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‘ Leading-twist factorization I

i q

—t(—u) large
all valence quarks participate in hard scattering

quarks are moving collinear with their parent hadron

hard process: vqqq — Yqqq
soft physics:
distribution amplitudes P, = ®,(x1, 22, 23)

M~3,0H®,

high resolution is required to see three quarks in a proton
onset of this region probably for —t(—u) > 100 GeV*




‘Handbag factorization |

(e.g. Compton scattering and corresponding processes)

@* - only one active parton
e
(others are spectators)

hard process: v(*)qg — ~¢

. — , soft physics: GPDs
two classes of hard exclusive reactions:
DEEP VIRTUAL Q% large —t/Q? <1

WIDE-ANGLE ~ —t(—u) large Q?/(—t) <« 1

formally a power correction to leading twist

which scheme dominates at —t ~ 10 GeV??



\Generalized Parton Distributionsl

D. Miiller et al (9%), Ji(97), Radyushkin (97)
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gauge AT =0,z=1[0,27,0, YT ys — 4. [
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EcF <1 emission and absorption
(2 >0, 2" >0) of quarks

—€<T<E emission of a ¢q pair

(3 =0, 2" < 0)

-1<7 < —¢ emission and absorption
(x <0, 2" <0) of antiquarks

gluons analogously




‘ Properties of GPDSI

e reduction formulas
HY(Z,0;0) = ¢(%) H%(Z,0;0) = Aq(T)
e sum rules
Fi = [l dEHYZ,£,t) Fi=Y, eF}
E? - Fj H? - F3 El - F}
e polynomiality
e universality
e evolution ( T < £ ERBL; 7 > £ DGLAP)
e Ji's sum rule
Jo = [, dZ T [HY(ZE, &, t = 0) + BT, £,t = 0)]
e positivity constraints

e overlap representation

HY%, &, t) ~ 2(1-52)0—””? f[dm]N[di‘kl]Nw*N@N

N
—E<E<CE N +1— N — 1 overlaps

but we are not able to calculate them as yet
- models

- extraction from experiment

- lattice QCD in the long run



|The handbag contribution to WACSI

8, =t, =t > A?
A~ O(1GeV)

typical hadronic scale

¢t (VCS: Q? << —t, fixed)

e definition of soft contribution
- parton virtualities k? < A?
- intrinsic transverse momenta k? . /z; < A?

e consequences
(k' i E})2 (p+q = propagators poles avoided
(ki — ¢ )Y ~(p—q¢)* = (in contrast to DVCS)
active partons approxlmately on-shell, collinear with
their parent hadrons and with :x:j.,sf;_‘;,- ~ 1

e physical situation: hard photon-parton scattering and soft

emission and reabsorbtion of partons by hadrons
(similar to DVCS)



‘The Compton amplitudesl

Mg yg = 2Trﬂfg,gm{?{”r+,u+ [Rv + RA}

= A [Rv — RA} }

7 e
My — pt = N Celm = {H#’+.;L+ + Hu— - }RT

H;(t): 1/Z-moments of GPDs H(s.1): vg = vg amplitudes
{a# §=0)
only + components appear

(it is a dynamical feature in contrast to DVCS and DIS

where pt is large)

Radyushkin, hep-ph/9803316; DFJK, hep-ph/9811253
inclusion of Rp: Huang et al, hep-ph/0110208




‘*yq—)*yq to NLOl

HEQ, | =2/=s]u
HEO_ L =24/—u/s

(a)
: : ; ; NLO provide
b) (©) photF}n h?llClty flip
H / and imaginary parts
(e)

(d)

H/! - requires

gluonic GPDs

and

\ / ' form factors




"yq — vq to NLO I

Feynman gauge, n=4+c¢€
UV divergencies cancel

IR O LO NLO
Hot s = vim CrCIr(r)M Yy + Houiny

Crr embodies IR singularities

Hyt ut(8,8) Ri(2)
= |HLo(1 + :—W Cr Crr(ur)) + HVEO| Ri(t
= [H + HNEO) Ry(t, ug) + O(a?)

8 €/2
C;R=—-( t2) F(l—E/Q)(B/EQ-—ﬁ/G)

~ 1/62 overlapping soft and collinear divergencies
2
= [ovs In*(—t/ )]
Sudakov factor (Collins; Musatov-Radyushkin)
absorbed into form factors (as in elm. case)

NLO corrections in ye — ~ve: (Brown-Feynman)

IR divergencies cancel against those of ve — yve



IModeI GPDSI

for large —t and x

| -2
H%(z,0;t) = % :
(2,0;1) = exp [a*t——] q(x)
~ 2 i — |
H9(z,0;t) = exp [a’t 5 | Ag(z)
gluons analogue; limit ¢t — 0 OK

a~14+0.2GeV~" transverse size of proton
(only free parameter)

based on overlaps of light-cone wave functions
(generalized Drell-Yan formulas for GPDs)

j\lr
Uy (z, k) = Pn(21,...0n) exp[—aly Z k3 /]
=1

in line with central assumption of handbag approach
(restricted k2, /x;)

symplifying assumption ay = a for all N

Improvements: e explicit treatment of lowest Fock states
e inclusion of evolution
a — a(t), see Vogt hep-ph/0007277



‘Form factors in the handbag approach'

1
RO = e [ @m@on  ~a@-a@
Ru) = L [ Eweon  ~a@
Falt) = [ dz [ (z,0;) — HY(z, 0;1)]

v
~ Aq(3) + AQ(z)

1 =

Rally = Zeﬁ 3 %ﬁq(f,(},t) ~ Aq(Z) + Aq(x)

\exclusive = inclusivel

DFJK hep-ph/09811253
Fi, Ry Radyushkin hep-ph/9803316
F'y Barone et al. (93), Afanasev hep-ph/9910565




DFIKII) (oimilar Radyuskkin (36), Afanaser (39), Barone 1-4[33))
\ﬁft!ﬂ' m—’f)’f .-

Proton Form Factor
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‘Numerical results for model form factorsl
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‘ Proton helicity flipl

Fy(t) = Y eq [2, dZE%(%,0;t), Rr(t) = Y€ [!, e

-1 T

related to proton helicity flips

E? involves parton orbital angular momentum
large —%: integrals dominated by large 7 and, hence,
by valence u-quarks, 1/ unimportant

— ‘RT/RvﬂFg/Fll

SLAC(94)-data on Fy o: Ry /Ry o< A%/t
Ry suppressed by A/\/—t
Jlab Hall A data (2000): Ry /Ry < A//—t

ooy

R+ not suppressed
appears natural in overlap representation
(see also Ralston et al (2000))

Take Ry from Jlab Hall A experiment

v —t Rp
= ro (.37
- 2m RV

in general kr(t)



‘The Compton cross sectionl

E=12GeV A —
E=6GeV A -----
E._l 106 ' E=3GeV -+ |
? I E=4GeV -
D
O
o
=
5
B
m‘U
w
do do 1
dt Ry (1+ k%) + RY
us
42 Klein-Nishina cross section
If !{’,‘ > l;”f}"-f —_— f]ﬁ"/(n{f H = h}“ {1 1/‘1“

data: Shupe et al (79)



I Helicity correlation ALLI

e =—n

E=12GeVA —
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‘Photo— and electroproduction of ﬂ'OI

handbag contribution

™ € ™ i) ™ Eil w ki
O4+u+ — '2' {Hu+“+ [RV + RA] +’HU—;1— [ v RA]}
™ € w ™

Mopu- = 2 {HH+;L+ +HU-—#'—} Ry

For each flavor: R;? = R]Y universality

leading twist formation of meson (as in DVEM)

/=2% —21

£ ) Hﬂ- R
P Db ™ =g t Mpag — T
= AT = L-u
LL ™ sdaus

as in Compton scattering
71, diluted by form factors
(analog to Compton scattering)
difficulty: photoproduction cross section turns out
to be too small
reasons: e handbag correct but leading-twist mechanism
underestimates meson production

(see 7 form factor)
e soft VDM contribution still dominant

experimental check: do data show
handbag characteristics?’
Huang-K,, hep-ph/0005318




I Excited nucleons in wide-angle scatteringl

in principle possible, analogously to proton case
e.g. 7~ vA vp — MA

fﬁ‘f "é‘v d f‘Ff Pﬁd’é‘d ""‘*r:,)

A(3/2) requires L, # () suppressed
p(F1)ATH(1/2+1) helicity correlations

new GPDs: pa. H" $=1.23

new form factors: G‘&(t [ dzH &(;1: £, 1)
. oa = | dZ/T H}

and for H analogously

overlap model possible
but less restrictive since forward limit unknown
Frankfurt et al (99): large N. limit provides relations
e.£. ﬁ;ﬁ — \/g(ﬁu - ﬁd)
sum over several final states Bjorken-Paschos (69)
Y oy inelastic Compton scattering (af wideales)

£ Y4 :
s = 2kp v=(k—-k')p/m
i =SBk Uu=—8s—t

P AﬂJm’

do __ d3dXN om 4 .
dtdv —  dt —t a anﬂ(x - 2_m')




How many active partons
participate in hard exclusive reactions

at momentum transfer of order 10 GeV/?
7



0: only hadronic degrees of freedom
(e.g. Regge poles)

l: handbag

2. cat's ears, diquark correlations
g
3:  leading twist

or more: from higher Fock states

Experiments tell us:

the number of active partons is smaIII

1 seems to be favoured

but 0 is not excluded



