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Exclusive diffractive electroproduction of dijets in collinear factorization
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Exclusive electroproduction of hard dijets can be described within the collinear factorization. This
process has clear experimental signature and provides one with an interesting alternative venue to test
QCD description of hard diffractive processes and extract information on generalized nucleon parton
distributions. In this work we present detailed leading-order QCD calculations of the relevant cross
sections, including longitudinal momentum fraction distribution of the dijets and their azimuthal angle
dependence.
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I. INTRODUCTION

The QCD description of hard diffraction presents an
interesting challenge at the crossroads of soft and hard
physics and appeals for a synthesis of various theoretical
approaches. In particular diffractive exclusive dijet produc-
tion in deep-inelastic lepton-nucleon scattering has at-
tracted considerable attention [1–4]. This process can
intuitively be visualized as the incident virtual photon
disintegration into a quark-antiquark pair with large and
opposite transverse momenta

e�l�p�p� ! e�l0�q�q1� �q�q2�p�p0�: (1)

Here l, l0 and p, p0 are the initial and the final momenta of
the lepton and the nucleon, respectively, while q1 and q2
are the jet momenta which to the tree level accuracy can be
identified with the momenta of the outgoing quark and
antiquark, see Fig. 1. In the following discussion we will
use conventional variables

q � l� l0; q2 � �Q2; xBj �
Q2

2�p � q�
;

y �
�q � p�
�l � p�

(2)

and neglect the proton mass whenever it is possible.
Our interest to the reaction in (1) is twofold. First, this

process provides one with a sensitive probe of the gener-
alized gluon parton distribution (GPD) in the nucleon [5,6],
see e.g. [7]. In this quality, the dijet production with large
invariant mass is complementary to e.g. exclusive �-meson
production and may offer some advantages because it is
likely to be less affected by higher twist effects. Second, a
quantitative understanding of dijet electroproduction is
imperative in order to address more ambitious and theo-
retically more challenging cases of hard dijet production
by incident pions [8–13] and real photons [12,14]. Another
very important extension is exclusive dijet production in
pp collisions, where one can study many aspects relevant
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for exclusive diffractive Higgs production [15]. In the
future, there might also be an interesting opportunity to
study spin asymmetries in dijet production at eRHIC ac-
celerator, see e.g. [16].

In theory, exclusive dijet production is defined as the
process in which the invariant energy M2 deposited in the
two narrow angular regions (jet cones), M2 � �q1 � q2�

2,
almost coincides with the total invariant mass M2

diff �
�p� q� p0�2 of the diffractively produced system, M2 	
�1� ��M2

diff , with �
 1 serving as an infrared cutoff. In
existing experiments, diffractive events are usually defined
by the presence of large rapidity gaps in the hadronic final
state, and main observation that triggered the interest to
hard diffraction has been that the probability of large
rapidity gaps is not exponentially suppressed. Somewhat
imprecisely, we will refer to dijet production under the
condition of a large rapidity gap in the hadronic final state
as inclusive production. There are arguments that inclusive
diffraction production of dijets with large invariant mass is
dominated by processes like the one shown in Fig. 1(b)
with a gluon (gluons) emitted from the gluon ladder (pom-
eron) in the t channel. The gluon in Fig. 1(b) is emitted
preferably in the central rapidity region, which corresponds
to the case M2

diff � M2.
The experimental distinction between exclusive and in-

clusive dijets proves to be an intricate problem. One pos-
sibility to make such a separation would be to study the
corresponding event shapes, for example, by imposing a
suitable cutoff in the heavy jet mass. Another proposal [11]
is to identify the exclusive dijet final state by requiring that
the jet transverse momenta are compensated to a high
accuracy within the diffractive cone and making some
additional cuts. This approach seems to work for the case
of coherent dijet production from nuclei by incident pions,
and for photoproduction the corresponding experimental
program is proposed for HERA [12].

The dijet electroproduction at highQ2 offers itself as the
simplest process of this kind, in which QCD collinear
-1  2005 The American Physical Society
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FIG. 1. Kinematics of hard diffractive dijet production.
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factorization can be established and allows one to make
well defined and stable predictions for the exclusive dijet
longitudinal momentum fraction distributions as well as
the dependence on the azimuthal angle between the jet and
the lepton planes; these distributions can be used to test the
separation of exclusive dijets from the inclusive sample.
The purpose of this paper is to work out the necessary cross
sections and present detailed calculations for HERA kine-
matics. A similar program was suggested in Ref. [3] where
a different theoretical approach based on kt factorization
was used. Our calculation is also similar to [4] where hard
exclusive meson pair production has been considered. A
comparison of this earlier work with our results is done
below in the text.

Throughout this paper we will work in a reference frame
where the virtual photon and the proton collide back-to-
back. We will neglect proton mass whenever possible,
p2 � p02 ! 0, and choose the (almost) lightlike incident
proton momentum p� to be in ‘‘plus’’ direction. It is
convenient to introduce another lightlike vector in ‘‘mi-
nus’’ direction:

q0� � q� � xBjp�; q02 � 0; �q0 � p� � �q � p�;

(3)

so that e.g. the lepton momenta can be decomposed in the
two light-cone components �p; q0 and the orthogonal
plane:

l� �
1

y
q0� �

�1� y�xBj
y

p� � l?�;

l0� �
1� y
y

q0� �
xBj
y
p� � l?�; l2? �

1� y

y2
Q2:

(4)

Note that l2? is defined as the square of the transverse plane
vector, i.e. with opposite sign compared to the square of the
corresponding four-vector.

Further, let W be the invariant c.m. energy of the virtual
photon-proton scattering subprocess
034016
���q�p�p� ! q�q1� �q�q2�p�p0�; (5)

i.e. s��p � �q� p�2 � W2. We define

� � p0 � p; P �
p� p0

2
; t � �2;

�q� ��2 � M2; xBj �
Q2

W2 �Q2 :

(6)

To our approximation M2 � �q1 � q2�2 is an invariant
mass of the diffractively produced system.
II. KINEMATICS OF EXCLUSIVE DIJET
PRODUCTION

We introduce two lightlike vectors

n2� � n2� � 0; n�n� � 1 (7)

in such a way that

p � �1� ��Wn� � p�; q0 �
Q2 �W2

2W�1� ��
n� � q0�;

(8)

where � is the usual asymmetry parameter [5] which
defines, in the scaling limit, the plus component of the
momentum transfer

� �
p� � p0

�

p� � p0
�

: (9)

Any four-vector a� is decomposed as

a� � a�n�� � a�n�� � a�?; a
2 � 2a�a� � a2?: (10)

Then, in particular

q �
Q2 �W2

2W�1� ��
n� �W�1� ��xBjn�;

p0 � �1� ��Wn� �
�2

?

2�1� ��W
n� � �?:

(11)
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FIG. 2. The azimuthal angle � is defined as the angle between
the two planes: one formed by the lepton momenta l; l0 and the
other one by the jet momenta q1; q2.
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We consider the case when jet transverse momenta are
compensated, �q1 � q2�? � ��? � 0 so that the last
two terms in the second equation in (11) can be dropped.
The momenta of the dijets can be written as

q1 � z
Q2 �W2

2W�1� ��
n� �

q2? �m2

zQ2 W�1� ��xBjn� � q?;

q2 � �z
Q2 �W2

2W�1� ��
n� �

q2? �m2

�zQ2 W�1� ��xBjn� � q?;

(12)

wherem is the quark mass and z is the relative longitudinal
minus momentum fraction carried by the quark jet. Here
and below we use a shorthand notation

�z � 1� z:

The dijet invariant mass equals

�q1 � q2�2 � M2 �
q2? �m2

z�z
(13)

and the asymmetry parameter

2�
1� �

�
Q2 �M2

Q2 �W2 : (14)

For future convenience we introduce the notation

�2 � m2 � z�zQ2; (15)

and the parameter

� �
�2

q2? ��2 �
Q2 � m2

z�z

M2 �Q2 ; (16)

which for light quark jets m! 0 coincides with the con-
ventional � parameter used in the description of diffractive
deep-inelastic scattering, see e.g. [17].

We will calculate the distributions in the angle between
the electron scattering and the jets planes, cf. [3,18]. In
order to define this angle we introduce two transverse unit
vectors

ex � �0; 1; 0; 0�; ey � �0; 0; 1; 0�; (17)

in such a way that the incident lepton transverse momen-
tum (4) is in x direction, l? � jl?jex, and the quark jet
transverse momentum equals to q? � jq?j�ex cos��

ey sin��, see Fig. 2.
The deep-inelastic differential cross section is written as

d� � �2 �4!4�l� p� l0 � q1 � q2 � p0�
jMj2

4�l � p�

�
d3l0d3q1d

3q2d
3p0

�2 �122l002q1;02q2;02p
0
0

: (18)

The amplitude M can be expressed in terms of the
amplitude of the photon-nucleon scattering. In the
Feynman gauge we have
034016
M �

���������������
4 "em

p

Q2
�u�l0���u�l�g�%M%

�� ; (19)

and using gauge invariance can replace the g�% tensor by
the sum of projections on the different possible polariza-
tion vectors of the virtual photon:

g�% ! e�Le
%
L �

X
'�x;y

e�T;'e
%
T;': (20)

In what follows we use the longitudinal polarization
vector

eL �
Q2 �W2

2WQ�1� ��
n� �

W
Q

�1� ��xBjn�; (21)

and define the transverse polarization vectors as

eT � 0 � n� � 0 � n� � e?; eT;x � ex;

eT;y � ey:
(22)

Accordingly, we define the photon subprocess amplitudes
for different polarizations as

A L � M�
��eL;�; AT � M�

��eT;� (23)

and

A x
T � M�

��ex;�; Ay
T � M�

��ey;�: (24)

It is not difficult to show that

d3l0

2l00
�

1

4
dydQ2d�l0 (25)

and the cross section of interest takes the form
-3
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�2 �
d�

dydQ2d�l0
�

"em
 Q2y

�
4� 4y� y2

4
jAx

T j
2 �

y2

4
jAy

Tj
2

� �1� y�jALj
2

� �2� y�
������������
1� y

p
Re�Ax

TA
�
L�

�

�
dzd�dq2?

29 4z�z�W2 �Q2��W2 �M2�

�
d�2

?d�p0

2 
: (26)

Here �p0 is the azimuthal angle for the outgoing nucleon.
The corresponding integration is trivial so that the factor
d�p0=2 can be replaced by unity for all practical pur-
poses. In the numerical calculation described below we
assume the behavior d�=d�2

? � exp��b�2
?� with the uni-

versal slope b � 5 GeV2.

III. CALCULATION OF THE AMPLITUDES

Collinear factorization assumes that the amplitudes in
question can be written in a factorized form, as a convolu-
tion of generalized parton distributions with perturbatively
calculable functions describing virtual photon—quark
scattering and the jet evolution. This implies that, with an
appropriate (di)jet definition, all soft singularities will
cancel and the remaining collinear singularities can be
absorbed in the evolution of the GPDs. Although the
formal proof of the corresponding factorization theorem
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FIG. 3. Gluon contribution to the
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has not been given so far, the experience with other hard
diffraction processes, in particular, deeply virtual Compton
scattering [19] and meson production [20], suggests that an
all-order proof can be given along the similar lines. The
novel feature is, however, the necessity to consider gluon
radiation in the final state. One should show that soft and
collinear divergencies which are present both in the virtual
corrections to the amplitude of q �q par production and in
the integration over the phase space of the radiated gluons
are canceled in the jet cross section. At this stage the
dependence of the cross section on the parameters
which enter jet definition (e.g. calorimetric) will appear.
Most importantly, in the present case there is no problem
with pinching of singularities in the Glauber region that
spoils factorization in the production of dijets with large
transverse momenta by incident pions [9] or in photopro-
duction [14].

In this work we calculate the necessary amplitudes to
leading order in perturbation theory. The corresponding
diagrams are shown in Figs. 3 and 4 for the gluon and quark
contributions, respectively. In both cases the addition of
symmetric diagrams with the permutation of the quark and
the antiquark is understood.

In the framework of collinear factorization, the neces-
sary hadronic input is parametrized in terms of generalized
parton distributions (GPDs). GPDs are defined as matrix
elements of light-ray quark and gluon operators sand-
wiched between nucleon (proton) states with different
momenta [5,6]:
Fq�x; �;�2� �
1

2

Z d'
2 
eix�Pz�hp0j �q

�
�
z
2

�
n6 �q

�
z
2

�
jpijz�'n�

�
1

2�Pn��

�
H q�x; �;�2� �u�p0�n6 �u�p� � Eq�x; �;�2� �u�p0�

i�"�n�"��
2mN

u�p�
�
;

Fg�x; �;�2� �
1

�Pn��

Z d'
2 
eix�Pz�n�"n��hp0jG"�

�
�
z
2

�
G��

�
z
2

�
jpijz�'n�

�
1

2�Pn��

�
H g�x; �;�2� �u�p0�n6 �u�p� � Eg�x; �;�2� �u�p0�

i�"�n�"��
2mN

u�p�
�
:

(27)
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hard exclusive dijet production.
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FIG. 4. Quark contribution to the hard exclusive dijet production.
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Here u�p� and �u�p0� are the nucleon spinors. In both cases insertion of the path-ordered gauge factor between the field
operators is implied. The momentum fraction x, �1 � x � 1, parametrizes parton momenta with respect to the symmetric
momentum P � �p� p0�=2. In the forward limit, p0 � p, the contributions proportional to the functions Eq�x; �;�2� and
Eg�x; �;�2� vanish, whereas the distributions H q�x; �;�2� and H g�x; �;�2� reduce to the ordinary quark and gluon
densities:

H q�x; 0; 0� � q�x� for x > 0; H q�x; 0; 0� � � �q��x� for x < 0; H g�x; 0; 0� � xg�x� for x > 0: (28)

Note that the gluon GPD is an even function of x, H g�x; �;�2� � H g��x; �;�2�.
The calculation is relatively straightforward so that we omit the details. The ��N scattering amplitude for the

longitudinal photon polarization can be written as

A g
�L � �

4 "s
���������������
4 "em

p
eq!ij

Nc

z�zQW

�q2? ��2�2
�u�q1�n6 �v�q2��I

g
L � 2CFI

q
L�; (29)

where

IgL �
Z 1

�1
dxFg�x; �;�2�

�
2� ��

�x� �� i��2
�

2� ��

�x� �� i��2
�

2��1� 2��
�x� �� i���x� �� i��

�
;

IqL �
Z 1

�1
dxFq�x; �;�2�

�
2��z

�x� �� i��
�

2�z
�x� �� i��

�
: (30)

We denote �� � 1� �, u�q1�, v�q2� are the quark spinors and !ik stands for the colors of the outgoing quarks, CF �
�N2

c � 1�=2Nc where Nc � 3 for QCD. For the transverse photon polarization we obtain

A �T � �
2 "s

���������������
4 "em

p
eq!ij

Nc

W

�q2? ��2�2
f� �u�q1��me6 ?�n6 �v�q2�I

g
L � �u�q1�q6 ?e6 ?n6 �v�q2��2CFI

q1
T � �zIgT�

� �u�q1�e6 ?q6 ?n6 �v�q2��2CFI
q2
T � zIgT�g; (31)

with

IgT �
Z 1

�1
dxFg�x; �;�2�

�
��1� 2��

�x� �� i��2
�

��1� 2��

�x� �� i��2
�

4��
�x� �� i���x� �� i��

�
;

Iq1T �
Z 1

�1
dxFq�x; �;�2�

�
2�z�z

�x� �� i��
�

2���z2

���x� �� i��
�

2��z2

���x� ��1� 2�� � i��

�
;

Iq2T �
Z 1

�1
dxFq�x; �;�2�

�
2��z2

���x� �� i��
�

2�z�z
�x� �� i��

�
2�z2

���x� ��1� 2�� � i��

�
: (32)

In both cases the expressions are written for one quark flavor. The quark mass corrections have been omitted for quark
contributions, cf. Fig. 4, and only have to be taken into account in the charm- or eventually beauty-quark production in the
034016-5
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gluon contributions shown in Fig. 3. Note that for heavy quark jets our definition of the � parameter (16) differs somewhat
from the conventional � parameter used in the description of diffraction scattering.

Using the virtual photon amplitudes given in (29) and (31) we calculate the dijet cross section, summed over helicities
and color of the produced �q �q� pair:

d�

dydQ2 �
"em
 Q2y

�
1� �1� y�2

2
d�T � 2�1� y� cos2�d�TT � �1� y�d�L � �2� y�

������������
1� y

p
cos�d�LT

�
; (33)

where

d�T �

�
m2

q2?
jIgLj

2 � j �zIgT � 2CFI
q1
T j2 � jzIgT � 2CFI

q2
T j2

�
d�;

d�TT � Re���zIgT � 2CFI
q1
T ��zIgT � 2CFI

q2
T ���d�;

d�L � 4�z�z�2
Q2

q2?
jIgL � 2CFI

q
Lj

2d�;

d�LT � 2�z�z�
Q
q?

Re��IgL � 2CFI
q
L���1� 2z�IgT � 2CF�I

q1
T � Iq2T ����d�

(34)
and

d� �
"em"2

se2q
16 Nc�1� �2�

q2?dq
2
?d�

2
?dzd�

�q2? ��2�4
: (35)

The same cross section in the k?-factorization approach
of Ref. [2] can be recovered by neglecting the double-pole
terms in IgL, IgT , in (30) and (32), taking into account the
imaginary part only

IgL ! i � 2�1� 2��Fg��; �;�2�;

IgT ! �i � 4�Fg��; �;�2�;
(36)

and also neglecting the quark mass and quark contributions
altogether. The result coincides with the expression given
in [3], except for the sign in the last term in (33) � cos�.
Our sign agrees with an independent calculation in [18] in
a kind of a two-gluon exchange model. (To be precise,
our definition of � differs in sign from the definition used
in [18].)
IV. NUMERICAL RESULTS

The numerical results presented below are calculated
using a model for the generalized parton distributions
that is based on CTEQ6L [21] (solid curves) and
MRST2001LO [22] (dashed curves) leading-order parton
distributions at the scale 4 GeV2. For our analysis we
neglect the contributions of Eq and Eg, see (27), since their
contributions is expected to be minor in the HERA energy
range. The H q and H g distributions are modeled using
the parametrization in terms of the so-called double dis-
tributions using an ansatz proposed in [23] with profile
functions chosen to be  �x; y� � 6y�1� x� y��1� x��3

for quarks and  �x; y� � 30y2�1� x� y�2�1� x��5 for
gluons. We use the two-loop running QCD coupling cor-
034016
responding to the value "s�MZ� � 0:1165. For the scale of
the running coupling we take m2 � q2? � z�zQ2 for the
c quark, and q2? � z�zQ2 for the light quark production.
The charm quark mass is taken to be mc � 1:25 GeV. We
plot one-dimensional differential cross sections obtained
by integrating (33) over the remaining variables. The dis-
tributions over the longitudinal momentum fraction of the
dijets (‘‘z distributions’’) are shown for the integral over all
azimuthal angles, 0<�< 2 , whereas for the azimuthal
angle distributions (‘‘� distributions’’) we integrate in the
range 0:1< z< 0:9. We take integration limits in the deep-
inelastic y-variable 0:1< y< 0:4 which roughly corre-
sponds to the energy interval W � 100–200 GeV. We
also integrate over the dijet transverse momenta q2? > q

2
0

with three choices for the cutoff: q0 � 1:25; 1:5; 1:75 GeV,
and over Q2 in the range Q2 � 10–500 GeV2. In addition,
we introduce a cutoff on the invariant dijet mass M2 <Q2

alias for the diffractive DIS � parameter

�DDIS � Q2=�Q2 �M2�> 0:5

[cf. (16)], which is supposed to facilitate the extraction of
the exclusive diffractive dijet cross section experimentally.
Indeed, in the region of large �DDIS radiation of an addi-
tional gluon (gluons) in the final state, as shown in
Fig. 1(b), represents a radiative correction O�"s� to the
main process, the q �q pair production. At the same time, for
small �DDIS radiation of gluons is enhanced by large
logarithms of the energy and is numerically very impor-
tant. It leads to events which have a topology of inclusive
diffractive dijet production. In this case a dedicated experi-
mental procedure is needed to isolate the exclusive
contribution.

In our calculation we find that the contribution of charm
quark dijets appears to be rather modest. Nevertheless, note
-6
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FIG. 5. Longitudinal momentum fraction distribution of the dijets, summed over all quark flavors q � u; d; s; c. The three curves
correspond to different minimum dijet transverse momenta; from above to below: q0 � 1:25; 1:5; 1:75 GeV. The solid and the dashed
curves correspond to a model for the generalized parton distribution based on the leading-order CTEQ6L and MRST2001LO leading-
order parton distributions, respectively. The results shown on panel (a) correspond to the calculation with a cutoff Q2=�Q2 �M2�>
0:5, whereas the ones shown on panel (b) are calculated without such a cutoff. In the latter case we take Q2 > 10 GeV2.
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that we did not perform the analysis of the J=Psi family
resonances production and decay into final states which
have the dijet topology. In order to suppress the contribu-
tions of resonances one can use an additional cut condition,
M>M0. We have checked that a cutoffM0 � 5 GeV does
not lead to a dramatic reduction of cross sections, although
the shape of the z distribution is modified considerably.

Last but not least, it is worthwhile to mention that all
calculations in this work refer to the parton-level cross
sections, hadronization effects are not taken into account.
We also average over the quark and the antiquark jets, since
their distinction is very difficult experimentally. With this
averaging, the last term ��LT in (33) drops out.

The longitudinal momentum fraction and the azimuthal
angle distributions of the dijets, summed over all quark
flavors q � u; d; s; c, are shown in Figs. 5 and 6, respec-
tively. Note that the z distributions are affected strongly by
the cutoff �DDIS > 0:5 [24], while the � distributions re-
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  /
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 , 
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σ

φ

φ

(a)

FIG. 6. Azimuthal angle distribution of the dijets, q? > 1:25 GeV,
panels and curves is the same as in Fig. 5, see also text.
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main qualitatively the same. This effect is easy to under-
stand and is due to a strong kinematic suppression of small
z! 0 and large z! 1 longitudinal momentum regions
that correspond to large masses of the diffractively pro-
duced system. The difference between the solid and the
dashed curves is mainly in the absolute normalization and
it arises because of the different small-x behavior of the
CTEQ6L and MRST2001LO gluon distributions.

We expect that the accuracy of our calculation is mainly
limited by the size of the next-to-leading-order (NLO)
corrections. E.g. for vector meson electroproduction the
NLO corrections were found to be large [25]. The uncer-
tainties involved in the modeling of generalized (off-
forward) parton distributions are probably less important
in the HERA energy range that we consider in this work.

The same distributions are plotted in Figs. 7 and 8 for the
contributions of c-quark jets separately. Note that the cut-
off �DDIS > 0:5 leads to a dramatic reduction of the cross
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summed over all quark flavors q � u; d; s; c. Identification of the
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FIG. 8. Same as in Fig. 6, but for charmed quark dijets only.
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FIG. 7. Same as in Fig. 5, but for charmed quark dijets only.
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section in this case, so that the c-quark contribution to the
distributions in Figs. 5(a) and 6(a) is rather small.

As it can be expected, the dijet production is dominated
by the contribution of transverse photon polarization, d�T
in Eq. (33). The contribution of the longitudinal polariza-
tion, d�L, is shown separately in Fig. 9 for the case q? >
1:5 GeV. It is seen that the relative weight of the longitu-
dinal contribution is effectively enhanced by the cutoff
0.2 0.4 0.6 0.8 1
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40
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  /
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b
σ
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(a)

FIG. 9. Longitudinal momentum fraction distribution of the dijets w
flavors q � u; d; s; c (the two upper curves). The contribution of th
lower curves). The calculation is made with [panel (a)] and without [
dashed curves correspond to the CTEQ6L and MRST2001LO param
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�DDIS > 0:5 (since d�T is peaked at small and large z
and is strongly suppressed in the end point regions by the
cutoff).

In addition, in Fig. 10 we show the y distribution of the
cross section, integrated over the longitudinal momentum
fraction of the jets, and over the azimuthal angle. This plot
represents, essentially, the energy dependence of the cross
section of virtual photon-proton scattering (5). In the con-
0.2 0.4 0.6 0.8 1

25
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100
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150

σ d 
  /

d z
, p

b
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ith transverse momentum q? > 1:5 GeV, summed over all quark
e longitudinal photon polarization is shown separately (the two
panel (b)] a cutoff �DDIS � Q2=�Q2 �M2�> 0:5. The solid and
etrizations, respectively.
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FIG. 10. The y distribution of the dijets, yd�=dy, summed
over all quark flavors q � u; d; s; c. The calculation is made
with a cutoffQ2=�Q2 �M2�> 0:5. Identification of the curves is
the same as in Fig. 5, see also text.
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sidered kinematic range we find a steep rise ���p �

�W2�0:24–0:26 which is typical for hard diffractive processes.
Finally, let us compare our results with the ones

obtained earlier in [2,3] within the kt-factorization frame-
work. Qualitatively, both collinear factorization and
kt factorization approaches lead to similar predictions: in
particular, the same overall Q2 scaling, strong energy
dependence of the virtual photon-proton scattering and
the prediction that jets prefer a direction perpendicular to
the electron plane. This is not surprising since both tech-
niques coincide in the double logarithmic approximation,
see (36). The direct comparison of numerical predictions is
difficult due to different cuts used and also different pa-
rametrizations for the input gluon parton distributions. It
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  /
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FIG. 11. The longitudinal momentum fraction distribution of
the dijets with transverse momentum q? > 1:25 GeV summed
over light quark flavors q � u; d; s. The contributions of the
gluon and the quark GPDs are shown by the dashed and the dash-
dotted curves, respectively. The sum of all contributions includ-
ing the quark-gluon interference terms is shown by the solid
curve. The calculation is made with a cutoff �DDIS > 0:5 and
CTEQ6L parton distributions.
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seems, however, that our cross sections tend to be roughly
factor of 2 smaller than the ones reported in [2,3].

Beyond the double logarithmic approximation there are
differences. In collinear factorization quark GPD contrib-
utes together with gluon GPD at the leading order. It turns
out that the quark GPD contribution to the amplitude is
quite significant. However, we find (as a representative
example, see Fig. 11) that it interferes destructively with
the gluon GPD contribution and, as the result, the contri-
bution of quark GPD to the cross section cancels to a large
extent with the gluon-quark GPDs interference term.
Remarkably, this cancellation does not affect much the
shape of different distributions, and only results in a mod-
erate increase of the cross section, as compared to the
calculation with only the gluon GPD taken into account.
One noticeable exception is the longitudinal contribution
to the cross section calculated with a �DDIS cutoff. As
seen in Fig. 12, neglecting quark GPD contribution under-
estimates the longitudinal cross section by more than a
factor two.

Another difference and a distinct feature of the collinear
factorization approach is the appearance of double poles in
the coefficient functions for the gluon contributions to both
the transverse (32) and the longitudinal (30) amplitudes.
Such double-pole terms have no counterparts in the kt
factorization approach. In Fig. 13 we show absolute values
of IgT and IgL as defined in Eqs. (30) and (32), respectively,
calculated for a typical value of the asymmetry parameter
� � 0:001 (9) and for different values of the � parameter
(16). The double-pole contributions (shown by dashed
curves) are important in the regions where the main
single-pole terms vanish: at small � for the transverse
amplitude and at �� 0:5 for the longitudinal amplitude.
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FIG. 12. Longitudinal momentum fraction distribution of the
dijets with transverse momentum q? > 1:5 GeV, summed over
all quark flavors q � u; d; s; c. The full calculation (solid curves)
is compared with the result that includes the contribution of
the gluon GPD only (dashed curves). The two lower curves
show the longitudinal contribution separately. The calculation
is made with a cutoff �DDIS > 0:5 and uses CTEQ6L parton
distributions.
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FIG. 14. Longitudinal momentum fraction distribution of the dijets, summed over the light quark flavors q � u; d; s. The three pair
of curves correspond to different minimum dijet transverse momenta, from above to below: q0 � 1:25; 1:5; 1:75 GeV. The solid and
the dashed curves correspond to calculations when both the imaginary and the real part of the amplitude and when only the imaginary
part of the amplitude is taken into account, respectively. The results shown on panel (a) correspond to the calculation with a cutoff
�DDIS > 0:5, whereas the ones shown on panel (b) are calculated without such a cutoff. In the latter case we take Q2 > 10 GeV2.
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It is known that at large energies (small x) the ampli-
tudes are predominantly imaginary. Also in our case the
imaginary part of the amplitude dominates the dijet cross
section. We find however, see Fig. 14, that the contribution
of the real part is quite sizable close to the end points, z!
0 or z! 1, and especially in the case of the calculation
without a �DDIS cutoff.
V. SUMMARY AND CONCLUSIONS

We have presented a detailed analysis of exclusive dif-
fractive dijet production with large transverse momenta in
the framework of QCD collinear factorization. The calcu-
lation is done in leading order in the strong coupling. We
derived the expressions for the amplitudes for the q �q pair
production by the virtual photon both for the transverse and
the longitudinal polarizations and used these results for an
extensive numerical study of the differential cross section
034016
for HERA kinematics. We have checked that our results for
the amplitude are equivalent in the massless quark limit to
the ones obtained in [4] (where no separation into the
transverse and longitudinal contributions is made and dif-
ferent notation used for the GPDs). In the double logarith-
mic limit our result agrees [except for the sign of � cos�
term in (33)] with the one obtained in the kt factorization
approach [3].

Experimentally, the main challenge in the study of hard
dijet production is the necessity to have a clean separation
between the exclusive and inclusive channels. Since topol-
ogy of the event is different in these two cases, such a
separation should be possible to achieve using appropriate
cuts. The most practical possibility at present is probably to
limit the study of diffractive dijet electroproduction to the
kinematic region of large �DDIS, say �DDIS > 0:5, where
the exclusive q �q production represents the main contribu-
tion and radiation of an additional gluon (gluons) in the
-10
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final state is suppressed. Our estimates indicate that in the
region �DDIS > 0:5 the cross section remains sufficiently
large and we hope that such an analysis can be done at
HERA. As first noted in [3], the azimuthal angle distribu-
tion of the dijets can be used to check the separation of the
exclusive sample: exclusive jets prefer a direction perpen-
dicular to the electron scattering plane whereas in the
inclusive case the distribution is peaked in this plane. We
find that the azimuthal angle distribution is stable to vari-
ous cuts and is not very sensitive to the input GPDs, so it
can indeed be used as a useful trigger.

Though quark GPDs contribute significantly to the am-
plitude, we observe a large cancellation between the square
of the quark contribution and the gluon-quark GPDs inter-
ference term in the cross section. As the result, both the
magnitude of the cross section and the shape of different
distributions appear to be not very sensitive to the presence
034016
of quark GPD contributions (in the studied energy range).
This finding further strengthens the existing expectations
(see, e.g., [7]) that exclusive diffractive dijet production
may offer an interesting possibility to constrain the gener-
alized gluon parton distribution at small xB.
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