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Determination of small x shadowing corrections at DESY HERA
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The recentF2 data can be described using the DGLAP evolution equations with an appropriate choice of
input distributions and the choice of the starting scale for theQ2 evolution. We demonstrate in this paper that
we cannot conclude that there are no significant shadowing corrections in the DESY HERA kinematic region
usingF2 data only. In this paper we calculate the shadowing corrections to the longitudinal structure function
FL(x,Q2) and to the charm component of the proton structure functionF2

c(x,Q2) in the HERA kinematic
region using an eikonal approach. We demonstrate that the shadowing corrections to these observables are very
large and that charm production is strongly modified at smallx. Our results agree with the few recent H1 data.
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I. INTRODUCTION

The parton high density regime in deep inelastic scat
ing is one of the frontiers in perturbative QCD~PQCD!. This
corresponds to the small Bjorkenx region and represents th
challenge of studying the interface between perturbative
nonperturbative QCD, with the peculiar feature that this tr
sition is taken in a kinematical region where the strong c
pling constantas is small. The transition between the pertu
bative regime and the nonperturbative regime may prov
an understanding of the soft interactions in the language
QCD and establish whether the Regge model can be just
from QCD principles. From the experimental side, data fr
the electron-proton collider HERA at DESY (As
5300 GeV), provide new insight into the structure of t
proton. The high energy allows us to probe the proton
hitherto unexplored kinematical regions. The collider HER
allows us to measure the structure functionsF2 ,F2

c , FL and
the cross sections of vector meson production and diffrac
processes for Bjorkenx values down to 1024.

In the region of moderatex (x>1022) the well-
established methods of operator expansion and renorma
tion group equations have been applied successfully.
Dokshitzr-Gribov-Lipatov-Altarelli-Parisi ~DGLAP! equa-
tions @1#, which are based upon the sum of QCD ladd
diagrams, are the evolution equations in this kinematical
gion. However, in the smallx region, the density of gluons
and quarks becomes very high and a new dynamical effe
expected to stop further growth of the structure functions
this kinematical region we are dealing with a system of p
tons which are still at small distances, whereas is still small,
but the density of partons becomes so large that the u
methods of PQCD cannot be applied@2#. About 17 years

*Email address: ayala@ufpel.tche.br
†Email address: gay@if.ufrgs.br
‡Email address: barros@if.ufrgs.br
0556-2821/99/59~5!/054010~8!/$15.00 59 0540
r-

d
-
-

e
of
ed

n

e

a-
e

r
-

is
n
-

al

ago, Gribov, Levin, and Ryskin~GLR! @3# performed a de-
tailed study of this region. They argued that the physi
processes of interaction and recombination of partons
come important in the parton cascade at a large value of
parton density, and that these shadowing corrections co
be expressed in a new evolution equation—the GLR eq
tion. This equation considers the leading nonladder contri
tions: the multiladder diagrams, denoted as fan diagra
The main characteristics of this equation are that it predic
saturation of the gluon distribution at very smallx; it predicts
a critical line, separating the perturbative regime from t
saturation regime; and it is only valid in the border of th
critical line. Therefore, the GLR equation predicts the lim
of its validity. In the last decade, the solution@4–6# and
possible generalizations@7,8# of the GLR equation have bee
studied in great detail. Recently, an eikonal approach to
shadowing corrections was proposed in the literature@9–11#.
The starting point of these papers is the proof of the Glau
formula in QCD@12#, which considers only the interaction o
the fastest partons with the target. As in QCD we rath
expect that all partons should interact with the target, a m
general approach was proposed in@9#. This approach was
applied to the nuclear case in@9# and to the nucleon case i
@10,11#. Some of the main characteristics of this approa
are its validity in a large kinematic region and that it pr
vides a limit case of the GLR equation. In this paper t
shadowing corrections will be estimated using the eiko
approach. In the next section we discuss this approac
more detail, pointing out first our motivation.

One of the most striking discoveries at HERA is the ste
rise of the proton structure functionF2(x,Q2) with decreas-
ing Bjorkenx @13#. The behavior of the structure function a
small x is driven by the gluon through the processg→qq̄.
Therefore the gluon distribution is the observable that g
erns the physics of high energy processes in QCD. HE
shows that the deep inelastic structure functionF2(x,Q2) has
a steep behavior in the smallx region (1022.x.1025),
even for very small virtualities (Q2'1 GeV2). Indeed, con-
sidering F2}x2l at low x, the HERA data are consisten
©1999 The American Physical Society10-1
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with a l that varies from 0.15 atQ250.85 GeV2 to 0.4 at
Q2520 GeV2. This steep behavior is well described in th
framework of the DGLAP evolution equations with an a
propriate choice of input distributions and the choice of
starting scale for theQ2 evolution, by all groups doing glo
bal fits of the data@14–16#. No other ingredient is needed t
describe the experimental data. Using this result is it poss
to conclude that there will be no significant shadowing co
tributions at HERA smallx regime? Here, we address th
question. Clearly, the answer of this question is connecte
the demonstration that the corrections due to shadowing
rections~SCs! are negligible at least in the HERA kinemat
region. If it is not so, the DGLAP approach is no better
worse than any other evolution mechanism developed to
scribe the experimental data.

The SCs for theF2(x,Q2) proton structure function and
xG(x,Q2) gluon distribution were computed considering t
eikonal approach in Refs.@10,11#. In those works, the au
thors estimate the value of the SCs which turn out to
essential in the gluon distribution but rather small inF2.
Consequently, theF2 data cannot determine if there is a ne
dynamical effect at HERA. Therefore, to obtain a more p
cise evidence of SCs in the HERA kinematic region,
must consider other observables directly dependent on
behavior of the gluon distribution and, consequently, m
sensitive to SCs. Some of these observables areFL ,F2

c , J/C
production, diffractive leptoproduction of vector meson
and open charm production. In this paper we consider
observablesFL and F2

c . The dominant charm productio
mechanism is the boson-gluon fusion. Therefore, the ch
componentF2

c of the structure function is a sensitive prob
of the gluon distribution at smallx. Furthermore, the viola-
tion of the Callan-Gross relation (FL5F222xF150) oc-
curs when the quarks acquire transverse momenta from Q
radiation. Consequently, also the longitudinal structure fu
tion is a sensitive probe of the gluon distribution at smallx.
In this work we estimate the SCs inFL and F2

c in the ap-
proach proposed in@10#. We calculate these observables u
ing the Altarelli-Martinelli equation@17# and the boson-
gluon fusion cross section@14#, respectively. The gluon
distribution and theF2 structure function necessary to the
equations are calculated considering the eikonal appro
Actually, there are few data in these observables, but m
measurements, with better statistics, will be available in
next years. Therefore the analysis of the behavior of th
observables considering SCs is very important.

This paper is organized as follows. In Sec. II the eiko
approach and the shadowing corrections for theF2(x,Q2)
andxG(x,Q2) are briefly presented. In Sec. III we obtain th
formulas for the calculation of theFL andF2

c and we apply
our results to HERA data. Moreover, we compare our res
with the predictions of DGLAP dynamics. Finally, in Se
IV, we present our conclusions.

II. EIKONAL APPROACH IN PQCD

The space-time picture of the Eikonal approach in
target rest frame can be viewed as the decay of the vir
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gluon at high energy~small x) into a gluon-gluon pair long
before the interaction with the target. Thegg pair subse-
quently interacts with the target. In the smallx region, where
x!1/2mR (R is the size of the target!, the gg pair crosses
the target with fixed transverse distancer t between the glu-
ons.

The cross section of the absorption of a gluong* with
virtuality Q2 can be written as

sg* 1nucleon~x,Q2!

5E
0

1

dzE d2r t

p
uC t

g* ~Q2,r t ,x,z!u2sgg1nucleon~z,r t
2!,

~1!

wherez is the fraction of energy carried by the gluon an

C t
g* is the wave function of the transverse polarized gluon

the virtual probe. Furthermore,sgg1nucleon(z,r t
2) is the cross

section of the interaction of thegg pair with the nucleon. In
the leading log(1/x) approximation we can neglect th
change ofz during the interaction and describe the cro
sectionsgg1nucleon(z,r t

2) as a function of the variablex.
Using the unitarity in thes channel, the cross sectio

sgg1nucleon(z,r t
2)5s(x,r t

2) can be written in the form

s~x,r t
2!52E d2bt~12e2V~x,r t ,bt!/2!, ~2!

wherebt is the impact parameter andV is an arbitrary real
function, which can be specified only in a more detail
theory or approach than the unitarity constraint. One of s
specified model is the Eikonal model.

The Eikonal model assumes thatV is small (V!1) and

its bt dependence can be factorized asV5V̄S(bt), with the
normalization*d2btS(bt)51. The factorization was proved
for the DGLAP evolution equations@3# and, therefore, all
our further calculations will be valid for the DGLAP evolu
tion equations in the region of smallx or, in other words, in
the double logarithmic approximation~DLA ! of perturbative
PQCD. The Eikonal approach is the assumption thatV

5V̄S(bt) in the whole kinematical region.

In @18# the authors demonstrate thatV̄ is given by

V̄5sN
gg5

3asS 4

r t
2D

4
p2r t

2xGS x,
4

r t
2D , ~3!

wherexG(x,Q2) is the gluon distribution. Therefore the be
havior of the cross section~2! in the smallx region is deter-
minated by the behavior of the gluon distribution in th
region.

Considering thes-channel unitarity and the eikona
model, Eq.~1! can be written as
0-2
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sg* 1nucleon~x,Q2!

5E
0

1

dzE d2r t

p E d2bt

p
uC t

g* ~Q2,r t ,x,z!u2

3~12e2V̄S~bt!/2!. ~4!

Using the relation sg* 1nucleon(x,Q2)5(4p2as /
Q2)xG(x,Q2) and the expression of the waveCg* calcu-
lated in @9#, the Glauber-Mueller formula for the gluon dis
tribution is obtained as

xG~x,Q2!5
4

p2Ex

1dx8

x8
E

4/Q2

` d2r t

pr t
4E0

` d2bt

p
2

3F12e2sN
ggS x8,

r t
2

4
DS~bt!/2G . ~5!

The use of the Gaussian parametrization for the nucl
profile functionS(bt)5(1/pR2)e2b2/R2

simplifies the calcu-
lations. Consequently, doing the integration overbt , the
master equation is obtained:

xG~x,Q2!5
2R2

p2 Ex

1dx8

x8
E

1/Q2

1/Q0
2 d2r t

pr t
4 $C1 ln@kG~x8,r t

2!#

1E1„kG~x8,r t
2!…%, ~6!

whereC is the Euler constant,E1 is the exponential function
and the functionkG(x,r t

2)5(3as/2RA
2)pr t

2xG(x,1/r t
2). If

Eq. ~6! is expanded for smallkG , the first term~Born term!
will correspond to the usual DGLAP equation in the smalx
region, while the other terms will take into account the sh
owing corrections.

The master formula~6! is correct in the DLA@10#. As
shown in @10# the DLA does not work quite well in the
accessible kinematic region (Q2.1 GeV2 and x.1024).
Consequently, a more realistic approach must be consid
to calculate the gluon distributionxG. In @10# the subtraction
of the Born term of Eq.~6! and the addition of the Glu¨ck-
Reya-Vogt~GRV! parametrization was proposed. This pr
cedure gives

xG~x,Q2!5xGmaster@Eq. ~6!#1xGGRV~x,Q2!2
asNc

p

3E
x

1E
Q0

2

Q2dx8

x8

dQ82

Q82
x8GGRV~x8,Q82!. ~7!

The above equation includes alsoxGGRV(x,Q0
2) as the initial

condition for the gluon distribution and givesxGGRV(x,Q2)
as the first term of the expansion with respect tokG . There-
fore, this equation is an attempt to include the full express
for the anomalous dimension for the scattering off ea
nucleon, while the use of the DLA takes into account
SCs. In@9# this procedure was applied to obtain the shado
ing corrections to the nuclear gluon distribution and in@10#
to the nucleon gluon distribution.
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Equation~5! is not a nonlinear equation of the type of th
GLR equation@3#; it is the analogue of the Glauber formula
which provides the possibility to calculate the SCs using
solution of the DGLAP evolution equation. In this paper,
shown in Eq.~7!, we use the GRV parametrization as a s
lution of the DGLAP evolution equation. It describes a
available experimental data quite well@13#. It should be also
stressed here that we disregard how much of SCs has
taken into account in this parametrization in the form of t
initials distributions.

A similar approach can be used to obtain the SCs for
deep inelastic structure functionF2(x,Q2). This was made in
Refs.@10,18#. The main result of these references is that
structure functionF2 can be written, in the eikonal approac
as

F2~x,Q2!5
Nc

6p3 (u,d,s
eq

2E
1/Q2

` d2r t

r t
4 E d2bt$1

2e2Vqq̄~x,r t ,bt!/2%, ~8!

whereVqq̄54/9V̄S(bt) @see Eq.~3!#.
Following the same steps used in the case of the gl

distribution, the proton structure function can be written a

F2~x,Q2!5
2R2

3p2 (u,d,s
eq

2E
1/Q2

1/Q0
2 d2r t

pr t
4 $C1 ln@kq~x,r t

2!#

1E1„kq~x,r t
2!…%, ~9!

wherekq54/9kG . Similarly as in the case of the gluon dis
tribution, to obtain a more realistic approach the Born te
must be subtracted and the GRV parametrization mus
summed. Therefore the proton structure function is given

F2~x,Q2!5F2~x,Q2!@Eq. ~9!#2F2~x,Q2!@Born#

1F2~x,Q2!@GRV#, ~10!

whereF2(x,Q2)@Born# is the first term in the expansion i
kq of Eq. ~9!, and

F2~x,Q2!@GRV#5 (
u,d,s

eq
2 @xq~x,Q2!1xq̄~x,Q2!#

1F2
c~x,Q2! ~11!

is calculated using the GRV parametrization.
In @10# the shadowing corrections for theF2(x,Q2) pro-

ton structure function andxG(x,Q2) gluon distribution were
computed considering the eikonal approach, and the
which turn out to be essential in the gluon distribution a
rather small inF2.

The result above is demonstrated in Fig. 1, where
present the ratios

R15
xGGM~x,Q2!

xGGRV~x,Q2!
~12!
0-3
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and

R25
F2

GM~x,Q2!

F2
GRV~x,Q2!

, ~13!

as a function of variable ln(1/x) for different values ofQ2.
In this caseGM represents that the function (F2 or xG) was
obtained using the eikonal approach, andGRV represents
that the function was obtained using the GRV parametr
tions @14#. We can see that in the HERA kinematical regi
@3< ln(1/x)<12# the behavior of the gluon distribution i
strongly modified by shadowing corrections. In@10# the au-
thors demonstrated that theF2 data can be described consi
ering shadowing corrections, i.e., theF2 data cannot deter
minate if there is a new dynamical effect at HER
Consequently, observables directly dependent on the be
ior of the gluon distribution must be considered to discrim
nate the SCs. From results obtained in@10# we conclude that
the eikonal model provides a good description of the S
and can be taken as a correct approximation in the appro
to the nucleon case for the HERA kinematical region. In
next section we estimate the shadowing corrections to
servables directly dependent on the behavior of the gl
distribution.

In this paper we estimate the shadowing corrections us
an eikonal approach proposed in@10#. The eikonal approach
gives sufficiently reliable results for the HERA kinemat
region; however, it is not the most efficient way to calcula
the shadowing corrections. In@10#, a generalized equatio
which takes into account the interaction of all partons in
parton cascade with the target was proposed. The main p
erties of generalized equation are that~i! the iterations of this
equation coincide with the iteration of the Glauber-Muel
formula, ~ii ! its solution matches the solution of the DGLA
evolution equation in the DLA limit of PQCD,~iii ! it has the
GLR equation as a limit, and~iv! contains the Glauber
Mueller formula. Therefore, the generalized equation is va
in a large kinematic region. In this paper we have used
Glauber-Mueller formula, since in the HERA kinematic r

FIG. 1. ~a! The ratio R15xGGM/xGGRV and ~b! the ratio R2

5F2
GM/F2

GRV as a function of the variable ln(1/x) for different vir-
tualities.
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gion the solutions of the generalized equation and of
Glauber-Mueller formula are approximately identical@10#.
However, a more accurate approach, to a larger kinem
region than the HERA one, should consider as an input
solution of the generalized equation, in the future@19#.

III. F L AND F 2
c

Our goal in this section is the determination of smallx
shadowing corrections atFL andF2

c using the approach pro
posed in@10#. These observables are directly dependent
the behavior of the gluon distribution and, consequently,
more sensitive to SCs.

Recently, the SC to theF2 slope was estimated@20#. This
observable is also directly dependent on the behavior of
gluon distribution@21#. It was shown that the contribution o
SCs is large in theF2 slope and that the experimental da
can be described incorporating the SCs. This result prov
strong motivation to estimate the SCs atFL andF2

c .

A. Longitudinal structure function

The longitudinal structure function in deep inelastic sc
tering is one of the observables from which the gluon dis
bution can be unfolded. Its experimental determination
difficult since it usually requires cross section measureme
at different values of the center of mass energy, implyin
change of beam energies. A direct change of the beam e
gies at HERA has been widely discussed@22#. An alternative
possibility is to apply the radiation of a hard photon by t
incoming electron. Such hard radiation results into an eff
tive reduction of the center of mass energy. Several stu
on the use of such events to measureFL have been carried
out @23#. With these measurements, which in principle cou
be performed in the near future, it may be possible to expl
the structure ofFL(x,Q2) in the low x range.

Current measurements ofR(x,Q2)5FL /(F22FL) have
been made by various fixed-target lepton-hadron scatte
experiments at higherx values@24#. At low x, measurements
of this observable are very scarce. Recently, the H1 Colla
ration has published the firstFL data at smallx. To obtain
the data, the structure functionF2 was parametrized take
only data fory,0.35, where the contribution ofFL is small.
The quantityy5Q2/sx describes, in the rest frame of th
proton, the energy transfer from the incoming to the outg
ing electron. This parametrization was evolved inQ2 accord-
ing to the DGLAP evolution equations. This provides pred
tions for the structure functionF2 in the highy region which
allowed, by subtraction of the contribution ofF2 to the cross
section, the determination of the longitudinal structure fun
tion. Therefore, in order to constrain the value ofFL in the
low x regime explored by HERA, the H1 Collaboration e
tractedFL assuming that the DGLAP evolution holds. O
point of view agrees with Thorne’s statement@26#, pointing
out that the assumption of the correctness of the DGL
evolution equations at smallx implies that FL is already
isolated. Therefore, our comparisons with these data mus
considered as an estimate of the SCs compared with the
sults of the standard evolution equations.
0-4
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One can write the longitudinal structure functionFL in
terms of the cross section for the absorption of longitudina
polarized photons as

FL~x,Q2!5
Q2~12x!

4p2aem

sL~x,Q2!'
Q2

4p2aem

sL~x,Q2!

~14!

at smallx. Longitudinal photons have zero helicity and c
exist only virtually. In the quark-parton model~QPM!, helic-
ity conservation of the electromagnetic vertex yields
Callan-Gross relationFL50 for scattering on quarks with
spin 1/2. This does not hold when the quarks acquire tra
verse momenta from QCD radiation. Instead, QCD yields
Altarelli-Martinelli equation@17#

FL~x,Q2!5
as~Q2!

2p
x2E

x

1dy

y3F8

3
F2~y,Q2!

14(
q

eq
2S 12

x

yD yg~y,Q2!G , ~15!

stressing the dependence ofFL on the strong constant cou
pling and the gluon density. At smallx the second term with
the gluon distribution is the dominant one. Consequently,
expression ~15! can be approximated reasonably
FL(x,Q2)'0.3(4as/3p)xg(2.5x,Q2) @27#. This equation
demonstrates the close relation between the longitud
structure function and the gluon distribution. Therefore,
expect the longitudinal structure function to be sensitive
the shadowing corrections in the HERA kinematic region.
this paper we calculateFL using the Altarelli-Martinelli
equation~15!.

Considering the expressions~7!, ~10!, and ~15! we can
estimate the SCs for theFL structure function. In Fig. 2 we
present the ratio

FIG. 2. The ratioRL5FL
GM/FL

GRV as a function of the variable
ln(1/x) for different virtualities.
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FL

GM~x,Q2!

FL
GRV~x,Q2!

, ~16!

where FL
GM(x,Q2) indicates that the longitudinal structur

function was obtained using the gluon distribution soluti
of the Glauber-Mueller formula, Eq.~5!, and FL

GRV(x,Q2)
indicates thatFL was obtained using the GRV parametriz
tion. We can see that the behavior ofFL is strongly modified
by shadowing corrections. The suppression increases
ln(1/x) and is much bigger than for theF2 case. In the region
of HERA data, 3< ln(1/x)<12, the shadowing correction
are not bigger than 44%@ ln(1/x)'12#. The SCs are as big
as 70% only at very small values ofx @ ln(1/x)'15#, where
we have no experimental data.

In Fig. 3 we present the behavior of theFL structure func-
tion with ~dashed curve! and without shadowing~solid
curve! as a function of ln(1/x) for different virtualities. We
compare our results with the scarce H1 data@25#. We can see
that both curves agree with the data; however, the exp
mental errors are still very large. In Fig. 4 we present o
results forFL and compare with all H1 data. From the abo

FIG. 3. The longitudinal structure functionFL for Q2

58.5,12,15 GeV2. The solid curve representsFL calculated using
the GRV parametrization and the dashed curve was calculated u
xG andF2 obtained in the eikonal model. Data from H1.

FIG. 4. The longitudinal structure functionFL for all H1 data.
0-5
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results we can conclude that the eikonal model gives a g
description of the longitudinal structure function and d
scribes the experimental data. However, new data, with
ter statistics, could verify the shadowing corrections
HERA kinematic region.

Our conclusion of this section is that the longitudin
structure functionFL is a good observable to isolate th
shadowing corrections at HERA. Consequently, we m
stress the importance of measuring directlyFL at HERA as a
probe of the dynamics of smallx physics. We hope this
result could also motivate the acquisition of new data in
next years.

B. Charm componentF 2
c of the structure function

The problem of how to treat heavy quark contributions
the deep inelastic structure functions has been widely
cussed; see, for example,@28#. It has been brought into focu
recently by the very preciseF2(x,Q2) data from HERA@13#.
Both the H1 and ZEUS Collaborations have measured
charm componentF2

c of the structure function at smallx and
have found it to be a large~approximately 25%) fraction o
the total. This is in sharp contrast to what is found at largex,
where typicallyF2

c/F2'O(1022).
For the treatment of the charm component of the struc

function there are basically two different prescriptions for t
charm production in the literature. The first one is advoca
in @29# where the charm quark is treated as a heavy qu
and its contribution is given by fixed-order perturbati
theory. This involves the computation of the boson-glu
fusion process. In the other approach@30# the charm quark is
treated similarly to a massless quark and its contribution
described by a parton density in a hadron. Here our goal
obtain the shadowing corrections to the charm struct
function in the eikonal approach, without considering in d
tail the question of how to treat heavy quark contributio
@28#. However, some comments are important. We cons
the charm production via boson-gluon fusion, where
charm is treated as a heavy quark and not a parton.
scheme is usually called fixed flavor number sche
~FFNS!. In this scheme, by definition, only light parton
~e.g.,u, d, s, andg) are included in the initial state for charm
production: the number of parton flavorsnf is kept at a fixed
value regardless of the energy scales involved. The bo
gluon fusion gives the correct description ofF2

c for Q2

,4mc
2 and should remain a reasonable approximation toF2

c

for Q2>4mc
2 . However, the boson-gluon fusion model w

inevitably break down at largerQ2 values as the charm quar
can no longer be treated as a nonpartonic heavy object,
begins to evolve more like the lighter components of
quark sea. Therefore, our estimates in this scheme shou
considered with caution in the region of largeQ2.

A cc̄ pair can be created by boson-gluon fusion when
squared invariant mass of the hadronic final stateW2

>4mc
2 . Since W25Q2(12x)/x1MN

2 , where MN is the
nucleon mass, the charm quark production can occur w
below theQ2 threshold,Q2'4mc

2 , at smallx. The charm
contribution to the proton structure function, in leading ord
~LO!, is given by@14#
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c~x,Q2,mc
2!52ec

2 as~m 82!

2p E
ax

1 dy

y
Cg,2

c S x

y
,
mc

2

Q2D g~y,m 82!,

~17!

wherea5114mc
2/Q2 and the factorization scalem8 is as-

sumedm8254mc
2 . HereCg,2

c is the coefficient function given
by

Cg,2
c S z,

mc
2

Q2D 5
1

2H F z21~12z!21z~123z!
4mc

2

Q2

2z2
8mc

4

Q4 G ln
11b

12b

1bF2118z~12z!2z~12z!
4mc

2

Q2 G J ,

~18!

whereb5124mc
2z/Q2(12z) is the velocity of one of the

charm quarks in the boson-gluon center-of-mass fra
Therefore, in leading order,O(as), F2

c is directly sensitive
only to the gluon density via the well-known Bethe-Heitl
processg* g→cc̄. The dominant uncertainty in the QCD
calculations arises from the uncertainty in the charm qu
mass. In this paper we assumemc51.5 GeV.

Considering the expressions~7! and~17! we can estimate
the shadowing corrections for theF2

c structure function. In
Fig. 5 we present the ratio

R2
c5

F2
cGM~x,Q2!

F2
cGRV~x,Q2!

. ~19!

We can see that the behavior of theF2
c is strongly modified

by the SCs. The suppression due to shadowing correct
increases with ln(1/x) and is much bigger than for theF2

FIG. 5. The ratioR2
c5F2

cGM/F2
cGRV as a function of the variable

ln(1/x) for different virtualities.
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case. In the region of HERA data, 3< ln(1/x)<12, the SCs
are not bigger than 40%@ ln(1/x)'12#. The SCs are bigge
than 62% only at very small value ofx@ ln(1/x)'15#, where
we have no experimental data.

In Fig. 6 we present the behavior of theF2
c structure func-

tion with ~dashed curve! and without~solid curve! shadow-
ing for different virtualities. We compare our results with th
H1 data@31#. Our predictions agree with the recent H1 da
When compared with the GRV parametrization the shad
ing corrections toF2

c present a suppression which increas
with ln(1/x). Therefore, new data, with better statistic
could isolate the shadowing corrections in the HERA kin
matic region.

As the shadowing corrections are distinct for the obse
ablesF2 and F2

c we can estimate the modifications in th
charm contribution to theF2 at smallx by SCs. In Fig. 7 we
present our results for the ratio

FIG. 6. The charm component of the structure function for d
ferent values ofQ2. The solid curve representsF2

c calculated using
the GRV parametrization and the dashed curve as calculated u
xG obtained from the eikonal model. Data from H1.

FIG. 7. The ratioRF5F2
c/F2 as a function of the variable

ln(1/x) for different virtualities. The solid curve represents the p
dictions obtained using the GRV parametrization and the das
curve the predictions obtained in the eikonal model.
05401
.
-

s
,
-

-

RF5
F2

c~x,Q2!

F2~x,Q2!
. ~20!

We can see that the behavior of this ratio is strongly mo
fied by the shadowing corrections. Therefore, we expect
the charm contribution not to increase at small values ox
when compared with the predictions obtained using the us
parametrizations. Furthermore, we expect a strong modifi
tion in the charm quark production at smallx. It is one of the
main conclusions of this paper. This strong modification
the charm quark production shall occur in other associa
observables, for instance, inJ/C production. The shadowing
corrections to the diffractive leptoproduction of vector m
son J/C was calculated in@32#. The authors obtained tha
the SCs are large, but their results are affected by the un
tainty in theJ/C wave function. Consequently, although th
cross section of diffractive leptoproduction ofJ/C is propor-
tional to the square of the gluon distribution, the accur
discrimination of SCs in this process is still unlikely.

Our conclusion of this section is that the charm comp
nent F2

c is also a good observable to isolate the shadow
corrections. Therefore, new data, with better statistics, w
be very important in the determination of dynamics
HERA, and further applications.

IV. CONCLUSIONS

The PQCD has furnished a remarkably successful fra
work to interpret a wide range of high energy lepton-lepto
lepton-hadron, and hadron-hadron processes. Through g
analysis of these processes, detailed information on the
ton structure of hadrons, especially the nucleon, has b
obtained. The existing global analysis has been perform
using the standard DGLAP evolution equations. However
the smallx region the DGLAP evolution equations are e
pected to break down, since new effects must occur in
kinematical region. One of these effects is the shadow
phenomenon.

The recentF2 data are well described in the framework
the DGLAP evolution equations with an appropriate cho
of input distributions and the choice of the starting scale
the Q2 evolution. Although no other ingredient has be
needed to describe the data, we cannot conclude that
shadowing corrections are negligible in the HERA kinema
region only from the analysis ofF2 data. The proton struc
ture function is inclusive on the behavior of the gluon dist
bution. In this paper we estimate the shadowing correcti
to FL andF2

c . The behavior of these observables is direc
dependent on the behavior of the gluon distribution a
therefore, strongly sensitive to the shadowing correctio
We shown that the SCs toFL andF2

c are much bigger than
for theF2 case. Our results are in accordance with the rec
few data. New data with better statistics are strongly w
come.

One of the main conclusions of this paper is the stro
modification of charm component of the structure functio
As the SCs are different in the observablesF2 and F2

c the
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charm contribution does not increase at smallx as predicted
by the usual parametrizations.

In this paper we estimate the shadowing corrections us
an eikonal approach proposed in@10#. The eikonal approach
gives a sufficiently reliable result for the HERA kinemat
region; however, a more accurate approach, to a larger k
matic region than the HERA kinematic region, should co
sider as an input the solution of the generalized equa
proposed in@10#. In a future publication we will estimate th
behavior of some observables using the solution of the g
eralized equation.

The determination of the dynamics at smallx is funda-
in
J

.

.

,

B

05401
g

e-
-
n

n-

mental to estimate the cross sections of the processes w
will be studied in the future accelerators. We expect that t
paper could motivate a more accurate determination ofFL

andF2
c in the next years, since the behavior of these obse

ables may explicate the dynamics at smallx regime.
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