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Abstract. The analysis of exclusive meson leptoproduction (DVMP) within the handbag approach is reviewed

and the parametrization of the generalized parton distributions (GPDs) is discussed in some detail with the main

interest focused of the GPDs H and E. Applications of the GPDs extracted from DVMP to other hard exclusive

processes as for instance deeply virtual Compton scattering (DVCS) and an evaluation of Ji’s sum rule are also

presented.

1 Introduction

The handbag approach to hard exclusive leptoproduction

of photons and mesons off protons has extensively been

studied during the last fifteen years. It turned out that the

handbag approach allows for a detailed analysis of cross

sections, asymmetries and spin density matrix elements

(SDME) for these processes. The handbag approach is

based on factorization of the process amplitudes in a hard

subprocess, e.g. γ∗q → γ(M)q, and soft hadronic matrix

elements parametrized in terms of GPDs. This factoriza-

tion property has been shown to hold rigorously in the

collinear limit for large photon virtuality, Q, and large en-

ergy, W, but fixed Bjorken-x, xB [1, 2]. However, power

corrections to these asymptotic results are not under con-

trol. It is therefore unclear at which values of Q2 and W the

asymptotic results apply. In fact, there are strong effects in

meson leptoproduction which are not in accord with the

asymptotic predictions. Thus, for instance, the contribu-

tion from longitudinally polarized virtual photons to like-

wise polarized vector (or pseudosalar) mesons transitions

(γ∗L → VL(P)) dominate asymptotically; the ratio of the

longitudinal and transverse cross sections (R = σL/σT )

grows proportionally to Q2. Experimentally [3], R for ρ0

production only amounts to about 2 for Q 2 <∼ 10 GeV2, i.e.

contributions from transversely polarized photons are not

small. For ω production transverse photons even dominate

[4], R(ω) is only about 0.3 for 2 GeV2 <∼Q2 <∼ 4 GeV2. For

π0 production transverse photons probably dominate as

well [5]. The amplitudes for γ∗L → ρ
0
L transitions do also

not plainly agree with the asymptotic picture which pre-

dicts the scaling law σL ∝ 1/Q 6 (modulo powers of ln Q 2

from evolution and the running of αs) at fixed Bjorken-

x. As can be seen from Fig. 1 the data 1 for the ρ0 cross

section [3] rather fall as <∼ 1/Q 4. Another example of cor-

rections to the asymptotic results for the γ∗L → VL(P) am-

ae-mail: kroll@physik.uni-wuppertal.de
1Since R is slightly increasing with Q 2 σL is even flatter than 1/Q 4.
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Figure 1. The cross section for ρ0 electroproduction versus Q2

at xB � 0.002. Data are taken from [3] and compared to a power-

law fit.

plitudes is set by the strong contributions from the pion

pole to π+ production that has been observed experimen-

tally [6, 7]. In this talk I am going to report on an ex-

traction of the GPDs from DVMP [5, 8–10]. In this anal-

ysis the GPDs are constructed from double distributions

(DDs)[11, 12] and the partonic subprocesses are computed

within the modified perturbative approach in which quark

transverse degrees of freedom as well as Sudakov sup-

pression [13] are taken into account in order to model

power corrections. As explained above these corrections

are needed for instance in order to change the asymptotic

1/Q 6 fall of the longitudinal ρ0 cross section in an effec-

tive 1/Q 4 behavior. The emission and re-absorption of the

partons by the protons are treated collinearly to the proton

momenta in [5, 8–10]. From the analyses of the longitu-

dinal cross sections for ρ0 and φ production the GPD H
has been extracted [8]. The transverse target spin asym-

metries for ρ0 production provide information on the GPD

E. Generalizations of the handbag approach to γ∗T → VT
and γ∗T → VL(P) transitions allow for a study of further

GPDs (H̃, Ẽ,HT , ĒT ). The extracted set of GPDs are sub-
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sequently be applied to calculate other hard exclusive pro-

cesses free of adjustable parameters. An example of such

an application is DVCS. Most of the observables of this

process are under control of the GPD H. Nevertheless,

the transverse target spin asymmetries in DVCS provide

an additional constraint on E. The extracted GPDs H and

E allow for an evaluation of the angular momenta the par-

tons inside the proton carry. In the following sections these

analyses and studies are described in some detail.

2 The double distribution representation

There is an integral representation of the GPDs in terms of

DDs [11, 12]:

K i(x, ξ, t) =

∫ 1

−1

dρ
∫ 1−|ρ|

−1+|ρ|
dη δ(ρ + ξη − x) ri(ρ, η, t)

+ Di(x, t)Θ(ξ2 − x2) (1)

where K i is some GPD. According to Diehl and Ivanov

[14] there is an additional factor x/ρ in (1) for H̃g and Ẽg.
The last term in (1) is the so-called D-term [15] which

appears for the GPDs H and E. As a consequence of time-

reversal invariance the gluonic D-term is an even function

of x and the quark one an odd function. The advantage of

the DD representation is that polynomiality of the GPDs is

automatically satisfied.

A frequently used ansatz for the DD, ri, associated

with Ki(x, ξ, t) is [16]

ri(ρ, η, t) = K i(ρ, ξ = 0, t)wi(ρ, η) . (2)

The weight function, wi, that generates the skewness de-

pendence of the GPD, is assumed to be

wi(ρ, η) =
Γ(2ni + 2)

22ni+1Γ2(ni + 1)

[(1 − |ρ|)2 − η2]ni

(1 − |ρ|)2ni+1
(3)

(in [8–10]: n = 1 for valence quarks and 2 for sea

quarks and gluons). The zero-skewness GPD for ρ ≥ 0 is

parametrized as its forward limit, K i(ρ, ξ = t = 0) = k i(ρ),
multiplied by an exponential in Mandelstam t

K i(ρ, ξ = 0, t) = k i(ρ) exp
[
t fi(ρ)

]
(4)

and is to be suitably continued to negative ρ. For H, H̃ and

the transversity GPD HT the forward limits are the cor-

responding unpolarized, polarized and transversity parton

distributions (PDFs), respectively 2. The forward limits of

the other GPDs (E, Ẽ, ĒT ) which are not accessible in deep

inelastic lepton-nuleon scattering (DIS), are parametrized

in a fashion analogously to the PDFs

k i(ρ) = Ni ρ
−δi (1 − ρ)βi (5)

with free parameters Ni, δi and βi to be adjusted to data on

exclusive reactions. In order to perform the DD integral

(1) analytically the PDFs are expanded (for H, H̃, HT ):

ki(ρ) = ρ−δi (1 − ρ)2ni+1
3∑

j=0

ci j ρ
j/2 . (6)

2Note that by definition the forward limits of the gluonic GPDs have

an extra factor of x, e.g. Hg(x, ξ = t = 0) = xg(x).

For quarks δi equals a Regge-like intercept αi while, for

gluons, δg = αg − 1 where αg is a Pomeron-like intercept.

The profile function, fi(ρ), is parametrized in a Regge-

like manner

fi(ρ) = −α′i ln ρ + Bi (7)

where α′i can be regarded as the slope of an appropriate

Regge trajectory and B parametrizes the t dependence of

its residue. This profile function is a simplified version of

a more complicated one that has been proposed in [17, 18]

fi(ρ) =
(
− α′i ln ρ + Bi

)
(1 − ρ)3 + Ai ρ(1 − ρ)2 . (8)

In order to elucidate the physics underlying the ansätze

for the profile function let us consider the Fourier trans-

form of the GPD Hq(ρ, ξ = 0, t) with respect to the mo-

mentum transfer Δ⊥

q(ρ,b⊥) =

∫
d2Δ⊥

(2π)2
e−ib⊥Δ⊥Hq(ρ, ξ = 0, t = −Δ2

⊥) . (9)

According to Burkardt [19, 20], q(ρ,b⊥) possess a density

interpretation. The variable b⊥ is the transverse distance

between the struck quark and the hadron’s center of mo-

mentum defined by
∑
ρ jb⊥ j = 0. Evidently, quarks with a

large momentum fraction ρ j must have a small transverse

distance in that frame. In other words there is a correlation

in q(ρ,b⊥) between ρ and b⊥. In the limit ρ → 1 Hq be-

comes t independent 3. An estimate of the proton’s trans-

verse radius is provided by the average distance between

the struck quark and the cluster of spectator partons:

dq(ρ) =

√
〈b2
⊥〉

q
ρ

1 − ρ
. (10)

For the ansatz (4) the average distance reads

dq(ρ) = 2

√
fq(ρ)

1 − ρ
. (11)

We see that the profile function (7) is singular for ρ → 1

while (8) leads to dq → 2
√

Aq in this limit. The aver-

age distances for u quarks obtained from both these pro-

file functions are shown in Fig. 2. The Regge-like profile

function is a reasonable approximation to (8) at small ρ.
At zero skewness Hq exhibits a strong correlation be-

tween ρ and t; the large −t behavior of Hq is under con-

trol of large ρ. The reason for this ρ − t correlation in

the parametrization of the GPDs described above, is eas-

ily understood. At small ρ the PDF behaves ∼ ρ−δq with

δq � 0.5 for valence quarks. For a simple ρ − t factorized

ansatz as has been used at the beginning of the handbag

physics [21, 22]

Hq(ρ, ξ = 0, t) ∼ q(ρ)Fq(t) (12)

the GPD possess that ρ−δq singularity at all t. For the

ansätze (7) and (8) the small ρ behavior of the GPD is

changed in

Hq(ρ, ξ = 0, t) ∼ ρ−(δq+α
′
qt) . (13)

3The profile function (7) don’t possess this property except Bi = 0.
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Figure 2. The distance du evaluated from the profile functions (7)

(dashed line) and (8) (solid line). The separate contributions from

the low-ρ (dashed) and the large-ρ (dotted) term in the profile

function (8) are also shown. The figure is taken from [18].

The ρ−δq singularity occurring at t = 0 becomes milder

with increasing −t and turns finally in a zero for −t
larger than δq/α

′
q. Given that for −t>∼ δq/α

′
q the GPD,

parametrized as in (4), only possesses nodes at the end

points, it exhibits a pronounced maximum at a position

that shifts towards higher ρ with increasing −t. This prop-

erty of the zero-skewness GPDs is transfered to the case of

ξ � 0 through (1) although to a lesser degree. For all ξ > 0

the GPD is peaked at a position < ξ which increases with

increasing −t. The peak becomes less pronounce with in-

creasing ξ (at fixed t) and with increasing −t (at fixed ξ).
Because of the ρ− t correlation the profile function (7) can

only be applied at small −t; it is unphysical at large −t.
In an alternative parametrization the GPDs are de-

composed in terms of t-channel partial wave amplitudes.

Each partial wave is parametrized in a Regge-like manner

[23, 24].

3 Extraction of the GPD H from DVMP

The asymptotically dominant γ∗L → VL amplitudes 4 read

(V = ρ0, ω, φ, the generalization to other vector mesons is

straightforward)

MV
0+,0+ =

e0

2

√
1 − ξ2

∑
q=u,d,s

eqCq
V

[
〈Hg

eff
〉V + 〈Hq

eff
〉V

]
,

MV
0−,0+ = −

e0

2

√
t0 − t
2m

∑
q=u,d,s

eqCq
V

[
〈Eg〉V + 〈Eq〉V

]
(14)

where eq denote the quark charges in units of the positron

charge, e0, and m the mass of the nucleon. Because of par-

ity conservation it suffices to consider only the amplitudes

with helicity 1/2 of the initial state proton. The non-zero

flavor weight factors read

Cu
ρ0 = −Cu

ρ0 = Cu
ω = Cd

ω = 1/
√

2 , Cs
φ = 1 . (15)

The GPD Heff for quarks and gluons represents the com-

bination

Heff = H −
ξ2

1 − ξ2
E . (16)

4The light-cone helicities are labeled by their signs or by zero.

p p′

γ∗ VL

p p′

γ∗ VL, P

Figure 3. Typical leading-order Feynman graphs for exclusive

meson production.

In [8] a meson-mass correction is taken into account in the

relation between skewness and xB

ξ =
xB

2 − xB

[
1 + m2

V/Q
2] . (17)

The minimal value of t allowed in the process is

t0 = −4m2 ξ2

1 − ξ2
. (18)

The convolutions 〈K〉 in (14) read

〈Ki〉V =
∑
λ

∫ 1

xi

dxHVi
0λ,0λ(x, ξ,Q2, t = 0)Ki(x, ξ, t) (19)

where i = q, g and xq = −1, xg = 0. The last item to

be specified is the subprocess amplitude H for partonic

helicity λ. In [8] it is calculated to leading-order of per-

turbation theory (see Fig. 3) taking into account quark

transverse momenta, k⊥, in the subprocess and Sudakov

suppressions. Since the latter involves a resummation of

all orders of perturbation theory in next-to-leading-log ap-

proximation [13] which can only be efficiently performed

in the impact-parameter space canonically conjugated to

the k⊥-space, one is forced to work in the b-space. Hence,

HVi
0λ,0λ =

∫
dτd2b Ψ̂V (τ,−b)F̂i

0λ,0λ(x, ξ, τ,Q2,b)

× αs(μR) exp
[
− S (τ, b,Q2)

]
. (20)

F̂ and Ψ̂ are the Fourier transforms of the hard scattering

kernel and the meson’s light-cone wave, respectively. For

the latter quantity a Gaussian in b is used with a param-

eter that describes the transverse size of the meson, and

which is adjusted to experiment. μR is a suitable renormal-

ization scale. The modified perturbative approach utilized

in [8], is designed in such a way that asymptotically the

leading-twist result [2] emerges. In passing I would like to

remark that the treatment of the gluonic part of the ampli-

tudes bears resemblance to the color-dipole model, see for

instance [25–27].

In [8] the GPD H is extracted from the data on the lon-

gitudinal cross section for ρ0 and φ production in the kine-

matical region of small skewness and small (ξ <∼ 0.1 and

−t<∼ 0.5 GeV2). In this kinematical situation the contribu-

tions from the GPD E to the cross section can be ignored.

The valence-quark GPDs H at zero skewness are inves-

tigated in great detail in an analysis of the nucleon form

factors [17] using the ansatz (4) with the profile function

(8) and relying on the CTEQ6M(NLO) PDFs [28]. The re-

sulting valence-quark GPDs in the small −t approximation
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Figure 4. The intercept of the gluon trajectory δg = αg − 1 ver-

sus Q2. Data are taken from Refs. [3, 30, 31]. The solid line

represents the parametrization (24).

(7) are employed in [8]. It is checked that the GPDs from

the updated version of the form factor analysis [18] which

is based on the ABM11(NLO) PDFs [29] and includes all

recent data of the nucleon form factors, entails only minor

differences in the small −t region. The CTEQ6M PDFs

are also utilized for the gluon and sea quarks in [8]. The

Regge-like parameters are assumed to be same for glu-

ons and sea quarks, αg = αsea and α′g = α′sea, since the

sea-quark and gluon PDFs are strongly correlated by the

evolution. At very small skewness as occur in the HERA

experiments, the cross section behaves diffractively and is

dominated by the imaginary part of the helicity non-flip

amplitude, i.e.

σL ∝ |Hg(ξ, ξ, t � 0)|2 (21)

where the mild shrinkage effect is ignored 5. For the DD

ansatz (1) one can show that

Hg(ξ, ξ, t) = c(δg, ng, α′gt)2ξg(2ξ) e[Bg−α′g ln(2ξ)]t . (22)

Hence, at small skewness, Hg(ξ, ξ, t � 0) ∼ ξ−δg with the

consequence of a cross section obeying the power law

σL ∝ W 4δg (23)

at fixed values of Q 2. The parameter δg can therefore be

read off from the HERA data [3, 30, 31]. The results are

displayed in Fig. 4 and compared to the fit (Q 2
0 = 4 GeV2)

δg = 0.10+ 0.06 ln(Q 2/Q 2
0 )− 0.0027 ln2(Q 2/Q 2

0 ) . (24)

For the slope of the gluon trajectory α′g a value of

0.15 GeV−2 is taken. Thus, only the transverse size pa-

rameters in the wave functions for the ρ0 and φ mesons

as well as the parameter Bg = Bsea in the profile function

(7) have to be fitted to experiment. For more details of

the GPD parametrizations see [8]. It is to be stressed that

in [8] the evolution of the GPDs is approximated by that

of the PDFs. Evolution is of importance only at large Q 2

which go along with large W and small ξ for the available

5With the above assumption on αsea the sea quark contribution has

the same energy dependence as the gluon one.

data. In this region the imaginary parts of gluon and sea

quark contributions dominate, their real parts as well as the

valence quark contribution are almost negligible. Because

of (21) and (22) the approximate treatment of evolution

is not unreasonable. However, an update of the analysis

of the longitudinal cross sections for ρ0 and φ production

should not only include more recent sets of PDFS as for

instance that of [29] but should also make use of the full

GPD evolution as is incorporated in the code written by

Vinnikov [32]. For a detailed study of the evolution of

GPDs of the type discussed in Sect. 2, see [33].

In Figs. 5 and 6 a few of the results obtained in [8]

are displayed. For W > 4 GeV fair agreement between

theory and experiment is to be seen for the longitudi-

nal cross section of ρ0 and φ production, integrated on t
from t0 to t0 − 0.5 GeV2. The error bands assigned to

the theoretical results follow from the Hessian errors of

the CTEQ6 PDFs. Exploiting other sets of PDFs (for

instance [34, 35]) one finds results which lie within the

quoted error bands provided these PDFs are also fitted to

the expansion (6) with the experimental value (24) of the

power δg(Q 2). In contrast to φ production the handbag

approach fails for W below � 4 GeV in the case of ρ0 pro-

duction. The strong increase of the data [36, 37] towards

smaller W is not reproduced. The kinematical region of

2 GeV ≤ W ≤ 4 GeV and Q 2 � 4 GeV2 is character-

ized by large skewness and large −t0 (e.g. at W = 2 GeV:

ξ = 0.45 and t0 = −0.89 GeV2). Thus, the use of the

GPDs in that region requires an extrapolation from the re-

gion of ξ <∼ 0.1 and −t<∼ 0.5 GeV2 where the GPDs have

been fixed, to the region of large ξ and rather large −t. The

behavior of the handbag results for the integrated cross

sections at low W reflects the decrease of the GPDs with

−t, see (4). The dynamical origin of the experimentally

observed behavior of the longitudinal cross section for ρ0

production at low W is unknown as yet. It has been con-

jectured in [39] that the D-term in (1) which has been ne-

glected in [8], is responsible for it. However, it seems that

this interpretation requires a large, nearly t-independent D-

term. Both these properties seem to be in conflict with the

findings in [40]. The cross sections for ω and ρ+ produc-

tion behave similar to the ρ0 cross section at low W. It

is unclear whether all these processes can be described by

the D-term in a consistent way.

In Fig. 6 the cross section for ρ0 production is shown

versus Q 2 at large W. In correspondence with Fig. 1 the

unseparated cross section is displayed. Good agreement

with experiment is seen for Q 2 ranging from about 4 to

100 GeV2. The leading-twist result shown for compari-

son, deviates substantially from experiment at lower val-

ues of Q2 but is close at Q2 � 100 GeV2. This feature

has already been discussed in the context of Fig. 1. In the

modified perturbative approach utilized in the computation

of the subprocess amplitude [8], the Sudakov factor and

the meson wave function generate series of power correc-

tions of the type (ΛQCD/Q)2n and (k⊥/Q)2n, respectively.

These power corrections reduce the leading-twist behav-

ior of σ from ∼ 1/Q 6 to an effective 1/Q 4 one which is

in agreement with experiment. An alternative concept is
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Figure 5. The longitudinal cross sections for ρ0 and φ production at Q 2 = 4 GeV2 and 3.8 GeV2, respectively. Data are taken from

[3, 36–38], further references can be found in [8]. The solid lines with the error bands represent the results from the handbag approach.

The H1 data [3] (solid squares) are not included in the fits performed in [8].

advocated for in [23]. Their GPD H, fitted to the HERA

data on DVMP and DVCS in collinear approximation, ex-

hibit strong evolution effects. I.e. the reduction from the

1/Q 6 fall to an effective 1/Q 4 one is realized by powers

of ln Q 2. It remains to be seen whether this concept can

be extended to smaller W. It should be mentioned that in

collinear approximation a fit to only the DVCS data and a

fit to both DVCS and DVMP data lead to different GPDs

[23].

4 Generalizations and applications

In [9] the handbag approach has been generalized to the

amplitudes for γ∗T → VT transitions. In collinear approxi-

mation the subprocess amplitudes for such transitions are

infrared singular. The quark transverse momenta which

are taken into account in the modified perturbative ap-

proach, regularize these infrared singularities although in

a model-dependent way. The transverse amplitudes are

suppressed by 〈k2
⊥〉1/2/Q with respect to the longitudinal

ones. With the γ∗T → VT amplitudes at disposal the trans-

verse cross sections as well as some of the SDMEs for

ρ0 and φ leptoproduction can be computed. Reasonable

agreement of the γ∗T → VT amplitudes with experiment is

found with the exception of the relative phase between the

longitudinal and transverse amplitudes which appears to

be somewhat small. An example of these results is shown

in Fig. 6.

The handbag approach has also been generalized to

the γ∗T → VL, P transition amplitudes [5, 10]. The asym-

metries measured with a transversely polarized target by

the HERMES collaboration [41] for π+ electroproduction

signal the importance of the helicity non-flip amplitude

M0−,++ in that process. This amplitude is modeled by

a convolution of the transversity GPD HT and the quark

helicity-flip subprocess amplitude which necessitates the

use of a twist-3 meson wave function [42, 43]:

M π+

0−,++ = e0

√
1 − ξ2

∫ 1

−1

dxH π+

0−.++
(
Hu

T − Hd
T
)
. (25)

This amplitude is parametrically suppressed by μπ/Q with

respect to the asymptotically leading γ∗L → π
+ amplitudes

which look like (14) for the appropriate flavor combination

Figure 6. The integrated cross section for ρ0 production ver-

sus Q 2 at W = 75 (divided by 10 for the ease of legibility) and

90 GeV. For comparison the leading-twist result at 90 GeV is

also shown as a dashed line. The figure is taken from [9]. For

further notations see Fig. 5.

with the replacement of Heff by H̃eff and of E by ξẼ. The

parameter μπ is large, � 2 GeV at a scale of 2 GeV, since

it is given by the pion mass, mπ, enhanced by the chiral

condensate

μπ =
m2
π

mu + md
(26)

by means of the divergency of the axial-vector current (mu

and md denote current-quark masses).

A special feature of π+ production is the pion-pole

which contributes to the GPD Ẽ [44, 45]

Ẽpole = Θ(|x| ≤ ξ)
Fpole

P

2ξ
Φπ

( x + ξ
2ξ

)
(27)

where Φπ is the pion distribution amplitude and Fpole

P the

contribution of the pion-pole to the pseudoscalar nucleon

form factor. As already mentioned in the introduction the

pion-pole contribution to π+ production fails by order of

magnitude if estimated through Ẽ since it is proportional to

the square of the pion electromagnetic form factor in one-

gluon exchange approximation. In [10] the pion pole is

therefore treated as a one-particle exchange leading to the

same result for its contribution to the cross section except

that full experimental value of the pion form factor appears

which is about a factor of 2 to 3 larger than the perturbative
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Figure 7. The ratio of the η and π0 cross sections versus t′ = t−t0

for two different parametrizations of HT (see [5]).

result. The analysis of the HERMES data on π+ production

[6, 41] leads to a determination of the GPDs H̃ and HT for

valence quarks of, however, a lesser quality than H. The

present data do not allow for a reliable determination of a

non-pole contribution to Ẽ.

In π+ production the transversity GPD Ē = 2H̃T + ET

plays a minor role while it seems to be very important in

π0 production [5]. This GPD feds the amplitudes

M π+

0+.±+ = −
e0

2

√
t0 − t
2m

∫ +1

−1

dxH π+

0−,++
(
Ēu

T − Ēd
T
)

(28)

with the same subprocess amplitude as in (25). The gener-

alization of (25) and (28) to other pseudoscalar mesons

and even to vector mesons [46] (where μV = mV ) is

straightforward. Lack of suitable data, e.g. the π0 cross

section at small skewness, prevents a determination of ĒT

from experiment as yet. In [5] it is estimated by fixing

its parameters with the help of lattice QCD results on mo-

ments of ĒT [47]. From this estimate interesting predic-

tions for leptoproduction of pseudoscalar mesons are ob-

tained. Thus, for instance, this GPD dominates π0 produc-

tion (leading for instance to σL/σT � 0.1 for this pro-

cess). Another example is the η/π0 cross-section ratio

which amounts to about 1/3 for t− t0 not too close to zero.

This result is in sharp contrast to a leading-twist prediction

of >∼ 1 [48]. Such a large η/π0 ratio may hold at the best at

t− t0 � 0 where the GPD ĒT does not contribute (see (28))

and the helicity non-flip amplitudes, under control of H̃
and HT , take the lead. Suppose there is a dominant GPD.

The η/π0 ratio is then given by

dσ(η)

dσ(π0)
∼

( 〈euKu + edKd〉η
〈euKu − edKd〉π0

)2

. (29)

Evidently, the relative sign and magnitude of the dominant

GPDs for u and d quarks determine the value of the ratio.

According to the lattice result [47] Ēu
T and Ēd

T have the

same sign while H̃ and HT have the opposite sign for u
and d quarks as follows from the polarized and transversity

PDFs [49, 50]. Ignoring differences between the η and the

π0 wave functions and, for a quick estimate, taking the

u/d ratio of the first moments of the zero-skewness GPD

at t = 0 as representative of the ratio of the convolutions,

one finds the values 0.26 for a dominant ĒT [47], 1.64 for

Table 1. Status of small-skewness GPDs as extracted from

meson leptoproduction data. At present no information is

available on GPDs not appearing in the list. Except of H for

gluons and sea quarks all GPDs are only probed for scales of

about 4 GeV2. For comparison five stars are assigned to PDFs.

GPD probed by constraints status

H(val) ρ0, φ cross sect. PDFs, Dirac ff ***

H(g,sea) ρ0, φ cross sect. PDFs ***

E(val) AUT (ρ0, φ) Pauli ff **

E(g,sea) - (42) -

H̃ (val) π+ data pol. PDFs, axial ff **

H̃(g,sea) ALL(ρ0) polarized PDFs *

Ẽ (val) π+ data pseudoscalar ff *

HT (val) π+ data transversity PDFs *

ĒT (val) π+ data - *

a dominant HT [50] and 2.40 for the case of H̃ [49] for the

η/π0 cross-section ratio. This is what one observes from

Fig. 7. Large skewness data from CLAS [51, 52] are in

agreement with these findings: the η/π0 ratio is � 0.3 for

−t ≥ 0.1 GeV2.

A summary of the information about the GPDs ex-

tracted from DVMP is given in Tab. 1. With these GPDs at

disposal one is in the position to calculate observables for

other hard exclusive processes exploiting the universality

property of the GPDs. Thus, in [53] neutrino induced ex-

clusive pion production has been computed. Due to the

parity-violating V − A structure of the electro-weak inter-

actions the GPDs H and E also contribute to νl p → lpπ.
There are no data available at present but this process may

be relevant for the MINERVA experiment FERMI LAB.

Another example is time-like DVCS for which predic-

tions, again evaluated from this set of GPDs, have been

given in [54, 55] recently. It would be interesting to com-

pare them with data. In [56] exclusive leptoproduction

of the ω meson has been computed and compared to the

SDMEs measured by HERMES [4]. Fair agreement is

found. An important element in this calculation is the

pion-pole. As in [10] it has been treated as an one-particle

exchange; its calculation through (27) underestimates the

effect as is the case for π+ production. Instead of the elec-

tromagnetic form factor of the pion in the latter process

the πω transition form factor occurs now on which infor-

mation at rather large Q 2 has been extracted in [56]. The

pion pole dominantly contributes to the γ∗T → ω∗T and

γ∗L → ω∗T transition amplitudes which are suppressed by

1/Q and 1/Q 2 with respect to the asymptotically leading

γ∗L → ω∗L amplitudes, respectively. As a consequence ω
production looks very different from the asymptotic pic-

ture at W � 5 GeV: σT > σL and the unnatural parity

cross section is larger than the natural-parity one. As an

example for the strength of the unnatural-parity contribu-

tion the ratio U1 = dσU/dσ is shown in Fig. 8. Since the

πρ0 transition form factor is about third of the πω one [57]

the pion-pole contribution to leptoproduction of the ρ0 is

rather small but larger than what is obtained from (27). It
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Figure 8. The unnatural-parity cross section for ω leptoproduc-

tion at W = 4.8 GeV and t − t0 = −0.08 GeV2. The solid (long-

dashed) line represents the handbag result for U1 with (without)

the pion pole. Data are taken from [4]. For other notation see

[56].

p
p’

e
e’

γ

p
p’

e
e’

γ

Figure 9. Typical leading-order Feynman graphs for electropro-

duction of photons.

has hardly to be seen in most of the observables for ρ0 pro-

duction. Exceptions are for instance the unnatural-parity

cross section and the relative phase between the longitudi-

nal and transverse amplitudes which is enlarged from 3.1◦

to 13.4◦. The inclusion of the pion pole brings both these

quantities closer to the experimental results [58].

5 DVCS

Another important application of the set of GPDs extracted

in [8–10] is the evaluation of DVCS. This task has been

performed by two groups: by the authors of [59] and by

Kumericky et al. published in [60]. Typical Feynman

graphs for a leading-order calculation of leptoproduction

of photons are shown in Fig. 9. As is well-known there

are two contributions to this process - the Bethe-Heitler

(BH) contribution for which the photon is emitted from the

lepton and the proper DVCS contribution where the pho-

ton is emitted from the proton. Evidently, for a collinear

emission and re-absorption of quarks from the protons a

quark transverse momentum is impossible in the subpro-

cess γ∗q → γq. Therefore, the use of the collinear ap-

proximation for DVCS is consistent with the treatment of

DVMP as described in Sect. 3.

The square of the amplitude for leptoproduction of real

photons consists of three terms

|T (lp → lpγ)|2 = |T (BH)|2 + TI + |T (DVCS)|2 (30)

where TI = 2T (BH) ReT (DVCS). The Bethe-Heitler

contribution can be worked out without any approximation

[61] and is related to the electromagnetic form factors of

the nucleon. The c.m.s. γ∗p → γp amplitudes to leading-

order of perturbation theory read

M±+,±+(γ∗p → γp) =
e2

0

2

√
1 − ξ2

[
〈Heff〉γ ± 〈H̃eff〉γ

]
,

M±−,±+(γ∗p → γp) = −
e2

0

2

√
t0 − t
2m

[
〈E〉γ ± 〈Ẽ〉γ

]
, (31)

(compare with (14)) and involve the convolutions

〈K〉γ =

∫ 1

−1

dx
[
e2

uKu + e2
dKd + e2

s Ks
]

×
[ 1

ξ − x − iε
− εk

1

ξ + x − iε

]
(32)

where εk = +1 for K = H, E and −1 for H̃, Ẽ.

The three terms in (30) have the following harmonic

structure in φ, the azimuthal angle of the outgoing photon

with regard to the leptonic plane (i=BH, DVCS):

|Ti|2 ∝ Li

3∑
n=0

[
ci

n cos(nφ) + si
n sin(nφ)

]
(33)

where LBH = [−tP(cos φ)]−1 and LDVCS = 1. An anal-

ogous Fourier series holds for the interference term. Al-

though there are only harmonics up to the maximal order

3 in the sums, the additional cos φ dependence from the

lepton propagators, included in P(cos φ), generates in prin-

ciple an infinite series of harmonics for the BH and inter-

ference terms. A more detailed harmonic structure taking

into account beam and target polarizations can be found in

[62].

A comparison of this theoretical approach with ex-

periment performed in [59], reveals reasonable agreement

with HERMES, H1 and ZEUS data and a less satisfactory

description of the large-skewness, small W JLab6 data.

As discussed in Sect. 3 the application of the GPDs ex-

tracted from DVMP at JLab6 kinematics is problematic: It

requires an extrapolation in ξ and t, one has to be aware of

possible soft-physics contributions (see e.g. Fig. 5) as well

as of large kinematical corrections. For example, in the re-

lation (17) there are additional terms proportional to xB,

e.g. xBt/Q2 which are negligible in the small ξ,−t region

but not at JLab6 kinematics [63].

It turns out that most of the lp → lpγ observables are

under control of the best determined GPD H (see Sect.

3 and Tab. 1), only a few observables are sensitive to E
(e.g. particular modulations of AUT ) and H̃ (e.g. the sin φ
modulation of AUL). The GPD Ẽ does not plays a role in

DVCS in practice.

The DVCS cross section at HERA kinematics is shown

in Fig. 10. Given that this is a parameter-free calcula-

tion the agreement with experiment [64, 65] is impressive.

Similar results have been obtained in [23].

The lp → lpγ cross section on an unpolarized target

for a given beam charge, el, and beam helicity, hl/2, can

be decomposed as

dσhl,el (φ) = dσUU(φ)
[
1 + hlALU,DVCS(φ)

+ elhlALU,I(φ) + elAC[φ)
]

(34)
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Figure 10. The DVCS cross section for various values of Q2

and W ranging between 71 and 104 GeV. Data are taken from

[64, 65]. The results obtained in [59] are shown as solid lines

with error bands.

Figure 11. The beam charge asymmetry versus −t at Q2 �
2.51 GeV2, xB � 0.097. Data are taken from [66]. For further

notations see Fig. 10.

where only the φ-dependence of the observables is made

explicit. If a longitudinally polarized beam of both lep-

ton charges is available the asymmetries in (34) can be

isolated. Two modulations of the beam charge asymme-

try, AC , are shown in Fig. 11. They are under control of

the BH-DVCS interference and depend mostly on Re〈H〉γ.
The agreement of the handbag results with the HERMES

data [66] demonstrates that the convolution of H has the

right magnitude.

The HERMES collaboration has measured the sin φ
modulation of the beam spin asymmetry using a recoil

detector [67] which allows for a detection of all three

final-state particles. The resonant background is therefore

severely reduced and in so far the recoil data are closer

to the exclusive process lp → lpγ to which the theory ap-

plies. Since the recoil data are available only for a positron

beam the observables defined in (34) cannot be isolated. In

fact, the combination

A+ sin φ
LU

�
Asin φ

LU,I

1 + Acos(0φ)
C

(35)

Figure 12. The sin φ modulation of A+
LU versus −t at Q2 �

2.5 GeV2, xB � 0.09. Data are taken from [66] (solid circles)

and [67] (open squares). For further notations see Fig. 10.

is measured by the HERMES collaboration. In (35) a

contribution from ALU,DVCS is neglected which is exactly

zero at twist-2 accuracy in agreement with experiment

[66]. Since Asin (0φ)
C is so small A+,sin φ

LU
and Asin φ

LU,I don’t dif-

fer much. As can be seen from Fig. 12 the handbag re-

sults for A+ sin φ
LU

agree quite well with the recoil data while

the agreement with the non-recoil data [66] is surprisingly

bad. Recoil data for other observables would be welcome.

Results on the transverse target spin asymmetries will

be discussed in the next section.

6 The GPD E

Next let me discuss the GPD E in some detail. The analy-

sis of the nucleon form factors performed in [17] and up-

dated in [18], provides the zero-skewness GPDs for va-

lence quarks which can be used as input to the DD repre-

sentation (1). The basis of this analysis are the sum rules

for the flavor form factors

Fq
1
(t) =

∫ 1

0

dρHq
v (ρ, ξ = 0, t) ,

Fq
2
(t) =

∫ 1

0

dρEq
v (ρ, ξ = 0, t) (36)

where the valence quark GPDs are defined by

Kq
v (ρ, ξ = 0, t) = Kq(ρ, ξ = 0, t) + Kq(−ρ, ξ = 0, t) . (37)

The Dirac (i = 1) and Pauli (i = 2) form factors for the

proton and the neutron are decomposed in the flavor form

factors as

F p
i = euFu

i + edFd
i + esFs

i , Fn
i = euFd

i + edFu
i + esFs

i .
(38)

Estimates say that the strangeness form factors can be

neglected, their contributions are at most of the size of

the errors on Fu
i and Fd

i . The valence-quark GPDs are

parametrized as in (4) and (8). The forward limits of E
are parametrized as in (5); in [18] an additional factor

(1 + γq
√
ρ) is used with γu = 4 and γd = 0. This fac-

tor improves χ2 slightly. The GPD E is constrained by∫ 1

0

dρeq
v (ρ) = κq (39)
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Figure 13. Results for the second moments of E and the angular momenta of the valence quarks at a scale of 2 GeV. Shown is the

default fit ABM1 and variations with regard to the strangeness form factors, other data interpolations and different sets of PDFs [18].

Figure 14. Left (right):The sin (φ − φs) modulation of AUT for ρ0 production (DVCS). Data are taken from [77] ([78]), the theoretical

results from [46] ([59]).

where κq is the contribution of quarks of flavor q to the

anomalous magnetic moments of the nucleon (κu = 1.67,

κd = −2.03). In Sect. 3 it has already been remarked that

the 2004 analysis [17] is based on the CTEQ6M PDFs [28]

while the recent update [18] uses the ABM11 PDFs [29]

for the default fit. Since in 2004 data on the neutron form

factors were only available for −t<∼ 2 GeV2 the parameters

of the zero-skewness GPD E were not well fixed; a partic-

ularly wide range of values were allowed for the powers βu
e

and βd
e . In the reanalysis [18] use is made of the new data

on the neutron form factors and the ratio of electric and

magnetic proton form factors which extend to much larger

values of −t than before [68–71]. Because of the ρ − t
correlation discussed above, the powers β

q
e are better deter-

mined now (βu = 4.65, βd = 5.25, αu(0) = αd(0) = 0.603).

At small −t the new results for the valence-quark GPDs

are similar to the 2004 version. As an example of the re-

sults derived in [18] the second moments of E for valence

quarks at ξ = t = 0 are displayed in Fig. 13.

For the following discussion it is convenient to change

a little bit the notation. In analogy to the PDFs we define

eq(ρ) = Eq(ρ, ξ = t = 0) , eq̄(ρ) = Eq(−ρ, ξ = t = 0) ,

ρeg(ρ) = Eg(ρ, ξ = t = 0) . (40)

The Mellin moments are defined as

eq
20

=

∫ 1

0

dρρn−1eq(ρ) , eg
20

=

∫ 1

0

dρρn−1eg(ρ) , (41)

and analogously for the PDFs.

Not much is known about Eg and Esea. There is only a

sum rule for the second moments of E [72] at t = ξ = 0

eg
20

= −
∑

eqv
20
− 2

∑
eq̄

20
. (42)

It turns out that the valence contribution to the sum rule is

very small. In fact, euv
20
+ edv

20
= 0.041+0.011

−0.053
for the default

fit, see Tab. 18 in [18]. Hence, the second moments of

the gluon and sea-quark GPD E cancel to a large extent.

Since the parametrization (5) for the forward limit of E
does not have nodes except at the end-points this property

approximately holds for other moments as well and even

for the convolution (19).

A further information about E for strange quarks

comes from a positivity bound for its Fourier transform

[73]:

b2
⊥

m2

(
∂es(ρ, b⊥)

∂b2
⊥

)
≤ s2(ρ, b⊥) − Δs2(ρ, b⊥) (43)

where s, Δs and es are the Fourier transforms of the zero-

skewness GPDs Hs, H̃s and Es, respectively. As shown in
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[74, 75] this bound forbids a large strange quark contribu-

tion and, assuming a flavor-symmetric sea, a large gluon

contribution too. The bound on es(ρ, b⊥) is saturated for

Ns
e = ±0.155 (βs

e = 7 and the same δs as for Hs in (5))

[75]. The normalization of eg can subsequently be fixed

from the sum rule (42) (β
g
e = 6 and the same δg as for Hg).

These results are inserted in (1) in order to obtain estimates

of Esea and Eg. Diehl in [60] has studied the GPD E along

the same lines as discussed here.

The GPD E is probed by the transverse target spin

asymmetry 6

Asin (φ−φs)

UT ∼ Im
[
〈E〉∗〈H〉

]
, (44)

for given H [8]. The described parametrization of E is

consistent with the data on ρ0 production from HERMES

[76] and COMPASS [77] (see Fig. 14). However, only E
for valence quarks matters for AUT since the sea and gluon

contribution to E cancel to a large extent. Fortunately the

analysis of DVCS data [59] provides additional although

not very precise information on Esea. To leading-order of

pQCD there is no gluon contribution in DVCS and there-

fore Esea becomes visible. The data on the sin (φ − φs)

modulation of the transverse target spin asymmetry for

DVCS measured by the HERMES collaboration [78] are

shown on the right hand side of Fig. 14 and compared to

the results obtained in [59]. Despite the large experimen-

tal errors a negative Esea seems to be favored. Indepen-

dent information on Eg would be of interest. This may

be obtained from a measurement of the transverse target

polarization in J/Ψ photoproduction [79].

7 Ji’s sum rule

The knowledge of the GPDs allow for an evaluation of the

angular momenta the partons inside the proton carry. At

ξ = t = 0 the angular momenta 7 are given by the sum of

the second moments of the PDFs and the ξ = t = 0 limits

of E [80] (q = u, d, s, ū, d̄, s̄)

Jq =
1

2

[
qq

20
+ eq

20

]
, Jg =

1

2

[
g20 + eg

20

]
(45)

The analysis of the nucleon form factors [18] provides

Ju
v = 0.230+0.009

−0.024 , Jd
v = −0.004+0.011

−0.017 (46)

for the valence quarks. For an evaluation of J for all quarks

and the gluon the moments from the ABM11 PDFs are

used [29], the results (46) on J for valence quarks and

the estimate of es
20

from the positivity bound (43) and the

analysis of AUT for DVCS [59]: es
20

= 0.0 . . . − 0.026.

Assuming a flavor symmetric sea for E one subsequently

fixes the 2nd moment of Eg from the sum rule (42) (eg
20
=

−0.041 . . . 0.115). Combing all information on the second

moments, one obtains at the scale 2 GeV

Ju+ū = 0.261 . . . 0.235 , Js+s̄ = 0.017 . . . − 0.009 ,

Jd+d̄ = 0.035 . . . 0.009 , J g = 0.187 . . . 0.265 . (47)

6φs is the orientation of the target spin vector with respect to the lep-

ton plane.
7For a proton that moves along the 3-direction, J is the expectation

value of the 3-component of the parton angular momentum operator.
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Figure 15. Results on the angular momenta for u and d quarks.

Data are from the combined analyses [18, 46, 59] and from [81–

87].

The values of the left-hand side are evaluated from es
20

=

0.0, those on the right-hand side from es
20
= −0.026. Thus,

the badly known Es determines the uncertainties of the an-

gular momenta at present. Data on AUT for DVCS with

smaller errors than obtained by HERMES [78] would re-

duce the errors on the angular momenta. The large value of

Jg is no surprise. The value of g20 represents the familiar

result that about 40% of the proton’s momentum is carried

by the gluons. Since |eg
20
| seems to be much smaller than

g20 this result is not changed much. The angular momenta

in (47) sum to 1/2, the spin of the nucleon, because the

sum rule (42) is used in the analysis and the PDFs respect

the momentum sum rule of DIS. It is to be stressed that the

results are obtained from a combination of inclusive (the

PDFs) and exclusive data (form factors, DVMP, DVCS).

This differs from attempts to understand the nucleon spin

only from DIS. A comparison of different results on the

angular momenta is made in Fig. 15. There are also ex-

perimental results on the angular momenta extracted from

DVCS data: Jd+d̄ + Ju+ū/5 = 0.18 ± 0.14 by [88] and

Jd+d̄/2.9 + Ju+ū = 0.42 ± 0.21 ± 0.06 by HERMES [89].

These results are strongly model-dependent. Among other

things they rely on the assumption of proportionality be-

tween eqv and qv which is in conflict with the form factor

analysis [18] and with perturbative QCD arguments [90].

In a recent lattice QCD study [91] the lowest moment of

the isoscalar quark distribution, u20 − d20, has been calcu-

lated for pion masses ranging from 157 till 500 MeV. Sub-

stantial contributions from excited states to the nucleon

structure have been found. After their subtraction the mo-

ment u20 − d20 is much smaller (� 0.2) than obtained in

other lattice QCD studies (� 0.26 as for instance in [87])

but still larger than found in PDF analyses (� 0.16), e.g.

[29]. Thus, one has to be cautious in applying lattice QCD

results, there may still be substantial uncertainties.

The orbital angular momenta are obtained from J by

subtracting the first moment of the polarized PDFs

Lq =
1

2

[
q20 + eq

20
− Δq10

]
. (48)
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Taking the polarized PDFs from [49], one obtains for the

valence quarks the values

Lu
v = −0.141+0.025

−0.033 , Ld
v = 0.114+0.034

−0.035 , (49)

and for quarks generally

Lu+ū=−0.146 . . . − 0.172 , Ld+d̄ = 0.263 . . . 0.237 ,

Ls+s̄= 0.073 . . . 0.047 . (50)

A reliable decomposition of Jg in spin and orbital angular

momentum is not possible at present [92].

8 Summary

I have summarized the recent progress in the analysis of

hard exclusive leptoproduction of mesons (ρ0, φ, ω, π+)

and photons at small skewness and small −t within the

handbag approach. A set of GPDs has been extracted

which is constructed from double distributions with pa-

rameters adjusted to meson leptoproduction data (ρ0, φ and

π+) and nucleon form factors. This set of GPDs allows for

a parameter-free calculation of DVCS and has also been

used in an analysis ofω leptoproduction. Very good agree-

ment is found with the SDMEs measured by the HERMES

collaboration [4]. Interesting predictions have also been

given for π0 and η production where the transversity GPDs

seem to dominate. Lack of small ξ, small −t data prevents

a verification of these predictions at present. Large skew-

ness data from JLab6, however, do agree with the predic-

tions in tendency.

There are many observations that the experimental

data do not agree with the naive asymptotic results ob-

tained in collinear approximation (leading-twist accuracy)

and leading-order of perturbation theory. In particular at

JLab6 kinematics, characterized by large skewness and

small W, the application of the handbag approach is prob-

lematic - meson leptoproduction in this kinematical region

is not understood as yet. One has to be aware of eventual

soft-physics corrections in some of the reactions. In any

case an application of the GPDs derived in [8–10] to the

region of JLab6 kinematics requires their extrapolation to

large ξ and large −t.
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