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We find out the connection between the unintegrated gluon distribution at low intrinsic transverse

momenta and the inclusive spectrum of the hadrons produced in pp collision at LHC energies in the

midrapidity region and low hadron transverse momenta. The parameters of this distribution are found from

the best description of theLHCdata. Its application to the analysis of ep deep inelastic scattering allows us to

obtain the results that describe reasonably well the H1 and ZEUS data on the structure functions at low x. A

connection between the soft processes at LHC and small x physics at HERA has been found.
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I. INTRODUCTION

Hard processes involving incoming protons, such as
deep-inelastic lepton-proton scattering (DIS), are de-
scribed using the scale-dependent parton density functions.
Usually, these quantities are calculated as a function of
the Bjorken variable x and the square of the four-
momentum transfer q2 ¼ �Q2 within the framework of
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
evolution equations [1] based on the standard collinear
QCD factorization. However, for semi-inclusive processes
(such as inclusive jet production in DIS, electroweak boson
production [2]) at high energies, which are sensitive to the
details of the parton kinematics, it is more appropriate to
use the parton distributions unintegrated over the trans-
verse momentum kt or, transverse momentum dependent
distributions, in the framework of the kt-factorization QCD
approach1 [4]. The kt-factorization formalism is based on
the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [5] or Catani-
Ciafaloni-Fiorani-Marchesini (CCFM) [6] evolution equa-
tions and provides a solid theoretical ground for the effects
of initial gluon radiation. The unintegrated gluon gðx; ktÞ
(u.g.d.) and quark qðx; ktÞ distributions are widely dis-
cussed and applied in phenomenological calculations in
the framework of the kt-factorization QCD approach and
can be found, for example, in Refs. [7–23].2 In Refs. [2,10]
the unintegrated parton distributions (u.p.d.) were obtained
using the so-called Kimber-Martin-Ryskin prescription
within the leading order (LO) and next-to-leading order
of QCD (NLO) at large Q2 from the known (DGLAP-
evolved [1]) parton densities determined from the global
data analysis. These u.p.d. were successfully applied to
analyze the DIS data at low x and a number of processes
studied at the Tevatron and LHC (see, for example,
Refs. [14–22]). However, at small values of Q2 the non-
perturbative effects should be included to evaluate these

distributions. The nonperturbative effects can arise from
the complex structure of the QCD vacuum. For example,
within the instanton approach the very fast increase of the
unintegrated gluon distribution function at 0 � kt �
0:5 GeV=c and Q2 ¼ 1 ðGeV=cÞ2 is obtained [11]. These
results stimulated us to assume that the u.g.d. in the proton
can be determined also in the soft hadron production in pp
collisions.
In this paper we analyze inclusive spectra of the hadrons

produced in pp collisions at LHC energies in the midra-
pidity region in a context including the possible creation of
soft gluons in the proton. We estimate the u.g.d. function at
low intrinsic transverse momenta kt � 1:5–1:6 GeV=c and
extract its parameters from the best description of the LHC
data at low transverse momenta pt of the produced had-
rons. We also show that our u.g.d. is similar to the u.g.d.
obtained in Ref. [8] at large kt and different from it at low
kt. The u.g.d. is directly related to the dipole-nucleon cross
section within the model proposed in Refs. [7,8] (see also
Refs. [9,28–32]), which is saturated at low Q or large
transverse distances r� 1=Q between quark q and anti-
quark �q in the q �q dipole created from the splitting of the
virtual photon �� in the ep DIS. Here we find a new
parametrization for this dipole-nucleon cross section, as a
function of r, using the saturation behavior of the gluon
density.
The paper is organized as follows. In Sec. II we study the

inclusive spectra of hadrons in pp collisions and obtain the
modified u.g.d. In Sec. III we discuss the connection be-
tween the u.g.d. and the dipole cross section. In Sec. IV we
apply the modified u.g.d. to describe the HERA data of the
DIS structure functions: the longitudinal (FL), charm (Fc

2),
and bottom (Fb

2 ) structure functions (SF).

II. INCLUSIVE SPECTRA OF HADRONS
IN pp COLLISIONS

A. Unintegrated gluon distributions

The u.p.d. in a proton are a subject of intensive studies,
and various approaches to investigate these quantities have

1See, for example, reviews Ref. [3] for more information.
2The theoretical analysis of transverse momentum dependent

parton densities was done recently in Refs. [24–27].
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been proposed. At asymptotically large energies (or very
small x) the theoretically correct description is given by the
BFKL evolution equation [5] where the leading ln ð1=xÞ
contributions are taken into account in all orders. Another
approach, valid for both small and large x, is given by the
CCFM gluon evolution equation [6]. It introduces angular
ordering of emissions to treat the gluon coherence effects
correctly. In the limit of asymptotic high energies, it is
almost equivalent to BFKL [5], but also similar to the
DGLAP evolution for large x� 1. The resulting u.g.d.
depends on two scales; the additional scale �q is a variable
related to the maximum angle allowed in the emission and
plays the role of the evolution scale � in the collinear
parton densities. In the two-scale u.p.d. obtained from the
conventional ones using the Kimber-Martin-Ryskin pre-
scription [2,10], the kt dependence in the unintegrated
parton distributions enters only in the last step of evolution.
Such a procedure is expected to include the main part of the
collinear higher-order QCD corrections. Finally, a simple
parametrization of the unintegrated gluon density was
obtained within the color-dipole approach in Refs. [7,8]
on the assumption of saturation of the gluon density at low
Q2, which successfully described both inclusive and dif-
fraction ep scattering. This gluon density xgðx; k2t ; Q2

0Þ is
given by [8,9]

xgðx; kt; Q0Þ ¼ 3�0

4�2�sðQ0Þ
R2
0ðxÞk2t exp ð�R2

0ðxÞk2t Þ;

R0ðxÞ ¼ 1

Q0

�
x

x0

�
�=2

;
(1)

where �0 ¼ 29:12 mb, �s ¼ 0:2, Q0 ¼ 1 GeV, � ¼
0:277, and x0 ¼ 4:1� 10�5. This simple expression cor-
responds to the Gaussian form for the effective dipole cross
section �̂ðx; rÞ as a function of x and the relative transverse
separation r of the q �q pair [8]. In fact, this form can be
more complicated. In this paper we study this point and try
to find a parametrization for xgðx; kt; Q0Þ, which is related
to �̂ðx; rÞ, from the best description of the inclusive spectra
of charge hadrons produced in pp collisions at LHC en-
ergies and midrapidity region.

B. Quark-gluon string model including gluons

The soft hadron production in pp collisions at not too
large momentum transfer can be analyzed within the soft
QCD models, namely, the quark-gluon string model
(QGSM) [33–35] or the dual parton model [36]. The cut
n-Pomeron graphs calculated within these models result in
a reasonable description at small but nonzero rapidities.
However, it has been shown recently [37,38] that there are
some difficulties in using the QGSM to analyze inclusive
spectra in pp collisions in the midrapidity region and at
the initial energies above the initial state radiation one.
However, it is because of the Abramovsky-Gribov-
Kancheli cutting rules [39] at midrapidity (y ’ 0), when
only one-Pomeron Mueller-Kancheli diagrams contribute

to the inclusive spectrum �hðy ’ 0; ptÞ. To overcome these
difficulties it was assumed [37] that there are soft gluons or
the so-called intrinsic gluons in the proton suggested in
Ref. [40], which split into q �q pairs and should vanish at the
zero intrinsic transverse momentum (kt � 0) because at
kt � 0 the conventional QGSM (without the intrinsic glu-
ons) [33] is applied very well. The inclusive spectrum of
hadrons Ed�=d3pðy ’ 0Þ � �hðy ’ 0; ptÞ was split into
two parts, the quark contribution �qðy ’ 0; ptÞ and the

gluon one, and their energy dependence was calculated in
Refs. [37,38]

�hðy ’ 0; ptÞ ¼ �qðy ’ 0; ptÞ þ �gðy ’ 0; ptÞ; (2)

where �qðy ’ 0; ptÞ is the quark contribution and

�gðy ’ 0; ptÞ is the contribution of gluons to the spectrum

�hðy ’ 0; ptÞ. It was shown [38] that the Abramovsky-
Gribov-Kancheli cutting rules for the inclusive spectrum
at x ’ 0 can be proofed within the QGSM [33] and
�qðy ’ 0; ptÞ can be presented in the form

�qð0; ptÞ ¼
X1
n¼1

�nðsÞ�q
nð0; ptÞ; (3)

where �q
n is the convolution of the quark distribution

and the fragmentation function (FF) of the quark q to the
hadron h that at x ’ 0 ðy ’ 0Þ is proportional to the
Pomeron number n; see (9) and (10) in Ref. [38].
Therefore, Eq. (3) is presented in the form

�qð0; ptÞ ¼ ~�qð0; ptÞ
X1
n¼1

n�nðsÞ; (4)

where �n is the cross section for production of the
n-Pomeron chain (or 2n quark-antiquark strings) decaying
into hadrons, calculated within the ‘‘eikonal approxima-

tion’’ [41], and the function ~�qð0; ptÞ is related to the

Pomeron-hadron vertex in the Mueller-Kancheli diagram.
Inserting �n into (4) the quark contribution �qð0; ptÞ of the
spectrum is presented in the form [38]

�qð0; ptÞ ¼ gðs=s0Þ� ~�qð0; ptÞ; (5)

where g ¼ 21 mb, � ¼ �Pð0Þ � 1 ’ 0:12, �Pð0Þ is the
intercept of the subcritical Pomeron, the function
~�qð0; ptÞ is found from the fit of the SPS and LHC data

on the inclusive spectra of charged hadrons in the
midrapidity at the initial energies from 540 GeV till 7 TeV.
The intrinsic gluons split into the sea q �q pairs; therefore

its contribution to the inclusive spectrum is because of the
contribution of the sea quarks, which, according to the
QGSM ideology [33], contribute to the n-Pomeron shower
at n � 2. Therefore, the contribution �gðy ’ 0; ptÞ is pre-
sented in the form similar to (4), replacing ~�qð0; ptÞ by
~�gð0; ptÞ and inputting n � 2
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�gð0; ptÞ ¼ ~�gð0; ptÞ
X1
n¼2

n�nðsÞ

� ~�gð0; ptÞ
�X1
n¼1

n�nðsÞ �
X1
n¼1

�nðsÞ
�

¼ ~�gð0; ptÞðgðs=s0Þ� � �ndÞ; (6)

where �nd ¼ P1
n¼1 �nðsÞ is the nondiffractive cross

section, and the function ~�gð0; ptÞ is also found from the

fit of the SPS and LHC data on the inclusive spectra of
charged hadrons in the midrapidity region [38]. The fol-

lowing parametrizations for ~�qð0; ptÞ and ~�gð0; ptÞ were
found [37]:

~�qð0; ptÞ ¼ Aq exp ð�bqptÞ;
~�gð0; ptÞ ¼ Ag

ffiffiffiffiffi
pt

p
exp ð�bgptÞ;

(7)

where s0 ¼ 1 GeV2, g ¼ 21 mb, and � ¼ 0:12. The
parameters are fixed [37] from the fit to the data on the
pt distribution of charged particles at y ¼ 0: Aq ¼ 4:78�
0:16 ðGeV=cÞ�2, bq ¼ 7:24� 0:11 ðGeV=cÞ�1, and Ag ¼
1:42� 0:05 ðGeV=cÞ�2; bg ¼ 3:46� 0:02 ðGeV=cÞ�1. In

Fig. 1 we illustrate the fit of the inclusive spectrum of
charged hadrons produced in pp collisions at

ffiffiffi
s

p ¼
7 TeV and the central rapidity region at the hadron trans-
verse momenta pt � 1:6 GeV=c. Here the dash-dotted line
corresponds to the quark contribution �q, the dashed line is

the gluon contribution �g, and the solid curve is the sum of

these contributions �h given by (2). The small discrepancy
between the data and our calculation (the solid line) at pt >
1:2 GeV=c disappears if the contribution of the perturba-
tive QCD (PQCD) within the LO is included. It is shown in
Figs. 2 and 3, where the inclusive hadron spectrum is
presented at

ffiffiffi
s

p ¼ 0:54, 0.9, 2.36, and 7 TeV, where the
dash-dotted line is the sum of the spectrum �hðx ¼ 0; ptÞ
(2) and the dotted line is the result of calculation within the
LO PQCD [38]. The quite satisfactory description of the
data on such spectra was obtained in Ref. [38] at the SPS and
LHC energies using (2) for�hðx ¼ 0; ptÞ and the LO PQCD
calculations both together. Therefore we conclude that the
energy dependence of the inclusive spectrum of charged
hadrons produced in the pp collision at the midrapidity
region is reasonably well described using the parametriza-

tion (7) for ~�qð0; ptÞ and ~�gð0; ptÞ.

C. Modified unintegrated gluon distributions

As can be seen in Figs. 1–3 the contribution to the
inclusive spectrum at y ’ 0 due to the intrinsic gluons is
sizable at low pt < 2 GeV=c, e.g., in the soft kinematical
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FIG. 1 (color online). The inclusive spectrum of the charged
hadron as a function of pt (GeV=c) in the central rapidity region
(y ¼ 0) at

ffiffiffi
s

p ¼ 7 TeV at pt � 1:6 GeV=c compared with the
CMS measurements [60], which are very close to the ATLAS
data [61]. The dashed and dash-dotted curves correspond to the
quark and gluon contributions given by (5) and (6), respectively.
The solid curve represents their sum.
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FIG. 2 (color online). The inclusive spectrum of the charged hadron as a function of pt (GeV=c) in the central rapidity region (y ¼ 0)
at

ffiffiffi
s

p ¼ 540 GeV (left) and
ffiffiffi
s

p ¼ 900 GeV (right) compared with the UA1 [62] and CMS [60] data. The long dashed curves are the
quark contribution �qðx ¼ 0; ptÞ (5), the short dashed curves correspond to the gluon one �gðx ¼ 0; ptÞ (6), the dash-dotted curves are
the sum of the quark and gluon contributions (2), and the dotted curves correspond to the perturbative LO QCD [38]. The solid curves
represent the sum of the calculations within the soft QCD including the gluon contribution (2) and the perturbative LO QCD.
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region. Therefore, we can estimate this contribution within
the nonperturbative QCD model, similar to the QGSM

[33]. We calculate the gluon contribution ~�gðx ’ 0; ptÞ
entering into (6) as the cut graph (Fig. 4, right) of the
one-Pomeron exchange in the gluon-gluon interaction
(Fig. 4, left) using the splitting of the gluons into the q �q
pair. The right diagram of Fig. 4 corresponds to the crea-
tion of two colorless strings between the quark/antiquark
ðq= �qÞ and antiquark/quark ð �q=qÞ. Then, after their break,
q �q are produced and fragmented into the hadron h.
Actually, the calculation can be made in a way similar to
the calculation of the sea quark contribution to the inclu-
sive spectrum within the QGSM [33]; e.g., the contribution
~�gð0; ptÞ is presented as the sum of the product of two

convolution functions

~�gðx; ptÞ ¼ Fqðxþ; phtÞF �qðx�; phtÞ
þ F �qðxþ; phtÞFqðx�; phtÞ; (8)

where the function Fqð �qÞðxþ; phtÞ corresponds to the pro-

duction of the hadron h from the decay of the upper vertex
of q �q string and Fqð �qÞðx�; phtÞ corresponds to the produc-

tion of h from the decay of the bottom vertex of q �q string.

They are calculated as the following convolution:

Fqð �qÞðx�; phtÞ ¼
Z 1

x�
dx1

Z
d2k1tfqð �qÞðx1; k1tÞ

�Gqð �qÞ!h

�
x�
x1

; ðpht � k1tÞ
�
: (9)

Here Gqð �qÞ!hðz; ~ktÞ ¼ zDqð �qÞ!hðz; ~ktÞ, Dqð �qÞ!hðz; ~ktÞ
is the FF of the quark (antiquark) to the hadron h,

z ¼ x�=x1; ~kt ¼ pht � kt, x� ¼ 0:5ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ x2t

p � xÞ, xt ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

h þ p2
t Þ=s

q
. At x ’ 0, we get that xþ and x� are

equivalent to each other, e.g., xþ ¼ x� ¼ mt=
ffiffiffi
s

p
. The

distribution of sea quarks (antiquark) fqð �qÞ is related to

the splitting function P g!q �q of gluons to q �q by

fqð �qÞðz; ktÞ ¼
Z 1

z
gðz1; kt; Q0ÞP g!q �q

�
z

z1

�
dz1
z1

; (10)

where gðz1; k1t; Q0Þ is the u.g.d. The gluon splitting func-
tion P g!q �q was calculated within the Born approximation.

In (10) we assumed the collinear splitting of the intrinsic
gluon to the q �q pair because values of kt are not zero but
small.
Calculating the diagram of Fig. 4 (right) by the use of

(8)–(10) for the gluon contribution �g, we took the FF to

charged hadrons, pions, kaons, and p �p pairs obtained
within the QGSM [42]. From the best description of
�gðx ’ 0; phtÞ [see (6) and (7)], we found the form for

the xgðx; kt; Q0Þ, which was fitted in the following way:

xgðx; kt; Q0Þ ¼ 3�0

4�2�sðQ0Þ
� C1ð1� xÞbgðR2

0ðxÞk2t þ C2ðR0ðxÞktÞaÞ
� exp ½�R0ðxÞkt � dðR0ðxÞktÞ3	; (11)

where R0ðxÞ is defined in (1). The coefficient C1 was found
from the following normalization:
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FIG. 3 (color online). The inclusive spectrum of the charged hadron as a function of pt (GeV=c) in the central rapidity region (y ¼ 0)
at

ffiffiffi
s

p ¼ 2:36 TeV (left) and
ffiffiffi
s

p ¼ 7 TeV (right) compared with the CMS [60] and ATLAS [61] data. Notation of all curves is the same
as in Fig. 2.

FIG. 4 (color online). The one-Pomeron exchange graph be-
tween two gluons in the elastic pp scattering (left) and the cut
one-Pomeron due to the creation of two colorless strings be-
tween quarks/antiquarks that decay into q �q pairs, which are
drawn as semicircles (right) [33].
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gðx;Q2
0Þ ¼

Z Q2
0

0
dk2t gðx; k2t ; Q2

0Þ; (12)

and the parameters a ¼ 0:7, C2 ’ 2:3, � ¼ 0:22, bg ¼ 12,

d ¼ 0:2, and C3 ¼ 0:3295 were found from the best fit of
the LHC data on the inclusive spectrum of charged hadrons
produced in pp collisions and in the midrapidity region as
can be seen in Figs. 1–3.

In Fig. 5 we present the modified u.g.d. obtained by
calculating the cut one-Pomeron graph of Fig. 4 and the
original Golec-Biernat and Wusthof (GBW) u.g.d. [7] as a
function of the transverse gluon momentum kt. One can see
that the modified u.g.d. (the solid line in Fig. 5) is different
from the original GBW gluon density [7] at small kt <
1:5 GeV=c and coincides with it at larger kt. This is
because of the sizable contribution of �g in (6) and (7) to

the inclusive spectrum �ðptÞ of charged hadrons produced
in pp collisions at LHC energies and in the midrapidity
region (see the dash-dotted line in Fig. 1).

Let us also note that, as it was shown recently in
Ref. [43], the modified GBW given by (11) describes
reasonably well the HERA data on the proton longitudinal
structure function FLðQ2Þ at low x.

III. SATURATION DYNAMICS

According to Ref. [7,8] (see also Refs. [29–31]), the
u.g.d. can be related to the cross section �̂ðx; rÞ of the q �q
dipole with the nucleon. This dipole is created from the
split of the virtual exchanged photon �� to q �q pair in ep
DIS. The relation at the fixed Q2

0 is the following [8]:

�̂ðx; rÞ ¼ 4��sðQ2
0Þ

3

Z d2kt
k2t

f1� J0ðrktÞgxgðx; ktÞ: (13)

Using the simple form for xgðx; ktÞ given by (1) as input
to (13), one can get the following form for the dipole cross
section:

�̂ GBWðx; rÞ ¼ �0

�
1� exp

�
� r2

4R2
0ðxÞ

��
: (14)

However, the modified u.g.d. given by (11) input to (13)
results in a more complicated form for �̂ðx; rÞ:

�̂ modifðx; rÞ ¼ �0

�
1� exp

�
� b1r

R0ðxÞ �
b2r

2

R2
0ðxÞ

��
; (15)

where b1 ¼ 0:045 and b2 ¼ 0:3. In Fig. 6 we show the
difference between the dipole cross section �̂GBWðx ¼
x0; rÞ [8] and �̂modifðx ¼ x0; rÞ obtained from the modified
u.g.d. given by (11). The saturation effect means that the
dipole cross section becomes constant when r > 2R0. As
was shown in Refs. [7,8], at low Q2 the transverse ��p
cross section calculated within the dipole model is about
constant when QR0 < 1. It means that Qs � 1=R0 can be
treated as the saturation scale. One can see in Fig. 6 that the
modified dipole cross section is saturated a little earlier
than the GBW one.
There are different forms of the dipole cross sections

suggested in Refs. [28–32,44]. The dipole cross section can
be presented in the general form [7]

�̂ðx; rÞ ¼ �0gðr̂2Þ; (16)

where r̂ ¼ r=ð2R0ðxÞÞ. The function gðr̂2Þ can be written in
the form [28]

gðr̂2Þ ¼ r̂2 log

�
1þ 1

r̂2

�
; (17)

or in the form [44]

gðr̂2Þ ¼ 1� exp

�
�r̂2 log

�
1

�r
þ e

��
; (18)

where saturation occurs for larger r. In Fig. 7 we illustrate
the dipole cross sections �̂=�0 at x ¼ x0, which are satu-
rated at r > 0:6 fm, obtained inRefs. [8,28,44,45]. They are
compared with the results of our calculations (solid line)
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FIG. 5 (color online). The unintegrated gluon distribution
xgðx; kt; Q0Þ=c0 [where c0 ¼ 3�0=ð4�2�sðQ0ÞÞ] as a function
of kt at x ¼ x0 and Q0 ¼ 1 GeV=c. The solid and dashed curves
correspond to the modified u.g.d. (11) and the original GBW
gluon density [7] given by (1), respectively.
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FIG. 6 (color online). The dipole cross section �̂=�0 at x ¼ x0
as a function of r. The solid and dashed curves correspond to our
calculations and the calculation of Ref. [8], respectively.
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given by (15). The solid curve in Fig. 7 corresponds to
themodifiedu.g.d. givenby (11),which allowedus to describe
the LHC data on inclusive spectra of hadrons produced in the
midrapidity region of pp collision at low pt. Therefore, the
form of the dipole-nucleon cross sections presented in Fig. 7
can be verified by the description of the last LHC data on
hadron spectra in the soft kinematical region.

Comparing the solid curve and dashed curve in Fig. 7,
one can see that �̂modifðx; rÞ given by (15) is saturated
earlier than �̂GBWðx; rÞ given by (14) with increasing the

transverse dimension r of the q �q dipole. If R0¼
ð1=GeVÞðx=x0Þ�=2, according to Ref. [7,8], then the satu-

ration scale has the form Qs � 1=R0 ¼ Qs0ðx0=xÞ�=2,
where Qs0 ¼ 1 GeV ¼ 0:2 fm�1. The saturation of the

dipole cross section (14) sets in when r� 2R0 or Qs �
ðQs0=2Þðx0=xÞ�=2. Comparing the saturation properties of
the modified � and GBW � presented in Fig. 7 one can
get a slightly larger value for Qs0 in comparison with
Qs0 ¼ 1 GeV.

IV. PROTON STRUCTURE FUNCTIONS

The basic information on the internal structure of the
proton can be extracted from the process of deep inelastic
ep scattering. Its differential cross section has the form

d2�

dxdy
¼ 2��2

em

xQ4

��
1� yþ y2

2

�
F2ðx;Q2Þ � y2

2
FLðx;Q2Þ

�
;

(19)

where F2ðx;Q2Þ and FLðx;Q2Þ are the transverse and
longitudinal proton structure functions, and x¼Q2=
2ðp 
qÞ and y ¼ Q2=xs are the usual Bjorken variables
with p, q, and s being the proton and photon four-momenta
and total ep center-of-mass energy, respectively. In the
present paper we will concentrate on the charm and beauty

part of F2ðx;Q2Þ and on the longitudinal SF FLðx;Q2Þ.
Theoretical analyses [46–51] have generally confirmed
that Fc

2ðx;Q2Þ and Fb
2 ðx;Q2Þ data can be described through

perturbative generation of charm and beauty within QCD.
The longitudinal SF FLðx;Q2Þ is very sensitive to QCD
processes since it is directly connected to the gluon content
of the proton. It is equal to zero in the parton model with
spin 1=2 partons and has nonzero values in the framework
of pQCD.
In the kt-factorization approach [4], the study of charm

and beauty contributions to the proton SF F2ðx;Q2Þ and
longitudinal SF FLðx;Q2Þ has been performed previously
in Refs. [14–16]. In these calculations the different ap-
proaches to evaluate the unintegrated gluon density in a
proton have been tested and a reasonable good agreement
with the HERA data has been found, in particular, with the
CCFM-evolved gluon density proposed in Ref. [9]. Below
we apply the unintegrated gluon distribution given by (7) to
describe recent experimental data [52–58] on Fc

2ðx;Q2Þ,
Fb
2ðx;Q2Þ, and FLðx; Q2Þ taken by the H1 and ZEUS

collaborations at HERA. The main formulas have been
obtained previously in Ref. [14]. Here we only recall
some of them.
According to the kt-factorization prescription, the con-

sidered proton SF can be calculated as the following
double convolution:

Fc;b
2 ðx;Q2Þ ¼

Z dy

y

Z
dk2t C2ðx=y; k2t ; Q2; �2Þfgðy; k2t ; �2Þ;

(20)

FLðx;Q2Þ¼X
f

e2f

Z dy

y

Z
dk2t CLðx=y;k2t ;Q2;�2Þfgðy;k2t ;�2Þ;

(21)

where e2f is the electric charge of the quark of flavor f.

The hard coefficient functions C2;Lðx; k2t ; Q2; �2Þ correspond
to the quark-box diagram for the photon-gluon fusion sub-
process and have been calculated in Ref. [14]. Numerically,
here we set charm and beauty quark masses to mc ¼
1:4 GeV and mb ¼ 4:75 GeV and use the LO formula for
the strong coupling constant �sð�2Þ with nf ¼ 4 quark

flavors at �QCD ¼ 200 MeV, such that �sðM2
ZÞ ¼ 0:1232.

Note that in order to take into account the NLO corrections
(which are important at low Q2) in our numerical calcula-
tions we apply the method proposed in Ref. [59]. Following
Refs. [16,59], we use the shifted value of the renormalization
scale �2

R ¼ KQ2, where K ¼ 127. As was shown in
Ref. [59], this shifted scale in the DGLAP approach at LO
approximation leads to the results, which arevery close to the
NLOones. In the case of kt factorization this procedure gives
us a possibility to take into account additional higher-twist
and nonlogarithmic NLO corrections [16].
The results of our calculations are presented in Figs. 8–10

in comparison with recent H1 and ZEUS data [52–58].
Note that the data [52,53] on the longitudinal SF FLðx;Q2Þ

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

σ
σ

(r
, x

0)
/

0

r [fm]

FIG. 7 (color online). The dipole cross section �̂=�0 at
x ¼ x0 as a function of r. The solid, dashed, dash-dotted,
and dotted curves correspond to our calculations, calculations of
Ref. [8], calculations of Ref. [28], and calculations of Ref. [44],
respectively.
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refer to the fixed value of the hadronic massW ¼ 276 GeV.
The solid and dashed curves correspond to the results ob-
tained using the modified u.g.d. (7) and the original GBW
gluon, respectively. One can see that the predictions obtained
with the u.g.d. (7) are in reasonable agreement with the

available HERA data for Fc;b
2 ðx; Q2Þ as well as for longitu-

dinal SF FLðx;Q2Þ. Moreover, the shape of measured SF at
moderate and large x values at high Q2 is better reproduced
by the modified u.g.d. (7) compared to the original GBW
one. When x becomes small, the predictions of both gluon
distributions under consideration practically coincide.
Therefore we conclude that the link between soft processes
at the LHC and low-x physics at HERA is found, when we
use the modified u.g.d. obtained from the description of pp
spectra at the LHC for the analyses of the behavior of proton
structure functions at HERA. Of course, it will be important
for further studies of small-x physics at hadron colliders.
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2
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FIG. 8 (color online). The longitudinal structure function
FLðx;Q2Þ at fixed W ¼ 276 GeV and �2

R ¼ K 
Q2, where K ¼
127 [59]. Notation of all curves is the same as in Fig. 5. The H1
data are taken from Refs. [52,53].

FIG. 9 (color online). The charm structure function F2cðx;Q2Þ. Notation of all curves is the same as in Fig. 5. The data are taken from
Refs. [54–56,58].

TRANSITION BETWEEN SOFT PHYSICS AT THE LHC . . . PHYSICAL REVIEW D 87, 074017 (2013)

074017-7



FIG. 10 (color online). The bottom structure function F2bðx;Q2Þ. Notation of all curves is the same as in Fig. 5. The data are taken
from Refs. [54,55,57,58].
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V. CONCLUSION

We have fitted experimental data on the inclusive spectra
of charged particles produced in the central pp collisions
at high energies, taking into account the sum of the quark
�q and the gluon contributions �g in (2) and (7). The

parameters of this fit do not depend on the initial energy
in a wide energy interval. Assuming creation of soft gluons
in the proton at low transverse momenta kt and calculating
the cut one-Pomeron graph between two gluons in collid-
ing protons, we found a form for the unintegrated gluon
distribution (modified u.g.d.) as a function of x and kt at a
fixed value ofQ2

0. The parameters of this u.g.d. were found

from the best description of the LHC data on inclusive
spectra of charged hadrons produced in the midrapidity pp
collisions at low pt. It was shown that the modified u.g.d. is
different from the original GBWu.g.d. obtained in Ref. [8]
at kt � 1:6 GeV=c, and it coincides with the GBWu.g.d. at
kt > 1:6 GeV=c.

Using the modified u.g.d. we have calculated the q �q
dipole-nucleon cross section �̂modif as a function of the
transverse distance r between q and �q in the dipole and
have found that it saturates faster than �̂GBW obtained
within the GBW dipole model [7,8]. Moreover, we have
shown that the relation of the modified u.g.d. and �̂modif

supports the form of the dipole-nucleon cross section and
the property of saturation of the gluon density.

It has been shown that the modified u.g.d. results
in a reasonable description of the longitudinal structure

function FLðQ2Þ at the fixed hadronic mass W. The calcu-
lations of the charm Fc

2ðx;Q2Þ and the bottom Fb
2 ðx;Q2Þ

structure functions, within the kt factorization, with using
the modified u.g.d. and the GBW u.g.d. show a not large
difference between the results for Fc

2ðx;Q2Þ in the whole
region of x andQ2 and some difference forFb

2 ðx;Q2Þ at low
x and large Q2. The use of the modified u.g.d. results in a
better description of the HERA data at large Q2 and small
x. Therefore the link between soft processes at the LHC
and low-x physics at HERA has been found, since the
modification of the u.g.d. leads to a satisfactory descrip-
tion of both the LHC and HERA data.
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