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We present a detailed study of open heavy flavor production in high-energy pp collisions at the LHC in
the color dipole framework. The transverse momentum distributions of produced b-jets, accounting for the
jet energy loss, as well as produced open charm D and bottom B mesons in distinct rapidity intervals
relevant for LHCmeasurements are computed. The dipole model results for the differential b-jet production
cross section are compared to the recent ATLAS and CMS data while the results for D and B mesons
production cross sections—to the corresponding LHCb data. Several models for the phenomenological
dipole cross section have been employed to estimate theoretical uncertainties of the dipole model
predictions. We demonstrate that the primordial transverse momentum distribution of the projectile gluon
significantly affects the meson spectra at low transverse momenta and contributes to the largest uncertainty
of the dipole model predictions.
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I. INTRODUCTION

Heavy flavor production in high-energy hadron-hadron
collisions serves as a prominent testing ground for various
perturbative QCD (pQCD) approaches (for a thorough
review of the existing methods and results, see e.g.
Refs. [1–3]). During the past decade the experimental
accuracy of heavy flavor production measurements in
high-energy pp collisions has been dramatically increased
due to largely improved statistics and detection techniques
at the LHC. Theoretical developments are expected to
follow this trend by offering theoretical tools capable to
reproduce the observed energy dependence as well as
transverse momentum and rapidity correlations for pro-
duced heavy quarks. This provides a good baseline also for
further predictions in various kinematic regions of future
measurements.
One of such well-known and widely used tools is the

QCD collinear factorization approach [4,5] which has been
developed for heavy quark production up to the next-to-
leading order (NLO) since a long time ago (see e.g.
Refs. [6–12]). In collinear factorization all the incident
particles are assumed to be on-mass-shell carrying only
longitudinal momenta, while the cross section is averaged

over transverse polarizations of the incoming gluons. In this
case, virtualities of the initial partons are taken into account
only through the scale dependence of the corresponding
structure functions, collinear parton distribution functions
(PDFs), governed by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equation [13–15].
There are several popular approaches which attempt to
resum large perturbative terms containing powers of
αs logðpT=mQÞ [e.g. leading-log αns lognðpT=mQÞ and
next-to-leading log αns logn−1ðpT=mQÞ], where pT and
mQ are the heavy quark transverse momentum and mass,
respectively (see e.g. Refs. [16–28]). These approaches
differ by the perturbative order at which the initial condition
for a collinear PDF or a fragmentation function is computed
and by the procedure of matching of resummed soft/
collinear emissions with the fixed-order matrix elements.
In spite of the continuous progress over the past thirty
years, the collinear factorization approach suffers from
such ambiguities as yet unknown higher-order process-
dependent QCD corrections and scale (energy) dependence
of the observables, as well as QCD factorization breaking
and medium-induced (such as saturation and energy loss)
effects which are especially pronounced in heavy-ion
collisions [3].
The formalism which incorporates the incident parton

transverse momenta (or virtualities) in the center-of-mass
frame of colliding nucleons is typically referred to as the
kT-factorization approach [29–34]. In this approach, the
hard scattering matrix elements at small-x, for example, are
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computed by taking into account the virtualities and
polarization states of the incident gluons whose densities
at a given transverse momentum kT , momentum fraction x
and factorization scale μ2 are controlled by the so-called
unintegrated gluon distribution functions (UGDFs). In the
kT-factorization approach, a major part of higher-order
QCD corrections (in particular, due to initial-state radiation
off the fusing partons) is effectively taken into account by
means of the transverse momentum kT evolution of unin-
tegrated PDFs. The latter carry more detailed information
about the structure of the incident nucleons than collinear
gluon PDFs. Heavy quark production has been studied in
the framework of the kT-factorization approach, e.g. in
Refs. [35–40]. Depending on a process and kinematical
regions concerned, kT-factorization is not a generic phe-
nomenon and can be broken (see e.g. Refs. [41–43]), e.g.
by soft spectator interactions and the corresponding fac-
torization breaking effects are difficult to quantify.
The heavy quark production, especially at large xF, can

be successfully described within the color dipole frame-
work which does not rely on QCD factorization [44]. In
particular, production of heavy flavor and quarkonia in pp
and pA collisions in the dipole picture has been extensively
studied in Refs. [45–48]. The present work is a natural
continuation of previous studies with the main objective to
extend the dipole description to the pT-dependent cross
section, and to confront the results of the dipole approach
with recent LHC data on heavy flavored jets and mesons, in
particular, open charm and beauty in various regions of the
phase space.
The paper is organized as follows. In Sec. II, a theoretical

basis for heavy quark pair QQ̄ production in the dipole
picture is presented and the production amplitudes derived.
Section III is devoted to derivation of the dipole formula for
a fully differential cross section of open heavy flavor
production in both impact parameter and momentum
representations. In Sec. IV, we briefly discuss the effect
of leakage of energy from a jet cone of a restricted size,
which leads to an effective shift of the jet transverse
momentum. In Sec. V, a few relevant parametrizations
for the dipole cross section as the main phenomenological
ingredient of the dipole formula have been reviewed.
Section VI presents numerical results for typical differential
observables for open charm and bottom mesons, as well as
for b-jets in comparison with recent ATLAS, CMS and
LHCb data. Finally, in Sec. VII a short summary of our
analysis is given.

II. HEAVY QUARK PAIR PRODUCTION
IN THE DIPOLE PICTURE

It has been shown in several studies so far that in hard
processes the dipole formalism effectively accounts for the
higher-order QCD corrections and enables us to quantify
such phenomena as the gluon shadowing, saturation, initial
state interaction as well as nuclear coherence effects in a

universal way (see e.g. Refs. [45,46,49–55]. At small
Bjorken x, the dipole formalism operates in terms of the
eigenstates of interaction [49], namely, color dipoles with a
definite transverse separation propagating through a color
field of the target nucleon. In practice, this suggests to
decompose any hadron-target scattering amplitude in
the target rest frame into a superposition of universal
ingredients—the partial dipole-target scattering amplitudes
felðb; r; xÞ at different dipole separations r and impact
parameters b convoluted with the light-front wave func-
tions for a given Fock state.
In particular, the deep-inelastic scattering (DIS) process

at large Q2 and small Bjorken x in the target rest frame is
viewed as a scattering of the “frozen” qq̄ dipole of size
r ∼ 1=Q, originating as a fluctuation of the virtual photon
γ� → qq̄ with the 4-momentum squared q2 ¼ −Q2, off the
target nucleon. The Drell-Yan (DY) pair production is
considered in the target rest frame as a bremsstrahlung of
massive γ� (and Z0 boson) by the projectile quark before
and after the quark scatters off the target, and thus can be
viewed as a dipole-target scattering too [52]. The projectile
high-energy qq̄ dipole probes the dense gluonic field in the
target at high energies, when the nonlinear (e.g. saturation)
effects due to multiple soft gluon interactions become
relevant. Integrating the partial dipole amplitude over b one
obtains the universal dipole cross section σq̄q ¼ σq̄qðr; xÞ
that cannot be fully predicted from the first principles of
perturbative QCD. Due to universality, however, this object
is normally determined phenomenologically by fitting to
e.g. DIS data (for more details, see Sec. V below), and then
such parametrizations can be used for a description of all
other sets of data on both inclusive and diffractive processes
in ep, pp, pA and AA collisions.
Let us consider the color dipole formulation for inclusive

production of a heavy quark pair and start with the leading-
order process in gluon-proton scattering,

Ga þ p → QQ̄þ X; Q ¼ c; b: ð2:1Þ

In the target proton rest frame, the projectile gluon
fluctuates into a QQ̄ pair as its relevant lowest-order
Fock component, i.e. Ga → QQ̄. The cross section can
be presented as interaction of a colorless three-body system
GaQQ̄ scattering off the color background field of the
target proton [45,46,48], as is illustrated in Fig. 1. Here, Ga
is the initial gluon in a color state a, whose probability
distribution over the fractional light-cone momentum x1 is
characterized by the gluon PDF in the incident hadron.
Then in the dipole framework such leading-order contri-
butions, after squaring and generalizing to all orders, give
rise to the dipole formula for the differential cross section
written in terms of the universal dipole cross section. This
approach provides an effective way to incorporate real
corrections due to the unresolved initial- and final-state
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radiation off the target gluon and the QQ̄ pair, respec-
tively [45,46].
The amplitude for inclusive Ga þ p → QQ̄þ X produc-

tion in gluon-target scattering is then given by the sum of
three contributions as is depicted in Fig. 1, namely,

Aμμ̄
a ðs⃗; r⃗Þ¼2

ffiffiffi
3

p XN2
c−1

d¼1

ξμQ
†fτdτaγ̂ðdÞðs⃗þ ᾱ r⃗Þ−τaτdγ̂

ðdÞðs⃗−αr⃗Þ

− i
X
c

fcdaτcγ̂ðdÞðs⃗ÞgΦ̂QQ̄ðα; r⃗Þ~ξμ̄Q̄;

~ξμ̄Q̄¼ iσyðξμ̄Q̄Þ�; ð2:2Þ

where γ̂ðaÞð⃗sÞ is the gluon-target interaction amplitude, α
(ᾱ ¼ 1 − α) is the light-cone momentum fraction of the
gluon carried by the heavy quark (antiquark), τa are the
standard SUðNcÞ generators related to the Gell-Mann
matrices as λa ¼ τa=2, ⃗s is the transverse distance between
projectile gluon and the center of gravity of the target, Φ̂QQ̄

is the light-front wave function of the Ga → QQ̄ splitting,
and ξμQ are the 2-spinors normalized asX

μ;μ̄

~ξμ̄Q̄ðξ
μ
Q
†Þ� ¼ 1̂;

X
μ;μ̄

ðξμQ†â~ξμ̄Q̄Þ�ðξ
μ
Q
†b̂~ξμ̄Q̄Þ ¼ Trðâ†b̂Þ: ð2:3Þ

The amplitude Φ̂QQ̄ in impact parameter representation is
given by

Φ̂QQ̄ðα; r⃗Þ ¼
ffiffiffiffiffi
αs

p
ð2πÞ ffiffiffi

2
p fmQðe⃗ · σ⃗Þ þ ið1 − 2αÞðσ⃗ · n⃗Þðe⃗ · ∇⃗rÞ

− ðe⃗ × n⃗Þ · ∇⃗rgK0ðmQrÞ; ð2:4Þ
where αs is the QCD coupling, n⃗ is the unit vector parallel to
the gluon momentum, e⃗ is the polarization vector of the
gluon, σ⃗ is the 3-vector of the Pauli spinmatrices,K0ðxÞ is the
modifiedBessel functionof the secondkind, and ∇⃗r ≡ ∂=∂ ⃗r.
Following Ref. [48], the total inclusive QQ̄ production

amplitude can be separated into a superposition of color-
singlet and color-octet contributions which are odd and
even under permutation of noncolor variables (spatial and
spin indices) of the Q and Q̄ quarks as follows:

Aμμ̄
a ¼ ξμQ

†fAa;1− þ Aa;8− þ Aa;8þg~ξμ̄Q̄; ð2:5Þ

where

Aa;1− ð⃗s; ⃗rÞ ¼
1

6

X
d

δadδijOðdÞð⃗s; ⃗rÞ; ð2:6Þ

Aa;8− ¼ 1

2

X
d;g

dadgðτgÞijOðdÞð⃗s; ⃗rÞ; ð2:7Þ

Aa;8þ ¼ i
2

X
d;g

fadgðτgÞijEðdÞð⃗s; ⃗rÞ; ð2:8Þ

and fabc and dabc (a; b; c ¼ 1;…; 8) are the antisymmetric
and symmetric SUð3Þ structure constants, respectively.
Then negative parity with respect to such an interchange
corresponds to theQQ̄ state with positiveC-parity (C-even)
and is denoted as 1− for color singlet and 8− for color octet,
and vice versa. Here, the odd O and even E factors read

OðdÞð⃗s; ⃗rÞ ¼ 2
ffiffiffi
3

p
Φ̂QQ̄ðα; ⃗rÞ½γ̂ðdÞð⃗s − α⃗rÞ − γ̂ðdÞð⃗sþ ᾱ ⃗rÞ�;

ð2:9Þ

EðdÞð⃗s; ⃗rÞ ¼ 2
ffiffiffi
3

p
Φ̂QQ̄ðα; ⃗rÞ½γ̂ðdÞð⃗s − α⃗rÞ þ γ̂ðdÞð⃗sþ ᾱ ⃗rÞ

− 2γ̂ðdÞð⃗sÞ�; ð2:10Þ

respectively.
When taking the square of the total inclusive Ga þ p →

QQ̄þ X amplitude1

jAj2ð⃗r1; ⃗r2Þ≡ 1

8

Z
d2sdfXg

X
λ�;a;μ;μ̄

hAμμ̄
a ð⃗s; ⃗r1ÞðAμμ̄

a Þ†ð⃗s; ⃗r2Þi;

ð2:11Þ

one performs an averaging over color indices a and,
implicitly, over polarization λ� of the incoming projectile
gluon Ga as well as valence quarks and their relative
coordinates in the target nucleon. By the optical theorem,
the universal dipole cross section σq̄qðρ⃗Þ is related to the
partial dipole elastic amplitude Imfelð⃗s; ρ⃗Þ, which is given
in terms of the square of inelastic scattering amplitude,

ĈðdÞð⃗s; ρ⃗Þ≡ γðdÞð⃗sÞ − γðdÞð⃗sþ ρ⃗Þ; ð2:12Þ

as follows:Z
d2s

X
X

hijĈðdÞð⃗s; ρ⃗ÞĈðd0Þð⃗s; ρ⃗Þjii

≡ 1

8
δdd0

Z
d2s2Imfelð⃗s; ρ⃗Þ ¼

1

8
δdd0σq̄qðρ⃗Þ: ð2:13Þ

FIG. 1. Typical contributions to the heavy quark QQ̄ pair
production in Ga → QQ̄ splitting subprocess in the color field of
the target nucleon.

1Note, averaging over the projectile gluon polarization λ� is
normally accounted for in the normalization of the corresponding
G → QQ̄ wave function (2.4), by convention.
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This relation can be used in practical derivations of the
dipole formula for differential cross sections.
The dipole cross section is related to the intrinsic dipole

transverse momentum distribution (dipole TMD in what
follows) Kdipðx; κ2⊥Þ as [56,57]

σq̄qð⃗r; xÞ≡ 2π

3

Z
d2κ⊥
κ4⊥

ð1 − eiκ⃗⊥ ·⃗rÞð1 − e−iκ⃗⊥ ·⃗rÞKdipðx; κ2⊥Þ:

ð2:14Þ

In the perturbative QCD language, at sufficiently large
target gluon transverse momentum κ⊥ ≫ ΛQCD the dipole
TMD is approximately equal to the unintegrated gluon
distribution function times αs pointing at a connection
between the k⊥-factorization and dipole approaches.
Indeed, in the double logarithmic approximation of the
DGLAP equations, one has the following relation at large
Q2 [57]:

1

π

Z
Q2 d2κ⊥

κ2⊥
Kdipðx; κ2⊥Þ ¼ αsðQ2Þxgðx;Q2Þ: ð2:15Þ

Such a relation between the dipole TMD Kdipðx; κ⃗2⊥Þ,
extracted from a known model for σq̄q, and conventional
UGDF F ðx; κ⃗2⊥Þ is, however, only approximate and does
not hold e.g. in the soft κ⊥ region (as well as at large x)
corresponding to large qq̄ dipole separations where the
saturation is effective and the conventional UGDF is not
well defined, so the dipole cross section σq̄q should be used.
In the dipole framework we go beyond kT-factorization
where F ðx; κ⃗2⊥Þ represents a two-gluon amplitude. In this
case, for any κ⊥ one could employ Eq. (2.14) as a formal
definition of the dipole TMD built upon a known para-
metrization of the universal dipole cross section following
Ref. [57], i.e.

1

κ4⊥
Kdipðx; κ2⊥Þ ¼

3

8π2

Z
∞

0

drrJ0ðκ⊥rÞ½σ∞q̄qðxÞ − σq̄qðr; xÞ�;

ð2:16Þ

where σ∞q̄qðxÞ ¼ limr→∞ σq̄qðr; xÞ and J0ðxÞ is the Bessel
function of the first kind.
Production of heavy (c and b) quark pairs is associated

with dipoles of small size, so that the use of the approxi-
mate relation

Kdipðx; κ2⊥Þ≃ αsF ðx; κ2⊥Þ ð2:17Þ

is justified in the whole experimentally accessible range of
the heavy quark transverse momenta. One of our particular
goals is to test the relation (2.17) and an impact of possible
deviations from it depending on heavy quark pT and y
spectra measured at the LHC. As we will see below, the

dipole TMD is a highly convenient object in practical
calculations within the dipole approach enabling to for-
mulate the dipole formula for heavy quark pair production
explicitly in momentum representation.

III. DIPOLE FORMULA FOR OPEN HEAVY
FLAVOR PRODUCTION

Following the above scheme one can obtain the ampli-
tude squared jAj2 in an analytic form as a linear combi-
nation of the dipole cross sections for different dipole
separations, with coefficients given by the color structure
and light-front wave functions of the considering Fock
state. As a starting point, the cross section differential in the
(anti)quark pT and momentum fraction α corresponding to
the Ga þ p → Qþ X process is given by

d3σGp→QX

dαd2pT
¼ 1

ð2πÞ2
Z

d2r1d2r2eip⃗T ·ð⃗r1−⃗r2ÞjAj2ð⃗r1; ⃗r2Þ;

ð3:1Þ

where the amplitude squared can be found by means of
Eqs. (2.5), (2.11) and (2.13). Integrating over pT and α, one
arrives at the dipole formula for the total cross section,

σGp→QX ¼
Z

dα
Z

d2rjΦQQ̄ðα; ⃗rÞj2σqq̄Gðα; ⃗rÞ; ð3:2Þ

where σqq̄G is the effective three-body dipole cross section
can be expressed as a sum of QQ̄ singlet 1− and octet 8�
contributions,

σqq̄Gðα; r⃗Þ≡
X

S¼1−;8�
σS3 ¼

9

8
ðσqq̄ðᾱ r⃗Þ þ σqq̄ðαr⃗ÞÞ−

1

8
σqq̄ðr⃗Þ;

ð3:3Þ

where

σ1
−

3 ¼ 1

8
σqq̄ð⃗rÞ; σ8

−

3 ¼ 5

16
σqq̄ð⃗rÞ;

σ8
þ
3 ¼ 9

16
½2σqq̄ðα⃗rÞ þ 2σqq̄ðᾱ ⃗rÞ − σqq̄ð⃗rÞ�:

The G → QQ̄ transition amplitude squared reads [45,46]

jΦQQ̄ðα; r⃗Þj2
≡ X

λ�¼�1

Tr½Φ̂Q̄Qðα; r⃗Þ · Φ̂†
Q̄Qðα; r⃗Þ�

¼ αs
ð2πÞ2 ½m

2
QK

2
0ðmQrÞ þ ðα2 þ ᾱ2Þm2

QK
2
1ðmQrÞ�; ð3:4Þ

where
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⃗r
r
K1ðrÞ ¼ −∇⃗rK0ðrÞ:

In what follows, we are interested in analysis of the
inclusive (in color and parity) cross section, differential in
pT , which can be written as

d3σGp→QX

dαd2pT
¼ 1

ð2πÞ2
Z

d2r1d2r2eip⃗T ·ð⃗r1−⃗r2ÞΨ�
QQ̄ðα; ⃗r1Þ

× ΨQQ̄ðα; ⃗r2Þσeffðα; ⃗r1; ⃗r2Þ; ð3:5Þ

where

Ψ�
QQ̄ðα; ⃗r1ÞΨQQ̄ðα; ⃗r2Þ

¼ αs
ð2πÞ2

�
m2

QK0ðmQr1ÞK0ðmQr2Þ

þ ðα2 þ ᾱ2Þm2
Q
⃗r1 · ⃗r2
r1r2

K1ðmQr1ÞK1ðmQr2Þ
�
: ð3:6Þ

The effective dipole cross section is given by

σeffðα; ⃗r1; ⃗r2Þ ¼
9

16
σqq̄ðα⃗r1Þ þ

9

16
σqq̄ðα⃗̄r1Þ þ

9

16
σqq̄ðα⃗r2Þ

þ 9

16
σqq̄ðα⃗̄r2Þ −

1

16
σqq̄ðα⃗̄r1 þ α⃗r2Þ

−
1

16
σqq̄ðα⃗r1 þ α⃗̄r2Þ −

1

2
σqq̄ðαj⃗r1 − ⃗r2jÞ

−
1

2
σqq̄ðᾱj⃗r1 − ⃗r2jÞ: ð3:7Þ

In general, a transition from Gp to pp scattering
implies that the projectile gluon is not collinear anymore
but can carry a transverse momentum relative to the beam
proton. The resulting pp → QX cross section can be
obtained by an appropriate shift of kinematic variables
and by a convolution of the Gp → QX cross section with
the projectile gluon UGDF similarly to that in the kT-
factorization approach. Taking into account the transverse
momentum kT of the incident gluon, the pp → QX cross
section then reads

d4σpp→QX

dydαd2pT
¼

Z
d2kT
k2T

d2p0
TF ðx1; k2TÞ

d3σGp→QX

dαd2p0
T

× δðp⃗0
T − p⃗T þ αk⃗TÞ; ð3:8Þ

where F ðx1; k2TÞ is the unintegrated gluon distribution of
the incident gluon with momentum fraction x1. If the
primordial gluon momentum were disregarded, one would
obtain

d4σpp→QX

dydαd2pT
¼ Gðx1; μ2Þ

d3σGp→QX

dαd2pT
; ð3:9Þ

where the projectile gluon distribution in the incoming
proton,

Gðx1; μ2Þ≡ x1gðx1; μ2Þ ¼
1

π

Z
μ2 d2kT

k2T
F ðx1; k2TÞ: ð3:10Þ

All dipole cross sections, introduced above, implicitly
depend on target fractional light-cone momentum x2. The
values of x1 and x2 can be estimated in the LO process
G1 þ G2 → Q̄Q in the collinear approximation,

x1;2 ¼
MQQ̄ffiffiffi

s
p e�y; MQQ̄ ≃ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Q þ p2
T

q
: ð3:11Þ

We also use the invariant mass of the QQ̄ pair MQQ̄, as the
scale μ2 ¼ M2

QQ̄ in Eq. (3.10) and further calculations.
The analysis of heavy quark pT spectra in the impact

parameter space using Eq. (3.5) implies the calculation of
2-dim Fourier integrals of products of Bessel functions and
the dipole cross section which is numerically challenging
for a generic dipole parametrization. On the other hand,
starting from the dipole formula in impact parameter
representation (3.5), the relation (2.16) enables us to obtain
a much simpler expression for the heavy quark pT spectrum
manifestly in momentum representation,

d3σGp→QX

dαd2pT
¼ 1

6π

Z
d2κ⊥
κ4⊥

αsðμ2ÞKdipðx; κ2⊥Þ

×

��
9

8
H0ðα; ᾱ; pTÞ −

9

4
H1ðα; ᾱ; p⃗T; κ⃗⊥Þ

þH2ðα; ᾱ; p⃗T; κ⃗⊥Þ þ
1

8
H3ðα; ᾱ; p⃗T; κ⃗⊥Þ

�

þ ½α ↔ ᾱ�
�
; ð3:12Þ

where the dipole TMDKdip is defined by means of a known
dipole cross section parametrization (2.14), and

H0ðα; ᾱ;pTÞ¼
m2

Qþðα2þ ᾱ2Þp2
T

ðp2
T þm2

QÞ2
;

H1ðα; ᾱ; p⃗T; κ⃗⊥Þ¼
m2

Qþðα2þ ᾱ2Þp⃗T · ðp⃗T −ακ⃗⊥Þ
½ðp⃗T −ακ⃗⊥Þ2þm2

Q�ðp2
T þm2

QÞ
;

H2ðα; ᾱ; p⃗T; κ⃗⊥Þ¼
m2

Qþðα2þ ᾱ2Þðp⃗T −ακ⃗⊥Þ2
½ðp⃗T −ακ⃗⊥Þ2þm2

Q�2
;

H3ðα; ᾱ; p⃗T; κ⃗⊥Þ¼
m2

Qþðα2þ ᾱ2Þðp⃗Tþακ⃗⊥Þ · ðp⃗T − ᾱκ⃗⊥Þ
½ðp⃗T þακ⃗⊥Þ2þm2

Q�½ðp⃗T − ᾱκ⃗⊥Þ2þm2
Q�
:

ð3:13Þ

In the heavy quark limit the characteristic dipole sizes are
small, so one can disregard the saturation behavior of the
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generic dipole parametrization in Eq. (3.7) and rely on the
small-r approximation,

σq̄qðx; ⃗rÞ ¼ Cðx; μ2Þ · r2; ð3:14Þ

where Cðx; μ2Þ is a model-dependent function of the target
gluon fraction x ¼ x2 and, in general, the hard scale μ2. In
this case, the three-body effective dipole cross section
σeff ð⃗r1; ⃗r2; αÞ in Eq. (3.7) takes the simple form,

σeff ð⃗r1; ⃗r2; αÞ ≈ Cðx2; μ2Þ ·
�
α2 þ ᾱ2 −

1

4

�⃗
r1 · ⃗r2; ð3:15Þ

which leads to the approximate result,

d3σG→QQ̄

dαd2pT
¼ αsðμ2ÞCðx2; μ2Þ

ð2πÞ2
�
α2 þ ᾱ2 −

1

4

�

×

�
4m2

Qp
2
T

ðm2
Q þ p2

TÞ4
þ ðα2 þ ᾱ2Þ 2ðm

4
Q þ p4

TÞ
ðm2

Q þ p2
TÞ4

�
;

ð3:16Þ

used further for the numerical analysis of inclusive high-pT
b-jet production.
The differential distribution of open heavy flavored

mesons (M≡D, B), produced in pp collisions, can be
found convoluting with the fragmentation function,

d3σpp→MX

dYd2PT
¼

Z
1

zmin

dz
z2

DQ=Mðz; μ2Þ
Z

1

αmin

dα
d4σpp→QX

dydαd2pT
;

ð3:17Þ

where z is the fractional light-cone momentum of the heavy
quark carried by the meson M; DQ=Mðz; μ2Þ is the frag-
mentation function; and

p⃗T ¼ P⃗T=z; Y ¼ y; zmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

M þ P2
T

p
ffiffiffi
s

p eY;

αmin ¼
zmin

z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Qz
2 þ P2

T

m2
M þ P2

T

s
; ð3:18Þ

in terms of meson mass mM, rapidity Y and transverse
momentum PT . In the numerical calculations below, we
rely on the DGLAP evolved parametrization of the frag-
mentation function DQ=Mðz; μ2Þ fitted to LEP and SLAC
data on eþe− annihilation [58,59].

IV. ENERGY LEAKAGE OFF THE JET

Detecting high-pT jets one avoids the necessity of
convolution with the quark fragmentation function. This
offers an opportunity of direct comparison of the calculated
pT dependent quark production cross section with data.

Besides, one can reach much higher values of pT , which are
strongly suppressed by the fragmentation function in the
case of inclusive single hadron production.
If the jet is detected within a cone 0 < θ < θ0 relative to

the jet axis, the fractional momentum, radiated outside this
cone is

ΔpT

pT
¼ 1

v

Z
p2
T

λ2
dk2

Z
1

xmin

dxx
d2ng
dxdk2

× Θ
�
arctan

�
4pT ~x ~k

4p2
T ~x

2 − ~k2

�
− θ0

�
: ð4:1Þ

We use here the shorthand notations, ~x ¼ xð1þ vÞ=2;
~k ¼ kv; and v ¼ pT=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

Q

q
. The bottom limit ~xmin ¼

~k=pT . The infrared cutoff λ¼ 0.65 GeV corresponds to the
mean transverse momentum of gluons in the proton
[60,61], which can also be treated as an effective gluon
mass. The gluon radiation spectrum has the form [62],

d2ng
dxdk2

¼ 2αsðk2Þ
3πx

k2ð2 − 2xþ x2Þ
ðk2 þ x2m2

QÞ2
: ð4:2Þ

The running coupling αsðk2Þ is taken in the one-loop
approximation,

αsðk2Þ ¼
12π

ð33 − 2nfÞ ln½ðk2 þ k20Þ=Λ2
QCD�

: ð4:3Þ

Apparently, for radiation of a high-pT b-quark we should
include all quarks up to b, i.e. nf ¼ 5. To regularize αsðk2Þ
at low k we modified the argument k2 → k2 þ k20
with k20 ¼ 0.5 GeV2.
Jet radius, defined as R2 ¼ Δϕ2 þ Δη2 ¼ 8θ20, controls

the amount of energy radiated outside the cone. The relative

FIG. 2. The relative fraction of the jet transverse momentum pT
radiated outside the measured jet cone as a function of jet radius R
for various pT values.
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variation of the jet transverse momentum caused by this
leakage of energy is depicted vs jet radius in Fig. 2. As long
as the jet pT and radius are known from a particular jet
measurement, the relative fraction of the jet transverse
momentum ΔpT=pT lost into radiation outside the cone
angle θ0 can be found from Fig. 2. In Sec. VI, we analyze
the energy leakage effect in numerical results for pT
distributions of b jets at the LHC.

V. DIPOLE CROSS SECTION AND
UNINTEGRATED GLUON DENSITY

The universal dipole cross section first introduced in [49]
underwent essential development, in particular its x-
dependence, during the past two decades, being strongly
motivated by appearance of comprehensive experimental
information from HERA.
A number of phenomenological models for the universal

dipole cross section has become available in the literature
during the past decade [57,63–74]). These parametrizations
are conventionally based on saturation physics and in most
cases rely on fits to the HERA data. One way to estimate
theoretical uncertainties of the dipole model predictions is
by comparing the numerical results obtained with distinct
dipole parametrizations.
A saturated shape of the dipole cross section, first

proposed in [63], has the form

σqq̄ðr; xÞ ¼ σ0ð1 − e−
r2Q2

s ðx;μ2Þ
4 Þ; ð5:1Þ

reminding the Glauber model of multiple interactions,
which also leads to saturation of nuclear effects.
Correspondingly, the factor Cðx; μ2Þ introduced in
Eq. (3.14), has the form Cðx; μ2Þ ¼ σ0Q2

sðx; μ2Þ=4, where
Qsðx; μ2Þ is the saturation scale, which depends on x ¼ x2
and, in general, also on the hard scale μ2 ¼ μ2ðrÞ, deter-
mined by a typical dipole separation r ¼ j⃗rj. As long as
Q2

sðx; μ2ðrÞÞ is a slow (e.g. logarithmic) function of the
dipole separation r, one could employ the relation (2.16)
such that the dipole TMD takes an approximate Gaussian
shape,

Kdipðx; κ2⊥Þ≃ 3σ0
4π2

κ4⊥
Q2

sðx; μ2Þ
e
−

κ2⊥
Q2
s ðx;μ2Þ; μ2 ¼ μ2ðκ⊥Þ;

ð5:2Þ

in terms of the main ingredients of the dipole cross sections,
namely, its normalization σ0 and the saturation scale
Q2

sðx; μ2Þ, where the hard scale μ2 ¼ M2
QQ̄. Note that the

relation (5.2) is generic as long as the ansatz for the dipole
cross section (5.1) is imposed with Q2

sðx; μ2Þ being a slow
function of μ2.
A simple and practical parametrization of the saturation

scale as a function of x and independent of μ2 was proposed

in Ref. [63] [referred to as the Golec-Biernat–Wusthoff
(GBW) model in what follows],

GBW∶ Q2
s ¼Q2

sðxÞ≡Q2
0

�
x0
x

�
λ

; Q2
0 ¼ 1 GeV2;

x0 ¼ 4.01× 10−5; λ¼ 0.277; σ0 ¼ 29 mb;

ð5:3Þ
where parameters were extracted from fits of the saturated
ansatz (5.1) to the DIS HERA data accounting for a charm
quark contribution. Such a naive phenomenological model
has provided an overall good description of a wealth of
experimental data on various production cross sections in
hadronic collisions at small x≲ 0.01, which is effective at
very high energies at the LHC, and for not very large
momentum scales.
In Refs. [75–77] it was understood that the dipole cross

section at small separations r can be related to the target
gluon density as

σqq̄ ≃ π2

3
αs

�
Λ
r2

�
r2xg

�
x;
Λ
r2

�
; ð5:4Þ

where Λ ≈ 10 represents a numerical factor determined in
Ref. [78]. For dipole parametrizations including both the
QCD DGLAP evolution of the target gluon density at the
hard scale μ2 and the saturation, one of the first versions is
proposed in Ref. [57] and is denoted as the BGBKmodel in
what follows. It uses the same saturated ansatz as in the
GBWmodel (5.1) but introduces an explicit collinear gluon
PDF dependence into the saturation scale as follows:

BGBK∶ Q2
s ¼ Q2

sðx; μ2Þ≡ 4π2

σ0Nc
αsðμ2Þxgðx; μ2Þ;

μ2 ¼ C
r2

þ μ20; ð5:5Þ

where the gluon PDF is found by a solution of the DGLAP
evolution equation. The BGBK model accounts for the
gluon splitting function PggðzÞ only. The starting gluon
PDF at the initial scale μ2 ¼ μ20 is parametrized as follows:

xgðx; μ20Þ ¼ Agx−λgð1 − xÞ5.6;
∂xgðx; μ2Þ
∂ ln μ2 ¼ αsðμ2Þ

2π

Z
1

x
dzPggðzÞ

x
z
g

�
x
z
; μ2

�
: ð5:6Þ

The parameters for the model were found by fitting the
HERA data and read

Ag ¼ 1.2; λg ¼ 0.28; μ20 ¼ 0.52 GeV2;

C ¼ 0.26; σ0 ¼ 23 mb: ð5:7Þ
In Fig. 3 for comparison we show the dipole

TMD Kdipðx; k2TÞ=αsðk2TÞ (2.14) and the conventional
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Kimber-Martin-Ryskin (KMR) UGDF model [79]. The
dipole TMD is based upon the GBW and BGBK para-
metrizations given by Eqs. (5.3) and (5.5), respectively,
while the KMR model is constructed from the conventional
quark and gluon densities and accounts for the coherent
effects in gluon emissions corresponding to the main part of
the collinear higher-order QCD corrections. Note that the
KMRmodel is based on the standard DGLAP evolution not
accounting for nonlinear QCD effects. As expected these
distributions depicted in Fig. 3 exhibit very different x and
kT dependence. In particular, the GBW and BGBK dis-
tributions are exponentially suppressed at large values of kT
and are enhanced at small transverse momenta while the
KMR UGDF model has a powerlike behavior. The sup-
pression at large transverse momenta in the GBW and
BGBK models is directly associated with the exponential
saturated shape of the dipole cross section. Since the
differences between the three models are so large, it is
instructive to see how they imply for observables in
comparison to the experimental data on pT spectra of
heavy-flavored jets and mesons produced in high-energy
pp collisions.

VI. NUMERICAL RESULTS

We are now in the position to calculate and consequently
to discuss the numerical results for the differential cross
section of open heavy flavor production obtained in the
framework of the dipole approach using Eqs. (3.8), (3.9),
(3.12) and (3.17).
In Fig. 4 we show the differential PT distributions of

D0 (left panels) and B� mesons (right panels) produced in
pp collisions at c.m. energy

ffiffiffi
s

p ¼ 7 TeV versus data from
the LHCb collaboration [80,81]. Such a comparison is
shown for two well separated rapidity bins, 2.0 < Y < 2.5
(upper panels) and 4.0 < Y < 4.5 (lower panels).
Performing the calculations, the GBW [63] and BGBK

[57] parametrizations for the dipole cross section
[Eqs. (5.3) and (5.5), respectively] have been employed.
The corresponding results are compared with those
obtained using the KMR UGDF model assuming
Eq. (2.17). Also, we have checked numerically that the
use of more modern GBW parametrization [82], as well as
of the IP-Sat model [73], does not significantly affect the
overall high-PT behavior of the heavy quark production
observables. The corresponding predictions are in agree-
ment with the predictions obtained with the older GBW
[63] and BGBK [57] parametrizations within 10% or so at
high PT .
A good description of data is apparent at large PT ≳ 2mQ

using both the KMR and BGBK model, while the GBW
model somewhat underestimates the data. However, the
data at lower PT < 2mQ are fairly well described only for
the most forward rapidity interval 4.0 < Y < 4.5 especially
for GBW and KMR models. For the most central rapidity
bin 2.0 < Y < 2.5 there is a significant discrepancy with
the data for PT ∼mQ similar to all three dipole para-
metrizations. Such low-PT behavior implies a rising sig-
nificance of the primordial transverse momentum evolution
of the projectile gluon density at central rapidities which
was not taken into consideration in Fig. 4. The saturated
shape of the dipole cross section (or the corresponding
dipole TMD) plays a more pronounced role for lighter
D0-meson observables indicating a significant deviation of
the approximate results using the quadratic form of σqq̄
(3.14) from the saturated ansatz (5.1). Note that a dramatic
difference in the gluon kT shapes between the KMR and
GBWUGDF models indicated in Fig. 3 causes rather small
differences in the PT spectra of the produced mesons.
The lack of agreement between our results and the

experimental data at low meson PT values can be related
to a primordial transverse momentum distribution of the
projectile gluon in the incoming proton. The latter can be

FIG. 3. The unintegrated KMR (solid lines), GBW (dashed lines) and BGBK (dash-dotted lines) gluon distributions in the target
proton as functions of the longitudinal momentum fraction x at fixed k2T ¼ 1, 10 GeV2 values (left panel) and the transverse momentum
squared k2T at fixed x ¼ 10−2, 10−4 values (right panel).
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accounted by an additional convolution with the projectile
gluon kT-distribution as was done in Eq. (3.8). Indeed, in
the framework of QCD parton model it was known since a
long time ago that the experimental data on heavy quark
[84], Drell-Yan [85,86] and direct photon [87,88] produc-
tion at NLO can only be described if one incorporates an
average primordial transverse momentum hk2Ti≃ 1 GeV2.
Such a large value of hk2Ti may indicate at a perturbative
origin of the primordial momentum in the parton model.
This situation makes it difficult to separate nonperturbative
intrinsic and perturbatively generated transverse momenta
which is an open question in the QCD parton model.
In the framework of dipole approach, both perturbative

and nonperturbative contributions to the intrinsic primor-
dial parton momenta, except for a finite-size effect of the
projectile hadron, are incorporated into the dipole cross
section fitted to the DIS data. Thus, one should expect
that the primordial transverse momentum of the projectile
gluon in the dipole picture could have essentially a

nonperturbative nature [89]. So, hk2Ti should be consid-
erably less than found in the QCD parton model. In this
case, an intrinsic primordial momentum distribution can be
accounted using Eq. (3.8) and assuming a model for the
unintegrated gluon distribution of the incident gluon.
In order to check the expectation that in the dipole

picture the intrinsic primordial momentum is small, in
Fig. 5 we show the PT spectra of produced B� mesons
in the dipole framework compared to the LHCb data [81] in
two distinct rapidity intervals 2.0 < Y < 2.5 (left panel)
and 4.0 < Y < 4.5 (right panel). Here, we consider a
Gaussian smearing model for the UGDF, where the
intrinsic transverse momentum of the distribution can be
factorized and is smeared by a normalized Gaussian
distribution given by

GNðkTÞ ¼
1

πhk2Ti
e−k

2
T=hk2T i: ð6:1Þ

FIG. 4. The dipole model results for the differential D0-meson (left panels) and B�-meson (right panels) production cross sections in
two distinct rapidity bins, 2.0 < Y < 2.5 (upper panels) and 4.0 < Y < 4.5 (lower panels) as a function of meson transverse momentum
PT versus the LHCb data at

ffiffiffi
s

p ¼ 7 TeV [80,81]. Here, the results for the BGBK [57] (in saturated and in quadratic forms) and GBW
[63] dipole parametrizations are compared to the result obtained with KMRUGDF [79]. The collinear projectile gluon PDF in the CT10
model [83] is adopted here.
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FIG. 5. The dipole model results for the differential B�-meson production cross section in two distinct rapidity intervals,
2.0 < Y < 2.5 (left panel) and 4.0 < Y < 4.5 (right panel), as a function of meson transverse momentum PT versus the LHCb
data at

ffiffiffi
s

p ¼ 7 TeV [81]. Here, the quadratic form of the BGBK model has been used for the target gluon while the projectile gluon has
been set to be collinear (solid line) or having a primordial transverse momentum treated via the Gaussian smearing UGDF (6.1) with
different values of the averaged hk2Ti ¼ 1.0, 2.0 and 5.0 GeV2 depicted by dashed, dash-dotted and dotted lines, respectively.

FIG. 7. The effect of QCD evolution in the fragmentation function on the differential D0-meson (left panel) and B�-meson (right
panel) production cross sections. Here, the quadratic form of the BGBK model has been used for the target gluon. Data are taken from
the LHCb collaboration [80,81].

FIG. 6. A comparison of dipole model predictions for differential B-meson production cross section using different models of the
primordial UGDF with the corresponding LHCb data [81] in two distinct rapidity intervals. Here, the quadratic form of the BGBK
model has been used for the target gluon. The projectile gluon UGDF has been chosen to be KMR (solid line), GBW (dashed line) and
Gaussian smearing (dash-dotted line) with hk2Ti ¼ 2.0 GeV2.
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The results are shown for different values of the averaged
hk2Ti ¼ 1.0, 2.0 and 5.0 GeV2 depicted by dashed, dash-
dotted and dotted lines, respectively. We notice that for B�
mesons the impact of intrinsic kT on meson PT spectra is
small within the interval of hk2Ti used in our calculations.
This observation indicates the perturbative origin of the

intrinsic kT dependence of the projectile gluon UGDF. In
Fig. 6 we have compared the predictions for three different
primordial UGDF models for the projectile gluon kT
distribution: KMR (solid line), GBW (dashed line) and
Gaussian smearing according to Eq. (6.1) (dash-dotted line)
with hk2Ti ¼ 2.0 GeV2. We see that none of the models are

FIG. 8. The dipole model predictions with KMR UGDF and the BGBK model ([57]) for transverse momentum distributions of
D0 (left panels) and B� (right panels) mesons in various rapidity intervals at

ffiffiffi
s

p ¼ 7 TeV versus data taken from the LHCb
collaboration [80,81].
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able to improve the data description at low PT < 2mQ and
for 2.0 < Y < 2.5. We expect much larger hk2Ti ∼m2

Q in
order to obtain a better description in the smallPT region. At
the same time, such large values of hk2Ti imply that the use of
the nonperturbative kT distribution (6.1) is not applicable
anymore. Figure 6 also shows that the KMR and Gaussian
smearing models predict a rather similar magnitude of the
cross section at low PT. However, the primordial KMR
UGDF significantly underestimates the data at large PT due
to relative enhancement of large gluon kT values compares to
other dipole parametrizations. The primordial gluon kT
evolution predicted by kT factorization in such models as
KMR is not in correspondence with typical dipole para-
metrizations. Due to this reason, in particular, the primordial
GBW UGDF overestimates the data by an order of magni-
tude. In addition, the GBW model is not applicable at large
x1 ≳ 0.01. Such inconsistency with low-PT data raises the
question about the properties of kT evolution of the
primordial gluon density in the dipole picture. To summa-
rize, none of the popular phenomenological models for the
primordial UGDF can reproduce the data in the range of low
PT and Y. The dipole model provides so an important tool
for constraining the primordial UGDFs using all available
data. Thus, we leave the question of sensitivity of low-PT
predictions to different dipole parametrizations for a future
study which should elaborate on a proper description of
primordial gluon evolution.
Figure 7 clearly demonstrates the importance of the onset

of QCD evolution in the fragmentation functions. Here, we
compare our predictions for the differential cross sections
for D0 (left panel) and B� (right panel) meson production
with the corresponding LHCb data [80,81]. At low
PT ≲ 5 GeV, the standard Kartvelishvili-Likhoded-Petrov
(KLP) parametrization of fragmentation functions [90]
provides sufficiently precise results. As expected, the
importance of the DGLAP evolution increases with PT .

The Binnewies-Kniehl-Kramer (BKK) model [59] gives
rise to a suppression of B� mesons at large PT compared to
the KLP result.
In Fig. 8 we demonstrate how good the LHCb data

[80,81], the D0 (left panels), and B� (right panels) meson
production cross sections are described using the BGBK
dipole model and KMR UGDF. Generally, the more
forward rapidities are considered, the better is description
of the data using both models. Note that in spite of absence
of saturation effects in the KMR UGDF model, Fig. 8
shows that this model provides a surprisingly good
description of the data even at low PT and large Y values
where the strong onset of saturation effects is expected.
Finally, Fig. 9 shows a comparison between the dipole

model results for the differential b-jet production cross
section as a function of the jet transverse momentum pT
with the corresponding ATLAS [91] (left panel) and CMS
[92] (right panel) data. Here, we present these results in
comparison with experimental data for two distinct rapidity
intervals only as depicted in Fig. 9. We note here that the jet
energy leakage effect described in Sec. IV leads to a
reduction of the jet production cross section. In ATLAS
measurements [91], the jet radius parameter is R ¼ 0.4,
while at CMS [92] R ¼ 0.5 is adopted independent on jet
rapidity. Using Fig. 2 with such values of R, we found the
corresponding relative shifts in jet transverse momentum
ΔpT=pT , caused by the gluon radiation outside of the jet
cone, and implemented them in Fig. 9. Accounting for the
resulting reduction of the jet cross section, one observes
that the KMR UGDF model (dash-dot-dotted lines)
describes the ATLAS data reasonably well in the whole
interval of pT while it somewhat underestimates the CMS
data. The quadratic form of the BGBK model (dash-dotted
lines) significantly underestimates the data, both from
ATLAS and CMS, especially at large pT > 50 GeV.
One therefore concludes that the LHC b-jet data at large

FIG. 9. The dipole model predictions with KMR UGDF and the r2-approximated BGBK model ([57]) for transverse momentum
distributions of b-jets at

ffiffiffi
s

p ¼ 7 TeV integrated over two distinct rapidity intervals. The data are taken from the ATLAS collaboration
for jyj < 0.3, 1.2 < jyj < 2.1 [91] (left panel) and from the CMS collaboration for jyj < 0.5, 2.0 < jyj < 2.2 [92] (right panel).
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pT represent an effective probe enabling us to test QCD
evolution of the saturation scale.

VII. SUMMARY

In conclusion, we have analyzed the most recent LHC
data on the differential (in transverse momentum and
rapidity) cross sections for open heavy flavor production
in the framework of the color dipole model.
We demonstrate that at large values of heavy meson

transverse momenta PT ≳ 2mQ, Q ¼ c, b and/or forward
rapidities Y > 3.5, the dipole model predictions employing
the GBWand BGBK dipole parametrizations, as well as the
KMR UGDF in the target nucleon, are generally consistent
with the available data, with a few exceptions. Namely, in
the low PT region PT < 2mQ at central rapidities Y < 3.5,
the data are not well described indicating a significant role
of the primordial intrinsic transverse momentum depend-
ence of the projectile gluon density. The use of conven-
tional UGDF models for the primordial gluon density does
not improve the data description but demonstrates signifi-
cant theoretical uncertainties in these kinematic regions.
Despite the fact that the KMR UGDF does not account for
the saturation effects it describes the heavy flavored
(D0 and B�) meson data surprisingly well at large rapidities
Y > 3.5 in both low and high PT domains. As for the b-jet
differential distributions, with an account for the jet energy
leakage effect due to gluon radiation outside the jet cone,

the use of KMRUGDF in the target gluon density leads to a
reasonably good description of the ATLAS data in the
whole region of pT < 400 GeV while it somewhat under-
estimates the CMS data. The BGBK model noticeably
underestimates the ATLAS and CMS data, especially at
large pT > 50 GeV.
The dipole approach thus provides an efficient tool for

analysis of the heavy flavor hadroproduction at the LHC. It
directly accesses and could potentially be used to constrain
such phenomena as saturation dynamics in pp collisions,
initial-state evolution in primordial kT and hadronization of
heavy quarks.
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