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We study ep deep inelastic scattering and the inclusive production of prompt photon within the

framework of the quasi-multi-Regge-kinematic approach, applying the quark Reggeization hypothesis.

We describe structure functions F2 and FL supposing that a virtual photon scatters on a Reggeized quark

from a proton, via the effective gamma-Reggeon-quark vertex. It is shown that the main mechanism of the

inclusive prompt photon production in p �p collisions is the fusion of a Reggeized quark and a Reggeized

antiquark into a photon, via the effective Regeon-Reggeon-gamma vertex. We describe the inclusive

photon transverse momentum spectra measured by the CDF and D0 Collaborations within errors and

without free parameters, using the Kimber-Martin-Ryskin unintegrated quark and gluon distribution

functions in a proton.
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I. INTRODUCTION

It is well known that studies of lepton deep inelastic
scattering (DIS) and production of photons with large
transverse momenta producing in the hard interaction be-
tween two partons in hadron collisions, so-called prompt
photon production, provide precision tests of perturbative
quantum chromodynamics (QCD) as well as information
on the parton densities within protons.

Also, these studies are our potential for the observation
of a new dynamical regime, namely, the high-energy
Regge limit, which is characterized by the following con-

dition:
ffiffiffi
S

p � � � �QCD, where
ffiffiffi
S

p
is the total collision

energy in the center of mass reference frame, �QCD is the

asymptotic scale parameter of QCD, and � is the typical
energy scale of the hard interaction. At this high-energy
limit, the contribution from the partonic subprocesses in-
volving t-channel parton (quark or gluon) exchanges to the
production cross section can become dominant. In the
region under consideration, the transverse momenta of
the incoming partons and their off-shell properties can no
longer be neglected, and we deal with ‘‘Reggeized’’
t-channel partons.

The theoretical frameworks for this kind of high-energy
phenomenology are the kT-factorization approach [1–3]
and the quasi-multi-Regge kinematics (QMRK) approach
[4]. Our previous analysis of charmonium and bottomo-
nium production at the Fermilab Tevatron and DESY
HERA Colliders using the high-energy factorization
scheme [5] has shown the appreciation of the method
even at the leading order (LO) in the strong-coupling
constant �s in comparison with the experimental data.
We have found that essential features produced by the
high-energy factorization scheme at LO are being at

next-to-leading (NLO) in the conventional collinear parton
model.
Contrary to the kT-factorization scheme, which is based

on the well-known prescription for off-shell t-channel
gluons [2], the QMRK approach seems to be more proper
theoretically [6]. In this approach we work with gauge-
invariant amplitudes and use the factorization hypothesis,
which is proved in the leading-logarithmic-approximation.
Recently, it was shown that the calculation at the NLO in
the strong coupling constant within the framework of the
QMRK approach can be done [7].
In this paper, we study the ep DIS and the inclusive

production of prompt photon within the framework of the
QMRK approach, applying the quark Reggeization hy-
pothesis [8]. We describe DIS structure functions F2 and
FL suggesting that a virtual photon scatters on a Reggeized
quarks from a proton, via the effective gamma-Reggeon-
quark vertices. It is shown that the main mechanism of the
inclusive prompt photon production in p �p collisions is the
fusion of a Reggeized quark and a Reggeized antiquark
into a photon, via the effective Reggeon-Reggeon-gamma
vertex. We describe the inclusive photon transverse mo-
mentum and pseudorapidity spectra measured by the D0
[9,10] and CDF [11] Collaborations within errors and
without free parameters using Kimber-Martin-Ryskin un-
integrated [12] quark and gluon distribution functions in a
proton. In the case of prompt photon production, we com-
pare our results with the results obtained recently in the
kT-factorization approach [13–15].
This paper is organized as follows. In Sec. II, the rele-

vant Reggeon-Reggeon-particle and particle-Reggeon-
particle effective vertices are written and discussed. In
Sec. III, we consider ep DIS in the QMRK approach,
applying the quark Reggeization hypothesis. In Sec. IV,
we describe in the high-energy factorization scheme, the
inclusive photon production at the Tevatron Collider both
directly via the effective Reggeon-Reggeon-gamma verti-*saleev@ssu.samara.ru
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ces, and in the quark fragmentation into a photon via the
Reggeon-Reggeon-particle vertex. In Sec. V, we discuss
and compare the relevant approaches used in other studies
within the kT-factorization approach. In Sec. VI, we sum-
marize our conclusions.

II. BASIC FORMALISM

In the phenomenology of strong interactions at high
energies, it is necessary to describe the QCD evolution of
the parton distribution functions of colliding particles start-
ing with some scale �0, which controls a nonperturbative
regime, to the typical scale � of the hard-scattering pro-
cesses, which is typically of the order of the transverse

mass MT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ jpTj2

p
of the produced particle with

mass M and transverse momentum pT . In the region of
very high energies, in so-called Regge limit, the typical

ratio x ¼ �=
ffiffiffi
S

p
becomes very small, x � 1. That leads to

large logarithmic contributions of the type ½�s lnð1=xÞ�n in
the resummation procedure, which is described by the
Balitsky-Fadin-Kuraev-Lipatov evolution equation [16]
for an unintegrated gluon (quark) distribution function
�g;qðx; jqTj2; �2Þ. Correspondingly, in the QMRK ap-

proach [4] the initial-state t-channel gluons and quarks
are considered as Reggeons, or Reggeized gluons (R) and
Reggeized quarks (Q). They are off-mass shell and carry
finite transverse two-momenta qT with respect to the had-
ron beam from which they stem.

Recently, in Ref. [17], the Feynman rules for the effec-
tive theory based on the non-Abelian gauge-invariant ac-
tion [6] were derived for induced and important effective
vertices. However, these rules include processes with
Reggeized gluons in the initial state only. In case of
t-channel quark-exchange processes such rules are un-
known today, and it is necessary to construct effective
vertices with the Reggeized quarks, using QMRK ap-
proach prescriptions, each time from the beginning. Of
course, a certain set of Reggeon-Reggeon-particle effective
vertices are known, for example, for the transitions RR !
g [18] and Q �Q ! g [8].

Roughly speaking, the Reggeization of amplitudes is a
trick that offers an opportunity to take into account effi-
ciently large radiative corrections to the processes under a
Regge limited condition beyond the collinear approxima-
tion. The particle Reggeization is known in high-energy
quantum electrodynamics for electrons only [19] and for
gluons and quarks in QCD [8,16].

Contrary to the usual QCD vertices such as, for example,
quark-quark-gluon vertex for which we can draw a definite
set of Feynman diagrams with perfectly defined rules for
the calculation of their contributions, we have no similar
rules for the Reggeized quark vertex. These vertices are
extracted from the comparison of radiative corrections to
the scattering amplitudes with their Reggeized forms [20].
Details of a reduction procedure from the initial set of
diagrams with the on-shell collinear quarks or gluons to

one effective Reggeon-Reggeon-particle (or particle-
Reggeon-particle) vertex can be found, for example, in
the following papers [18,20]. We will use this method for
the gamma-Reggeon-quark (�?Q ! q) vertex, which will
be used in our calculations below.
Thus, the effective Reggeon-Reggeon-gluon (or

Reggeon-Reggeon-photon) vertex Cgð�Þ
�QQ

ðq1; q2Þ can be ex-

tracted from any amplitude of the gð�Þ production in the
QMRK approach. In the simple case, they can be extracted

from the amplitude AgðgÞg
�qq , which describes gluon (photon)

production in the process

qðp1Þ þ �qðp2Þ ! gðp0
1Þ þ gðkÞ þ gðp0

2Þ: (1)

At the high-energy limit this process is described by a set
of ladder-type Feynman quark-exchange diagrams, which
are presented in Fig. 1. For the external gluon, we use
physical polarizations with different gauge fixing condi-
tions for gluons moving along p1 and p2; thus if the gluon
momentum p0

1 has a large component along p1, its polar-
ization vector eðp0

1Þ satisfies equations eðp0
1Þp0

1 ¼
eðp0

1Þp2 ¼ 0. The Reggeized form of the amplitude is ex-
pressed as follows:

AgðgÞg
�qq ¼ 2s�

�Q
�qg

1

t1
Cg

�QQ

1

t2
�Q
qg; (2)

where t1 ¼ ðp1 � p0
1Þ2, t2 ¼ ðp2 � p0

2Þ2, s ¼ 2ðp1p2Þ,
�

�Q
�qg, and �

Q
qg are the LO particle-particle-Reggeon vertices,

see Ref. [20]. The effective vertex Cg
�QQ
ðq1; q2Þ, which

describes the production of a single gluon with the mo-
mentum kðgÞ ¼ q1ðQÞ þ q2ð �QÞ in the Reggeized quark
and Reggeized antiquark annihilation was obtained in
Refs. [8,21], and it can be presented, omitting the color
and Lorentz indices in the left side, as follows:

Cg
�QQ
ðq1; q2Þ ¼ D

�
a ðq1; q2Þ

¼ �gsT
a

�
�� � 2P

�
1

x2S
q̂2 � 2P

�
2

x1S
q̂1

�
; (3)

where P1;2 are colliding hadron momenta Pð1;2Þ ¼
Eð1;2Þð1; ~0;�1Þ and S ¼ 2ðP1P2Þ ¼ 4E1E2. The

Reggeized quark momenta are q1 ¼ x1P1 þ q1T , q2 ¼
x2P2 þ q2T , and qð1;2ÞT ¼ ð0; ~qð1;2ÞT; 0Þ. It is obvious that

this vertex satisfies the gauge-invariant condition
D�

a ðq1; q2Þk� ¼ 0.

FIG. 1. The Cg

Q �Q
effective vertices.
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Like the gluon production, the effective vertex for the
photon production can be written in the form

C�
�QQ
ðq1; q2Þ ¼ F�ðq1; q2Þ

¼ �eeq

�
�� � 2P

�
1

x2S
q̂2 � 2P

�
2

x1S
q̂1

�
; (4)

where e ¼ ffiffiffiffiffiffiffiffiffiffi
4��

p
is the electromagnetic coupling con-

stant, eq is the quark electric charge.

The effective vertex Cg
RRðq1; q2Þ, which describes the

production of a single gluon in the collision of two
Reggeized gluons has the following form [18]:

Cg
RRðq1; q2Þ ¼ W�

abcðq1; q2Þ

¼ �gsfabc

�
ðq2 � q1Þ� þ 2P�

1

�
x1 þ q21

x2S

�

� 2P
�
2

�
x2 þ q22

x1S

��
: (5)

The effective vertex, which describes the production of a
quark with the momentum k ¼ q1ð�?Þ þ q2ðQÞ in a virtual
photon collision with a Reggeized quark can be extracted
from the amplitude described by the two diagrams pre-
sented in Fig. 2 and is written as follows:

Cq
�Qðq1; q2Þ ¼ G�ðq1; q2Þ

¼ �eeq

�
q21

q21 þ q22
�� � 2k�

q21 þ q22
q̂2

þ 2q22x2P
�
2

ðq21 þ q22Þ2
q̂2

�
; (6)

where q2 ¼ x2P2 þ q2T is the Reggeized quark four mo-
mentum, and the gauge invariance condition is given by
G�ðq1; q2Þq1� ¼ 0.

The effective Reggeon-Reggeon-particle vertex, which
describes the production of a quark with the momentum
kðqÞ ¼ q1ðQÞ þ q2ðRÞ in the Reggeized quark and
Reggeized gluon collision can be presented as follows:

Cq
RQðq1; q2Þ ¼ Vðq1; q2Þ ¼ �gsT

a"̂Tðq2Þ; (7)

where "̂Tðq2Þ ¼ ��"
�ðq2Þ and "�ðq2Þ ¼ q�

2T

j ~q2T j . Let us note
that contrary to the definition used in Ref. [21] in the

relevant cases, we do not include quark spinors in our
equations for the effective vertices (3)–(7).

III. DEEP INELASTIC SCATTERING AND QUARK
REGGEIZATION

In this section, we consider electron (positron) DIS on a
proton at high energy in the framework of the quark
Reggeization hypothesis. First, to write down the conven-
tional kinematic DIS formulas we define relevant four
momenta: Pe is the electron initial four- momentum, PN

is the proton four momentum, q1 is the virtual photon four
momentum, and q2 is the Reggeized quark four momen-
tum. The invariant variables are defined as follows:

SeN ¼ 2ðPePNÞ; y ¼ ðq1PNÞ
ðPePNÞ ;

xB ¼ Q2

2ðq1PNÞ ; Q2 ¼ �q21:
(8)

As usual, we write the differential cross section as a
convolution of the lepton tensor L�� and the hadron tensor

W��

d�ðeNÞ
dxBdQ

2
¼ 2��2

xBQ
4

mNy

SeN
L��W

��; (9)

wheremN is the proton mass. The last one can be presented
in terms of DIS structure functions F2ðxB;Q2Þ and
FLðxB;Q2Þ
d�ðeNÞ
dxBdQ

2
¼ 2��2

xBQ
4
½ð2� 2yþ y2ÞF2ðxB;Q2Þ� y2FLðxB;Q2Þ�:

(10)

The structure functions F2ðxB;Q2Þ and FLðxB;Q2Þ are
obtained by projection of the hadron tensor W�� as fol-
lows:

F2ðxB;Q2Þ ¼ xBmN

�
�g�� þ 12x2B

Q2
PN�PN�

�
W��; (11)

FLðxB;Q2Þ ¼ 8x3B
Q2

mNPN�PN�W
��: (12)

In the high-energy factorization scheme the DIS cross
section is presented as a convolution of the unintegrated

FIG. 2. The Cq
�Q effective vertex.

DEEP INELASTIC SCATTERING AND PROMPT PHOTON . . . PHYSICAL REVIEW D 78, 034033 (2008)

034033-3



parton structure function and the off-shell partonic cross
section or the so-called impact factor [2]. It is well known
that in the collinear approximation in the region of small xB
the gluon contribution via eþ g ! eþ qþ �q subprocess
into eN cross section dominates over the direct photon-
quark scattering in the subprocess eþ q ! eþ q. In the
QMRK approach, we deal with the electron-Reggeon cross
sections �ðeQÞ and �ðeRÞ, and the relevant LO subpro-
cesses are the following:

eþQ ! eþ q; (13)

eþ R ! eþ qþ �q: (14)

Our analysis shows the dominant role of the LO electron-
Reggeized quark scattering in the electron-proton DIS. As
seen below, the experimental data for DIS structure func-
tions F2 and FL are described via the electron-Reggeized
quark scattering (13), and the contribution of the NLO
subprocess (14) should be small.

So, accordingly the high-energy factorization scheme
the electron-proton and the electron-Reggeized quark cross
sections are connected as follows:

d�ðeN ! eXÞ

¼ X
q; �q

Z dx2
x2

Z d2q2T
�

�q; �qðx2; t2; �2Þd�̂ðeQ ! eqÞ; (15)

where �qðx2; t2; �2Þ is the quark unintegrated distribution

function, t2 ¼ �q22 ¼ q2
2T . Working in the �?p center of

mass reference frame and taking into account the defined
above effective vertex (6) and the factorization Eq. (15), we
obtain the hadron tensor in the form

W�� ¼ X
q; �q

e2qxB

4mNQ
2

Z dt2
x2

�qðx2; t2; �2Þ

� Tr½k̂G�ðq1; q2ÞP̂2G
�ðq1; q2Þ�; (16)

where eq is the quark electric charge, and

x2 ¼ xB

�
Q2 þ t2
Q2

�
:

Making the projection of the hadron tensor W�� on DIS
structure functions, we obtain the following answers,
which can be compared with the experimental data

F2ðxB;Q2Þ ¼ X
q; �q

e2q
Z

dt2

�
xB
x2

�
3
�q; �qðx2; t2; �2Þ

�
�
Q4 þ 6t2Q

2 þ 2t22
Q4

�
; (17)

FLðxB;Q2Þ ¼ X
q; �q

e2q
Z

dt2

�
xB
x2

�
3
�q; �qðx2; t2; �2Þ

�
4t2
Q2

�
:

(18)

In the collinear limit t2 ! 0, we immediately obtain the
well-known normalization relations

F2ðxB;Q2Þ ¼ X
q; �q

e2q
Z

dt2�q; �qðxB; t2; �2Þ

¼ X
q; �q

e2qxBfq; �qðxB;�2Þ; (19)

FLðxB;Q2Þ ¼ 0; (20)

where fqðxB;�2Þ is the collinear quark distribution

function.
At the stage of numerical calculations we use the

Kimber-Martin-Ryskin (KMR) [12] prescription for gluon
and quark unintegrated distribution functions. In fact, we
use unintegrated distribution functions, which were pre-
sented by Watt as Cþþ codes [22]. We see that the KMR
approach of obtaining unintegrated distribution functions
is intuitively close to the method of obtaining effective
vertices in the QMRK approach. So, here we suggest that
KMR unintegrated distribution functions and squared am-
plitudes, obtained in the QMRK approach, can be used
together to calculate observed cross sections.
Using the Eqs. (17) and (18), we calculated DIS struc-

ture functions F2 and FL at the different values of the
photon virtuality Q2, versus the variable xB. The results
are presented in Figs. 3–6 in comparison with the H1
Collaboration data [23]. We see that there is good agree-
ment. There is no place for the NLO contribution from the
electron-Reggeized gluon scattering. At this point, our
result strongly disagrees with the result obtained earlier

10-4 10-3 10-2 10-1

XB

0

0.2

0.4

0.6

0.8

1

1.2

1.4

F
2,

 F
L(

x B
,Q

2 )

F2

FL

FIG. 3. F2ðxB;Q2Þ and FLðxB;Q2Þ at Q2 ¼ 12 GeV2. The data
are from the H1 Collaboration [23].
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in Ref. [22]. The reason for this disagreement is a very
approximate choice of the effective vertex Cq

�Q in

Ref. [22]. They simply take it as in the collinear approxi-
mation, omitting all terms proportional to the initial quark
transverse momentum qT . Of course, this vertex is not
gauge invariant, and it leads to loss of the off-shell ampli-
tude correct dependence on the initial quark transverse

momentum. Note, the KMR unintegrated distribution func-
tions are obtained from conventional collinear distribution
functions, and in the case of quark distributions, they
include both the sea quark-originated part (it is large at
the lower xB) and the valence quark-originated part (it is
small at the lower xB). The gluons from a proton contribute
effectively in a DIS cross section via the evolution equa-
tions generating a large quark sea at the low xB.

IV. PROMPT PHOTON PRODUCTION AT THE
TEVATRON

In this section, we consider an inclusive production of
isolated photons at the Fermilab Tevatron Collider, i.e. the
process p �p ! �X. In the conventional collinear approxi-
mation, it is assumed that at LO prompt photons are
produced mainly via quark-gluon Compton scattering
(qg ! �q) or quark-antiquark annihilation (q �q ! g�).
In the QMRK approach, the LO contribution comes from
the Reggeized quark-Reggeized antiquark annihilation via
the effective vertex C�

�QQ
(4). The additional small contri-

butions originate from fragmentation of produced quarks
and gluons into the photon, which is described by the
parton to photon fragmentation functions Dq!�ðz; �2Þ
and Dg!�ðz; �2Þ [24]. Figure 7 schematically shows all

relevant contributions to the isolated photon hadroproduc-
tion in the LO QMRK approach.
We start from the factorization equation that connects

the hadron d�ðp �p ! �XÞ cross section with the cross
section of Reggeon’s collision d�̂ðQ �Q ! �Þ, and which
is presented as follows:

10-3 10-2 10-1

XB

0

0.4

0.8

1.2

1.6

2

F
2,

 F
L
(x

B
,Q

2 )

F2

FL

FIG. 5. F2ðxB;Q2Þ and FLðxB;Q2Þ at Q2 ¼ 60 GeV2. The data
are from the H1 Collaboration [23].
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FIG. 6. F2ðxB;Q2Þ and FLðxB;Q2Þ at Q2 ¼ 120 GeV2. The
data are from the H1 Collaboration [23].
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FIG. 4. F2ðxB;Q2Þ and FLðxB;Q2Þ at Q2 ¼ 25 GeV2. The data
are from the H1 Collaboration [23].
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d�ðp �p ! �XÞ ¼ X
q

Z dx1
x1

Z d2q1T
�

Z dx2
x2

Z d2q2T
�

�p
q; �qðx1; t1; �2Þ��p

�q;qðx2; t2; �2Þd�̂ðQ �Q ! �Þ; (21)

where�p; �p
q; �q ðx1; t1; �2Þ is the Reggeized quark (antiquark) unintegrated distribution function in a proton (antiproton), t1;2 ¼

�q21;2T , � ¼ pT is taken as the renormalization, factorization, and fragmentation scale, and pT is the photon transverse
momentum. In the case of photon production via the fragmentation, we need to do a convolution with the relevant
fragmentation function, for example, in the following way:

d�ðp �p ! �XÞ ¼ X
q; �q

Z dx1
x1

Z d2q1T
�

Z dx2
x2

Z d2q2T
�

Z
dz��p

q;gðx1; t1; �2Þ��p
g;qðx2; t2; �2Þd�̂ðQR ! qÞDq!�ðz;�2Þ;

(22)

where�p; �p
g ðx1; t1; �2Þ is the Reggeized gluon unintegrated

distribution function in a proton (antiproton). In our cal-
culations, we use simple LO fragmentation functions
Dq;g!�ðz;�2Þ, which are taken from Ref. [24].

The transverse momentum pT spectra of isolated photon
were studied by the CDF [11] Collaboration and the D0

[9,10] Collaboration at the energies
ffiffiffi
S

p ¼ 1:8 TeV andffiffiffi
S

p ¼ 1:96 TeV. The inclusive prompt photon production

cross section was measured in the range of 10 � pT �
300 GeV, both in the central region, where the pseudor-
apidity is j�j< 0:9, and in the forward region, where one
takes on values in the range of 1:6< j�j< 2:5.
The master equation for the differential spectrum of the

directly produced photon can be presented in the following
way:

p3
T

d�

dpT

ðp �p ! �XÞ ¼ X
q

Z
d�

Z
d�1

Z
dt1�

p
q; �qðx1; t1; �2Þ��p

�q;qðx2; t2; �2ÞjMðQ �Q ! �j2; (23)

where p0 ¼ 1
2pTðe� þ e��Þ is the photon energy, pz ¼ 1

2pTðe� � e��Þ is the photon longitudinal momentum in respect of
the proton beam, �1 is the angle between pT and q1T , and

x1 ¼ p0 þ pzffiffiffi
S

p ; x2 ¼ p0 � pzffiffiffi
S

p ; t2 ¼ t1 � 2pT

ffiffiffiffi
t1

p
cosð�1Þ þ p2

T; p2
T ¼ x1x2S:

In the case of the photon production via a quark fragmentation, the photon pT spectrum can be presented as follows:

p3
T

d�

dpT

ðp �p ! �XÞ ¼ X
q; �q

Z
d�

Z
d�1

Z
dt1

Z
dz�p

q;gðx1; t1; �2Þ��p
g;qðx2; t2; �2Þ � z2Dq!�ðz;�2ÞjMðQR ! qj2; (24)

where

x1 ¼ p0 þ pzffiffiffi
S

p
z

; x2 ¼ p0 � pzffiffiffi
S

p
z

;

t2 ¼ t1 � 2
pT

z

ffiffiffiffi
t1

p
cosð�1Þ þ p2

T

z2
:

In Figs. (8–10), we present the results of our calculations
in comparison with the D0 Collaboration data [9,10] at the

energy
ffiffiffi
S

p ¼ 1:8 Tev and
ffiffiffi
S

p ¼ 1:96 TeV, correspond-
ingly. We see that there is good agreement between the
data and the theoretical calculation, especially in the cen-
tral region of a pseudorapidity j�j< 0:9. The contribution
of the fragmentation production mechanism is very small

at
ffiffiffi
S

p ¼ 1:8 TeV, and it is negligible at the energy

FIG. 7. The mechanisms of prompt photon hadroproduction in the LO QMRK approach.
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ffiffiffi
S

p ¼ 1:96 TeV. It is a very interesting fact that at the

energy
ffiffiffi
S

p ¼ 1:96 TeV, we describe the data up to pT ’
300 GeV. That directly demonstrates valid behavior and
correct normalization of the quark unintegrated structure

function �p
qðx; t; �2Þ, which is obtained using KMR pre-

scription [12] in the wide region of parameters x and t.

V. DISCUSSION

In this section, we compare our results with the previous
studies of DIS and prompt photon production in the
kT-factorization approach, which were recently published
in Refs. [13–15,22].
The electron-quark DIS in the kT-factorization approach

was considered in Ref. [22]. It was assumed that in DIS the
transverse momentum of the off-shell quark is much
smaller than the photon virtuality k2

T � Q2, and the kT
dependence in the numerator of the relevant amplitude was
ignored. In other words, in this approximation the conven-
tional gamma-quark vertex was used, and gauge depen-
dence of the off-shell amplitude was lost. It was obtained
for the DIS structure functions [22]

F2ðxB;Q2Þ ¼ X
q; �q

e2q
Z

dt2

�
xB
x2

�
�q; �qðx2; t2; �2Þ; (25)

FLðxB;Q2Þ ¼ 0: (26)

The difference between our Eqs. (17) and (18) and
Eqs (25) and (26), demonstrate that gauge invariance con-
dition for amplitudes controls the correct kT dependence of
the DIS structure functions. Equations (25) and (26) do not
describe the experimental data at the LO, and one needs the
NLO contribution coming from the photon-gluon fusion
subprocesses. The calculation of a cross section within the
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FIG. 10. The pT spectrum of prompt photon at
ffiffiffi
S

p ¼
1:96 TeV and j�j< 0:9. The curves are the same as in Fig. 8.
The data are from the D0 Collaboration [10].
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FIG. 8. The pT spectrum of prompt photon at
ffiffiffi
S

p ¼ 1:8 TeV
and j�j< 0:9. The curve 1 is the direct production, 2 is the
fragmentation production, and 3 is their sum. The data are from
the D0 Collaboration [9].
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FIG. 9. The pT spectrum of prompt photon at
ffiffiffi
S

p ¼ 1:8 TeV
and 1:6< j�j< 2:5. The curves are the same as in Fig. 8. The
data are from the D0 Collaboration [9].
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QMRK approach for the process under consideration

�? þ R ! qþ �q; (27)

where q is the massless quark, needs especial analysis with
extraction of different singularities, see Ref. [25], for ex-
ample. The calculation of DIS structure functions in the
QMRK approach at the NLO has not been made as of
today. As was shown above, even the LO approximation
with the Reggeized quark describes data well, and this
NLO contribution should be small.

The calculations of the inclusive prompt photon produc-
tion at the Tevatron were performed using off-shell ampli-
tudes involving initial quark in Refs. [13–15]. In all of
these papers, the LO contribution coming from the annihi-
lation of a Reggeized quark and a Reggeized antiquark
(Qþ �Q ! �) was ignored and a Compton process of the
off-shell quark–off-shell gluon scattering g? þ q? ! �þ
qwas considered as the LO process. We cannot explain this
approximation. Evidently, if we work with off-shell initial
quarks we need to take into account the process q? þ
�q? ! � as the LO approximation. We especially used
here different denotations for the Reggeized particles
ðQ;RÞ and off-shell particles ðq?; g?Þ. It means that in
Refs. [13–15], the conventional QCD vertices are used,
and the authors obtained the gauge uninvariant amplitudes.
The inclusion of the kT effects in the kinematics only
without the using of the correct vertices for Reggeized
particle interactions can be considered as a phenomeno-
logical trick, but such inclusion does not have predictive
power. The Compton scattering of Reggeized gluons on
Reggeized quarks

RþQ ! �þ q (28)

is a NLO QMRK process; when it is used to calculate
inclusive photon production one needs to solve the same
problems as for other NLO Reggeon-Reggeon to particle-
particle processes in the QMRK approach. First, it is
necessary to obtain the relevant effective vertices. This
task has not been solved yet. Of course, the relevant
process is LO if we study the associated photon plus jet,
both with larger transverse momenta production.

VI. CONCLUSION

We have shown that the quark Reggeization hypothesis
is a very powerful tool in the high-energy phenomenology
for the hard processes involving quark exchanges. It is
shown that it is possible to describe data at the LO
QMRK approach for the DIS structure functions F2 and
FL of lepton-proton scattering, and prompt photon spectra
for the inclusive production in the p �p collisions at high
energies. The scheme suggested in this paper is principally
new in comparison with both the conventional collinear
approximation and the kT-factorization approach, which
was developed earlier using Reggeized gluons only.
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