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Abstract In this work the B-mesons differential cross sec-
tions in pp collisions are evaluated considering the color
dipole formalism in transverse momentum representation
along with the unintegrated gluon distributions (UGDs).
Analytical parametrizations for UGDs including hard scale
QCD evolution and those based on parton saturation frame-
work are compared. The theoretical predictions for the B-
meson production in terms of the transverse momentum
distribution cover the center-of-mass energy of the Large
Hadron Collider and the rapidities available at its experi-
ments. The results for different B-mesons are compared to the
corresponding measurements reported by the ATLAS, CMS,
and LHCb experiments. Predictions are also performed for
the nuclear modification factor as a function of the meson
transverse momentum.

1 Introduction

The study of heavy flavor production has been of particular
interest at experiments in hadron colliders, where the dynam-
ics of Quantum Chromodynamics (QCD) can be investigated.
Given the higher cross sections of heavy flavor production,
the datasets collected may provide an insight on its nature.
For instance, measurements considering the bottom quark
production at lower energies had been reported by UA1 at
CERN [1,2] and CDF and D0 at Fermilab [3–12] assuming
center of mass energies of 0.63, 1.8, and 1.96 TeV in proton–
antiproton collisions, respectively. The Large Hadron Col-
lider (LHC) has allowed us to investigate the high-energy
limit of heavy meson production in unprecedented accuracy.
The analysis of the cross sections and particle distributions
of heavy quarks can be used to restrain backgrounds to new
physics investigations [13,14]. Particularly, the correspond-
ing predictions can be obtained by perturbative QCD (pQCD)
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calculations in which the heavy quark mass defines a hard
scale ensuring the validity of the perturbative method. On
the other hand, some aspects in the theoretical calculations
are associated to significant uncertainties. One can mention
the choice concerning the factorization scale, the value of the
bottom quark mass, order of perturbative expansion, and also
the corresponding theoretical framework considered for the
calculation (collinear factorization, k⊥-factorization, color
dipole picture, Color Glass Condensate formalism and so
on). The study of the bottom hadron (b-hadron) production
can be further investigated considering higher energies in
proton-proton (pp) collisions at the LHC, where a larger
kinematic region in transverse momentum and rapidity can
be achieved. Focusing on B-mesons production, the ATLAS
and CMS Collaboration at the LHC reported measurements
of B-mesons cross sections in central rapidity region while
the LHCb experiment provided measurements covering for-
ward rapidities. This strongly motivates the evaluation of
the theoretical predictions including initial-state transverse
momentum distributions and benefit from the high-precision
measurements provided by the LHC experiments [15,16].

One well established approach of the pQCD calculations
to study the B-meson production is the kT -factorization [17–
21]. The respective cross sections are calculated by means of
the parton densities associated to the unintegrated gluon dis-
tribution (UGD). In the literature, several parameterizations
regarding the UGDs can be found, which consider the trans-
verse momenta of the initial partons. Moreover, the UGDs
are expressed in terms of the Bjorken variable x and the
factorization scale μF . It is expected that the B-meson pro-
duction in the available energies at the LHC probes small
values of the momentum fraction x , reaching a kinematic
region where the QCD nonlinear effects and higher-order
corrections need to be accounted for. One possible nonlinear
QCD phenomenon is the gluon recombination process asso-
ciated to the high-density regime where the parton saturation
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physics takes place. A well established formalism applied
to the small-x phenomenology is the color dipole approach
[22–25], where the associated dipole amplitude is connected
to the dipole transverse momentum distribution (TMD), that
is, the intrinsic dipole k⊥-distribution. In addition, in the case
of large transverse momentum, the dipole TMD and the UGD
can be interpreted as nearly equivalent. Here, by using the
color dipole framework in transverse momentum representa-
tion along with UGDs models, we provided predictions for
the B-meson differential cross section considering pp colli-
sions at the LHC domain and models with/without saturation
effects are compared. This is complementary to our previous
studies done in Refs. [26–29], where D-meson production
has been addressed within the very same formalism.

The paper is organized as follows: In Sect. 2 the theo-
retical formalism is presented together with the models for
the UGDs in order to obtain the B-meson production cross
section in pp collisions. In Sect. 3 the corresponding results
are compared to the measurements reported by the ATLAS,
CMS, and LHCb Collaborations. Predictions for the nuclear
modification factor in proton-nucleus collisions are also dis-
cussed. In Sect. 4 our main conclusions are summarized.

2 Theoretical formalism

In our framework the B-meson production cross section is
obtained assuming the process g + p → QQ̄ + X , where
a virtual gluon in singlet or color-octet state fluctuates into
a heavy quark QQ̄ pair establishing a color dipole. The lat-
ter interacts with the color field of the proton, considered at
the rest frame by the QCD dipole framework. The associated
hadronic cross section, pp → QQ̄X , is determined by a con-
volution of the gp → QQ̄X cross section and the projectile
gluon UGD plus the probability that a heavy quark fragments
into a meson in order to obtain the B-meson cross section.
Consequently, the transverse momentum distribution is given
by [25],

d3σpp→BX

dYd2PT
=

∫ 1

zmin

dz

z2 BQ/B(z, μ2
F )

∫ 1

αmin

dα
d4σpp→QQ̄X

dydαd2 pT
,

(1)

where the B-meson carries a fraction of the heavy quark
transverse momentum denoted by z and PT is the transverse
momentum of the B-meson. There is an expression that con-
nects the transverse momenta of the heavy quark to the meson
given by pT = PT /z. The meson fragmentation function is
represented by BQ/B(z, μ2

F ) and we will take into account
the parameterization from Ref. [16], known as KKKS frag-
mentation function. Furthermore, the lower limits of integra-

tion over z and α that enter in Eq. (1) have the form,

zmin =
(√

m2
B + P2

T /
√
s

)
eY , (2)

αmin = (zmin/z)
√

(m2
Qz

2 + P2
T )/m2

B + P2
T , (3)

with mB and Y being the mass and rapidity associated with
the B-meson produced, respectively, mQ is the heavy quark
mass, and

√
s is the proton-proton center of mass energy.

Also in Eq. (1) one has the hadronic cross section of the
process pp → QQ̄X is written in the following way,

d4σpp→QQ̄X

dydαd2 pT
= g(x1, μ

2
F )

d3σgp→QQ̄X

dαd2 pT
. (4)

The heavy quark momentum distribution derived within the
framework of the color dipole picture in transverse momen-
tum representation is given by [25]:

d3σgp→QQ̄X

dαd2 pT
=

∫
d2κ⊥
6πκ4⊥

αs(μ
2
F ) T dip(x2, κ

2⊥)

H(α, ᾱ, pT , κ⊥),

H(α, ᾱ, pT , κ⊥) =
[

9

8
I0(α, ᾱ, pT ) − 9

4
I1(α, ᾱ, �pT , �κ⊥)

+I2(α, ᾱ, �pT , �κ⊥)

+1

8
I3(α, ᾱ, �pT , �κ⊥)

]

+ [α ←→ ᾱ] . (5)

In the expression above the running coupling at one-loop
level, αs(μ

2
F = M2

QQ̄
), is dependent on the invariant mass of

the heavy quark pair written as MQQ̄ � 2
√
m2

Q + p2
T . Still,

in Eq. (5), α (ᾱ = 1 − α) is the fractional gluon momen-
tum exchanged with the quark (antiquark). Moreover, Refs.
[25–29] provide the expressions associated to the auxiliary
quantities Ii (i = 0, 1, 2, 3).

The heavy quark transverse momentum distribution is
therefore obtained in terms of the gluon dipole TMD, Tdip

[25]. When κ⊥ � �QCD is satisfied, namely, when the
momentum of the gluon in the target is large enough, we have
correspondence between the k⊥-factorization and the dipole
approach [30–33], Tdip(x2, κ

2⊥) � αs F(x2, κ
2⊥), where F is

the target UGD. Additionally, the dimensionless gluon UGD
F(x, k2⊥) is related to the quantity g(x, Q2), the collinear
gluon distribution, which appears in Eq. (4),

g(x1, μ
2
F ) =

∫ μ2
F dk2⊥

πk2⊥
F(x1, k

2⊥), (6)

being x1 and x2 fractions of the longitudinal momentum
of the projectile and the target, respectively, obtained as
a function of the heavy quark pair rapidity y, x1,2 =
(MQQ̄/

√
s)e±y .
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The UGDs can not be derived from first principles; they
have to be parameterized, where various models are provided
in the literature considering different underlying physical
assumptions, such as dependence on rapidity, Y = ln(1/x),
as well as transverse momentum, k⊥. In order to consider
analytical models including parton recombination effects,
we will take into account the gluon UGD model proposed
by Golec-Biernat and Wüsthoff (GBW) based on saturation
approach [30],

FGBW (x, k2⊥) = 3 σ0k2⊥
4π2αs

τ exp (−τ) , (7)

where τ = k2⊥/Q2
s (x) and αs = 0.2. The saturation scale

in the proton, Qs , is written as Q2
s (x) = (x0/x)λ GeV2.

In present analysis, the model parameter (including heavy
quarks) are taken from Ref. [34], where σ0 = 27.43 mb,
x0 = 0.40 × 10−4, and λ = 0.248. We are aware that the
GBW model is an oversimplification but is quite successful in
describing ep data at small-x at low and intermediate photon
virtualities Q2, and is suitable to describe at least the low PT
part of the B-meson spectrum.

The range of transverse momentum available at the
LHC extends far from the strict saturation region,P2

T ≤
Q2

s (x2) � 1 GeV2. This means that the QCD evolution in the
dipole cross section or UGD is in order. Hence, we consid-
ered a second analytical parameterization discussed in Ref.
[35], inspired by the method of virtual quanta proposed by
Weizsäcker and Williams (hereafter, WW parametrization).
The corresponding model considers the hard gluon TMD

with the asymptotic behavior of one gluon exchange between
a point-like parton and a hard probe. The WW UGD has the
form:

FWW (x, k2⊥) = k2⊥(N1/k
2
0)(1 − x)7

×
{

(xλk2⊥/k2
0)−b k2⊥ ≥ k2

0,

x−λb k2⊥ < k2
0,

(8)

where N1 = 0.24 represents the normalization constant
together with k0 = 1 GeV and λ = 0.29. In addition, the
factor (1−x)7 is associated with the suppression of the gluon
distribution at large x while b is a phenomenological quantity
that defines the k⊥-scaling of the gluon distribution.

Finally, we construct a parametrization for the UGD based
on the fits of the DLA gluon distribution applied to heavy
meson production in photon-proton scattering proposed in
Ref. [36]. It will be used in our numerical calculations (here-
after named JMRT parametrization). The authors estimate
the gluon distribution at low-x by performing a combined
description of the HERA and LHCb data for the J/	 produc-
tion. The scale dependence of gluon PDF has the following
form,

xg(x, μ2
F ) = Nx−a

(
μ2
F

Q2
0

)b

× exp
[√

16(Nc/β0) ln(1/x) ln(G)
]
, (9)

G = ln(μ2
F/�2

QCD)

ln(Q2
0/�

2
QCD)

, (10)

being the parameters N = 0.29, a = −0.10, and b = −0.20
defined by a fit to the small-x data [36]. The parameters a
and b account for the x and μF dependence, respectively.
The others quantities have the values of Nc = 3, β0 = 9,
�QCD = 0.2 GeV, and Q0 = 1 GeV. The corresponding
UGD is determined by means of the differential of the gluon
distribution expressed as follows,

F(x, k2⊥) = k2⊥
∂xg(x, μ2

F )

∂μ2
F

∣∣∣∣
μ2
F=k2⊥

. (11)

This way, the JMRT UGD is obtained in the form:

FJMRT (x, k2⊥) = αsk
2⊥Nx−a

(
k2⊥
Q2

0

)b

exp
[√

16(Nc/β0)ln(1/x) ln(C)
]

×

⎡
⎢⎢⎣ b

k2⊥
+

⎛
⎜⎜⎝ 16(Nc/β0)ln(1/x)

2k2⊥ln

(
k2⊥

�2
QCD

) [√
16(Nc/β0)ln(1/x)ln(C)

]

⎞
⎟⎟⎠

⎤
⎥⎥⎦ , (12)

where C = ln(k2⊥/�2
QCD)

ln(Q2
0/�2

QCD)
.

In the next section by applying Eq. (1) we will investi-
gate the B-meson production in high energies considering
pp collisions at the LHC. Despite the validity of the color
dipole picture to be restricted to small-x2 and moderate PT ,
the predictions are extrapolated to the full set of measure-
ments. We checked that in the more problematic situation
of central rapidities the x2 value is small than xcut = 10−2

for most part of data points. Namely, x2 ≤ xcut for Y = 0
corresponds to the constraint P2

T ≤ [(xcut
√
s/2)2 − m2

Q] z2.
By using the average 〈z〉 ∼ 0.8 from the KKKS fragmen-
tation functions [16] this gives PT � 28 GeV at 7 TeV and
PT � 52 GeV at 13 TeV.
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Fig. 1 The B0 + B̄0 (left) and B+ + B− (right) double-differential
production cross sections in pp collisions as a function of PT and Y
considering

√
s = 7 TeV and forward rapidity bins. The predictions

with the GBW, JMRT, and WW parameterizations are compared with
the experimental measurements from the LHCb Collaboration [37]

3 Results and discussions

In this work we evaluate the B-meson production in pp col-
lisions covering the kinematic regime available by the LHC
experiments. Prediction are presented based on the color
dipole formalism in the transverse momentum representa-
tion. The analytical parametrizations presented before have
been compared. In what follows the transverse momentum
and rapidity distributions are evaluated for pp collisions and
an exploratory analysis is done for the nuclear modification
factor in pA collisions.

3.1 Transverse momentum and rapidity distributions

We start showing results for the B0 and B+ production with
its respective charge conjugate as a function of the trans-
verse momentum at forward rapidity region. A comparison
is done with the experimental measurements in pp collisions
reported by the LHCb [37] experiment considering the rapid-
ity bins, 2 < Y < 2.5, 2.5 < Y < 3 and 3 < Y < 3.5 at√
s = 7 TeV. Figure 1 shows the results for GBW (dashed

curves), JMRT (solid curves), and WW (dot-dashed curves)
parametrizations for B0+ B̄0 (left panel) and B++B− (right
panel). Considering both cases, the models provide similar
results at low PT . On the other hand, the results lose the
concordance with the data as the PT assumes large values.
The GBW and JMRT models underestimate data. One excep-
tion is the WW prediction, which presents an agreement with
the experimental measurements even at high PT with a bet-
ter description achieved in very forward rapidities. Conse-
quently, for small PT we can not single out the better result.
However, a distinction in magnitude becomes visible at large

Fig. 2 The B+ + B− double-differential cross sections in pp colli-
sions in terms of PT and Y considering

√
s = 13 TeV and forward

rapidity bins. The predictions with the GBW, JMRT, and WW parame-
terizations are compared with the experimental measurements from the
LHCb Collaboration [38]

PT domain, being the main contrast obtained by JMRT and
WW predictions.

In Fig. 2 the theoretical predictions are shown consider-
ing

√
s = 13 TeV for the PT -differential cross section that

accounts the B+ + B− mesons and the same rapidity bins as
before. The corresponding data is provided by LHCb [38].
Results present the same pattern found at

√
s = 7 TeV. How-

ever, some difference regarding the previous scenario can be
pointed out. Now the approaches provide an enhancement in
the data description at small PT region, PT < 4 GeV.

Here some comments are in order. Recently, the descrip-
tion of the LHCb forward rapidity data has been studied
also in Ref. [39]. There, the authors include both the gluon
induced production, gp → bb̄X , as the intrinsic bottom
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(IB) contributions. The latter is evaluated by using the so
called CGC hybrid formalism [40,41]. It was found that the
kinematic range probed by the LHCb data is not sensitive to
the IB effects. The spectra has been investigated only in the
range PT ≤ 15 GeV and the quantity Tdip(x2, κ

2⊥) in Eq. (5)
is obtained in terms of a solution of the running coupling
Balitsky–Kovchegov (BK) equation. In addition, the rapid-
ity distribution is overestimated at central rapidities. The B-
production has been also analysed in Refs. [42–44] by using
the color dipole picture in the usual mixed (z, r) representa-
tion. Different mechanisms of open-heavy flavor meson pro-
duction which contribute to inclusive and single diffractive
cross-sections are discussed. The investigation includes the
contributions of the leading twist two-pomeron fusion and
higher twist corrections associated to three-pomeron fusion.
The former is the contribution considered here. It was shown
that the three-pomeron fusion effect is significant at small
transverse momenta. Both contributions are written in terms
of the dipole scattering amplitude, N (x, �r), and in the numer-
ical calculations [42] the CGC parametrization [45] has been
used. The integrated gluon distribution, xg(x, Q2) is calcu-
lated directly in term of the dipole amplitude,

xg(x, Q2) = CFQ

2π2ᾱS

∫
d2�r J1(Qr)

r
∇2
r N (x, �r),

F(x, k2) = ∂xg(x, Q2)

∂ ln Q2

∣∣∣∣
Q2=k2

, (13)

where CF = (N 2
c − 1)/2Nc and ᾱs = αs Nc/π . We believe

that the GBW parametrization used in present calculations is
very close to the results obtained in Ref. [42]. In the context
of kT -factorization formalism, B production has been ana-
lyzed in Ref. [46] using a variable-flavor-number scheme.
Prediction for 7 TeV are presented there and in general the
large pT region is better described as in our case. The possi-
ble reason is the inclusion of subprocesses like gQ → gQ
and qq̄ → QQ̄ which can contribute at large transverse
momentum. Similar results are obtained within the parton
reggeization approach [47] as well as in the CASCADE MC
predictions [48].

Let us now move to the predictions where the B-meson
production cross section is obtained in terms of the rapid-
ity. In Fig. 3 (left panel) the results for B0 production in pp
collisions consider the kinematic region of the data collected
by the CMS [49] experiment, namely, center of mass energy
of 7 TeV with PT > 5 GeV. The theoretical calculations
show that the considered parameterizations underestimate
the measurements at central rapidity and forward rapidities.
By comparing the predictions with those found in the lit-
erature, see Ref. [49], they are similar to the calculations
using Monte Carlo simulations [13]. In [49] Monte Carlo
MC@NLO has been used assuming the bottom quark mass
as mb = 4.75 GeV, and the CTEQ6M for the parton distribu-

tion functions. On the other hand, in Fig. 3 (right panel) the
results are compared to the B+ + B− measurements from
LHCb [38] at

√
s = 13 TeV. The transverse momentum is

integrated over the interval 0 < PT < 40 GeV. Now, the
predictions give a reasonable description of the data. This is
probably due to inclusion of the low-PT region in the inte-
gration interval which is well described by the models and
the smaller values of x2 obtained in high energies and very
forward rapidities. The JMRT UGD result is more compat-
ible with data within the uncertainties, while the prediction
with WW presents an improvement in the data description
considering the large-Y domain.

In Fig. 4 results are shown for the B-meson PT spectrum
with the rapidity integrated over different intervals. In Fig. 4
(left panel) predictions are provided for

√
s = 13 TeV and

2 < Y < 4.5 which is the kinematic accessible in the LHCb
[38] detector for B+ + B− measurements. Data is fairly
described at low PT whereas the large transverse momen-
tum region is underestimated. This is a similar trend as ver-
ified in Fig. 2. On the other hand, in Fig. 4 (right panel) the
data for B+ measured by the ATLAS [50] at

√
s = 7 TeV

(|Y | < 2.25) and by the CMS [51,52] (|Y | < 2.4 and two
values for the center of mass energy,

√
s = 5.02 and 7 TeV)

are compared to the theoretical predictions. It is important to
stress that in the ATLAS data the differential cross section is
multiplied by the branching ratio to the final state, which is
6.03 × 10−5. It seems that the predictions can describe the
shape of the PT data taking into account the corresponding
uncertainties. The difference in the results is small between
the JMRT and GBW models. Particularly, at 5.02 TeV this
difference starts to growth moderately for large PT . The pre-
dictions fall slightly faster than the measured PT spectrum.
Additionally, the WW UGD does a better job in high PT data
description in all cases.

Worth mentioning that the ratios between different B-
mesons cross sections could show evidence of PT and Y
dependencies and it can be suggested as a future measure-
ment in data taking. This possibly helps to extract information
between the fragmentation functions of bottom quarks to B0,
B+, and B− mesons and also allows comparison with others
fragmentation function models.

3.2 Nuclear modification factor

We will study the B-meson production in pA collisions by
performing an analysis regarding the nuclear modification
factor, RpA. This observable is defined by means of the quo-
tient between pA to pp cross sections being scaled through
the mass number A of the target nucleus,

RpA(Y, PT ) = d3σ(pA→BX)/dYd2PT
A · d3σ(pp→BX)/dYd2PT

. (14)

123



628 Page 6 of 9 Eur. Phys. J. C (2024) 84 :628

Fig. 3 The B0 (left panel) and B++B− (right panel) differential cross
sections in pp collisions in terms of meson rapidity Y . The predictions
with the GBW, JMRT, and WW parameterizations are compared with

the data provided by the CMS Collaboration at
√
s = 7 TeV [49] and

by the LHCb Collaboration at
√
s = 13 TeV [38]

Fig. 4 The B+ + B− (left panel) and B+ (right panel) differential
cross sections in pp collisions in terms of PT . The predictions with
the GBW, JMRT, and WW parameterizations are compared with the

data provided by the LHCb Collaboration at
√
s = 13 TeV [38], by the

ATLAS Collaboration at
√
s = 7 TeV [50] and by the CMS Collabora-

tion at
√
s = 5.02 and 7 TeV [51,52]

Our purpose of investigation consists in applying the geo-
metric scaling property as well as by using a nuclear UGD
version based on the Glauber–Gribov formalism. The QCD
nuclear effects that take place in heavy nuclei collisions can
be accounted by geometric scaling (GS) property derived
from parton saturation [53] within the color dipole picture.
The geometric scaling considers that the nuclear effects are
included in the nuclear saturation scale (Qs,A) as well as
in the nucleus transverse area (SA) taking the proton (Sp)
as reference. As a consequence, one can replace the proton
saturation scale by the respective nuclear one,

Q2
s,A = Q2

s,p

(
ASp
SA

)�

, (15)

where � = (0.79)−1, Sp = σ0/2 = πR2
p, and SA = πR2

A

with RA � 1.12A1/3 fm. Following this approach one arrives
to a simplified expression for the pA cross section assuming
that the UGD for protons presents scaling, which is the case
for GBW model [the results using GS will be labeled as GS
(GBW)]. Correspondingly, the B-meson cross section in pA
collisions is given by,

d3σ(pA → BX)

dYd2PT

=
(
SA
Sp

)
d3σ(pp → BX)

dYd2PT

∣∣∣∣
Q2
s,p(x2)→Q2

s,A(x2)

. (16)

On the other hand, the B-meson spectrum can be obtained
by considering the nuclear form for the unintegrated gluon
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distribution. In Ref. [54] the nuclear UGD is dependent on the
impact parameter and it is derived by assuming the Glauber–
Gribov description for the dipole-nucleus cross section tak-
ing the GBW model as input. Therefore, based on the assump-
tions reported, the nuclear UGD is given by

Fnuc(x, k⊥, b) = 3

π2αs

k2⊥
Q2

s,p

∞∑
n=1

(−B)n

n!

×
n∑

=0

C
n
(−1)


exp

(
− k2⊥

 Q2
s,p

)
, (17)

where FA(x2, k2⊥) = ∫
d2bFnuc(x2, k⊥, b) and the series

is rapidly convergent for heavy nucleus. Moreover, B =
ATA(b)σ0/2 and TA(b) is the nuclear thickness function.
The obtained nuclear UGS will be labeled as UGDnuc.

We are now in conditions to show the numerical results
for the nuclear modification factor accounting the B+ meson
produced in pPb collisions at

√
s = 8.16 TeV. In Fig. 5

the associated predictions are compared directly to the mea-
surements obtained by the LHCb experiment [55] in terms
of PT . As one can observe considering forward rapidity bin,
2.5 < Y < 3.5, the measured nuclear modification factor
presents an suppression at low PT range. However, for high
PT , RpPb is consistent with unity within the uncertainties,
implying that the nuclear effects do not have an influence role
for B+ production at large PT and forward rapidity range.
Additionally, our results demonstrated a weakly dependence
as a function of PT , and the corresponding approaches do
not indicate the presence of important nuclear effects in this
particular kinematic regime. This is explicitly verified by the
predictions reproducing numerically RpPb � 1.2 for GS
(GBW) and RpPb � 1 for UGDnuc.

Let us compare our calculations with other approaches
in the literature. A study performing the reweighting of the
two referred nPDFs (nCTEQ15 and EPPS16) using the LHC
data for D, J/ψ , B and ϒ(1S) production in proton-lead
collisions at LHC has been done in Ref. [56]. Respect to B
production, as the data are not precise enough in the kine-
matic region where reweighting has been applied the results
presented marginal deviation from the original nPDFs. The
predictions are in good agreement within the experimental
and theoretical uncertainties. Conversely, the role played by
the nuclear effects driven by the fully coherent energy loss
(FCEL) in cold nuclear matter on the open heavy-flavour
production has been investigated in Ref. [57]. It was shown
that the FCEL effects on D and B production are quite rele-
vant and similar to those quantified in quarkonium and light
hadron production. It is argued that the effect corresponds to
about half of the nuclear suppression measured at the LHC at
forward rapidities and low PT [57]. Our results are compared
to FCEL approach as shown in Fig. 5. The UGDnuc result is
fairly similar to that from FCEL calculation.

Fig. 5 The nuclear modification factor for B+ production considering
the kinematic regime

√
s = 8.16 TeV and 2.5 < Y < 3.5 in pPb colli-

sions. The predictions are obtained using the GS (GBW) and UGDnuc
approaches. Result from FCEL approach is also presented as a matter
of comparison, together with experimental data from the LHCb Collab-
oration [55]

In the context of the CGC framework, Ref. [58] presents
the nuclear modification factor RB

pA(Y, PT ) at forward
rapidities. The calculations make use of the Glauber model
to obtain the dipole-nucleus cross section, σd A(x, r, b). The
transverse momentum dependent multi-point Wilson line
correlators are used to describe the target nucleus and pro-
ton projectile. The corresponding UGDs are obtained from
the numerical solution of the running coupling Balitsky–
Kovchegov (rcBK) equation. The results are consistent with
data and a significant dependence on the initial nuclear sat-
uration scale, Q2

s0,A, for the amount of nuclear shadowing

appearing in RB
pA as a function of PT .

Recently, in the context of the kT -factorization approach
analytical unintegrated gluon and sea quark densities in
nuclei have been are derived [59]. A rescaling model has been
considered to construct the nuclear distributions from the pro-
ton ones. They were used to evaluate the inclusive heavy fla-
vor production in proton-lead collisions at the LHC. The eval-
uated nuclear modification factor for B+ meson at 5.02 TeV
integrated over the rapidity and pT is RB+ = 0.77 +0.02

−0.03,
where estimated theoretical uncertainties are due to μ2

F scale
variation. Similar results are also obtained within the general-
mass variable-flavour-number scheme (GM-VFNS) at same
energy [60]. In both cases, RpA does not reveal the presence
of significant nuclear initial-state interaction effects. This is
in line with the study in Ref. [61], where the NLO SACOT-
mT scheme has been used in the case of B-production. The
RpPb at 8.16 TeV has been computed using the EPPS21 and
nNNPDF3.0 nuclear PDFs and the predictions agree very
well with the data.
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4 Summary

We performed an investigation on the B-meson production
at high energies in pp collisions at the LHC. The theoretical
formalism is the color dipole in transverse momentum repre-
sentation equipped with different unintegrated gluon distri-
butions parametrizations. We verified that the results fairly
describe the momentum distribution at small PT , while a
deviation from the measurements becomes apparent towards
high values of PT ; this is particularly more intense when
using the GBW and JMRT models. At the same time, con-
sidering the PT and Y distributions, the WW result is more
suitable regarding the measured spectrum. The model seems
to be consistent when extrapolated to high PT and very for-
ward rapidity region. Moreover, an exploratory study is done
concerning the B-meson production in pA collisions. The
respective results regarding the nuclear modification factor
do not show a suppression behavior considering the PT spec-
trum measured in forward rapidity range.

The B-meson production in pp case can be addressed in
the color dipole transverse momentum representation which
can be convenient for further investigation aiming the heavy-
ion mode. The phenomenology associated to the dipole for-
malism and the UGDs can be refined in order to develop a
better description of large PT contributions.

Acknowledgements This work was partially financed by the Brazil-
ian funding agencies CAPES, CNPq, and FAPERGS. This study was
financed in part by the Coordenação de Aperfeiçoamento de Pes-
soal de Nível Superior – Brasil (CAPES) – Finance Code 001. GGS
acknowledges funding from the Brazilian agency Conselho Nacional
de Desenvolvimento Científico e Tecnológico (CNPq) with grant
CNPq/315246/2023-5.

Data Availability Statement This manuscript has no associated data.
[Author[Pleaseinsertintopreamble]s comment: This is a phenomeno-
logical study, and no data is generated during the investigation, where
public data from LHC experiments are used].

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. C. Albajar et al. [UA1 Collaboration], Phys. Lett. B 186, 237–246
(1987)

2. C. Albajar et al. [UA1 Collaboration], Phys. Lett. B 213, 405 (1988)
3. D. Acosta et al. [CDF Collaboration], Phys. Rev. D 65, 052005

(2002)
4. D. Acosta et al. [CDF Collaboration], Phys. Rev. D 66, 032002

(2002)
5. D. Acosta et al. [CDF Collaboration], Phys. Rev. D 71, 032001

(2005)
6. F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 71, 500–504

(1993)
7. F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 75, 1451–1455

(1995)
8. S. Abachi et al. [D0 Collaboration], Phys. Rev. Lett. 74, 3548–3552

(1995)
9. B. Abbott et al. [D0 Collaboration], Phys. Rev. Lett. 84, 5478–5483

(2000)
10. B. Abbott et al. [D0 Collaboration], Phys. Rev. Lett. 85, 5068–5073

(2000)
11. A. Abulencia et al. [CDF Collaboration], Phys. Rev. D 75, 012010

(2007)
12. T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D 79, 092003

(2009)
13. S. Frixione, P. Nason, B.R. Webber, JHEP 08, 007 (2003)
14. M. Cacciari et al., JHEP 10, 137 (2012)
15. M. Cacciari, M. Greco, P. Nason, JHEP 05, 007 (1998)
16. B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, Phys. Rev.

D 77, 014011 (2008)
17. L.V. Gribov, E.M. Levin, M.G. Ryskin, Phys. Rep. 100, 1 (1983)
18. G. Marchesini, B.R. Webber, Nucl. Phys. B 310, 461 (1988)
19. E.M. Levin, M.G. Ryskin, Phys. Rep. 189, 268 (1990)
20. S. Catani, M. Ciafaloni, F. Hautmann, Phys. Lett. B 242, 97 (1990)
21. S. Catani, M. Ciafaloni, F. Hautmann, Nucl. Phys. B 366, 135

(1991)
22. N. N. Nikolaev, G. Piller, B. G. Zakharov, Zh. Eksp. Teor. Fiz. 108,

1554 (1995) [J. Exp. Theor. Phys. 81, 851 (1995)];
23. N.N. Nikolaev, G. Piller, B.G. Zakharov, Z. Phys. A 354, 99 (1996)
24. J. Raufeisen, J.C. Peng, Phys. Rev. D 67, 054008 (2003)
25. V.P. Goncalves, B. Kopeliovich, J. Nemchik, R. Pasechnik, I.

Potashnikova, Phys. Rev. D 96, 014010 (2017)
26. G. Sampaio dos Santos, G. Gil da Silveira, M.V.T. Machado, Phys.

Lett. B 838, 137667 (2023)
27. G. Sampaio dos Santos, G. Gil da Silveira, M.V.T. Machado, Eur.

Phys. J. C 82, 795 (2022)
28. G. Sampaio dos Santos, G. Gil da Silveira, M.V.T. Machado,

Astron. Nachr. 344, e220118 (2023)
29. G. Sampaio dos Santos, G. Gil da Silveira, M.V.T. Machado, Eur.

Phys. J. C 83, 862 (2023)
30. K.J. Golec-Biernat, M. Wüsthoff, Phys. Rev. D 60, 114023 (1999)
31. J. Bartels, K.J. Golec-Biernat, H. Kowalski, Phys. Rev. D 66,

014001 (2002)
32. J.L. Albacete, C. Marquet, Prog. Part. Nucl. Phys. 76, 1 (2014)
33. T. Altinoluk, R. Boussarie, P. Kotko, JHEP 05, 156 (2019)
34. K. Golec-Biernat, S. Sapeta, JHEP 1803, 102 (2018)
35. L. Motyka, M. Sadzikowski, T. Stebel, Phys. Rev. D95(11), 114025

(2017)
36. S.P. Jones, A.D. Martin, M.G. Ryskin, T. Teubner, J. Phys. G 44,

03LT01 (2017)
37. R. Aaij et al. [LHCb Collaboration], JHEP 08, 117 (2013)
38. R. Aaij et al. [LHCb Collaboration], JHEP 12, 026 (2017)
39. Y.N. Lima, V.P. Goncalves, A.V. Giannini, arXiv:2403.04619 [hep-

ph]
40. V.P. Goncalves, F.S. Navarra, Nucl. Phys. A 842, 59–71 (2010)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/2403.04619


Eur. Phys. J. C (2024) 84 :628 Page 9 of 9 628

41. T. Altinoluk, N. Armesto, G. Beuf, A. Kovner, M. Lublinsky, Phys.
Rev. D 93(5), 054049 (2016)

42. I. Schmidt, M. Siddikov, Phys. Rev. D 101(9), 094020 (2020)
43. M. Siddikov, I. Schmidt, Phys. Rev. D 102(7), 076020 (2020)
44. E. Levin, I. Schmidt, M. Siddikov, Eur. Phys. J. C 80(6), 560 (2020)
45. A.H. Rezaeian, I. Schmidt, Phys. Rev. D 88, 074016 (2013)
46. B. Guiot, A. van Hameren, Phys. Rev. D 104(9), 094038

(2021). https://doi.org/10.1103/PhysRevD.104.094038.
arXiv:2108.06419 [hep-ph]

47. A.V. Karpishkov, M.A. Nefedov, V.A. Saleev, A.V. Shipilova, Int.
J. Mod. Phys. A 30(04n05), 1550023 (2015). https://doi.org/10.
1142/S0217751X15500232. arXiv:1411.7672 [hep-ph]

48. H. Jung, M. Kraemer, A.V. Lipatov, N.P. Zotov, Phys. Rev. D
85, 034035 (2012). https://doi.org/10.1103/PhysRevD.85.034035.
arXiv:1111.1942 [hep-ph]

49. S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. Lett. 106,
252001 (2011)

50. G. Aad et al. [ATLAS Collaboration], JHEP 10, 042 (2013)
51. A.M. Sirunyan et al. [CMS Collaboration], Phys. Rev. Lett. 19,

152301 (2017)
52. V. Khachatryan et al. [CMS Collaboration], Phys. Rev. Lett. 106,

112001 (2011)
53. N. Armesto, C.A. Salgado, U.A. Wiedemann, Phys. Rev. Lett. 94,

022002 (2005)
54. N. Armesto, Eur. Phys. J. C 26, 35 (2002)
55. R. Aaij et al. [LHCb Collaboration], Phys. Rev. D 99, 052011

(2019)

56. A. Kusina, J.P. Lansberg, I. Schienbein, H.S. Shao, Phys. Rev.
D 104(1), 014010 (2021). https://doi.org/10.1103/PhysRevD.104.
014010. arXiv:2012.11462 [hep-ph]

57. F. Arleo, G. Jackson, S. Peigné, JHEP 01, 164 (2022). https://doi.
org/10.1007/JHEP01(2022)164. arXiv:2107.05871 [hep-ph]

58. H. Fujii, K. Watanabe, Nucl. Phys. A 920, 78–93 (2013). https://
doi.org/10.1016/j.nuclphysa.2013.10.006. arXiv:1308.1258 [hep-
ph]

59. A.V. Lipatov, M.A. Malyshev, A.V. Kotikov, X. Chen, Phys. Lett.
B 850, 138486 (2024). https://doi.org/10.1016/j.physletb.2024.
138486. arXiv:2312.00365 [hep-ph]

60. G. Kramer, H. Spiesberger, Nucl. Phys. B 925, 415–430
(2017). https://doi.org/10.1016/j.nuclphysb.2017.10.016.
arXiv:1703.04754 [hep-ph]

61. I. Helenius, H. Paukkunen, JHEP 07, 054 (2023). https://doi.org/
10.1007/JHEP07(2023)054. arXiv:2303.17864 [hep-ph]

123

https://doi.org/10.1103/PhysRevD.104.094038
http://arxiv.org/abs/2108.06419
https://doi.org/10.1142/S0217751X15500232
https://doi.org/10.1142/S0217751X15500232
http://arxiv.org/abs/1411.7672
https://doi.org/10.1103/PhysRevD.85.034035
http://arxiv.org/abs/1111.1942
https://doi.org/10.1103/PhysRevD.104.014010
https://doi.org/10.1103/PhysRevD.104.014010
http://arxiv.org/abs/2012.11462
https://doi.org/10.1007/JHEP01(2022)164
https://doi.org/10.1007/JHEP01(2022)164
http://arxiv.org/abs/2107.05871
https://doi.org/10.1016/j.nuclphysa.2013.10.006
https://doi.org/10.1016/j.nuclphysa.2013.10.006
http://arxiv.org/abs/1308.1258
https://doi.org/10.1016/j.physletb.2024.138486
https://doi.org/10.1016/j.physletb.2024.138486
http://arxiv.org/abs/2312.00365
https://doi.org/10.1016/j.nuclphysb.2017.10.016
http://arxiv.org/abs/1703.04754
https://doi.org/10.1007/JHEP07(2023)054
https://doi.org/10.1007/JHEP07(2023)054
http://arxiv.org/abs/2303.17864

	Investigating the B-meson production based on the color dipole transverse momentum representation in pp collisions at the LHC
	Abstract 
	1 Introduction
	2 Theoretical formalism
	3 Results and discussions
	3.1 Transverse momentum and rapidity distributions
	3.2 Nuclear modification factor

	4 Summary
	Acknowledgements
	References




