Generalized parton distributions

from nucleon form factors

P. Kroll
Fachbereich Physik, Universitat Wuppertal
October 2005

Outline:

e Introduction

e Analysis of form factors
¢ Moments of GPDs

e Physical interpretation
e Applications: WACS

e Summary
based on work done in coll. with M. Diehl, T. Feldmann, R. Jakob, hep-ph/0408173



Parton Distributions
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determination of ¢(x), g(x) with the help of DGLAP (evolve with Q%)
Polarized DIS: Aq, Ag

describe longitudinal momentum distributions of partons within proton (IMF)

30 years of experimental (SLAC, CERN, HERA, FNAL, JLab)

and theoretical (Barger-Phillips (74), GRV, CTEQ, MRST, ...)
effort has lead to a fair knowledge of the PDFs

(although not perfect, e.g. © — 0,1, g, Ag)



Generalized Parton Distributions
D. Miiller et al (94), Ji(97), Radyushkin (97)

Y Y
occurs in
DVES (v*p — vp, Mp ) Q? large, t small
WAES (vp — vp,Mp ) Q? small, t large
p P
soft physics: GPDs H(x,&,1), f_jq’ E1, E1 (skewness: £ = Zi;gii
e reduction formulas: H(x,0;0) = q(x); flq(a:, 0;0) = Agq(x)

o sum rules: h{ (t) = f_ll deH9(x,£,t); Fy = Zq eqhiy;

Eq—>F2q; FIQHFK; Eq—>FI(_¥,

e polynomiality: e.g.f_l1 dr x" " 1H9(z,&,t) = Z[Z/OQ] hi (t)€

universality, evolution, positivity constraints, Ji's sum rule
Interpretation (Burkhardt): FT A = b Hi(z,0,t = —A?) = ¢(z,0,b)
long. momentum and trans. position distribution of partons within the proton



GPD analysis - what can be done?

DFJK hep-ph /0408173 (similar Guidal et al hep-ph/0410251)
analogue to PDF analyses

use all available data on G, ,G%, , G ,G% (= F ,F* ,Fy | F3) , Fy
exploit sum rules at £ =0
1
Ff(m (t) = / dx {eu(d) HY(z,t) + €d(u) Hff(:z:, t)] s = F,
0

Fa(t) = /01 dx [ﬁg(:v,t) - ﬁ[g(:lz,t)} +2/01 dx {f[ﬂ(:c,t) - ﬁj(x,t)]

H,=H?— H1
(s — 5, ¢ — ¢ and sea quark contribution to F'4 neglected, probably very small)
in order to determine H*¢ , H%4  E%d

in a strict mathematical sense an ill-posed problem BUT



Parameterisation of the GPDs
ANSATZ: HI(x,t) = qu(x) exp |fq(x)t]
fo=[a'log(1/x) + B,] (1 — x)"*! + A, z(1 — )"
o =0.9GeV~? (fixed): n=1,2 ¢y (x) from CTEQ (INPUT)
Motivation:
for large —t and x: overlaps of Gaussian LC wavefunctions

1 —
HY(w,1) — exp [0t——] g ()
X

low —t, very small x: Regge behaviour expected

Hi(z,t) — 7O exp o't log(1/z)]
criteria for good parameterization (met by ansatz):
e simplicity
e consistency with theor. and phenom. constraints
e plausible interpretation of parameters (if possible)
e stability with respect to variation of PDFs

e stability under evolution (scale dependence of GPDs can be absorbed into parameters)



n=1or 27

Fourier transform to impact parameter plane

2A
o(2.b) = [ G e PR HY .t = —a%)

b transverse distance between struck quark
and hadron’s center of momentum:

> .. zibj =0 (chosen, >  x; =1)
10 o b/(1 — x) relative distance between struck

quark and cluster of spectators
(b2)%
l1—x

o average distance: d, =

d, provides estimate of size of hadron
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T

Forz — 1 d; — oo for n =1 while d; remains finite for n = 2
expected for system subject to confinement



Dirac form factors
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parameters for n = 2 fit (u = 2 GeV):
By, = By = (0.594+0.03) GeV™2, A, = (1.22£0.02) GeV~2, Ay = (2.59 + 0.29) GeV ~2



The GPD H (u = 2GeV)
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The GPDs H.
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u-moments behave similar to Ff
d-moments small, die out rapidly
almost negligible for —t > 1 GeV?

explains why F" negative

Lattice: Gockeler et al,
hep-ph /0304249
heavy pion, common dipole fit

M = (1.11 4+ 0.20)GeV



Ji's sum rule

(J,) = /1 dz = [HQ(x,g,t:0)+Eq(x,g,t:0)}

—1
valence quark contribution to sum rule respective to orbital angular momentum
for our parameterization

1

(L9) = 3 / ' el (@) + 2,(x) — Agy(2)]

ed from our analysis, g, known from CTEQ PDFs
Agq, known from axial-vector couplings of nucleon and hyperons

(LYY = —(0.24—0.27) (L% = 0.15-0.19
(LY¥*dy = —(0.04 —0.12) (at u = 2GeV)

e4 o(t = 0) and eg ((t = 0) almost equal in magnitude but opposite in sign
contributions from E cancel to a large extent in sum



Tomography of d, quarks
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¢X (z,b) = q,(z,b) — &2, ¢d(z,b)



flavor segregation

in transversely polarized proton

Y

Z

responsible for asymmetries in e.g. p T p — 7= X7?



Feynman mechanism

k,k’ momenta of active parton (before and after it is struck)

[ momentum of spectator system; A typical hadronic scale

soft region: 1 — x ~ A/\/m k2], |k"2| ~ A\/m Feynman mechanism applies
ultrasoft: 1 —x ~ A/|t], |k?|,|k'?] ~ A?

at large t: dominance of narrow region of large x, approx.: g, ~ (1 — )P4, f; ~ Ay(1 — )™

—1/n
Saddle point method provides 1 — x5 = (BﬂAq|t|) , hY g ~jt| T (AHBe)/n
q )

(similar to Drell-Yan)
n = 2: xs in soft region and in sensitive z-region = early onset of power beh. (t ~ 5GeV?)

n = 1: xs in ultrasoft region (suspect - confinement!) ol

requires large t in order to have x5 in sensitive region y

power behaviour of h‘ll o does not set in before .

—t ~30GeV? Ocff

0.2F

0.1F

Testing the power laws:
0

d 5 10 15 20 25 30 3
eff. power Oofr :talog[l— ()] 0 10 1_t [é)e\/g] 30 35 10

soft region: deg = 1/2  ultrasoft: deg =1 n = 1,2 practically same g in fit

fit implies dominance of Feynman mechanism



u and d quark contributions to Dirac form factor
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CTEQ PDFs: 3, ~ 3.4, 8;~5

dominance of u over d quarks in FF at large ¢ corresponds
to that in PDFs at large x
except G'% is much larger than expected (wait for JLab)

(preliminary CLAS data on G}, used)




Power law behaviour

p
finite p: e not stable under evolution p — oo: exponential behaviour as before

—p
to cover a large range of possibilities: H? = ¢, () {1 — —tfq(““')]

e connection to Regge limit lost

e reasonable fits to data obtained for p > 2.5

wosk  Hy(t=—-10GeVv?)

| broader shape of H

0.0} H(x = 0,t) remains finite
hozr I.e. small x contribute to F'F
0.01

at large ¢

significant ambiguity: correlated x — t dependence of GPDs not fixed by present data
theoretical input (bias) needed: combination of Regge behaviour at small  and ¢ with

dynamics of soft Feynman mechanism at large t is a physical attractive feature



The Compton amplitudes
s, —t, —u > A?

Myt = QWQelm{Hu’Jr,uvL [RV T RA] + Hp— u— [RV - RA] }

v/ —1
Mu’—,u+ — _Wo‘elmw {Hu’+,u+ + Hu’—,u—}RT

Z /—an;t
Z /d—xflqgct
Z /—qut

E decouples in symmetric frame (5 =0); HI=H?- H1?

H(s,t): NLO vq — ~yq amplitudes (+ vg — ~vg, RY)
Radyushkin hep-ph/9803316; DFJK hep-ph/9811253; Huang-K-Morii hep-ph/0110208



The Compton cross section
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The onset of factorization

do do 1(s—u)?7-1/2
- Bt et
f(5,1) dt Ldt 2 s? + u?

— R (t) + O(R4, o)

—t R?
R = Ry (1)4/1 A
Ry ( )\/ + 4m? R,

data: JLab E99-114




How to improve the analysis?

More data on form factors
JLab: rup to ~ 5.5 GeV?  preliminary data from CLAS

GL upto~9 GeV® (run in 2007)
G™ up to ~ 4.2GeV?  (run in 2006)

JLab upgrade <13GeV?
axial vector form factor?

More moments (to become independent of parameterization)
from lattice calculations (provided reliable chiral extrapolation is made)
1/x moments from Compton scattering
(provided power corrections have been died out, wait for Jlab upgrade)



Summary

A first attempt to extract the GPDs from form factor data in analogy to
the analyses of the PDFs

On the basis of physically motivated parameterizations information on
H,fI,E for valence quarks and at & = 0 has been obtained

Parameterization is not unique but results are theoretically consistent and
imply the physics of the Feynman mechanism at large t

Some surprising results have been found:
e.g. elm. FF are dominated by u-quarks at larger ¢

e.g. orbital angular momentum carried by valence quarks small but non-zero

Polarized and unpolarized WACS can be predicted now and found to be in
fair agreement with experiment



