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The impact of the nonlinear effects in the QCD on the observables is directly related to the magnitude of
the saturation scale Qs, which is predicted to increase with the energy, rapidity, and multiplicity. In this
paper, we investigate the D0 meson production in pp collisions at forward rapidities and/or high
multiplicities considering the color glass condensate (CGC) formalism and the solutions of the running
coupling Balitsky-Kovchegov equation. The contributions of gluon- and charm-initiated processes are
taken into account, and a comparison with the current LHCb data is performed. The impact of an intrinsic
charm component in the proton’s wave function is also estimated. Predictions for the self-normalized yields
of D0 mesons as a function of the multiplicity of coproduced charged hadrons are presented, considering
pp collisions at

ffiffiffi
s

p ¼ 13 TeV and different values of the meson rapidity. A comparison with the
predictions for the kaon and isolated photon production is performed. Our results indicate that a future
experimental analysis of the D0 meson production at forward rapidities and high multiplicities can be
useful to probe the CGC formalism and to disentangle the contribution of initial—and final—state effects.

DOI: 10.1103/PhysRevD.109.094035

I. INTRODUCTION

Heavy quark production in hadronic collisions is con-
sidered one of the main tools for studying the properties
of the strong interactions [1]. The large quark mass mQ

ensures the validity of perturbative calculations, and the
strong dependence of the cross section on the behavior of
the gluon distribution makes its study ideal to probe the
QCD at high energies. One has that the huge density of
low-x gluons in the hadron wave functions at high energies
is expected to modify the usual description of the gluon
distribution in terms of the linear Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) dynamics by the inclu-
sion of nonlinear corrections associated to the physical
process of parton recombination [2]. This expectation can
be easily understood: while for a large hard scale Q2, the
DGLAP equation predicts that the mechanism g → gg
populates the transverse space with a large number of
small size gluons per unit of rapidity, for small Q2 the

produced gluons overlap and fusion processes, gg → g, are
equally important [3]. The latter process implies that the
rise of the gluon distribution below a typical scale is
reduced, restoring the unitarity of the cross sections.
This scale is called saturation scale Qs and is predicted
by the color glass condensate (CGC) formalism [4] to
increase with the energy, atomic number, rapidity, and
multiplicity. In principle, for heavy quark production, the
nonlinear effects are expected to become negligible for

Q2 ≫ Q2
s , with Q ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þ 4m2

Q

q
, where pT is the trans-

verse momentum of the heavy state. In contrast, such
effects are predicted to modify the behavior of the cross
sections and differential distributions when the saturation
scale becomes of the order or larger than Q2 (see, e.g.,
Refs. [5–7]).
In this paper, the heavy quark production in proton-

proton (pp) collisions is studied at the LHC energies and
in the regime where the inequality Q2

s ≳Q2 is expected to
be satisfied. For central rapidities, one has Q2

s ≈ 1 GeV2,
which implies a negligible impact of nonlinear effects.
However, as Q2

s ∝ ey, these effects are enhanced for larger
rapidities y and are expected to modify the transverse
momentum and rapidity distributions. In our analysis,
we will compare our predictions, derived taking into
account of the nonlinear effects, with the LHCb data for
the D0 meson production at forward rapidities [8,9].
Moreover, we will also investigate the heavy quark
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production in high multiplicity events observed at the LHC.
In the CGC formalism, high multiplicity events are attrib-
uted to the presence of rare parton configurations (hot
spots) in the hadrons that participate of the collision, which
are characterized by larger saturation scales in comparison
to the typical configurations present in minimum bias
events [10–19]. We will present predictions for the self-
normalized yields of D0 mesons as a function of the
multiplicity of coproduced charged hadrons considering
pp collisions at

ffiffiffi
s

p ¼ 13 TeV and different values of the
meson rapidity. Moreover, our results will be compared with
the predictions for the kaon and isolated photon production
derived in Refs. [18,19]. As the impact of the nonlinear
effects on these distinct final states is expected to be
different, a future comparison of the predictions with the
experimental data will be an important test of the CGC
formalism, which predicts that the high multiplicity effects
are only associated to initial-state effects, in contrast with the
approaches proposed, e.g., in Refs. [20–22].
The D0 meson production cross section at forward

rapidities will be estimated using the CGC formalism
and taking into account of gluon- and charm-initiated
contributions, being represented schematically as follows
(see Fig. 1):

σðpp → D0XÞ ∝ gðx1; Q2Þ ⊗ N Aðx2Þ ⊗ Dc=D

þ cðx1; Q2Þ ⊗ N Fðx2Þ ⊗ Dc=D; ð1Þ

where gðx1; Q2Þ and cðx1; Q2Þ are the gluon and charm
densities of the projectile proton, Dc=D is the charm
fragmentation function into the D0 meson, and the func-
tions N Aðx2Þ and N Fðx2Þ are the adjoint and fundamental
forward scattering amplitudes, which encode all the infor-
mation about the hadronic scattering, and thus about the
nonlinear and quantum effects in the hadron wave function.
Such quantities will be estimated using the CGC formal-
ism, by solving the running coupling Balitsky-Kovchegov
(rcBK) equation [23,24] for different initial conditions. The
first term in Eq. (1) can be associated to the gg → cc̄
subprocess and is expected to dominate at high center-of-
mass energies and central rapidities. The charm initiated
contribution is, in general, negligible in this same kin-
ematical region. However, at forward rapidities, the D0

meson production is dominated by collisions of projectile
partons with large light cone momentum fractions (x1 → 1)
with target partons carrying a very small momentum

fraction (x2 ≪ 1). Consequently, in addition to the
small-x effects in the target coming from the nonlinear
aspects of QCD, large-x effects in the projectile are also
expected to contribute. One of the possible new effects
is the presence of intrinsic heavy quarks in the hadron
wave function, which enhance the probability of finding
heavy quarks with large momentum fraction x1 (for a
review see, e.g., Ref. [25]). The studies performed, e.g., in
Refs. [26–31] have demonstrated that this contribution can
become dominant at ultraforward rapidities. Motivated by
the recent evidences of an intrinsic charm (IC) component
in the proton’s wave function [32–34], in this paper we
revisit this topic and analyze the impact of an intrinsic
charm on the transverse momentum and rapidity distribu-
tions for the D0 meson production at the LHCb when the
small-x effects are described by the solution of the BK
equation instead of phenomenological models used in
Refs. [27,35,36]. Moreover, we investigate, for the first
time, its impact on the heavy quark production at high
multiplicities.
This paper is organized as follows. The next section

presents a brief review of the formalism used to estimate the
D0 meson production at forward rapidities together with the
main ingredients in the calculations of the gluon- and
charm-initiated contributions. In particular, we discuss the
different initial conditions of the BK equation used in our
analysis, as well as the distinct models for the treatment of
the intrinsic charm component. In Sec. III we present
results for the transverse momentum and rapidity distribu-
tions associated to the D0 meson production in pp
collisions at the LHC energies and compare with the
LHCb data. Predictions for the Feynman-xF distribution
and for the self-normalized yields of D0 mesons as a
function of the multiplicity of coproduced charged hadrons
considering pp collisions and different values of the meson
rapidity are also presented. Finally, in Sec. IV, we sum-
marize our main results and conclusions.

II. D0 MESON PRODUCTION IN THE FORWARD
REGION AT HIGH ENERGIES

The heavy quark production in pp collisions is usually
described considering the collinear factorization, where all
partons involved are assumed to be on mass shell, carrying
only longitudinal momenta, and their transverse momenta
are neglected in the QCDmatrix elements [37]. However, at
high energies, the effects of the finite transverse momenta

FIG. 1. Gluon- (left) and charm- (right) initiated contribution for the production of a D0 meson with transverse momentum pT and
rapidity y in pp collisions.
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of the incoming partons become important [38] and the
nonlinear QCD effects are predicted to contribute signifi-
cantly [2]. As a consequence, generalized factorization
schemes should be considered to take into account these
effects. In recent years, several groups have discussed, in
detail, such a subject (see, e.g., Refs. [39–41]). In particu-
lar, at forward rapidities, where the produced particles
originate from the scattering of a dilute projectile off a
dense target, a hybrid factorization has been proposed
and applied for the heavy quark production, e.g., in
Refs. [27,35,36,42–48]. In this paper, we will consider
the approaches discussed in Refs. [27,35], to which we
refer for a detailed derivation of the expressions presented
in this section.
Initially, let us discuss the gluon-initiated (G.I.) D0

meson production, represented in the left panel of
Fig. 1. At forward rapidities and in the dipole frame, the
process can be factorized in terms of the projectile gluon
distribution x1gðx1; Q2Þ, the fragmentation function Dc=D,
and the heavy quark production via the gluon-proton
scattering, which is described by the cross section of the
gþ p → QQ̄X process. Such a quantity takes into account
the fluctuation of the projectile gluon into a QQ̄ pair
and the interaction of a colorless three-body system gQQ̄
with the color background field of the target proton. As
demonstrated in Ref. [35], the differential distribution for
the production of a D0 meson with transverse momentum
pT at rapidity y can be expressed as follows:

dσpp→D0X

dyd2pT

����
G:I:

¼
Z

1

zmin

dz
z2

x1g
�
x1; Q2

�

×
Z

1

αmin

dα
d3σgp→cc̄X

dαd2qT
Dc=D

�
z; μ2

�
; ð2Þ

where z is the fractional light cone momentum of the charm
c carried by the meson, q⃗T ¼ p⃗T=z, α is the momentum
fraction of the gluon carried by the charm, and Dc=D is the
fragmentation function. Moreover, one has that

zmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

D þ p2
T

p
ffiffiffi
s

p ey and αmin ¼
zmin

z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

cz2 þ p2
T

m2
D þ p2

T

s
:

ð3Þ

The differential cross section for the gþ p → cc̄X process
is given by [35]

d3σgp→cc̄X

dαd2qT
¼ 1

6π

Z
d2κT
κ4T

αsKdip

�
x2; κ2T

���9
8
H0

�
α; ᾱ; q⃗T

�
−
9

4
H1

�
α; ᾱ; q⃗T ; κ⃗T

�þH2

�
α; ᾱ; q⃗T ; κ⃗T

�
þ 1

8
H3

�
α; ᾱ; q⃗T ; κ⃗T

��þ ½α ↔ ᾱ�
	
; ð4Þ

with ᾱ ¼ 1 − α, and the auxiliary functions Hi defined by

H0ðα; ᾱ; q⃗TÞ ¼
m2

c þ ðα2 þ ᾱ2Þq2T
ðq2T þm2

cÞ2
;

H1ðα; ᾱ; q⃗T ; κ⃗TÞ ¼
m2

c þ ðα2 þ ᾱ2Þq⃗T · ðq⃗T − ακ⃗TÞ
½ðq⃗T − ακ⃗TÞ2 þm2

c�ðq2T þm2
cÞ

;

H2ðα; ᾱ; q⃗T ; κ⃗TÞ ¼
m2

c þ ðα2 þ ᾱ2Þðq⃗T − ακ⃗TÞ2
½ðq⃗T − ακ⃗TÞ2 þm2

c�2
;

H3ðα; ᾱ; q⃗T ; κ⃗TÞ ¼
m2

c þ ðα2 þ ᾱ2Þðq⃗T þ ακ⃗TÞ · ðq⃗T − ᾱκ⃗TÞ
½ðq⃗T þ ακ⃗TÞ2 þm2

c�½ðq⃗T − ᾱκ⃗TÞ2 þm2
c�
:

ð5Þ

In addition, one has that x1;2 ¼ ðMcc̄=
ffiffiffi
s

p Þe�y. As in
Ref. [35], we will assume that the hard scale Q2 is equal
to the square of the invariant mass of the cc̄ pair
(Mcc̄ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

c þ q2T
p

). Moreover, following Ref. [49], we
will assume αs ¼ 0.373. The main ingredient to estimate
the D0 meson differential cross section is the dipole trans-
verse momentum distribution (TMD) Kdip, which can be
expressed in terms of the Fourier transform of the adjoint
forward scattering amplitude N A as follows:

Kdipðx; κ2TÞ ¼
CF

ð2πÞ3
Z

d2r⃗e−iκ⃗T ·r⃗∇2
rN Aðx; rÞ; ð6Þ

and, consequently, is determined by the QCD at high
energies. In particular, in the large-Nc limit the adjoint
scattering amplitude can be obtained from the fundamental
dipole scattering amplitudeN F, which is the solution of the
rcBK equation, using the following relation: N Aðx; rÞ ¼
2N Fðx; rÞ −N 2

Fðx; rÞ. In previous studies, Kdip was esti-
mated disregarding the nonlinear effects and/or considering
phenomenological models to describe them. In contrast, in
our analysis, we will estimate such a quantity in terms of
solutions of the running coupling BK equation for three
distinct initial conditions (see below).
For the charm-initiated (C.I.) contribution, represented in

the right panel of Fig. 1, we will consider the approach
proposed in Ref. [26] and rederived in the hybrid formalism
in Ref. [48]. The basic idea is that a charm quark, present in
the wave function of the incident proton, scatters off with
the color background field of the target proton and then
fragments into a D0 meson. The hybrid formalism implies
that the differential cross section for the production of
D0 meson with transverse momentum pT at rapidity y is
given by [26]

dσpp→D0X

dyd2pT

����
C:I:

¼ σ0
2ð2πÞ2

Z
1

xF

dx1
x1
xF

�
cðx1; Q2ÞÑ F

×



x1
xF

pT; x2

�
Dc=D



z ¼ xF

x1
; μ2

��
; ð7Þ
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where x1;2 represent the momentum fraction of the pro-
jectile and target parton that interact in the scattering
process, and xF is the Feynman-x of the produced meson,
which are defined by

x1;2 ¼
pT

z
ffiffiffi
s

p e�y and xF ¼ x1 − x2: ð8Þ

Moreover, Ñ F is the Fourier transform of the fundamental
forward scattering amplitude, determined by solving the
BK equation, and σ0 is a constant obtained by fitting the
HERA data using the corresponding solutions (see below).
In our analysis, we will assume the values of σ0 obtained in
Ref. [50]. As demonstrated, e.g., in Refs. [26–31] such a
contribution is negligible for central rapidities, but becomes
important for forward rapidities and can dominate if an
intrinsic component of charm is present in the proton’s
wave function. It is important to emphasize that recent
results indicate the presence of this component [32–34].
Following Ref. [27], we will consider the models discussed
in Ref. [51] to describe the intrinsic charm and a com-
parison with the results derived disregarding this compo-
nent will also be provided.

III. RESULTS

In the next two subsections, we will present our results
for prompt D0 meson production at forward rapidities and
at high multiplicities, respectively, considering the three
solutions of the rcBK equation discussed in the previous
section. In order to estimate theD0 meson differential cross
sections we will use the BKK05 parametrization [52] to
describe the fragmentation process. The collinear charm
and gluon distributions will be described by the CTEQ6.5
[51], which provides a way of quantifying the impact of an
intrinsic charm component in the proton’s wave function.
A comparison with the predictions derived using the
CT14 [53] set will also be provided. For completeness
of our analysis, in Fig. 2 we present a comparison between
the charm and gluon Parton Distribution Functions (PDFs)
predicted by these different sets for a fixed hard scale
Q ¼ 4mc; parameterizations disregarding an intrinsic
charm component are denoted by “no IC.” While in the
CTEQ6.5 no IC and CT14 no IC sets, the charm PDFs are
perturbatively generated by gluon splitting and come from
the DGLAP evolution, in the Brodsky-Hoyer-Peterson-
Sakai (BHPS) [54] and meson cloud (MC) [55–57] models,
a nonperturbative charm component is present in the pro-
ton’s wave function. In the BHPS model, this component is
associated to higher Fock states as, e.g., the juudcc̄i state. In
contrast, in the MC model, it comes, e.g., from the nucleon
fluctuation into an intermediate state composed by a
charmed baryon plus a charmed meson. One has that these
models predict an enhancement of the charm distribution
at large x ð> 0.1Þ (lower curves in Fig. 2) in comparison to
the no IC predictions. Due to the momentum sum rule, the

corresponding gluon distributions are also modified by the
inclusion of intrinsic charm, as observed in the upper curves
of Fig. 2. As a consequence, the heavy quark production
at large rapidities, which probes large values of x in the
projectile proton, is sensitive to the IC component. Such a
result has motivated the analysis performed in Refs. [26,27],
which will be improved in the present paper.
For the adjoint and fundamental forward dipole scatter-

ing amplitudes, needed to calculate Kdip and Ñ F, we will
consider the solutions of the running coupling BK equa-
tion, which is the simplest nonlinear evolution equation for
the dipole-hadron scattering amplitude, being actually a
mean field version of the first equation of the Balitsky
hierarchy [23]. Such an equation is usually solved consid-
ering two distinct functional forms for its initial condition,
inspired by the GBW [58] and MV [59] models, given by

N ðx0 ¼ 0.01; rÞ ¼ 1 − exp

�
−
r2Q2

s;0

4

�
ðGBW-likeÞ

ð9Þ

N ðx0 ¼ 0.01; rÞ ¼ 1 − exp

�
−
ðr2Q2

s;0Þγ
4

ln



1

Λr
þ e

��
ðMV-likeÞ; ð10Þ

where the free parameters, the initial saturation scale Qs;0,
and the anomalous dimension γ are usually determined
by fitting the HERA data. In our analysis, we will consider
the parameters obtained in Refs. [50,60]. As in [18]
three distinct models are considered in order to investigate
the role of the nonlinear QCD: a GBW-like initial condition
characterized byQ2

s;0 ¼ 0.24 GeV2 and two solutions assu-
ming aMV-like initial condition where (Q2

0 ¼ 0.157 GeV2,
γ ¼ 1.101) and (Q2

0 ¼ 0.1597 GeV2, γ ¼ 1.118). Results
obtained from the GBW-like initial condition are simply

FIG. 2. Predictions of the different intrinsic charm models for
the x dependence of the charm (lower blue curves) and gluon
(upper red curves) distributions, as obtained by the CTEQ6.5
parametrization [51]. For comparison, the results from CT14
parametrization [53] are also shown.
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denoted by “GBW” and identify results with the MV-like
initial condition by their value for the anomalous dimension
γ: “g1.101 (MV)” and “g1.118 (MV)”. In Fig. 3 we present
a comparison of the Fourier transform of the fundamental
dipole scattering amplitude derived considering these
different initial conditions. Results are shown as a function
of the transverse momentum and fixed values of Y ¼
lnðx0=xÞ, where x0 ¼ 0.01, which implies that for Y ¼ 0
we are presenting the initial conditions. One has that while
all predictions are similar for small values of Y, differences
start to appear for the g1.101 (MV) case when kT ≳ 1 GeV
as one evolves in rapidity. Moreover, the peak of all distri-
butions is shifted to larger values of kT , which is directly
associated to the increasing of the saturation scale at
smaller values of x. Our results indicate that the predictions
derived using g1 (GBW) and g1.118 (MV) initial con-
ditions are expected to be similar, differing from the g1.101
(MV) at large transverse momentum.

A. D0 meson production at forward rapidities

In Figs. 4 and 5 we present the pT-spectra of D0 mesons
produced in pp collisions at 7 and 13 TeV, respectively,

calculated using the different solutions of the rcBK
equation. Our results, which are calculated using the middle
value of the appropriate rapidity bin, are compared to the
LHCb data [8,9]; results were multiplied by a factor of
10−m (m ¼ 0; 2; 4; 6; 8) to improve visibility. The uncer-
tainty band was generated by multiplying/dividing the
momentum scale present in the PDFs and fragmentation
function by a factor of 2. One can see a good overall
agreement with experimental data is achieved, regardless
of the BK solution or PDF considered. In particular, our
results indicate that the current D0 data for the pT spectra
measured in the kinematical range probed by the LHCb
detector is not sensitive to the intrinsic charm. One has that
the error band increases at low pT, which is associated with
the limitations related to the description of the incoming
projectile in the perturbative QCD framework. Results
derived in [35] indicate that the agreement may be
improved by taking the transverse momentum of the
projectile parton into account through a phenomenological
model. A more careful treatment of the soft region may be
achieved by including the Sudakov factor [61,62]. Such
inclusion, however, degrades the description of the data at
higher pT, which indicates that the treatment of the D0

FIG. 3. Comparison between the predictions for the Fourier transform of fundamental dipole scattering amplitude for different values
of Y ¼ lnðx0=xÞ, with x0 ¼ 0.01, derived considering different initial conditions for the running coupling BK equation.

FIG. 4. Transverse momentum spectra of prompt neutral D mesons for different rapidity bins at
ffiffiffi
s

p ¼ 7 TeV. Results are presented
for three different solutions of the rcBK equation, g1.101 (MV), g1.118 (MV), and g1 (GBW) and different models for the IC
component. The experimental data is from Ref. [8].
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production at small pT is still an open question. In
comparison with the predictions for

ffiffiffi
s

p ¼ 7 TeV, the
description of the experimental data for

ffiffiffi
s

p ¼ 13 TeV
becomes considerably better, especially for larger rapid-
ities. It is important to emphasize that similar results have
been obtained in calculations (including ones not neces-
sarily based in the CGC formalism) performed by other

groups [31,35,36,63–67], indicating that the full descrip-
tion of these data still is a challenge. Surely, the forth-
coming LHCb data from run 3 will be useful to clarify this
aspect.
Figures 6 and 7 present our results for the rapidity

distribution associated with theD0 meson production in pp
collisions at 7 and 13 TeV, respectively. One has that the

FIG. 5. Same as Fig. 4 but for
ffiffiffi
s

p ¼ 13 TeV. The experimental data is from Ref. [9].

FIG. 6. Rapidity distribution of prompt neutral D mesons produced in pp collisions at
ffiffiffi
s

p ¼ 7 TeV. Results are presented for three
different solutions of the rcBK equation, g1.101 (MV), g1.118 (MV), and g1 (GBW) and different models for the IC component. The
experimental data is from [8].

FIG. 7. Same as Fig. 6 but for
ffiffiffi
s

p ¼ 13 GeV. Data from Ref. [9].
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current experimental data can be described considering the
different PDF sets and the distinct solutions of the rcBK
equation. The rather large uncertainty band can be traced
back to the fact that pT integrated observables receive
major contributions from soft low momentum particles, and
this is exactly the regime where our calculations for the
transverse momentum spectra present the largest uncer-
tainties when varying the momentum scale in the PDFs and
fragmentation functions. The reduction of the uncertainty
band when moving to forward rapidities is purely kin-
ematical and is related to the decrease of the available phase
space; the slightly smaller uncertainty band for the calcu-
lation with the CT14 PDF may be linked to improvements
made by including new data from Tevatron and LHC in

their analysis [53]. Results that do not include an IC
component, such as the CT14, decrease faster when
moving to the ultraforward region, while calculations
including the intrinsic charm, present in the CTEQ6.5
set, show a bump in a characteristic rapidity window.
Such a bump moves to larger rapidities as the collision
energy increases since one needs to reach larger values of y
to enter the kinematic regime associated with the IC
component.
The impact of an intrinsic charm component for the D0

meson production can be better visualized in the corre-
sponding Feynman-xF distributions, which can be obtained
from the rapidity distributions, using that

xF
dσpp→D0X

dxF
¼ χ

dσpp→D0X

dy
; where

(
χ ¼ 1; for the charm-initiated channel

χ ¼ � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4M2

cc̄=x
2
Fsþ 1

p �−1; for the gluon-initiated channel:
ð11Þ

In Fig. 8 we present the xF distribution for quark- and
gluon-initiated channels, as well as their sum, derived
considering different solutions of the rcBK equation. One
has that the results are almost independent of the solution
used as input in the calculations. One can verify that
the quark-initiated channel is always subdominant in the
absence of an IC component. While such features are
general and already shown, e.g., in Ref. [27], here we see
that the splitting between the quark- and gluon-initiated
channels are not as large as previously obtained with
phenomenological models for the fundamental and adjoint
dipole scattering amplitudes. In contrast, the inclusion of an
intrinsic component implies that the charm-initiated proc-
ess dominates for xF ≥ 0.3, with its magnitude being
dependent on the model assumed to describe the intrinsic
charm, as demonstrated in Fig. 9, where we present the

FIG. 8. Feynman-xF distribution associated to the D0 meson production in pp collisions at
ffiffiffi
s

p ¼ 13 TeV. Results are shown for the
three solutions of the rcBK equation employed in this study.

FIG. 9. Ratio of Feynman-xF distributions with and without
assuming an IC component in the proton’s wave function for the
production of D0 mesons in pp collisions at

ffiffiffi
s

p ¼ 13 TeV.
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ratio between the xF distributions estimated with and
without the IC component. The results indicate that the
MC model implies a larger impact of the intrinsic charm on
the D0 meson production at large xF. The large uncertainty
generated by the variation of the momentum scale appear-
ing in the PDFs and fragmentation functions shows the
need of advancing in determining such ingredients with
better precision. Progress regarding this matter is expected
in the next decade, when the Electron-Ion Collider at
Brookhaven National Laboratory [68,69] and Forward
Physics Facility at the LHC [70,71] are expected to enter
in operation.

B. D0 meson production in high multiplicity events

Over the last years, different experimental collaborations
at the Relativistic Heavy Ion Collider and at the LHC have
studied the particle production in high multiplicity events at
pp collisions [72–78] and found, in particular, that the D
meson yield, measured at central rapidities, grows rapidly
as a function of the multiplicities of coproduced charged
particles. Currently, these data can be described by models
based on very distinct underlying assumptions and physical
mechanisms, and it is not clear if the modification observed
in high multiplicity events compared to the minimum
bias case is due to either initial—or final—state effects
or both. Surely, future data, also for forward rapidities, will
be useful to discriminate between these different models.
Here, we investigate the dependence on y of the enhance-
ment in the D0 meson production for a model based on the
CGC formalism. As in Refs. [10–19] we based our analysis
in two main assumptions: (i) we assume that the D0 meson
production, as discussed in the previous section, to also be
valid when studying high multiplicity events and (ii) colli-
sions that generate more D mesons are associated with
interactions where the target is in a configuration with a
larger saturation scale. One has that in the CGC formalism,
the enhancement is associated to rare configurations in the
proton wave function and, therefore, is associated to an
initial-state effect and has its rapidity dependence fully
determined by the x dependence ofQs. As a consequence, a
future experimental analysis of theD0 meson production in
high multiplicity events at forward rapidities will be a test
of the CGC formalism and useful to clarify if final state
effects should be included in the description of these
events. It is important to emphasize that the correlation
between the normalized D0 meson and charged particles
yields in pp collisions at

ffiffiffi
s

p ¼ 7 TeV was previously
discussed in Ref. [10], and a comparison with the ALICE
data for y ¼ 0 was performed. In that study, they have
used the formalism derived in Ref. [79], which takes into
account the contribution of the two-, three-, and four-point
correlators of Wilson lines. Moreover, they also included
the contribution of nonlinear effects in the description of
the projectile. The contribution of the charm-initiated
channel was not taken into account. In contrast, in the

formalism considered in this paper, the differential cross
section for the gluon-initiated contribution is fully deter-
mined by the dipole TMDKdip in the transverse momentum
space or, in an equivalent way, in terms of the dipole-proton
cross section in the impact parameter space. Such a quantity
can be expressed in terms of the two-point correlator.
Therefore, in our analysis, the contributions of the higher
point correlators are not taken into account. Currently,
the magnitude of these correlators in the LHC kine-
matical range is still a subject of intense study (see, e.g.,
Refs. [80–84]). In addition, nonlinear effects in the pro-
jectile are not included in our calculations, which implies
that our predictions are expected to be valid for forward
rapidities, where the projectile wave function is probed
at large x. Certainly, a future comparison between the
formalisms can be useful to improve our understanding of
the heavy quark production at high partonic densities. We
postpone such analysis for a forthcoming study. Regarding
the current ALICE data for y ¼ 0, we have verified that our
predictions describe the data for small multiplicities, but
fail for the higher values of normalized charged particle
yield. Such result is expected since for high multiplicities
and central rapidities we expect a non-negligible contribu-
tion of nonlinear effects in the projectile, which are not
included in our calculations.
The basic idea in the CGC formalism is that the hadron

wave functions can be characterized by the saturation scale,
which fluctuates event-by-event. In this framework, high
multiplicity events are attributed to the presence of rare
parton configurations (hot spots) in the hadrons that
participate of the collision. Such highly occupied gluon
states have larger saturation scales in comparison to the
typical configurations present in minimum bias events.
These high multiplicity configurations can be approxi-
mated by increasing the value of Qs as follows: Q2

sðx; nÞ ¼
n ·Q2

sðxÞ, with n characterizing the increasing in multi-
plicity with respect to the minimum bias case. As in
Refs. [10,14–19], such an increase in the saturation scale
will be taken into account by rescaling the initial condition
for the rcBK equation, i.e., the saturation scale for an event
with a multiplicity n is obtained by solving the rcBK
equation for an initial saturation scale given by Q2

s;0ðnÞ ¼
n ·Q2

s;0, with Q2
s;0 determined by fitting the HERA data, as

discussed in the previous subsection. Figure 10 illustrates
the impact of this shift on the Fourier transform of
fundamental forward scattering amplitude for different
values of Y ¼ lnðx0=xÞ derived by solving the rcBK
equation for distinct values of n. One has that the increasing
of n implies that the peak is displaced for larger values of
the transverse momentum kT , which is expected due to the
increasing of the saturation scale. Moreover, a longer tail
in kT is generated. A similar behavior is also verified in
the Fourier transform of adjoint forward dipole scattering
amplitude. As a consequence, the increasing with the
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multiplicity of the D0 meson production is expected to be
rapidity dependent.
Before we present our predictions for the D0 meson

production at high multiplicities, it is interesting to inves-
tigate the dependence on the scale factor n of the gluon- and
charm-initiated channels for distinct rapidities. As dis-
cussed in the previous section, the contribution of
charm-initiated channel increases with the rapidity and is
expected to become dominant at ultraforward rapidities.
Such an expectation is observed in the results presented in

Fig. 11, where we show the predictions for the ratio
between a given channel and the sum of them. The results
have been derived integrating theD0 transverse momentum
in the range 4.0 < pT < 12.0 GeV and considering differ-
ent PDFs and distinct solutions of the rcBK equation. The
results are similar for distinct rcBK solutions, but depen-
dent on the PDF used as input of calculations. Such a result
is expected since the magnitude of the charm-initiated
channel is strongly dependent on the presence (or not) of an
intrinsic charm. Moreover, our results indicate that for

FIG. 10. Dependence on the multiplicity n of the Fourier transform of fundamental forward scattering amplitude. Results presented for
distinct values of Y ¼ lnðx0=xÞ.

FIG. 11. Dependence on the scale factor n of the ratios dNg=dy=ðdNcþg=dyÞ (upper panels) and dNc=dy=ðdNcþg=dyÞ (lower panels)
for different rapidities, PDFs, and distinct solutions of the rcBK equation.
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y ≈ 5, the contributions of gluon- and charm-initiated
channels are similar for the D0 meson production at high
multiplicities (large n).
In Fig. 12 we present our predictions for the correlation

between the normalized D0 meson and charged particle
yields in pp collisions at

ffiffiffi
s

p ¼ 13 TeV for different values
of the D0 meson rapidity (y ¼ 2; 4; 6). The results were
multiplied by a constant factor in order to improve
visibility. The predictions have been derived considering
three distinct solutions of the BK equation and four
different PDFs. The normalized yield for charged parti-
cles is computed using the kT-factorization formalism as
detailed in Appendix C of Ref. [10], to which we refer
for details, integrating the differential distribution in the
kinematical pseudorapidity range jηj < 0.5 and all possible
values of the transverse momentum of the charged par-
ticles,1 which implies that this quantity is strongly modified
by the saturation effects. Results for D0 mesons, however,
are for the fixed 4.0 ≤ pTðGeVÞ ≤ 12 range, as usually
considered by experimental collaborations; predictions for
other pT ranges can be provided upon request. One has that
the results for y ¼ 2 and 4 are almost identical for distinct
PDFs. However, for y ¼ 6, the impact of an IC component
becomes visible, with the IC predictions increasing faster
with the multiplicity, which is expected from the results
presented in Fig. 11. In addition, the predictions are
sensitive to the solution of the rcBK equation considered
in the calculation, which is also expected since in the
CGC picture the increasing with the multiplicity is deter-
mined by the saturation scale that is determined by the

QCD evolution. Finally, our results indicate that the
enhancement is dependent on the rapidity. In particular,
we have verified that for ultraforward rapidities one has
dND0=dy=hdND0=dyi ≈ dNch=dη=hdNch=dηi. This behav-
ior is associated with the increasing of the magnitude of
saturation effects for larger rapidities, which implies that
the impact on the D0 meson production with 4.0 ≤ pT ≤
12 GeV becomes similar to that present in the charged
hadron production. Such equality occurs for smaller rap-
idities if D0 mesons with smaller pT are considered. Such
aspects are a direct probe of the CGC formalism for high
multiplicity events.
Finally, in Fig. 13 we present a comparison between

the predictions for the correlation between the normalized
D0 mesons with charged particles for different values of
rapidity with the results for K0

S and photon yields derived
in Refs. [18,19] also using the CGC formalism. Such an
analysis verifies the general expectation of the CGC
picture: if the high multiplicity events are solely a product
of initial-state effects, then the observables considered here
should tend to a universal final-state independent curve at
(ultra-)forward rapidities. In particular, isolated photons are
not expected to be strongly enhanced when compared
to massive final-states. If the enhancement is associated
to final-state effects, though, then such observables are
expected to be modified in distinct ways for each particle
specie. In contrast, in the CGC formalism, which provides
a unified description of these processes, the presence of
rare configurations with larger saturation scales will affect
all observables, with the magnitude being dependent on
the relation between Qs and the hard scale present in the
process, which is given by a combination between the
transverse momentum and the mass of the final state
considered. Our results indicate that the slope is smaller

FIG. 12. Correlation between the normalizedD0 meson and charged particle yields in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, for three distinct
solutions of the BK equation, different values of rapidity (y ¼ 2; 4; 6) and comparing four different PDFs. The results were multiplied by
a constant factor in order to improve visibility.

1We have verified that the predictions derived using the distinct
solutions of rcBK equations describe the current data for the
inclusive hadron production at central rapidities in pp collisions
at the LHC.
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for heavier states and increases for very forward rapidities,
which is directly associated to the contribution of the
charm-initiated channel. The comparison of these predic-
tions with future experimental data can help us to disen-
tangle initial- and final-state effects, as well as allow us to
check the validity of the CGC formalism.

IV. SUMMARY

In this paper we have investigated the D0 meson
production in pp collisions at forward rapidities and/or
high multiplicities, which are the regimes where we expect
larger values of the saturation scale and, consequently, a
higher impact of the nonlinear effects of QCD on the
differential distributions. As the contribution of the large-x
components of the proton’s wave function also becomes
important to describe the cross sections in this regime,
we also have analyzed the impact of an intrinsic charm
component in the transverse and rapidity distributions. The
process was described using the CGC formalism, and three
distinct solutions of the rcBK equation were considered.
We have demonstrated that the current LHCb data are well
described and that the impact of the IC component is small.
However, for higher rapidities, the charm-initiated process
becomes dominant and is strongly sensitive to the descrip-
tion of the charm PDF. We have also presented predictions
for the self-normalized yields ofD0 mesons as a function of

the multiplicity of coproduced charged hadrons considering
different values of the meson rapidity. Our results indicated
that the enhancement at high multiplicities is dependent on
the rapidity, which is directly associated in the CGC forma-
lism to the behavior of the saturation scale. A comparison
with the predictions for other specific final states (kaon and
isolated photon), also derived using the CGC formalism,
have been performed. Our results indicate that a future
experimental analysis of these three observables at forward
rapidities and high multiplicities can be useful to probe
the CGC formalism and to disentangle the contribution of
initial- and final-state effects.
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