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Heavy quark photoproduction in the k�-factorization approach
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We investigate heavy quark photoproduction based on thek'-factorization approach, focusing on the results
from the saturation model. The deviations between the results using the unintegrated gluon distribution con-
sidering the saturation model and the derivative of the collinear gluon distribution are analyzed. Total cross
sections andpT distributions are analyzed in detail, giving the deviations between the results of the color dipole
approximation and the complete semihard approach.
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I. INTRODUCTION

The investigation of heavy quark production at high en
gies provides a better understanding of the hadron inte
structure. In particular, the heavy quark masses are la
enough to be taken as a hard scale, making the strong
pling constant small and allowing a perturbative QCD tre
ment of the process. Heavy quarks are produced in the c

gp→QQ̄ reaction at the DESYep collider HERA, where
the incident photon~real or virtual! probes the proton targe
at a high center of mass energyW. There is a large amount o
data on heavy flavor production at HERA, which have be
a boom to studies analyzing the interface between hard
soft regimes@1,2#. However, the data for open heavy qua
production are limited by small statistics and the interme
ate energy interval between the fixed target experiments
the high energy at HERA have not been covered yet.
hadroproduction at the Fermilab Tevatronpp̄ collider, the
situation is slightly better, giving precise measurements
the transverse momentum distribution of the heavy qua
produced@3,4#.

The underlying mechanism for heavy quark production
HERA is photon-gluon fusion: a photon coupled to the sc
tered electron interacts with a gluon from the proton by p
ducing a quark-antiquark pair, e.g.,cc̄ ~charm! or bb̄ ~bot-
tom!. In the collinear QCD approach, based on the w
known collinear factorization theorem@5#, the process is de
scribed through the convolution of on-shell matrix elemen
encoding the partonic subprocesses, with the parton distr
tion functions. At high energies, the gluon is the part
which drives the dynamics, evolving through the virtualiti
obeying the Dokshitzer-Gribov-Lipatov-Altarelli-Paris
~DGLAP! evolution equations@6#. The transverse moment
of the incident particles are taken as zero and in the com
tation of the cross sections one averages over two transv
polarizations of the initial gluon. A computation of the pr
cess requires the knowledge of the gluon momentum di
bution in the proton and the calculation of thegg subpro-
cess. The gluon density as a function of the longitudi
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momentum fractionx and virtuality scaleQ2 is known to an
accuracy of a few percent from a global analysis of scal
violations of the proton structure functionF2 measured at
HERA @7–9#. The QCD matrix elements of the partonic pr
cess have been calculated in next-to-leading order~NLO!
accuracy@10#. Still substantial theoretical uncertainties com
from the heavy quark mass and from the renormalization
factorization scalesmR andmF .

The collinear factorization approach has produced a s
cessful description of single-particle distributions and to
cross sections for heavy quark production. On the ot
hand, despite many phenomenological successes, re
within this approach are in contradiction with data on a
muthal correlations and on distributions in the transve
momentum of the heavy quark pair produced@11# ~for
quarkonium production see, e.g., Refs.@2,12#!. This problem
is in general cured by introducing an intrinsic transverse m
mentum distribution~intrinsic k') for the incident partons,
parametrized using a Gaussian profile. However, the m
value of intrinsick' needed to describe azimuthal correl
tions and thepT spectrum can be as high as^k'&.1 GeV or
even 2–3 GeV, which is not suitable from nonperturbat
arguments. Moreover, recent calculations using known N
results@13# for bottom hadroproduction in the collinear ap
proach undershoot Tevatron data@14# by a factor of 2 or 3,
suggesting that an important contribution to the compu
observables is missing.

At high energies another factorization theorem emerg
the k'-factorization or semihard approach@15–17#. The rel-
evant diagrams are considered with the virtualities and
larizations of the initial partons, taking into account th
transverse momentaq1' andq2' of the incident partons. The
processes are described through the convolution of off-s
matrix elements with the unintegrated parton distributi
F(x,k'). The latter can recover the usual parton distrib
tions in the double-logarithmic limit~DLL ! by its integration
over the transverse momentumk' . In the asymptotic energy
limit, the unintegrated gluon distribution should obey t

Balitskiǐ-Fadin-Kuraev-Lipatov~BFKL! evolution equation
@18#. At the present, there is a lack of an accurate deter
nation of this quantity at the same level as the usual pa
densities. The matrix elements computed for the relev
subprocesses within thek'-factorization approach are a
ready more involved than those needed in the collinear
proach at the LO level. On the other hand, a significant p
©2002 The American Physical Society13-1
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of the NLO and some of the NNLO corrections to the L
contributions in the collinear approach, related to the con
bution of nonzero transverse momenta of the incident p
tons, are already included in the LO contribution within t
k'-factorization formalism@11#. Moreover, part of the virtua
corrections can be resummed in the unintegrated gluon fu
tion @11#. Recently, the computation of NLO corrections
the subprocesses has been completed and full calculatio
this level should appear in the near future@19#. An important
feature of the approach is the equivalence at leading loga
mic approximation with the color dipole picture@20#, which
has been used in much phenomenology at HERA@21#. In
addition, a very important issue is the consistency of
k'-factorization approach including nonleading-log effe
with collinear factorization beyond leading order@22#: the
coefficient functions and the splitting functions providin
q(x,Q2) and G(x,Q2) are supplemented with the all-orde
resummation of theas ln(1/x) contributions at high energies
in contrast with a calculation in fixed order perturbati
theory.

Two additional ingredients should be taken into acco
when considering the semihard approach: the infrared se
and saturation effects. The unintegrated gluon funct
should evolve in tranverse momentum through the BF
evolution at high energies, leading to the diffusion ink' of
the initial gluons in the evolution process@23#. In this diffu-
sion scenario the transverse momenta values are sprea
into the infrared~and ultraviolet! region, where the perturba
tive description is not completely reliable. Therefore, t
evolution should take properly into account the correct
havior in that region. The recently calculated nonlinear c
rections to the BFKL approach@24# introduce a natural treat
ment for these difficulties, where the saturation scaleQs
provides a suitable cutoff controlling the infrared problem
As the longitudinal momentum fractionx.Q2/W2 de-
creases, unitarity corrections become important and con
the steep growth of the gluon distribution. In this domain t
gluon distribution can saturate completely or acquire a m
logarithmic increase. The most appealing approach tak
into account both the notions of infrared behavior~confine-
ment! and parton saturation phenomenon is the satura
model @25#, which is an eikonal-type model based on t
color dipole picture of high energy interactions. In this a
proach the physical picture is considerably simplified and
expression for the saturation scale is promptly calcula
The adjustable parameters of the model are obtained fro
fit to small-x HERA data of the inclusive structure functio
and the photoproduction total cross section, and are suit
for further applications to more exclusive quantities such
open heavy quark production.

This paper is organized as follows. In the next section
present the main formulas for heavy quark photoproduc
within the k'-factorization approach, defining the releva
kinematical variables. Furthermore, we investigate the un
tegrated gluon distribution from the saturation model in co
parison with the results from the derivative of the integra
gluon distribution,xG(x,k'). In Sec. III, we present our re
sults for the total cross section for charm and bottom pho
production, as well as estimates for thep' distribution of the
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heavy quark pair produced. We investigate in detail the
viations in the results when one confronts the dipole appro
mation and a conservativek'-factorization procedure
namely, the choice of scale for the coupling constant and
suitable longitudinal momentum fraction entering in the u
integrated gluon function. The predictions from the deriv
tive of the collinear gluon function are also studied. In t
last section, we present the conclusions and final consi
ations.

II. HEAVY QUARK PHOTOPRODUCTION
IN THE k� FACTORIZATION

In this section we investigate the quasireal photon scat
ing off a proton in the semihard approach. In light qua
photoproduction there is poor knowledge concerning the
fective light quark mass, which is associated with nonper
bative aspects of the process. This problem is natur
solved in heavy quark photoproduction, because of the he
quark mass. The semihard approach is valid in the dom
where the following double inequality holds:s@m2. ŝ
@LQCD

2 , i.e., the typical parton interaction scalem2 is much
higher than the QCD cutoff parameterLQCD

2 , and much
lower than the center of mass energyAs. The
k'-factorization approach can resum in the leading logar
mic approximation all the contributions proportional
@as ln(m2/LQCD

2 )#n, @as ln(m2/LQCD
2 )ln(1/x)#n, and

@as ln(1/x)#n, where the first one corresponds to the colline
DGLAP resummation@6#, the second one to the double
logarithmic contribution, and the last one to the BFKL r
summation@18#. Such resummation leads to the unintegra
gluon distributionF(x,k'), which can also depend on th
scalem2. It gives the probability of finding a parton carryin
a longitudinal momentum fractionx and transverse momen
tum k' . Requiring that in the DLL limit the transverse pho
toabsortion total cross section written in thek'-factorization
approach be consistent with the same limit from the DGL
approach, the collinear gluon distribution is given by t
unintegrated one in the following way:

xG~x,m2!5Em2 dk'
2

k'
2

F~x,k'
2 !, ~1!

wherem2 is the scale of the process, which can beQ2, the
heavy quark mass, or thep' of the particles produced, fo
instance. In particular, in obtaining Eq.~1!, a strong ordering
conditionk'

2 !p'
2 !m2 is considered, wherep' is the trans-

verse momentum of the quark-antiquark loop in the pho
vertex.

In order to compute the cross section of a physical proc
@26,27#, the unintegrated gluon function should be conv
luted with the off-shell matrix elements for the relevant pa
tonic subprocesses. In these matrix elements the polariza
tensor of the virtual gluon is given byLmn

(g)5«g
m«g*

n

5k'
mk'

n /uk'u2. In the following we will calculate the tota
and differential cross sections of heavy quark photoprod
tion ~charm and bottom! taking into account the diagram
3-2
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HEAVY QUARK PHOTOPRODUCTION IN THEk'- . . . PHYSICAL REVIEW D 66, 114013 ~2002!
shown in Fig. 1. For convenience, one can define the Su
kov variables for the processep→QQ̄X at high energies,

p15a1P11b1P21p1' , q5x1P11q' , ~2!

p25a2P11b2P21p2' , k5x2P21k' , ~3!

where, as shown in Fig. 1,p1 andp2 are the four-momenta
of the produced heavy quarks, andq and k are the photon
and the gluon four-momenta, respectively. The correspo
ing transverse momenta arep1' , p2' , q' , and k' . The
electron and proton momenta are denoted byP1 andP2. In
the center of mass frame of the process, one hasP1

5(As/2,0,0,As/2), P2(As/2,0,0,2As/2), P1
25P2

250, and
(P1•P2)5s/2, with As being the center of mass energ
From simple inspection of Eqs.~2! and ~3! and using the
energy-momentum conservation law, one obtains the r
tions

p1
25p2

25mQ
2 , q25q'

2 , k25k'
2 , ~4!

q'1k'5p1'1p2' . ~5!

The Sudakov variables can be written in terms of
transverse massesm1,2'

2 5mQ
2 1p1,2'

2 , wheremQ is the heavy
quark mass, and the heavy quark rapiditiesy1,2* , in the fol-
lowing way:

a15
m1'

As
exp~y1* !, a25

m2'

As
exp~y2* !, ~6!

b15
m1'

As
exp~2y1* !, b25

m2'

As
exp~2y2* !, ~7!

x15a11a2 , x25b11b2 , ~8!

where in the photoproduction caseq5P1, the variablex1
simplifies to x151 and one can definea1[z and a2[1
2z. Thez and (12z) variables correspond to the longitud
nal momentum fraction carried by the heavy quark hav
transverse momentap1' andp2' , respectively.

FIG. 1. The leading order QCD diagrams for heavy-quark p
duction via photon-gluon fusion. The momenta of the particles
shown and the blob represents the gluon emission chain encod
the unintegrated gluon distributionF(x2 ,k'

2 ).
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Having introduced the relevant definitions and variabl
the differential cross section for the photoproduction proc
is expressed as the convolution of the unintegrated gl
function with the off-shell matrix elements@15,26,28#,

ds~gp→QQ̄X!

d2p1'

5E dy1* d2k'

F~x2 ,k2!uMu2~off shell!

pa2
,

~9!

where the off-shell LO matrix elements are given by@28,26#

uMu2~off shell!

5aemas~m2!eQ
2 F z21~12z!2

@~p22k!22mQ
2 #@~p12k!22mQ

2 #

1
2mQ

2

k'
2 S z

~p12k!22mQ
2

2
12z

~p22k!22mQ
2 D 2G , ~10!

whereae.m.51/137 is the electromagnetic coupling consta
and eQ is the electric charge of the heavy quark produc
The scalem in the strong coupling constant will be specifie
later on. In general, it is taken to be equal to the gluon v
tuality, m25k2, in close connection with the Brodsky
Lepage-Mackenzie~BLM ! scheme @29#. In the leading
ln(1/x) approximation,as should take a constant value
When the transverse momenta of the incident partons
sufficiently smaller than those of the produced heavy qua
the result from the collinear approach is recovered. The fi
expression for the photoproduction total cross section c
sidering the direct component of the photon can be written
@27#

s tot
phot5

ae.m.eQ
2

p E dzd2p1'd2k'

as~m2!F~x2 ,k'
2 ;m2!

k'
4

3H @z21~12z!2#S p1'

D1
1

~k'2p1'!

D2
D 2

1mQ
2 S 1

D1
1

1

D2
D 2J , ~11!

whereD1[p1'
2 1mQ

2 andD2[(k'2p1')21mQ
2 .

In Eq. ~11! the unintegrated gluon function was allowed
depend also on the scalem2, since some parametrization
take this scale into account in the computation of that qu
tity ~see, for instance Ref.@30# for a compilation of a number
of them!. We are now ready to calculate the total and diffe
ential cross sections for the process, provided a suitable in
for the functionF(x2 ,k'

2 ;m2). The practical procedure in
this paper is to consider one of the simplest parametrizat
available, covering a consistent treatment of the infrared
gion and taking into account the expected saturation effe
at high energies. These features are fullfilled in the satura
model, which it is briefly reviewed in the following and
will be conveniently contrasted with the results coming fro
the derivative of the collinear gluon function,

-
e
in
3-3
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xG~x,k'
2 !5

]@xG~x,k'
2 !#

] ln k'
2

, ~12!

where G(x,m2) is the integrated gluon distribution, whic
can be taken from the available parametrizations in the
erature@7–9#.

A. The saturation model

The saturation model@25# is based on the color dipol
picture of the interaction, represented in the target rest fra
where the transverse sizer of the dipole quark-antiquark
coming from the virtual photon Fock state fluctuations
fixed during the interaction. This representation can be
covered from thek'-factorization approach in the leading
logarithmic approximation through the Fourier transform b
tween the transverse size and the transverse mome
spaces. The photoabsortion total cross section is written
convolution of the virtual photon wave function with th
effective cross section for the interaction dipole target,

s tot
g* p~x,Q2!5E dzE d2r@ uCT~z,r,Q2!u2

1uCL~z,r,Q2!u2#sdip~x,r!, ~13!

where the dipole cross section interpolates between the c
transparency behavior for small size dipole configuration
the confinement features for large dipole sizes. It reads

sdip5s0F12expS 2
r2

4R0
2~x!

D G , ~14!

R0
2~x!5

1

GeV2 S x

x0
D l

, ~15!

whereR0(x) is the saturation radius which decreases wh
x→0. The parameterss0 , x0, andl are determined from a
fit to small-x HERA data. An additional parameter is th
effective light quark massmq5140 MeV, which is needed
to produce finite results for the photoproduction total cro
section. The saturation scale is defined asQs

251/R0
2(x):

when rQs/2!1 the model reproduces color transparen
sdip;r 2, whereas whenrQs/2>1 the cross section tends t
a constant at largerQs ~it simulates confinement!, sdip
;s0. In the regionrQs/2;1, the model simulates the phys
ics from the multiple scattering resummation of gluon e
changes in an eikonal-type way representing the black
limit of the proton. In the original model, the coupling co
stant is considered fixed asas50.2 and in order to conside
the formal limit of photoproduction, the Bjorken variable h
been modified in the following way:

x5xB jS 11
4mq

2

Q2 D 5
Q214mq

2

W2
. ~16!

Starting from thek'-factorization approach for the tota
photoabsortion cross section, but disregarding the transv
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momentum dependence in the argument of the strong c
pling constant and in the variablex, an analytical result for
the Fourier transform between the spaces can be obtain

sdip~x,r!5
2p

3 E d2k'

k'
4

asF~x,k'
2 !~12eik'•r!~12e2 ik'•r!.

~17!

Therefore, Eq.~17! can be used to extract the unintegrat
gluon function from the model inr space, once the dipole
cross section has a finite limit atr→0, denoted assdip

(`)(x). It
can be written as@31#

asF~x,k'
2 !5

3

4pE d2r

~2p!2
exp~ ik'•r!

3@sdip
(`)~x!2sdip~x,r!#k'

4 ~18!

5
3

8p2E0

`

drrJ0~k'r !@sdip
(`)~x!2sdip~x,r !#k'

4 .

~19!

After writing down the expression for the unintegrate
gluon function to be employed in the studies of the ne
section, some considerations are in order. The satura
model is a quite successful approach for the small-x region
and it was also extended to simultaneously describe diffr
tive deep inelastic scattering. However, whenx→1, the ap-
proach is no longer suitable and threshold correction fac
should be introduced. The simplest way to implement this
to consider dimensional-cutting rules: for a subprocess h
ing nspec spectator quarks which do not interact with th
photon, the corresponding threshold factor is given by
2x)2nspec21. For example, including light and charm quark
the number of spectators isnspec54 and in our analysis we
include the multiplicative correction factor (12x)7 in the
unintegrated gluon function from the saturation model. In
next section, such a correction provides a correct descrip
of the fixed target energy region, whereas the results from
original model remain unaltered at intermediate and high
ergies.

For our purposes in this investigation, we use the follo
ing parameters corresponding to the parametrization wh
includes the charm quark:s0529.12 mb, l50.277, and
x054.131023 @25#. From Eqs.~18! and ~14!, the uninte-
grated gluon distribution from the original saturation mod
supplemented by the threshold factor is given by

F~x,k'
2 !5

3s0

4p2as

R0
2~x!k'

4 exp@2R0
2~x!k'

2 #~12x!7.

~20!

We illustrate in Fig. 2, shown in the plot on the left, th
unintegrated gluon function from Eq.~20! as a function of
the transverse momentumk'

2 at typical values of thex vari-
able, covering large and small longitudinal momentum fra
tions. We remark that the small-x region corresponds tox
<1022. Its main features are quite clear: the function
peaked atk'

2 52Qs
2 , with a narrow distribution around this
3-4
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FIG. 2. Left plot: The unintegrated gluon distribution from the saturation model as a function ofk'
2 for typical x values. Right plot: The

derivative of the collinear gluon distribution~LO GRV98 parametrization! as a function ofk'
2 for typical x values.
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value, being slightly asymmetric for largex. Therefore, the
peak is shifted to largerk'

2 asx decreases. The most impo
tant feature is a large contribution from the very small tra
verse momentum sectork'<1 GeV2 at largex. Moreover,
the unintegrated gluon distribution is strongly suppressed
largek'

2 due to the missing parton evolution in the origin
model. This shortcoming is cured in the recent implemen
tion of the DGLAP evolution for the unintegrated gluon di
tribution @31#.

In order to investigate the importance of ak' enhance-
ment coming from a QCD parton cascade emission,
present in the plot on the right in Fig. 2 the result from t
derivative of the collinear gluon distributionG(x,k'

2 ), where
the LO Glück-Reya-Vogt 1998~GRV98! @9# gluon param-
etrization was chosen for the calculation. The use of t
quantity gives the possibility of checking the consistency
introducing elements from DGLAP evolution in th
k'-factorization approach. That parametrization has the
tuality Q0

250.8 GeV2 as the initial evolution scale and belo
this value one should make an assumption about the beha
of G. In our analysis we apply the following procedure:

G~x,k'
2 !5k'

2
]@xG~x,k'

2 !#

]k'
2 U

k
'
2 5Q

0
2

Q~Q0
22k'

2 !

1
]@xG~x,k'

2 !#

] ln k'
2

Q~k'
2 2Q0

2!, ~21!

where the first term can recoverxG(x,Q0
2) by integration

over transverse momentum from 0 up toQ0
2. However, we

emphasize that such a procedure is not unique and o
Ansätze can be introduced. For instance, we can conside
lower integration limitk'min

2 .Q0
2 , emphasizing that in the

theoretical curves the cutoff mainly would affect the over
magnitude of the cross section. As expected, in our res
the transverse momentum spectrum is broader, in con
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with the saturation model. In the small-x region the deviation
is huge both in behavior and in overall normalization. T
large-x region is correctly described since the collinear glu
function is adjusted on the whole kinematical range
HERA. It has been verified that by using the NLO colline
gluon distribution the deviations are negligible@32#. A tech-
nical remark is the pronged behavior ofG(x,k'

2 ) aboveQ0
2 ,

which has no physical meaning, since it has to do with
grid interpolation routines used to obtain the collinear glu
function, and this effect is smoothed out in the integra
quantities and should not affect our later results.

In the next section we investigate the saturation mode
the computation of the total and differential heavy qua
photoproduction cross sections, and a comparison with
derivative of the collinear gluon function will be used
order to study the effects of QCD evolution.

III. RESULTS AND DISCUSSION

The available data@33–36# on heavy quark~charm and
bottom! photoproduction range from energiesW of fixed tar-
get experiments about tens of GeV, up to the high ene
HERA data aroundW;200 GeV. Kinematically, the low en
ergy data correspond tox.1021 and the high energy ones t
x.1024. The experimental errors are rather large and
intermediate region between low and high energies is
covered by measurements. Beauty production at HERA
suppressed by two orders of magnitude with respect
charm, due to the larger mass and smaller electric charg
the b quark.

The total and differential cross sections are compu
from Eq. ~11! and the unintegrated gluon function from th
saturation model, Eq.~20!. The heavy quark mass was co
sidered asmc51.5 GeV for charm andmb54.8 GeV for
bottom. In order to investigate in detail the results emerg
from the k'-factorization approach and in an attempt to
beyond the leading logarithmic ln(1/x) approximation, we
3-5
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FIG. 3. Left plot: The charm photoproduction total cross section as a function of center of mass energyW and thek'-factorization
approach results using the saturation model and different technical procedures in the calculation~see text!. Right plot: The bottom photo-
production total cross section as a function of center of mass energyW and thek'-factorization approach results using the saturation mo
and different technical procedures in the calculation~see text!.
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have considered in our analysis the following procedures
~1! We keep the original features of the saturation mod

namely, a fixed strong coupling constantas50.2 and the
longitudinal momentum fractionx2, which is the photopro-
duction limit of the BjorkenxB j , given by Eq.~16!, entering
in the unintegrated gluon distribution. This procedure
equivalent to using the color dipole picture and the satura
model, as performed in the detailed study of Ref.@37#. The
result is shown in the dot-dashed curves in Fig. 3, for cha
~plot on the left! and bottom~plot on the right! total cross
sections. There is good agreement with the low energy d
whereas the high energy data are underestimated. The
description of the fixed target data is ensured by the thre
old correction factor (12x)7, since the original mode
would already overestimate the data at intermediate ener
At high energies, those threshold effects are completely n
ligible at W*20 GeV for charm andW*50 GeV for bot-
tom. Similar conclusions are obtained in Ref.@37#. One
small difference between the procedure above and the ca
lations in Ref.@37# is the prescription for the longitudina
momentum fraction beingxQ5mQ

2 /z(12z) in the latter. If
we consider a mean valuez50.5 for the quark momentum
fraction, the results are completely equivalent. The v
close similarity between our predictions and those of R
@37# corroborates our procedure of calculation.

~2! We allow the argument of the strong coupling const
to run with the scalem25k'

2 1m0
2 . This procedure is still

very close to the saturation model, and it is the general p
cedure used in calculating observables by other gro
@26,27#. The termm0

2 is introduced in order to avoid diver
gences coming from the coupling constant in the infra
region. The valuem0

251 GeV2 has been used, motivated b
the value of the saturation scaleQs , ensuring that the low
transverse momentum region is dominated by that scale.
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result seems to spoil the previous good agreement at
energies, as shown in the dashed curves in Fig. 3. Howe
the high energy data are described in better agreement
in the previous procedure. In conclusion, the introduction
a running coupling in the calculation shifts the overall no
malization toward higher values at high energies, by enha
ing thek'

2 profile in the unintegrated cross section.
~3! As a final aspect, we consider a conservative pro

dure concerning thek'-factorization approach. The argume
of the strong coupling constant is let to run with the sc
m25p'

2 1mQ
2 , wherep' is the transverse momentum of th

heavy quark produced. Moreover, we have a different p
scription for thex2 variable from that in Eq.~16!. The correct
value for the longitudinal momentum fraction entering
F(x2 ,k'

2 ) is given by the definitions in Eqs.~8! and ~7!;
namely, the momentum fraction is given by

x25
m1'

2

zW2
1

m2'
2

~12z!W2
5

mQ
2 1~p'2k'!2

z
1

mQ
2 1p'

2

12z
,

~22!

where one has made use of the relations in Eqs.~6! and ~7!
and the energy-momentum conservation law, Eq.~5!. Al-
though Eq.~22! is well defined, it is involved for practica
computations and for simplicity we rely on the followin
approximation. We benefit from the results of th
k'-factorization approach applied toep collisions, in par-
ticular for the proton structure function, performed in Re
@38#. There, it was verified that for not too high virtualitie
Q2 ~including photoproduction! a suitable approximation is
x252xB j . This value is obtained from a careful investigatio
of the contributions in the transverse momentum integrat
range for the corresponding DGLAP piece and for the se
hard approach. The results using the procedure above
3-6
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FIG. 4. Left plot: Thek' profile ~charm! for the unintegrated cross section from the saturation model for two different proce
concerning the coupling constant and momentum fraction scale~see text!. Right plot: Thek' profile ~charm! for the unintegrated cross
section from the derivative of the collinear gluon distribution~LO GRV98 parametrization!.
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shown as the solid lines in Fig. 3, presenting an intermed
behavior between the first and the second procedures. In
ticular, the fixed target data are described in good agreem
and the results for high energy data are slightly improv
compared to the equivalent dipole result~specially for the
charm results!.

A more detailed calculation considering the resolved p
of the photon is beyond the scope of the present analysi
Ref. @27#, the resolved component is considered by includ
the off-shell matrix elements identical to those of hea
quark hadroproduction, convoluted with the photon and
proton unintegrated parton densities. In Ref.@37#, where the
color dipole picture is applied to heavy quark photoprod
tion using the saturation model, a vector dominance mo
contribution is included. In our analysis, we only consid
the matrix elements of the direct component of the phot
According to the authors of Ref.@39#, theg→cc̄ component
of the photon is automatically included in th
k'-factorization approach, since there is no restriction on
transverse momenta along the evolution chain. Moreove
is shown in Ref.@39#, in particular when calculating theD*
~mesons! differential cross sectionds/dxg , that part of the
resolved photon contribution is effectively included by t
BFKL or Ciafaloni-Catani-Fiorani-Marchesini~CCFM! @40#
evolution, namely, this is included in the evolution of th
unintegrated gluon distribution, and the off-shell matrix e
ments contain only the direct component of the phot
When using such approaches in photoproduction, the
solved photon contribution is in general not included exp
itly in order to avoid double counting, since the off-she
gluon from the BFKL evolution already takes into accoun
certain portion of this contribution.

In order to investigate the influence of the procedu
above on the predictions for the total cross section and
find the source~in the transverse momentum range! of the
main contribution, we propose to consider thek' profile of
the unintegrated cross section. This quantity, denoted
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W(x,k'
2 ), is obtained by unfolding thek'

2 integration in Eq.
~11!. In Fig. 4 we show the profile functions for charm o
tained by using the saturation model~plot on the left! and the
derivative of the collinear gluon distribution~plot on the
right!, for fixed target energies~momentum fractionx
51022) and high energies (x51024). For the saturation
model, we consider two of the procedures above, namely,
dipole approximation~fixed as and x25xB j) and the semi-
hard approach (as running with m25p'

2 1mQ
2 and x2

52xB j). At x51022 the profile functions are peaked aroun
k'

2 .0.3 GeV2, whereas atx51024 the peaks are shifted to
ward k'

2 .1 GeV2. As expected from results for the tota
cross section~Fig. 3!, the semihard approach results have
larger normalization than the dipole ones. An important fe
ture emerging from these results is the dominance of
small-k'

2 region for the charm total cross section. Indeed,
high energies the peak is of the order of the saturation sc
k'

2 .Qs
2 , and contributions fork'

2 *10 GeV2 are negligible.
For the derivative of the collinear gluon distribution~usu-

ally denotedd-gluon), we choose the scalem25p'
2 1mQ

2 and
x252xB j . We can notice in the right panel of Fig. 4 th
effect of the discontinuity in the derivative of the gluon fun
tion, Eq.~21!, atQ0

250.8 GeV2: the profile function peaks a
this value fork'

2 >Q0
2 , whereas it has a flatter behavior fo

k'
2 below Q0

2 . We can also notice that thek' profile for the
derivative of the gluon distribution is broader than in t
saturation model. Still the main contribution comes from t
small-k' region; however, intermediate values of transve
momentum give a considerable contribution. This will brin
the predictions closer to data, as we will see later on.

In Fig. 5 we present the results for thek' profile for the
bottom, where we compare the different procedures and
integrated gluon functions, as in the charm case. Some
ferences in comparison with the charm are evident. For
saturation model calculations, the results of the dipole a
semihard procedures are very similar, since the scalem2
3-7
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FIG. 5. Left plot: Thek' profile ~bottom! for the unintegrated cross section from the saturation model for two different proce
concerning coupling constant and momentum fraction scale~see text!. Right plot: Thek' profile ~bottom! for the unintegrated cross sectio
from the derivative of the collinear gluon distribution~LO GRV98 parametrization!.
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2 1mQ

2 provides a high virtuality even at very small tran
verse momentum due to the large mass of the bottom. T
makes the strong coupling constant very close to the va
as50.2 in the wholep' range, as assumed in the origin
saturation model. The results from the derivative of the c
linear gluon distribution keep the same features as in
charm case, having again a broaderk' profile in comparison
with the saturation model.

The study of thek' profile shows the dominant region i
thek' range and the effect of choosing distinct scales for
coupling and longitudinal momentum fractions. From t
profiles discussed above, we expect that the broaderk' spec-
trum for the derivative of the collinear gluon function wi
enhance the overall normalization of the total cross sectio
high energies, improving the data description in compari
with the saturation model predictions. Motivated by this fa
we also perform a comparison at the total cross section l
between the two unintegrated gluon functions, namely,
saturation approach and the derivative of the collinear gl
funtion. In both cases we make our default choice of sc
m25p'

2 1mQ
2 and x252xB j . This comparison is shown in

Fig. 6 for both charm and bottom total cross sections. T
saturation model underestimates high energy data, since
treatment of QCD evolution is not considered in the origin
model. Recent improvements, taking QCD evolution into
count, should cure this shortcoming@31#. The derivative of
the collinear gluon distribution gives a better description
high energy data, since it includes the gluon emission
ferred to above. As expected, it is in disagreement at lo
energies, since the nonsinglet~valence! content was not in-
cluded in the analysis. In addition, it was also verified th
the corresponding unintegrated distribution function ta
negative values in that region. For the sake of illustration,
also show the parton model results~collinear approach! for
the LO process gg→QQ̄, where mc51.3 GeV, mb

54.75 GeV, andm25 ŝ have been used. This gives a re
sonable description of data given the use of lower he
quark masses or alternatively considering higher order
rections to the LO calculation. In contrast, the semihard
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proach gives a reasonable description of data already a
LO level. The energy dependence is distinct in the calcu
tions: the saturation model provides a mild energy grow
whereas in the collinear approach the growth is steeper.
collinear approach and the semihard result using the der
tive of the gluon function present a similar energy behav
with sizable deviations only at low energies near the thre
old.

As a final investigation, we compute thep' distribution
for charm and bottom quarks using the saturation model~us-
ing the three procedures discussed earlier! and the derivative
of the collinear gluon distribution, at center of mass ene
W5200 GeV. The predictions are shown in Fig. 7. A r
markable feature is the finite and well controlled behavior
smallp' for both gluon functions. One can also see the us
falloff at large transverse momentum. The finiteness at z

FIG. 6. The results for the charm and bottom total cross sect
considering the saturation model, the derivative of the collin
gluon distribution, and the collinear parton model. See discussio
the text.
3-8
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FIG. 7. Left plot: The charmp'-distribution from the saturation model~using three distinct procedures! and the derivative of the collinea
gluon distribution forW5200 GeV. Right plot: The bottomp' distribution from the saturation model~using three distinct procedures! and
the derivative of the collinear gluon distribution forW5200 GeV.
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transverse momentum in a LO level calculation is one of
main advantages of the semihard approach. Our results
comparable with those of Refs.@26,27#, which consider other
parametrizations for the unintegrated gluon function. Our
sults for the saturation model are quite similar, even us
different prescriptions for the scales atas and for longitudi-
nal momentum fraction, with a slight deviation at larg
transverse momentum. The growth at smallp' is less steep
in the bottom case than in the charm calculation, becaus
the larger bottom mass in the argument ofas . The derivative
of the collinear gluon distribution (d-gluon) produces a simi
lar behavior inp' , but with a somewhat higher overall no
malization.

IV. CONCLUSIONS

In this paper we investigate in detail thek'-factorization
approach~semihard approach! applied to heavy quark pho
toproduction. In this formalism the cross section is given
the convolution of off-shell matrix elements with the unint
grated parton distributionsF(x2 ,k'

2 ). The matrix elements
are at present known at LO accuracy, and include most of
NLO and even NNLO diagrams from the collinear factoriz
tion approach. This fact is advantageous in heavy quark
duction, since NLO calculations in the collinear approa
undershoot data~specially Tevatron data for the bottom!.
There are several parametrizations for the unintegrated g
function, relying on the solution of evolution equations
based on phenomenological considerations. We have in
tigated the application of the saturation model parametr
tion, which provide us a safe treatment of the infrared reg
and includes the onset of the parton saturation phenome
Moreover, the adjustable parameters of this model are
tracted from the high energy HERA data, and therefore
results are parameter-free.
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In order to go beyond the leading logarithmic approxim
tion @ ln(1/x)#, we let the strong coupling constant run an
use a suitable longitudinal momentum fraction entering inF.
The description of the total cross section data is stron
dependent on those procedures. An additional ingredien
the calculations is a threshold correction factor account
for the low energy behavior. The best agreement is obtai
by the prescriptionm25p'

2 1mQ
2 andx252xB j . However, in

any case the saturation model slightly underestimates
high energy experimental results. This comes from the f
that QCD evolution is not present in the original model.
order to investigate the role played by these evolution em
sions, we have considered the derivative of the collin
gluon distribution, which provides a closer connection w
the DGLAP formalism. Indeed, the results for the charm a
bottom total cross sections are in nice agreement at both
and high energies. Recent improvements of the satura
model considering these emissions are expected to pro
similar results.

It was verified that the study of thek' profile provides
important information about the range of transverse mom
tum that gives the main contribution for the processes.
the saturation model the most important piece is peake
the saturation scalek'

2 .Qs
2 . Thek' spectrum is broader fo

the derivative of the gluon distributionG(x2 ,k'
2 ). The p'

distribution of the produced heavy quarks is also comput
showing the effects coming from different prescriptions f
the scales considered. The results for the saturation m
are quite similar, even using different prescriptions for t
scales atas and for the longitudinal momentum fraction
with a slight deviation at large transverse momentum. T
growth at smallp' is less steep in the botton case than
the charm. The derivative of the collinear gluon distributi
produces a similar behavior inp' .

The study of heavy quark photoproduction in the fram
3-9
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work of the semihard approach improves the understand
of QCD dynamics both in the infrared and in the perturbat
regions. It also sheds light on the proton structure, espec
the gluon distribution. Therefore, it contributes to the und
standing of the amazing interplay of soft and hard QCD p
nomena.
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