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• The subprocess in the modified pert. approach
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• Results for vector mesons
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Vector-meson electroproduction

rigorous proof of collinear factorization for Q2 → ∞
(Radyushkin (96); Collins et al (97))

hard subprocesses

γ∗g → V g , γ∗q → V q

and GPDs and meson w.f.

(encode the soft physics)
p p′

γ∗
V

x x′

p p′

γ∗
V

dominant transition γ∗
L → VL other transitions power suppressed

As compared to DVCS:

disadvantage: two soft functions

advantages: diff. mesons (ρ0, φ, ω, ρ+, K∗0, J/Ψ) allow for flavor separation

wealth of good data for Q2 up to 100 GeV2 and W up to 180 GeV
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The γ∗p → V B amplitudes
consider large Q2, W and small t;

kinematics fixes skewness: ξ ≃ xBj

2−xBj
[1 + m2

V /Q2] ≃ xBj/2 + m.m.c.

Mµ+,µ+(V ) =
e0

2

{
∑

a

eaCaa
V 〈Hg

eff〉V µ +
∑

ab

Cab
V 〈Hab

eff〉V µ

}
,

Mµ−,µ+(V ) = −e0

2

√
−t

M + m

{
∑

a

eaCaa
V 〈Eg〉V µ +

∑

ab

Cab
V 〈Eab〉V µ

}
,

Cab
V flavor factors, M(m) mass of B(p), Heff = H − ξ2/(1 − ξ2)E

contributions from H̃ to T-T amplitude neglected

electroproduction with unpolarized protons at small ξ:

E not much larger than H (see below) =⇒ Heff → H for small ξ

|Mµ′−,µ+|2 ∝ t/m2 neglected =⇒ probes H (exception ρ+)

trans. polarized target: probes Im[〈E〉∗〈H〉] interference
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The failure of the leading-twist approximation

for experimentally accessible Q2

prediction for σL exceeds

data by a large factor (HERA)

power corr. and/or higher orders of pQCD?

Diehl-Kugler 07, Ivanov 07
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R = σL/σT (HERA)

γ∗

T → VT non-negligible

but in coll. factorization infrared singular

power corr. and/or higher twist needed
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seen in SDME r5
00 (HERMES ρ0)

twist-3 nf amplitude M0−,++?
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Subprocess amplitudes

F = H, E λ parton helicities

〈F 〉ab(g)
V µ =

∑
λ

∫
dx̄HV ab(g)

µλ,µλ (x̄, ξ,Q2, t = 0)F ab(g)(x̄, ξ, t)

F aa = F a , F ab = F a − F b (a 6= b) (with flavor symmetry)

γ∗ V· · ·

LO pQCD

+ quark trans. mom.

+ Sudakov supp.

⇒ lead. twist for Q2 → ∞

HV ab
µλ,µλ =

∫
dτd2b Ψ̂V µ(τ,−~b) exp[−S(τ,~b, Q2)]

× F̂ab
µλ,µλ(x̄, ξ, τ, Q2,~b)

Sudakov factor (Sterman et al)

S ∝ ln
ln (τQ/

√
2ΛQCD)

− ln (bΛQCD) + NLL

F̂ FT of hard scattering kernel

e.g. FT of ∝ ea/[k2
⊥ + τ(x̄ + ξ)Q2/(2ξ)]

in collinear appr:

TT :

∫ 1

0

dτ
ΦV (τ)

τ

1

(1 − τ)t + τQ2

regularizes also TT amplitude

IR singular for large Q2

regular for large −t (wide-angles)
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Numerical results

Goloskokov-K. 06, 07, 08

GPDs constructed from CTEQ6 PDFs through the double distribution ansatz

Gaussian wave fcts for the mesons ΨV j(τ,k⊥) ∝ exp[−a2
V jk

2
⊥/(τ τ̄)]

L an T different, free parameters - aV
L,T (transverse size 〈k2

⊥〉1/2 ∝ 1/aV
L,T )

meson wf. provides effects of order 〈k2
⊥〉/Q2 separation of both

GPDs mainly influence the ξ(xBj) dependence effects possible

fit to all data from HERMES, COMPASS, E665, H1, ZEUS

cover large range of kinematics Q2 ≃ 3 − 100 GeV2 W ≃ 5 − 180 GeV
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ρ0 and φ cross sections
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at Q2 = 4(3.8) GeV2 E665 ( ), HERMES (•), CORNELL ( )

ZEUS ( ), H1 ( ), CLAS (◦)
double distribution model too simple for valence quarks for large ξ?

breakdown of handbag physics? Lacking nucleon resonances?

JLAB12 may explore region close to minimum
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Cross sections for ω, ρ+ and K∗0
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results for HERMES and COMPASS (W = 5, 10 GeV ) ρ0, ω, ρ+, K∗0

W dependence controlled by Regge behaviour σ ∝ W 4(α(0)−1) at fixed Q2

ρ0 , ω : α − 1 = δ ≃ 0.1 diffractive (gluon + sea)

ρ+ : α − 1 ≃ −0.5 K∗0 intermediate

valence quark contributions die out quickly with increasing W at small ξ
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What do we know about E?

analysis of Pauli FF for proton and neutron at ξ = 0 Diehl et al (04):

F
p(n)
2 =

∫ 1

0
dx

[
eu(d)E

u
v (x, ξ = 0, t) + ed(u)E

d
v (x, ξ = 0, t)

]

ansatz for small −t: Ea
v = ea

v(x) exp
{

t
(
α′ ln(1/x) + Ba

)}

forward limit: ea
v = Nax−αv(0)(1 − x)βa

v (analogously to PDFs)

Na fixed from κa =
∫ 1

0
dxEa

v (x, ξ = 0, t = 0) (κu ≃ 1.67, κd ≃ −2.03)

fitting FF data provides: βu
v = 4, βd

v = 5.6 (other powers not excluded)

(Gn
E,M at large Q2 required) (upgraded JLab?)

sum rule (Ji’s s.r. and momentum s.r. of DIS) at t = ξ = 0∫ 1

0
dxxeg(x) = eg

20 = −
∑

eav

20 − 2
∑

eā
20

valence term very small, in particular if βu
v ≤ βd

v

⇒ gluon and sea quark moments cancel each other almost completely

positivity bound forbids large sea ⇒ gluon small too

parameterization: ei = Nix
−αg(0)(1 − x)βi

(flavor symm. sea for E assumed)

input to double distribution model for E (Ea
v is d.d. model at ξ = 0)
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Solutions for E and Ji’s sum rule

〈Ja〉 =
1

2

[
qa
20 + ea

20

]
〈Jg〉 =

1

2

[
g20 + eg

20

]

(ξ = 0) 〈J〉 means average value of three component of J

var. β u
val β d

val βg βs Ng Ns Ju Jd Js Jg

1 4 5.6 - - 0.000 0.000 0.250 0.020 0.015 0.214

2 4 5.6 6 7 -0.873 0.155 0.276 0.046 0.041 0.132

3 4 5.6 6 7 0.776 -0.155 0.225 -0.005 -0.011 0.286

4 10 5 7 - 0.523 0.000 0.209 0.013 0.015 0.257

J i quoted at scale 4GeV2 (spread indicates uncertainties of present knowledge)∑
J i = 1/2, the spin of the proton

characteristic, stable pattern: for all variants Ju and Jg are large, others small
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The first moments at t = 0

for orientation

(assuming that the GPDs have no nodes and similar t dependence)

H E

uv 2 κu = 1.67

dv 1 κd = −2.03
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Results for AUT (V )
Goloskokov-K (08) preliminary data: HERMES (07)
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W = 5 GeV Q2 = 3 GeV2

variant 1, 2, 3, 4 variant 1 for ω, ρ+, K∗0

t dependence controlled by trivial factor
√
−t′

except for ρ+: since H(E)u
v − H(E)d

v

E non-negligible in cross section, contribution from helicity flip ampl. ∝ t′
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Remarks on wide-angle photoproduction
kinematical requirement s,−t,−u ≫ m2 Q2 small

factorization obtained with assumption of restricted parton virtualities and

transverse momenta Huang-K(02), Huang-Jakob-K-Passek(04)

work in a symmetric frame (c.m.s. with p3 = p′3 ⇒ ξ = 0)

amplitude follows from electroproduction amplitude putting ξ = 0

factorization in hard subprocess amplitudes and 1/x moments of GPDs,i.e.

generalized form factors

Ra
i (t) =

∫ 1

0

dx

x
F a

i (x, ξ = 0, t) , Fi = H, H̃, E

Phenomenology of wide-angle photoproduction:

leading-twist, lowest order of pQCD: cross sections too small

by order of magnitude in comparison with SLAC data (larger s,−t,−u needed?)

ratios like spin correlations (e.g. ALL, KLL) may work better

π−/π+ ratio OK
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π−/π+ ratio
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Summary

• phenomenology of DVME within the handbag approach is complicated,

still a lot of work to be done

• cross section at small xBj provides information on the GPD H

• GPDs modeled through reggeized double distributions and

subprocess calculated within mod. pert. approach

few free parameters (aV ), essentially for T → T amplitude

fair agreement with experiment for

Q2 ≃ 3 . . . 100 GeV2, W ≃ 5 . . . 180 GeV

• E constructed with the help of Pauli FF, sum rules and positivity bounds

• data on AUT will fix E better and hence details on parton angular

momenta
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