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Nuclear shadowing corrections to the structure functions of deep inelastic scattering on intermediate-
mass nuclei are calculated at very small values of Bjorken x and small values of Q2 ðQ2 ≤ 5 GeV2Þ. The
two-component approach developed in previous works of authors for a description of the nucleon structure
functions of deep inelastic scattering is used. It is shown that the hard component of the nucleon structure
functions that arises, in terms of the color dipole model, from qq̄-pairs with a high transverse momentum, is
almost not shadowed. It is shown that a change of the slope of the shadowing curve with a decrease of
x depends, at small values of x, on the relative contribution of the hard component to the nucleon structure
function (this contribution is a function of x and Q2) and on a size of gluon saturation effects. It is shown
that an accounting for saturation effects becomes essential for predictions of shadowing at
x < ð10−5 – 10−4Þ, depending on a value of Q2. Results of numerical calculations of nuclear shadowing
for several nuclei are compared with available data of the E665 and the NMC Collaborations.
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I. INTRODUCTION

It is well known that at small values of Bjorken
x (x≤0.1 for Q2 ≥ 1 GeV2), the inclusive structure func-
tion of deep inelastic scattering (DIS) on a nucleus with A
nucleons is smaller than the incoherent sum of the nucleon
structure functions, i.e., F2A < AF2N . Correspondingly, the
virtual photon-nucleus cross section is smaller than A times
the photon-nucleon cross section, σγ�A < Aσγ�N . This, by
definition, is the effect of nuclear shadowing (see reviews
[1–5]). This phenomenon is explained by a destructive
interference of amplitudes of single and multiple scatter-
ings of the hadronic fluctuations of the virtual photon on
nucleons of the target nucleus (considering the process in
the rest frame of the nucleus). So, nuclear shadowing
is a coherent effect and results from a coherent scattering of
the hadronic fluctuation from at least two nucleons in the
target nucleus.
There are two main formalisms which are used for a

study of nuclear effects in DIS: Glauber-Gribov formalism
[6,7] and Regge-Gribov framework [8–10]. In the first case,
the hadronic components of the virtual photon are rescat-
tered in the target nucleus in a Glauber-like manner, and

different models are distinguished by a choice of the
mass spectrum of the hadronic fluctuations and a cross
section of their interaction with nucleons. The Glauber-
Gribov formalism had been exploited in calculations of
nuclear shadowing based on the generalized vector domi-
nance (GVD) approach [7,11–13] (the corresponding
results of shadowing calculations are reviewed in [2])
and, more recently, in calculations using the color dipole
model [14,15] (for references on these calculations, see
reviews [3–5]).
Regge-Gribov framework uses the connection between

nuclear shadowing and a differential cross section for the
diffractive dissociation of the projectile. In order to calcu-
late nuclear shadowing effects in this framework, one
must know the nucleon diffractive structure functions.
Calculations of nuclear shadowing effects in Regge-
Gribov framework are performed using the different model
assumptions because the perturbative QCD is not appli-
cable to the full description of diffractive DIS (especially in
the region of small Q2). Three groups of models are most
frequently used for calculations of nuclear shadowing: (i)
aligned jet models (AJMs) [16,17], (ii) Regge-motivated
models using the concept of partonic pomeron [18,19], and
(iii) “leading twist approaches” operating with diffractive
parton distributions [20] (the corresponding works studying
shadowing are reviewed in [3–5]). Assumptions used in (i)
and (ii) are not in conflict with QCD as it may seem. In
opposite, it was shown [21] that perturbative QCD models
based upon two-gluon exchange can be extrapolated into
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the nonperturbative region and, performing such an
extrapolation, authors of [21] really discovered a domi-
nance of aligned-jet configurations in the diffractive struc-
ture function and an arising of a simple picture of the
Pomeron structure function.
In the present work, we calculate the nuclear shadowing

effects for several nuclei, for a broad interval of x and a
limited interval of Q2, Q2 ≤ 5 GeV2. The choice of just
this region of Q2, for shadowing studies, is determined by
two reasons. Firstly, in recent few years, the interest was
revived to a study of photonuclear interactions of high
energy leptons (i.e., lepton-nucleus inelastic interactions
dominated by small values of Q2). This interest is con-
nected, in particular, with a planning of new experiments on
the detection of astrophysical neutrinos of very high
energies (see, e.g., [22,23]). The second reason is the
following: in our previous papers [24–26], we elaborated
the two-component model (GVDþ perturbative QCD) for
a description of DIS just for a region of small and medium
Q2, and, in the present work, we use, for a calculation of the
shadowing corrections, the nucleon structure functions of
DIS obtained in this two-component model.
It is well known that shadowing effects in interactions of

real and quasireal photons with nuclei are rather well
described by the vector dominance approach operating with
light vector mesons only (ρ; ω; φ) (see, e.g., the detailed
review [27]). However, when data with photons of rela-
tively high virtualities (Q2 ≥ 1 GeV2) appeared, it had
been realized that the light mesons explain well the “high
twist” shadowing effects, while for a description of a weak
Q2 dependence of shadowing at medium and large Q2,
discovered by the data, the additional “quasiscaling” or
“partonic” mechanism [28] is necessary. The alternative
(and more appropriate, in our opinion) approach for a
description of shadowing at mediumQ2 is an application of
the GVD concept in the aligned jet version [16,17,29]. In
GVD, excited states of light vector mesons (ρ0; ρ00;…) are
included in the mass spectrum of the hadronic fluctuations
of the virtual photon [11,13]. In such an approach, the
photoabsorption cross section σγ�N contains the GVD (i.e.,
nonperturbative) part and the perturbative term taking into
account a contribution of those hadronic fluctuations of the
virtual photon whose interactions with the target nucleon
are described by perturbative QCD. Just this approach is
used for calculations of the DIS structure functions in
[24–26].
The plan of the paper is as follows. In Sec. II, the main

assumptions underlying our approach are discussed, and
some key formulas are briefly derived. In Sec. III, the
shadowing correction due to soft interactions of the
hadronic fluctuations of the virtual photon with nucleons
of the target nucleus is studied. In Sec. IV, the contribution
to shadowing from the hard interactions of nonaligned qq̄
pairs, produced by the virtual photon, with nucleons is
considered. In Sec. V, results of the numerical calculations

of the shadowing coefficients for several nuclei and for a
broad interval of Bjorken x are shown. Discussions of the
results and conclusions are given in Sec. VI.

II. OUTLINE OF THE MODEL

Consider, at first, a simplest case when the hadronic
fluctuations are described by the separate vector mesons.
The GVD approach (see, e.g., [30] for the historical

review) starts from the spectral representation for the
transverse photon absorption cross section σTðs;Q2Þ
(s is the square of the virtual photon-nucleon center of
mass energy),

σTðs;Q2Þ ¼
Z

dM2
M4

ðM2 þQ2Þ2 ρTðs;M
2Þ ð1Þ

(the longitudinal part of the photoabsorption cross section,
σL, is considered below, in Sec. III).
The spectral weight function ρT is related to the

imaginary part of the forward scattering amplitude for
VðMÞ þ N → VðMÞ þ N (V is the vector meson state with
mass M). The main relation of GVD is [7,11]

ρTðs;M2Þ ¼ 1

4π2αem
σhadðM2ÞσVNðs;M2Þ; ð2Þ

where

σhadðM2Þ ¼ σeþe−→hadronsðM2Þ: ð3Þ

The vector meson-photon couplings are defined by the
connection (in the approximation of zero decay width of the
vector mesons),

X
n

e2

f2n
δðM2 −M2

nÞ ¼
1

4π2αem
σhadðM2Þ: ð4Þ

Here, we assume, in accordance with GVD, that there is
at least one family of neutral vector mesons (in reality, we
consider radial excitations of ρ only).
Introducing the ratio,

RðM2Þ ¼ σhadðM2Þ
σeþe−→μþμ−ðM2Þ ¼

X
n

RnðM2Þ; ð5Þ

one obtains from Eq. (4),

RnðM2Þ ¼ 12π2

f2n
M2

nδðM2 −M2
nÞ: ð6Þ

For taking into account the nonzero decay width, one
must replace δ function in Eq. (6) by the Breit-Wigner-type
expression,
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πδðM2 −M2
nÞ ¼

MnΓ
ðM2 −M2

nÞ2 þM2
nΓ2

: ð6aÞ

We assume, further, in accord with QCD (in its large Nc
limit) and Regge theory (see, e.g., [31]), that the mass
squared of the family member obeys “equal spacing rule”
with respect to the index n,

M2
n ¼ M2

0ð1þ anÞ; n ¼ 0; 1; 2… ð7Þ

With such a spectrum the parton-hadron duality
condition,

RðM2Þ ≅ const; ð8Þ

leads to the following relation for the photon-vector meson
couplings of the family members:

1

f2n
¼ 1

f2ρ

M2
ρ

M2
n
: ð9Þ

Note, that we do not need the analogous relation for the
electromagnetic decay widths of the vector mesons (see the
recent work [32], where the question of the validity of
Eq. (9) is discussed).
Substituting Eq. (2) in Eq. (1), we obtain the relation,

σTðs;Q2Þ ∼
X
n

1

f2n

M4
n

ðM2
n þQ2Þ2 σVnNðsÞ; ð10Þ

and, using the Glauber-Gribov formalism, calculate the
cross section on a nucleus. In leading order (i.e., for
the coherent scattering on two nucleons), one obtains the
expression,

σAT ¼ AσT − πAðA − 1Þ

×
X
n

αem
f2n

M4
n

ðM2
n þQ2Þ2 σ

2
VnN

CðMnÞ; ð11Þ

where CðMnÞ is the nuclear factor depending on nucleon
densities inside of the nucleus and on the coherent length
(see, e.g., [33]),

CðMnÞ ¼
Z

d2bjΦðkL; bÞj
2

; ð12Þ

ΦðkL; bÞ ¼
Z

dzρðb; zÞeikLz; ð13Þ

kL ¼ xmN

�
1þM2

n

Q2

�
¼ Q2 þM2

n

2ν
: ð14Þ

The same expression for σAT can be obtained using the
Regge-Gribov framework. Here, one needs the differential
cross section for the diffractive production which, in the

GVD approach [assuming the diagonal approximation, as
in Eq. (1), and the approximation of a zero width, as in
Eq. (4)], is given by the formula [34],

d2σdiffγ�N

dM2
Xdt

����
t¼0

¼
X
n

α

4

�
Mn

fn

�
2

δðM2
X −M2

nÞ

×
M2

X

ðM2
X þQ2Þ2 σ

2
XN: ð15Þ

Using this formula, the cross section σAT is easily
calculated from the main expression of the Regge-
Gribov framework [35],

σTA ¼ AσT − 4πAðA − 1Þ
Z

dM2
X

d2σdiffγ�N

dM2
Xdt

����
t¼0

CðMXÞ: ð16Þ

In these equations, MX is the invariant mass of the X
system produced in the diffractive process.
As mentioned in the Introduction, we use in the present

work the aligned jet version of GVD. In this version, all
members of GVD sums, in particular, in Eqs. (10) and (11),
are multiplied on the cutting factors inversely proportional
to M2

n. It corresponds, in the color dipole picture, to a
reducing of the phase space of qq̄ pairs produced by the
virtual photon and provides the approximate Q scaling,
Q2σγ�N ∼ const: qq̄ pairs with a small transverse momen-
tum have a large transverse size and interact with the target
nucleon with a large cross section, and, just by this reason,
we may assume that σVnN in Eq. (10) does not depend on

the meson mass. The cutting factors depend on the ratio
k2
0⊥
M2

n
,

and, in a leading order, are [26]

ηnT ≃ 3
k20⊥
M2

n
; ηnL ≃ 6

�
k20⊥
M2

n

�
2

; ð17Þ

where a value of k0⊥ is the model parameter, and it was
taken equal to 0.385 GeV in [26]. Note, that it is close to the
value of the perturbative QCD scale ΛMS, ΛMS ¼
0.339 GeV [36]. For a transition to the aligned jet version,
one must do replacements,

e2

f2n
→

e2

f2n
ηnT;L ð18Þ

in GVD expressions for σT;L.
In calculations of the nucleon structure functions of DIS,

in the region of small and medium Q2, the number of those
vector mesons which saturate the GVD sums is around 8–9,
if their masses are given by Eq. (7) with a ¼ 2. We assume
that those vector mesons which almost do not contribute to
the total photoabsorption cross section (but contribute
noticeably to the diffractive cross section) form a high-
mass continuum. For a description of the diffractive cross
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section in the region of large invariant masses MX, it is
natural to use Regge parametrization. Concretely, the triple-
pomeron limit should be good enough. The corresponding
parametrization is rather simple,

s
d2σdiffγ�N

dM2
Xdt

����
t¼0

∼ s2αPð0Þ−1
�

1

M2
X þQ2

�
αPð0Þ

: ð19Þ

Here, αPð0Þ is the soft pomeron intercept. Another way
is to use the available parametrizations of the experimental
data and extrapolate them to a region of large values of s
and M2

X.
As stated above, an application of aligned jet version of

GVD for a calculation of the nucleon structure function
leads, in a natural way, to a two-component picture: the
total σγ�N , in particular, contains, except for the non-
perturbative (“soft”) component, the perturbative (“hard”)
component, which arises from the contribution of qq̄ pairs
with a high transverse momentum.
So, now, for a case of the transverse virtual photons one

has the sum,

σT ¼ σsoftT þ σhardT ; ð20Þ

where σsoftT is given by Eq. (10) [with replacements
introduced in Eq. (18)]. From here, and everywhere below
in the text, we change the notation designating by σT just
the sum of the soft and hard parts.
If we assume, on a moment, that hadronic configurations

which constitute the hard component interact completely
incoherently with nucleons of the target nucleus (due to the
color transparency phenomenon), then we have, in an
approximation of the pure ρ dominance, the simple
expression [1] for the shadowing effect,

Aeff ¼
σATðs;Q2Þ
σTðs;Q2Þ ¼ ½1 − λðs;Q2Þ�

×
σρAðsÞ
σρNðsÞ

þ λðs;Q2ÞA; ð21Þ

where

λ ¼ σhardT ðs;Q2Þ
σTðs;Q2Þ : ð22Þ

In a general case, however, one must take into account
the shadowing effect from the hard component and, also,
include into a consideration the contribution from longi-
tudinal virtual photons. By definition, the shadowing
coefficient is given by the general formula,

α ¼ F2A

AF2N
¼ σγ�A

Aσγ�N
; ð23Þ

where the nucleon structure function F2N and the nuclear
structure function F2A are simply connected with the
photoabsorption cross sections,

F2N ¼ Q2

4π2αem
σγ�N; F2A ¼ Q2

4π2αem
σγ�A: ð24Þ

It is convenient, for more clarity, to introduce two
shadowing coefficients, soft and hard ones,

αsoft ¼
Fsoft
2A

AFsoft
2N

: ð25Þ

Fsoft
2A ¼ Fðρ;ρ0…Þ

2A þ FðcontÞ
2A ; Fsoft

2N ¼ Fðρ;ρ0…Þ
2N ; ð25aÞ

and

αhard ¼
Fhard
2A

AFhard
2N

: ð26Þ

If there is no shadowing in the hard part then αhard ¼ 1.
The total shadowing coefficient is given by the sum,

α ¼ αsoft
Fsoft
2N

F2N
þ αhard

Fhard
2N

F2N
: ð27Þ

III. SHADOWING OF THE SOFT COMPONENT

According to the previous section, the soft component of
the nuclear structure function (and the corresponding
photoabsorption cross section) contains the vector meson
part and the high-mass continuum part,

σsoftγ�A;¼ σðρ;ρ
0…Þ

γ�A þ σðcontÞγ�A : ð28Þ

Consider, at first, the vector meson part. The shadowing
correction is given by the quantity,

δσðρ;ρ
0…Þ

γ�A ¼ Aσðρ;ρ
0…Þ

γ�N − σðρ;ρ
0…Þ

γ�A : ð29Þ

The contribution to this correction from the transverse
photons can be extracted from Eq. (11),

δσðρ;ρ
0…Þ

γ�TA
¼ πAðA − 1Þ

×
X
n

αem
f2n

M4
n

ðM2
n þQ2Þ2 σ

2
VnN

CðMnÞ: ð30Þ

For taking into account the higher rescattering terms, we
introduce in the right part of Eq. (11) an eikonal factor F
[inside of the integral over the impact parameter in
Eq. (12)]. This factor is

F ¼ e− A
2
σeffTðbÞ: ð31Þ
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Here, TðbÞ is the nuclear thickness,

TðbÞ ¼
Z

∞

−∞
dzρðb; zÞ; ð32Þ

and σeff is the effective cross section for the interaction of
the diffractively produced state with the nucleon. In our
case, evidently, σeff ¼ σTVnN

≡ σVnN . Besides, we insert in
Eq. (11), the cutting factors ηnT . Finally, one obtains, using
Eq. (13), the expression,

δσðρ;ρ
0…Þ

γ�TA
¼ 2πAðA − 1Þ

X
n

αem
f2n

ηnT
M4

n

ðQ2 þM2
nÞ2

σ2VnN

×
Z

d2b
Z

∞

−∞
dz1

×
Z

∞

z1

dz2ρðb; z1Þρðb; z2Þ cosðkLðz2 − z1ÞÞ

× exp

�
−A
2
σVnN

Z
z2

z1

ρðb; zÞdz
�
: ð33Þ

The longitudinal part of δσðρ;ρ
0…Þ

γ�A is derived analogously.
It can be obtained from Eq. (33) by substitutions,

M4
n → Q2M2

n; σVnN → ξσVnN; ηnT → ηnL: ð34Þ

Here, the factor ξ is the ratio σLVnN
=σTVnN

(see [26] for
details).
The contribution of the high-mass continuum into the

soft shadowing correction is given by the formula followed
from Eq. (16),

δσðcontÞγ�A ¼ 4πAðA − 1Þ
Z
M2

X;min

dM2
X

d2σdiffγ�N

dM2
Xdt

����
t¼0

CðMXÞ;

ð35Þ

where the nuclear factorCðMXÞ defined above is calculated
from Eqs. (12)–(14) with a substitution Mn → MX. Here,
for calculations of the diffractive cross section, we prefer to
use instead the Regge triple-limit formula, the avai-
lable parametrizations of the direct ZEUS data [37,38].
Concretely, these parametrizations were done for the

diffractive nucleon structure function FDð3Þ
2 connected with

the diffractive cross section by the relation,

d2σdiffγ�N

dM2
Xdt

����
t¼0

≅
4π2αem
Q4

xBFDð3Þ
2 ðx;Q2;M2

XÞ: ð36Þ

Here, B is the slope of the t dependence of the diffractive
cross section,

d2σdiffγ�N

dM2
Xdt

¼ d2σdiffγ�N

dM2
Xdt

����
t¼0

eBt: ð37Þ

For a comparison with experimental data, it is more
convenient to use the following variables:

xP ¼ M2
X þQ2

sþQ2
≃
M2

X

s
; β ¼ x

xP
≃

Q2

M2
X
; : ð38Þ

To our knowledge, the most recent parametrizations
which are valid for a broad interval of values of the
variables are based on the well-known BEKW model
[21]. Specifically (neglecting the small contribution from
the longitudinal virtual photons), one has [37,38]

xPF
Dð3Þ
2 ðβ; x; Q2Þ ≈ CTFT

qq̄ þ CgFT
qq̄g;

FT
qq̄ ¼

�
x0
xP

�
nTðQ2Þ

βð1 − βÞ;

FT
qq̄g ¼

�
x0
xP

�
ngðQ2Þ

ln

�
1þQ2

Q2
0

�
ð1 − βÞγ:

ð39Þ

Here,

nT;gðQ2Þ ¼ n0 þ n1 ln

�
1þQ2

Q2
0

�
; ð39aÞ

and CT; Cg; n0; n1; Q2
0; x0; λ are parameters in the fit.

Note, that in the limit β → 0, this parametrization gives,
approximately,

s
d2σdiffγ�N

dM2
Xdt

����
t¼0

∼
�
1

xP

�
n0þ1

∼
�

1

M2
X þQ2

�
n0þ1

: ð40Þ

This is close to the triple-limit Regge formula, Eq. (19),
if n0 ≈ αPð0Þ − 1.
Finally, the shadowing correction due to the soft inter-

actions of the hadronic fluctuations of the virtual photons
with the target nucleus is given by the formula,

αsoft ¼ 1 − δσðρ;ρ
0…Þ

γ�A þ δσðcontÞγ�A

Aσsoftγ�N
; ð41Þ

where δðρ;ρ
0…Þ

γ�A and δðcontÞγ�A are calculated using Eqs. (33), (35).

IV. SHADOWING OF THE HARD COMPONENT

The qq̄ pairs, produced by the virtual photons, with high
transverse momenta have relatively small transverse sizes,
and their interaction with the nucleon can be described, in a
language of Regge theory, by an exchange of the pertur-
bative (“hard”) pomeron [39]. In terms of the color dipole
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model, the photoabsorption cross sections on the nucleon
are given by the integrals,

σT;Lðs;Q2Þ ¼
Z

dz
Z

d2r⊥jψT;Lðr⊥; z; Q2Þj2σhardqq̄Nðr⊥; sÞ:

ð42Þ

Here, ψT;L are the light cone wave functions of the
virtual photon, σhardqq̄N is the total cross section of the hard
interaction of the qq̄ pair with the nucleon, r⊥ is the
transverse separation of particles of the pair, and z is the
fraction of the incoming photon light cone energy for one
quark of the pair. For a phenomenological description of
the hard interaction part of σhardqq̄N , we use the FKS model
[40], in which this cross section has the following func-
tional form at r⊥ → 0:

σhardqq̄N ∼ r2⊥e−ar⊥ðr2⊥sÞb; ð43Þ

and it is assumed that the s dependence of this cross section
is more strong than in case of the soft pomeron.
The corresponding shadowing correction is calculated

with a help of the general formula of Eq. (16). In this
formula, the nuclear factor CðM2

XÞ depends on MX only
through kL. We assume thatM2

X is, approximately, equal to
Q2, due to a chain of approximate equalities,

M2
X ∼ k2⊥ ∼ r−2⊥ ∼Q2: ð44Þ

IfM2
X ¼ Q2, one has k⊥ ¼ 2xmN , and the factor CðM2

XÞ
does not depend on MX. Therefore, one can integrate
the diffractive cross section in the integrand of Eq. (16)
over M2

X and use the known expression of the color dipole
model [41],

d2σdiffγ�L;TN

dt

����
t¼0

¼ 1

16π

Z
dz

Z
d2r⊥jψL;Tðr⊥; z; Q2Þj2

× ½σhardqq̄Nðr⊥; sÞ�2: ð45Þ

Finally, the shadowing correction for the hard compo-
nent is given by the expression (summing over photon
polarizations),

δσhardγ�A ¼ AðA − 1Þ
2

Z
dz

Z
d2r⊥jψðr⊥; z; Q2Þj2

× ½σhardqq̄Nðr⊥; sÞ�2
Z

d2b
Z

∞

−∞
dz1

×
Z

∞

z1

dz2ρðb; z1Þρðb; z2Þ

× cosð2xmNðz1 − z2ÞÞe−
A
2
σhardqq̄Nðr⊥;sÞ

R
z2
z1

dzρðb;zÞ
:

ð46Þ

Here, we used the notation,

jψðr⊥; z; Q2Þj2 ≡ jψTðr⊥; z; Q2Þj2 þ jψLðr⊥; z; Q2Þj2:
ð47Þ

For the quark dipoles with a small transverse size, the
formulas for the virtual photon wave function are derived
from QED (see, e.g., [42]),

jψTðr⊥; z; Q2Þj2 ¼ 3α

2π2
X
f

�
ef
e

�
2

½m2
fK

2
0ðεr⊥Þ

þ ðz2 þ ð1 − zÞ2Þε2K2
1ðεr⊥Þ�; ð48Þ

jψLðr⊥; z; Q2Þj2 ¼ 6αem
π2

X
f

�
ef
e

�
2

ðQ2z2ð1 − zÞ2ÞK2
0ðεr⊥Þ

ð49Þ

ε2 ¼ zð1 − zÞQ2 þm2
f: ð50Þ

The hard shadowing coefficient defined in Eq. (26) is
given by the expression,

αhard ¼ 1 − δσhardγ�A

Aσhardγ�N
; σhardγ�N ¼ σhardT þ σhardL ; ð51Þ

and σhardT;L are calculated using Eq. (42).

V. RESULTS OF CALCULATIONS OF
SHADOWING COEFFICIENTS

According to derivations of the previous sections,
the total shadowing coefficient is calculated using the
expression,

α ¼ 1 − δσðρ;ρ
0…Þ

γ�A þ δσðcontÞγ�A þ δσhardγ�A

Aðσsoftγ�N þ σhardγ�N Þ
: ð52Þ

In our previous work [43], we supposed (in calculations
of shadowing) that the soft hadronic fluctuations of the
virtual photon consist of the one separate vector meson (ρ0)
and the continuum with the border mass 1.5 GeV. In the
present work, we used the GVD approach and, respectively,
took into account excited states of the ρ-meson family
(eight mesons, in addition to ρ0) with masses determined by
Eq. (7) with a ¼ 2. The border mass of the continuum is
equal to 3.3 GeV.
Calculating shadowing corrections from separated vector

mesons we should, for a comparison with data in the region
of large values of Bjorken x, slightly modify Eq. (33) and
its analogue in a case of the longitudinal photon, inserting
into their integrands, the “damping factor” (see, e.g.,
[44,45]). This factor is necessary because in the region
of largeQ2,Q2 ≫ 1 GeV2, and large Bjorken x (x ∼ 10−2),
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the vector dominance approach is too rough: in this region,
the coherent length is small while qq̄ pairs from the virtual
photon are too narrow (r2⊥ ∼Q−2), and, therefore, the cross
section of their interaction with the target nucleon does not

have time to grow to a value of the order of σVnN . We use
the following form of this damping factor:

HðQ2; xÞ ¼ 1

1þ Q2

Q2
0
ðxÞ

; Q2
0ðxÞ ¼ 1.5

�
10−2
x

�
: ð53Þ

For a calculation of the shadowing correction due to the
high mass continuum, we use Eqs. (35)–(39) with the
following values of the parameters [38]:

CT ¼ 0.072; Cg ¼ 0.008;

n0 ¼ 0.13; n1 ¼ 0.053;

Q2
0 ¼ 0.4; x0 ¼ 0.01; γ ¼ 12.78: ð54Þ

At last, for a calculation of shadowing of the hard
component, we use the corresponding formula of the FKS
model [40],

σhardqq̄Nðr2⊥; sÞ ¼ ðαH2 r2⊥ þ αH6 r
6⊥Þe−νHr⊥ðr2⊥sÞλH ;

αH2 ¼ 0.072; αH6 ¼ 1.89; νH ¼ 3.27; λH ¼ 0.44:

ð55Þ

To take into account phenomenologically the effects of
gluon saturation, we modified the exponential term in the
formula (55) [26]. Namely, we assumed that νH slowly
increases with a decrease of x. More exactly, we introduced
the dependence of νH on r2⊥s rather than on x, having in
mind that r2⊥ ∼Q−2. We parametrized this dependence by
the formula,

νHðr2⊥; sÞ ¼
νHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 0.7e
−αð 1

r2⊥sx0
Þλ

q ;

α ¼ 10; λ ¼ 0.288; x0 ¼ 3 10−4: ð56Þ

In Fig. 1, we show the dependence of σhardqq̄N on r⊥ for
several values of r2⊥s. Since r2⊥s ∼ x−1, for a characteristic

FIG. 1. The cross section of qq̄-N hard interaction as a function
of r⊥. From up to down: ðr⊥sÞ−1 ¼ 10−6; 10−5; 10−4; 10−3.
Dashed curves: Eq. (55), solid curves: Eq. (55) with modified νH.

FIG. 2. (a) The soft shadowing coefficient defined by Eq. (25),
for 40Ca as a function of x, for Q2 ¼ 0.1 GeV2. Dotted curve: the
contribution of ρ0 only, dashed curve: ρ0 þ 8 excited vector
mesons, solid curve: the total sum (all separated vector
mesonsþ continuum). (b) the same as (a) but for Q2 ¼ 5 GeV2.

FIG. 3. The soft shadowing coefficient, αsoft, for 132Xe as a function of Q2, for three values of x. (a) the contribution of ρ0 only, (b) the
total soft coefficient.
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value of r⊥, r⊥ ∼ 0.3 fm, and for Q2 ∼ 0.4 GeV2, one can
see from this figure that saturation effects, in our model, are
essential at x ≤ 10−5.
In Fig. 2, we show how the soft shadowing coefficient,

αsoft, is composed from contributions of vector mesons and
high mass continuum. One can conclude, from this figure,
that a contribution of the continuum to shadowing cannot
be neglected even at very small values of Q2.
In Fig. 3, Q2 dependencies of the soft shadowing

coefficient are shown, for different values of x. One can
see that the soft shadowing coefficient is small in a case of
the pure ρ dominance, ifQ2 > M2

ρ0 . It is clearly visible also
that all Q2 dependencies are rather smooth.
In Fig. 4, we show together the soft and hard coefficients,

αsoft and αhard, and, on the same figure, the total coefficient
α calculated using Eq. (52), for two values of Q2. One can
see that a contribution of the hard shadowing correction
δσhardγ�A to α is negligibly small everywhere (and, corre-
spondingly, the hard shadowing coefficient, αhard is close

FIG. 4. Shadowing coefficients for 132Xe as a function of x, for fixed values of Q2. (a) dotted curve: the hard coefficient, Eq. (51),
dashed curve: the soft coefficient, Eq. (41), solid curve: the total coefficient, Eq. (52); (b) the same as (a) but for Q2 ¼ 5 GeV2.

FIG. 5. The total shadowing coefficient, for 132Xe, as a function of x, for two values of Q2. (a) solid curve: our main result, dashed
curve: the same, but without taking into account gluon saturation effects; (b) the same as (a) but for Q2 ¼ 5 GeV2.

FIG. 6. A dependence of the total shadowing coefficient, for
fixed values of x (10−3, 10−7). For both curves the value of Q2 is
equal to 1 GeV2. The separated points correspond to the nuclei
12C, 32S, 40Ca, 110Pd, 132Xe, 197Au, and 208Pb.
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to 1), but the hard cross section σhardγ�N in the denominator of
Eq. (52) is essential, especially at large values ofQ2. Due to
this cross section, the behavior of the shadowing curve can
become nonmonotonous.
In Fig. 5, the x dependence of the total shadowing

coefficient, α, for two values of Q2 is shown, for a case of
xenon nucleus. For a comparison, the same calculation was
performed without modification that takes into account the
effects of gluon saturation (the corresponding result is
shown by dashed curves). It is seen from the figure that at
medium values ofQ2, the influence of saturation on a value
of shadowing is noticeable beginning from x ∼ 10−4.
In Fig. 6, the A dependence of α is shown for two values

of x, for a characteristic value of Q2. This figure shows the
size of the predicted change of shadowing in a region of
very small x, where there is no data.
In Fig. 7, we show the comparison of results of our

calculations of the shadowing coefficients with experimen-
tal data from E665 [46] and NMC [47] Collaborations (the
collection of experimental points is borrowed from the
paper [48]). Different data points in all experiments
correspond to different values of Q2, from 0.5–0.6 GeV2

at smallest values of x up to a few GeV2 at x ∼ 2 × 10−2.
The figure, largely, shows a quite reasonable agreement of
our predictions with data, for all four nuclei.
Finally, Fig. 8 shows a comparison of our predictions for

nuclear shadowing for 208Pb, at Q2 ¼ 3 GeV2, with the

results of calculations using models of other authors. One
can see that the disagreement between different predictions
rapidly grows with a decrease of x. This disagreement is
rather large even at x ¼ ð10−4–10−5Þ, where the gluon

FIG. 7. Comparison of our predictions with experimental data from the E665 and the NMC Collaborations.

FIG. 8. Comparison of our prediction (thick dashed curve) for
the total shadowing coefficient for 208Pb, at Q2 ¼ 3 GeV2, with
corresponding results of other works (the figure containing
results of other authors is borrowed from [48]).
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saturation effect which seems to be the main source of
uncertainty is still relatively small.

VI. CONCLUSIONS

In the present paper, for a description of the fluctuations
of the virtual photon, i.e., intermediate states that interact
strongly with the target nucleon, the hadronic (rather than
quark-gluon) representation is used. Even when we con-
sider the hard interactions of nonaligned qq̄ pairs, we use
for a calculation of the corresponding cross section the
phenomenological concepts of hadron dominance [49,50]
and hard pomeron [39] rather than perturbative QCD
directly (calculations of the hard part of σγ�N using the
framework of perturbative QCD are carried out, e.g., in
[51,52]). A use of the hadronic basis has, though, a large
advantage: it allows us to neglect nondiagonal transitions
[such as VðMÞ þ N → VðM0Þ þ N] because, at high ener-
gies, the diffractive dissociation channels are suppressed
(see, e.g., our work [26]).
Our calculation showed that the shadowing correction

δσhardγ�A is very small and can be completely neglected. This
is the result of color transparency, σhardqq̄N ∼ r2⊥. As follows
from Fig. 1, a square of the hard cross section, ðσhardqq̄NÞ2, has
a narrow peak at rpeak⊥ ∼ 0.3 fm. At these r⊥, a square of
the photon wave function, jψðr⊥; Q2Þj2, is small because
ðrpeak⊥ Þ2Q2 ≥ 1 for characteristic values of Q2, Q2 ∼ 0.5–
1 GeV2. Therefore, the integral over r⊥ in Eq. (46) is also
small. Neglecting the correction δσhardγ�A , we are left with two
sources of shadowing: (i) coherent interactions (rescatter-
ings) of discrete vector mesons and (ii) coherent inter-
actions of hadronic states of high-mass continuum. The

corresponding shadowing corrections are δσðρ;ρ
0…Þ

γ�A and

δσðcontÞγ�A . Parametrizing the diffractive structure function

xPF
Dð3Þ
2 , in the quark-gluon representation, one has several

terms [21],

xPF
Dð3Þ
2 ≃ CTFT

qq̄ þ CLFL
qq̄ þ CgFT

qq̄g; ð57Þ

corresponding to a production of qq̄ pairs and qq̄g systems
by the virtual photons. We assumed, in Eq. (39), that our
high-mass continuumarises from the ðqq̄gþ high −massqq̄Þ
part of xPF

Dð3Þ
2 , while qq̄ pairs with low and intermediate

masses form discrete vector mesons of the ρ family.
The hard component of the hadronic fluctuations does

not contribute to shadowing, but it affects a behavior of the
shadowing curve [αðxÞ at fixed Q2] because the relative
contribution of the hard component to F2N grows with a
decrease of x. This leads to a change in the slope of the
shadowing curves near x ∼ 10−3–10−4, for all values ofQ2.
At the smallest values of x, a modification of the formula

for the hard cross section, σhardqq̄N , seems to be necessary, due
to an influence of gluon saturation effects. The modifica-
tion used in the present paper was suggested in [26]. The
predictions of [26] for the nucleon structure function F2N at
the smallest x and Q2 obtained with a use of this
modification are close to those of GBW model [53]. As
shown in the paper (see Fig. 5), an accounting for the gluon
saturation effects is very essential for predictions of
shadowing at x ≤ 10−4–10−5.
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