@%), B(@%) = G3(@%),

J9 = 1 (A3,(0) + B§,(0)), $Ax7 = A7 (0)

L9 =7 — L1Ax9

<X"_1>q = A% (0), <><"_1>Aq Al < " 1> AT0(0

vV vVVvyYyyvy
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Summary of LHPC hadron structure program

Summary of LHPC hadron structure program

>

Long term program to compute all n <4 GFF's in dynamical

lattice QCD.
Current pion masses m, ~ 300 — 750 MeV and lattice spacing
~ 1
a~ g fm.
Status of the calculation
Matrix Operator GFF
Operators elements renorm. extraction Analysis
qr.q Done! Donel! Donel! Preliminary
EI'(MDV)q Done! Done! Donel! Preliminary
HF(MDU Dp)q Donel Done! Done! Very Preliminary
EF(MDU DPD(,)q Not yet Done! Not yet Not yet

Only isovector flavor combinations for GFF's in this round.

Finite perturbative renormalization needed to quote results in MS

scheme.
<P/S/
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Lighter pion masses m, ~ 250 MeV finished by next year.
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Summary of LHPC hadron structure program

Perturbative renormalization of twist two matrix elements

Tree level: Z =1, One loop HYP corrections: < 10%.

operator H(4) NOS HYP APE
alvslq 7 0.68 0.971 1.07
qlvshvug 47 0.765 0.964 0.99
qlvslowg 61 0.821 0.987 0.989
alvsrguDvya 63 0.986 0.968 0.929
alvs\vDyvya 3F 0.972 0.962 0.925
alvslvuDvDayg | 87 1.206 0.982 0.898
alvshrguDvDaya mixing | 8.78 x 1073 2.88x 1073 1.26 x 1073
alvshuDvDayg | 45 1.191 0.98 0.898
alyslvuDvDaDpyq | 27 1.375 0.989 0.876
[vs]6,v Doy q 8T 1.018 0.991 0.945
alvs\vDya 67 0.967 0.973 0.983
avshPpPayd | 8 0.931 0.937 0.947

Table 11.17: Full MS to lattice renormalization coefficients for M = 1.7 and 1-loop expres-
sion for g. By chiral symmetry matrix elements are the same (except for parity) with and
without s, and this is indicated by the [ys] notation where the upper parity arises in the
absence of s.

B. Bistrovi¢, Ph. D. Thesis, MIT, 2005
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Preliminary results

Proton Electromagnetic Form Factors

15 T T T T
) ‘ » Dramatic discrepancy
10 B T T -
a 1] PR ] between experimental
{ N techniques. Two photon
3 ,7 - AN ;k i exchange processes may be
— ;:D\;.la(u'—o.nd) ~ the cause.
0.0 L] JLab 1998 ~
Iomim » Data taking at
P S i Q2 = 9 GeV? starting soon.
0. 2,
» Will Lattice QCD predict
C. Perdrisat (W&M), JLab Users the vanishing of GEP(Q2)
Group Meeting, June, 2005. around Q% =8 GeV? ?
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Preliminary results

Proton and Neutron Electromagnetic Form Factors

Empirical fit of experimental data
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J. J. Kelly (Maryland), Phys. Rev. C 70, 068202 (2004)

» Using covariance matrix? these fits can be tranformed into
Dirac-Pauli form with isospin decomposition.

2J. J. Kelly, private communication
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Preliminary results

Isospin decomposition of nucleon form factors
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Preliminary results

Nucleon Isovector ~ (or ) Form Factor on the Lattice

Preliminary
» For Q2 <1 CeV?, fitting lattice data
to dipole ansatz gives the Dirac
charge radius <r2>:}?d.

» Chiral extrapolation using leading
analytic and non-analytic terms and

Dirac isovector char geradius
T T

osl " finite range regulator
_ (PRL 86 5011).
lf . 2\ u—d <1+552) 1 mgr
1 ] ¢ >°“ T G 2 <m% + /\2>
% r 4

| > Best fit: A~ 740 MeV.

[
m, (Gev)”
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Preliminary results

Nucleon Isovector ~ (or ) Form Factor on the Lattice

oo Preliminary
» For Q2 <1 GeV?, fitting lattice data
to dipole ansatz gives the Dirac
o | | | L - . 2 u—d
B0 02 o4 (;S(G:vff o2 charge radius <r >(:h .
» Chiral extrapolation using leading
Diracisovectar chargeradius analytic and non-analytic terms and
ol ‘ ‘ " finite range regulator
- (PRL 86 5011).
ioef E
%E; v . u—d <1+553\) 1 m2.
2|5 T ] (o =% amr 3 (m% +A2>
F
0.2 4
> Best fit: A~ 740 MeV.
K 0‘2 0‘,4 0‘6
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Preliminary results

Nucleon Isovector ~ (or ) Form Factor on the Lattice

v my =696 MeV
& m =605 MeV ||

Tos Preliminary
» For Q% <1 GeV?, fitting lattice data
to dipole ansatz gives the Dirac
06.0 2 ‘.4 O‘. O‘.S ] l‘. l‘.E 1 2 u= d
L charge radius (r?)_

» Chiral extrapolation using leading
analytic and non-analytic terms and
finite range regulator
(PRL 86 5011).

2
. < 2>u—d <1+5gA) 1 mgr
9 r =a — 2 — log
ch (47fr)2 2 m2 + A2

» Best fit: A~ 740 MeV.

0.2 06

04
. (Gev)’

George T. Fleming Hadron Structure with DWF (Il)



Preliminary results

Nucleon Isovector ~ (or ) Form Factor on the Lattice
\ ”‘\,,1 ‘ v my =696 MeV
N\ 'k ey ]
o Iy, - . .
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e - ‘m?ﬁv e ¥
Iy ¥ e .
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e . —d
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» Chiral extrapolation using leading
Diracisovectar chargeradius analytic and non-analytic terms and
ol ‘ ‘ " finite range regulator
- (PRL 86 5011).
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> Best fit: A~ 740 MeV.
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Preliminary results

Nucleon Isovector ~ (or ) Form Factor on the Lattice

v m, =696 MeV
« m =605 MeV

m, =498 MeV/
w =359 MeV

Tos Preliminary
» For Q% <1 GeV?, fitting lattice data
to dipole ansatz gives the Dirac
e . —d
R N Uy charge radius <r2>:fh

» Chiral extrapolation using leading
analytic and non-analytic terms and
finite range regulator
(PRL 86 5011).

o\ u—d (1 + 55%) 1 m%r
<r > =a) — 2 — log -
ch (47fr)2 2 m2 + A2

» Best fit: A~ 740 MeV.

04
. (Gev)’

George T. Fleming Hadron Structure with DWF (Il)



Preliminary results

Nucleon Isovector ~ (or ) Form Factor on the Lattice

T T
— Expt: F/(Q")
® m =775 MeV
v m, =696 MeV
* m =605 MeV
m, = 498 MV
W m, =359 MeV.
» m, =301 MeV

Preliminary

> For R°<1 GeV?, fitting lattice data
to dipole ansatz gives the Dirac

. 2 u—d
charge radius <r ><:h .

L S W1 » Chiral extrapolation using leading
iracisovector chargeradivs analytic and non-analytic terms and

finite range regulator
(PRL 86 5011).
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» Best fit: A~ 740 MeV.
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Preliminary results

Nucleon Isovector at Higher

» Even at m,=~ 600

Preliminary MeV, extraction at
MILC_2064f21b681m030m050, a¢=0.124 fm, mn:605 MeV

— higher Q2 is noisy.

Ip’l =1Ipl . .
P » Both polarization

transfer experiments
and lattice results still
consistent with dipole
ansatz up to 4 GeV/?.
» Lattice QCD
simulations will need
N R E W R Y-S much more statistics
Q" (GeV?) to reach 8 GeV/?
before experiments.
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Preliminary results

Nucleon Isovector at Higher

MILC_2064{21b681m030m050, 4=0.124 fm, m =605 MeV

IR N
08 Preliminary
N 0.6 | . .
330_4, ; 1 > Fits of experimental data suggest
0af {‘: i ] Ggid vanishes around
0 asan s Q% ~ 4 GeV?.
‘ ‘ 3 3‘.5 4‘& 4‘.5

, |
0 05 1 15 2 25 3
2 2,

Q" (GeV')
MILC_206421b681m030m050, a=0.124 fm, m_=605 MeV

> With m, ~ 600 MeV on 282
im0 configs, the lattice points are
FH consistent with something
: L ] interesting happening at 4 GeV?.
0.5
0 =l » Lattice QCD simulations will

H need more statistics to say
— Expt ]
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”4‘.5':

5
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anything more conclusive.
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Preliminary results

Nucleon Isovector Ratio

Preliminary
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Preliminary results

Axial Charge:
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Preliminary results

Tensor Charg

- E i = <4
12 -1
1- IE ® = = = _
0.8 -1
| .
=)
0.6 -
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0.2~ -1
0 . 1 . 1 . 1 . 1
0.2 04 0.6 0.8

mnz(GeVZ)
Dru B. Renner, Lattice 2005
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Preliminary results

Momentum Fraction:

3
3 pos P s
& 0.2 1
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Dru B. Renner, Lattice 2005
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Preliminary results

Polarized Momentum Fraction:

T T T T T T
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Preliminary results

Transverse quark distributions

"1
Al (—a?) = /deLe’AL"L/ lx”*lq(x,bn

<b2 >q _ 74/4%(0)
/() AT, (0)

M. Burkardt hep-ph/0207047
@=28"x32, m =352 MeV “ml a0, b ) o E(bi)
X—>

S

» Higher moments A weight x ~ 1.
> Slope of A7 decreases as n increases.

Scaled GFFs

0.2 0.4 0.6 0.8

W. Schroers, Lattice 2005
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Preliminary results

Summary and outlook

» Large scale computation of isovector matrix elements (n < 3)
is done. Data analysis is proceeding rapidly. Expect published
results soon.

» Perturbative renormalization complete. B. Bistrovi¢ (MIT)
» Reaching higher Q2 is high priority for nucleon form factors.

» lIsoscalar and strange matrix elements are (O(10) — O(100)
times harder to compute due to statistical noise. We're
making our first serious attempt this year.
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