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I give a brief introdu
tion to generalized parton distributions and to the phenomenology

of the ex
lusive pro
esses where they 
an be measured.

1. INTRODUCTION

Mu
h progress has been made in the theory of generalized parton distributions (GPDs)

sin
e their introdu
tion some years ago [1{4℄. Unifying the 
on
epts of parton distributions

and of hadroni
 form fa
tors, they 
ontain a wealth of information about how quarks and

gluons make up hadrons. Advan
es in experimental te
hnology raise hope to study the

ex
lusive pro
esses where these fun
tions appear, and the �rst results from HERA and

JLAB are en
ouraging [5℄.

A good way to highlight the similarities and di�eren
es between usual parton densities

and their generalization is to look at the Compton amplitude. Via the opti
al theorem,

the 
ross se
tion for in
lusive deep inelasti
 s
attering 
an be obtained from the imagi-

nary part of the forward amplitude 


�

p ! 


�

p. In the Bjorken region of large photon

virtuality Q

2

and 
ollision energy, this amplitude fa
torizes into a parton distribution

and a perturbatively 
al
ulable s
attering pro
ess at the level of quarks and gluons. The

simplest diagram for this is shown in Fig. 1a. The amplitude for deeply virtual Compton

s
attering 


�

p ! 
p, a 
ompletely ex
lusive pro
ess, fa
torizes in an analogous way if

in addition to the Bjorken limit we require a small invariant momentum transfer t to

the proton. Sin
e the two proton momenta in the diagram of Fig. 1a are now di�erent,

the non-perturbative dynami
s is not des
ribed by ordinary parton distributions, but by

quantities whi
h generalize them. In addition, the �nite momentum transfer to the proton

makes a se
ond spa
e-time stru
ture of the pro
ess possible. Whereas in Fig. 1a the par-

toni
 subpro
ess is the s
attering of a photon on a quark or antiquark, the virtual photon


an also annihilate a quark-antiquark pair with transverse separation of order 1=Q in the

proton target, as shown in Fig. 1b.

2. SOME PHYSICS ASPECTS

2.1. Parton distributions and wave fun
tions

The key di�eren
e between the usual parton distributions and their generalizations is

seen by representing them in terms of the quark and gluon light-
one wave fun
tions of

the hadron [6,7℄. The usual parton distributions are obtained from the squared wave fun
-

tions for all partoni
 
on�gurations 
ontaining a parton with spe
i�ed polarization and
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(a) (b)

Figure 1. Feynman diagrams for the Compton amplitude in the regime where it fa
torizes

into a parton distribution and a hard partoni
 subpro
ess: (a) quark-photon s
attering,

(b) annihilation of a quark-antiquark pair.

longitudinal momentum fra
tion x in the fast moving hadron (Fig. 2a). This represents

the probability for �nding su
h a parton. In 
ontrast, GPDs represent the interferen
e of

di�erent wave fun
tions, one where a parton has momentum fra
tion x+ � and one where

this fra
tion is x � � (Fig. 2b). GPDs thus 
orrelate di�erent parton 
on�gurations in

the hadron at the quantum me
hani
al level. There is also a kinemati
al regime where

the initial hadron emits a quark-antiquark or gluon pair (Fig. 2
). This has no 
ounter-

part in the usual parton distributions and, as we already mentioned, 
arries information

about q�q or gg-
omponents of small transverse separation in the hadron wave fun
tion.

It is reminis
ent of the q�q or gg distribution amplitudes for a meson, i.e., of the q�q or gg

light-
one wave fun
tions integrated over the transverse parton momentum.

(a)

p p

x x x+ξ x−ξ +ξx−+ξx

p’

(b)

p p’

(c)

p

Figure 2. (a) Usual parton distribution, representing the probability to �nd a parton

with momentum fra
tion x in the nu
leon. All 
on�gurations of the spe
tator partons are

summed over. (b) GPD in the region where it represents the emission of a parton with

momentum fra
tion x+� and its reabsorption with momentum fra
tion x��. (
) GPD in

the region where it represents the emission of a parton pair. Here x+� > 0 and x�� < 0.

Apart from the momentum fra
tion variables x and � GPDs depend on the invariant

momentum transfer t. This is an independent variable be
ause the momenta p and p

0

may di�er not only in their longitudinal 
omponents but also in their transverse ones, p

T

and p

0

T

. GPDs thus 
ontain information on how the transverse distribution of partons
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in a fast moving hadron is 
orrelated with their longitudinal momentum fra
tion. The

former is 
onne
ted with t and the latter with �, whi
h is related to the energy of the

overall pro
ess, so that at small � this 
an also be viewed as a parti
ular instan
e of the

shrinkage phenomenon in di�ra
tive pro
esses. A perhaps more intuitive pi
ture of the

transverse stru
ture 
an be obtained by Fourier transforming from p

T

� p

0

T

to impa
t

parameter spa
e [8℄.

2.2. Matrix elements

Generalized parton distributions are de�ned as Fourier transforms of matrix elements

between di�erent hadron states, su
h as

Z

d� e

i�x(p+p

0

)�n

hp(p

0

; s

0

)j

�

 (��n) 
 � n (�n) jp(p; s)i: (1)

The quark and antiquark operators are separated by a light-like distan
e �n (i.e., n

2

= 0).

These matrix elements, represented by a blob in �g. 1, des
ribe the transition between

hadroni
 and partoni
 degrees of freedom. In the limit where the two states jp(p; s)i

and jp(p

0

; s

0

)i be
ome equal, one re
overs the usual parton densities, whi
h thus provide

boundary values of GPDs.

On the other hand, taking moments of these distributions in the momentum fra
tion

x gives the matrix elements of lo
al 
urrents, for instan
e of the ve
tor 
urrent in (1).

The moments of GPDs are thus given by elasti
 form fa
tors, just as the moments of

ordinary parton distributions give expe
tation values of operators, i.e., form fa
tors at

zero momentum transfer.

As in the 
ase of usual parton distributions, the operators appearing in the de�nition

of GPDs need to be renormalized. This indu
es a dependen
e on a fa
torization s
ale,

whi
h in a physi
al pro
ess provides the \borderline" between the hard subpro
ess ex-

pli
itly 
al
ulated in perturbation theory and the long-distan
e physi
s des
ribed by the

parton distribution. This dependen
e, whi
h is perturbatively 
al
ulable, is des
ribed by

evolution equations, whi
h are of interest in themselves. It is in fa
t this aspe
t on whi
h

the earliest studies of GPDs have fo
used on [1℄. In the regime of �g. 2b, the evolution is

similar to the standard DGLAP evolution of parton densities, with a kernel that depends

on the parameter � des
ribing the longitudinal momentum transfer to the partons. In

the regime of �g. 2
, evolution a
ts in a similar way as the ERBL evolution of meson dis-

tribution amplitudes [9℄. The evolution equations for ordinary parton distributions and

for distribution amplitudes, although a
ting in quite di�erent ways, are thus intimately

related, and the evolution of GPDs interpolates between these two extremes.

2.3. Spin and orbital angular momentum

GPDs have a ri
h stru
ture in the polarization of both the hadrons and the partons. For

quarks four di�erent 
ombinations 
ontribute to the Compton amplitude. The fun
tions

H

q

and E

q

are summed over the quark heli
ity, and

~

H

q

and

~

E

q

involve the di�eren
e

between right and left handed quarks. H

q

and

~

H

q


onserve the heli
ity of the proton,

whereas E

q

and

~

E

q

allow for the possibility that the proton heli
ity is 
ipped. In that


ase the overall heli
ity is not 
onserved: the proton 
hanges heli
ity but the quarks do

not, so that angular momentum 
onservation has to be ensured by a transfer of orbital

angular momentum. This is only possible for nonzero transverse momentum transfer, and
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therefore 
annot be observed with ordinary parton distributions, where the momenta p

and p

0

are equal. That GPDs deeply involve the orbital angular momentum of the partons

is re
e
ted in Ji's sum rule [2℄, whi
h states that the se
ond moment

R

dxx [H

q

(x; �; t) +

E

q

(x; �; t)℄ is a form fa
tor whose value at t = 0 gives the total angular momentum 
arried

by quarks, both its spin and orbital part.

3. MODELING GPDS

The wealth of information 
ontained in GPDs 
omes with the 
hallenge to handle

fun
tions of three kinemati
al variables x, �, and t. A good understanding of what this

fun
tional dependen
e may look like is important to formulate realisti
 models of these

fun
tions. It is also needed in order to devise physi
ally motivated parameterizations for

them, whi
h will probably be the starting point in trying to extra
t information from

data, just as is the 
ase for the ordinary parton densities.

E�orts to model GPDs are pro
eeding along di�erent lines. Many 
urrent parame-

terizations are based on the 
on
ept of double distributions [1,3℄, whi
h may be seen as

\generating fun
tions" for the GPDs. They in
orporate the nontrivial requirements on

the x and � dependen
e imposed by Lorentz invarian
e, and present a 
onvenient way to

use the known parton densities as an input to the model. One 
an however not expe
t to

obtain the physi
s of the q�q or gg region by \extrapolating" information from the usual

parton densities, so that su
h approa
hes are typi
ally supplemented with terms that only

have support in the region depi
ted in Fig. 2
. Examples are the Polyakov-Weiss D-term

and 
ontributions des
ribing pion ex
hange in the t-
hannel [10℄.

Other approa
hes in
lude models based on the representation of generalized distribu-

tions in terms of light-
one wave fun
tions [11℄. The possible stru
ture of GPDs 
an also

be explored in �eld theories su
h as QED [6℄ or two-dimensional QCD [12℄, whi
h are

simpler than full QCD. Finally, there have been attempts to 
al
ulate GPDs in approxi-

mations of QCD su
h as the MIT bag [13℄ and the 
hiral quark soliton model [14℄. Let

us remark that several of these approa
hes do not support a simple fa
torizing ansatz of

the type f(x; �; t) = g(x; �)F (t) for the GPDs. In the light of our dis
ussion above, this

re
e
ts that the 
orrelation between transverse and longitudinal stru
ture in the proton

in indeed nontrivial.

4. BASIC PHENOMENOLOGY

Apart from deeply virtual Compton s
attering (DVCS), a large 
lass of pro
esses where

GPDs o

ur is ex
lusive ele
troprodu
tion of a meson M , shown in Fig. 3. In that 
ase,

a se
ond non-perturbative ingredient is the meson distribution amplitude. While this

makes the theoreti
al des
ription more involved, meson produ
tion pro
esses o�er a way

to sele
t GPDs with di�erent spin and 
avor stru
ture in the target, depending on the

quantum numbers of M .

That GPDs o

ur in the des
ription of the above pro
esses at large Q

2

is the statement

of fa
torization theorems [15℄. They also predi
t the Q

2

behavior of the 
orresponding




�

p amplitudes at �xed x

B

and t. For DVCS the amplitude then be
omes independent

of Q, whereas it falls like 1=Q for meson produ
tion, with 
orre
tions in logQ

2

due to

radiative 
orre
tions in both 
ases. The amplitudes are then proportional to 
onvolutions
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Figure 3. Feynman diagrams for ex
lusive produ
tion of a meson M at large photon

virtuality Q

2

.

of the GPDs with an expression for the hard s
attering. To leading order in �

s

this has

the form

Z

dx

f(x; �; t)

� � x� i�

� fx!�xg; (2)

both for DVCS and for meson produ
tion, where f stands generi
ally for a GPD. Noti
e

that due to Feynman's i� pres
ription, this expression has both a real and an imaginary

part. The GPDs themselves are real valued as a 
onsequen
e of time reversal invarian
e.

A rather unique opportunity to a

ess this dynami
al phase is o�ered by DVCS.

Measured in ele
troprodu
tion ep! ep
, virtual Compton s
attering interferes with the

Bethe-Heitler pro
ess, where the �nal state photon is radiated o� the lepton, 
f. Fig. 4.

Making use of this interferen
e term with a 
ompletely 
al
ulable QED amplitude, one


an obtain valuable phase information on the Compton pro
ess [16℄, whi
h would greatly

help to unravel the x and � dependen
e of the GPDs from 
onvolutions as in (2).

The large Q

2

limit also sele
ts the heli
ities of the photon and meson: the leading

amplitudes involve a transverse 


�

in DVCS, and longitudinal polarization for both 


�

and M in meson produ
tion. In the 
ase of DVCS, the stru
ture and des
ription of

*γ

p’p

e

e’

(a) (b)

γ

e

p p’

e’

γ

Figure 4. Diagrams for the (a) Compton and (b) the Bethe-Heitler pro
esses, 
ontributing

to ele
troprodu
tion ep! ep
.
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the subleading terms going like 1=Q is now also known [17℄. It turns out that, up to

still higher 
orre
tions, these terms involve only the longitudinally polarized 


�

. Using

angular distributions in the �nal state of the ele
troprodu
tion pro
ess ep ! ep
, one


an separate the 
ontributions from the di�erent heli
ity transitions [16,18℄. This means

on one hand that in suitable observables the leading terms do not su�er potentially large

1=Q 
orre
tions, and on the other hand, that at least the �rst subleading terms in 1=Q


an be studied for themselves, without a large ba
kground from leading 
ontributions.

Similar statements hold for meson ele
troprodu
tion, ep! epM .

5. CONCLUSIONS

The basi
 properties and the basi
 physi
s potential of GPDs are rather well understood

by now, and their appearan
e in the des
ription of ex
lusive pro
esses rests on solid

ground. Progress has been made in understanding the possible shapes of GPDs, but

more experien
e will be ne
essary in order for theory to keep tra
k with the en
ouraging

experimental developments in the �eld. The same is true for our understanding of the


orre
tions in �

s

and in 1=Q to the simple dynami
al pi
tures of Figs. 1 and 3, whi
h are

dis
ussed in [17℄.
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