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Abstract A study of double charmed meson production
in proton–proton and proton–nucleus collisions at the LHC
energies is performed. Based on the color dipole formal-
ism developed in the transverse momentum representation
and the double parton scattering mechanism, predictions are
made for the transverse momentum differential cross sec-
tion for different pairs of D-mesons. The theoretical results
consider the center-of-mass energy and forward rapidities
associated to the measurements by the LHCb Collaboration.
The results considering different unintegrated gluon distri-
butions are presented and compared to data and predictions
for proton–nucleus collisions are provided.

1 Introduction

The heavy quark production, especially at high energies, can
provide access to particular kinematic regions that allow
investigating the perturbative Quantum Chromodynamics
(pQCD) regime [1,2]. The heavy quark mass is employed
as a hard factorization scale and consequently pQCD calcu-
lations can be performed [3–7] as a valid description. Fur-
thermore, heavy quarks measurements can be used to extract
nonperturbative information on the heavy flavor fragmen-
tation functions [7]. Recent experimental measurements of
charmed mesons, particularly D-mesons [8–14], covering a
wide range of values for center of mass energies, transverse
momentum, and rapidity are available in the literature. In a
hadronic collision at the Large Hadron Collider (LHC), heavy
quarks are produced via the hard scattering between the par-
ton constituents of the incident hadrons and the D-mesons
measured in the final state are formed by the hadronization
process. At high energies typical of the LHC, it is relevant to
study the physics associated to the small values of the Bjorken
variable x , where one expects that the nonlinear effects of the
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QCD play a significant role on the description of the observ-
ables.

Viability studies can gain new prospects since a new kine-
matic domain has been probed at the LHC due its high energy
and luminosity together with the measurements at high pre-
cision achieved by its experiments. As the energy increases
along with the high density of partons in the hadron wave
function, the probability of occurrence of multiple parton
interactions (MPIs) is enhanced. As an effect, double par-
ton scattering (DPS) processes may play an important role in
the production mechanisms as indicated by both theoretical
and experimental investigations in the literature. Moreover,
the ratio concerning the probabilities of DPS to SPS grows in
energy [15–17] and DPS contribution can not be disregarded.
From the experimental scenario, it has been demonstrated at
the LHC energies that the DPS contribution in proton–proton
(pp) collisions is similar to the SPS [18,19]. The DPS picture
consists on two quarks/gluons interacting with other partons
in an independent form within the same reaction. Thus, MPI
of some particular states in hadronic collisions emerge as a
consequence of the DPS processes. It is already known that
charmonium and open charm mesons production present rel-
atively large cross sections at high energies and they can be
used to investigate the SPS and DPS processes. There are
many studies considering the DPS mechanism as a source of
the quarkonium production in the double charmonium as well
as charmonium plus open charm production [20]. Further-
more, the DPS accounts for a fundamental class of processes
that allows the study of the spatial structure of hadrons [21],
heavy quark–antiquark asymmetries [22], parton–parton cor-
relations in the nucleon wave function [23,24], and the dou-
ble parton distribution functions (DPDFs) [25–27]. In this
work, we provide predictions for double D-meson produc-
tion considering the theoretical framework of the color dipole
approach. Our results are directly compared to the measure-
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ments performed in the high-energy kinematic regime acces-
sible in pp and proton–nucleus (pA) collisions at the LHC.

Based on theoretical scenarios, the D-meson production
cross section is obtained in the framework of the QCD cal-
culations performed within the collinear factorization [28]
or the kT -factorization approach [29–33]. In the latter, the
D-meson hadroproduction is described in terms of the gluon
densities by the unintegrated gluon distribution (UGD). Also,
it considers the transverse momenta of the initial partons
and has a dependence on their momentum fraction x and
the factorization scale μF . The UGDs has to be parame-
terized, where the associated models are based on differ-
ent underlying physical assumptions, concerning particu-
larly their rapidity dependence, Y = ln(1/x), and transverse
momentum, k⊥. In the present work, the color dipole formal-
ism [34–36] will be applied to the heavy quark production,
which is a suitable framework in describing the phenomenol-
ogy associated to different processes at small-x and currently
employed in many studies. The respective dipole amplitude
is associated to the dipole transverse momentum distribu-
tion (TMD), namely, the intrinsic dipole k⊥-distribution. In
the limit of large transverse momentum, the dipole TMD is
approximately equivalent to the UGD.

Here, TMDs models based on gluon saturation approach
will be used. The nonlinear gluon QCD effect is associ-
ated with a transition region limited by a x-dependent sat-
uration scale, Qs(x), the transverse momentum scale that
marks the onset of the gluon saturation physics. This non-
linear QCD phenomenon is expected to occur at the low-x
kinematic region where the gluon recombination process is
well established. High energy measurements of the double
D-meson distribution allow to investigate this dense and satu-
rated regime. The calculations will be based on the SPS cross
section for D-meson production through the color dipole for-
malism in transverse momentum representation presented in
Refs. [37,38]. Another important aspect is the addition of
nuclear effects to investigate the D-pair production in pA col-
lisions. The QCD dynamics at low x and high gluon densities
[39] can be probed in pA collisions, which serve as a base-
line for studies in nucleus–nucleus (AA) collisions. More-
over, the high energy description given by the Color Glass
Condensate (CGC) effective theory [40–42] assumes that the
nucleus is a saturated gluonic system. Hence, we expected
that the DPS mechanism in pA collisions is enhanced in
relation to the pp mode, since there is a possibility of the
proton to be scattered from two or more different nucleons
inside the nucleus [43], and the corresponding enhancement
factor has been estimated to be approximately 3 consider-
ing proton-lead (pPb) collisions [18,44–46]. Furthermore,
the DPS production can be used as a sensitive tool in view
of constraining the nuclear PDF (nPDF) in pA collisions,
taking into account a dependence on position in the ion [47].

The paper is organized as follows: in Sect. 2 the basic
assumptions and expressions regarding the theoretical for-
malism for obtaining the double D-meson production cross
section in pp and pA collisions are presented, together with
the analytical models for the UGDs. In Sect. 3 the results are
shown and compared to the experimental measurements in
the forward rapidities probed by the LHCb experiment in pp
mode [48,49]. Predictions are performed for the DPS cross
section in the pA collisions [50]. In Sect. 4 we summarize
our main conclusions.

2 Theoretical formalism

We start considering a model that describes the cross sec-
tion for the double D-meson production in a simple generic
form leading to the so-called pocket formula. The model is
based on the assumption that the parton distribution functions
(PDFs) of two partons in the same projectile are independent
and then two separate partonic interactions occur (a DPS pro-
cess) generating the associated production cross section of
two final-state particles. Namely, the DPS cross section is
obtained by the product of the two corresponding individual
SPS cross sections where the respective SPS processes are
uncorrelated and do not interfere with each other [44,45].
Therefore, the DPS cross section for double D meson pro-
duction is given by:

σ DPS
pp, pA→D1 D2

= β
σ SPS
pp, pA→D1

· σ SPS
pp, pA→D2

σ
pp, pA
e f f

, (1)

where σe f f is an effective cross section connected with the
collision geometry [51] and is interpreted as the effective
transverse overlap of the partonic interactions that config-
ures the DPS mechanism. Assuming a geometric interpre-
tation, the σe f f can be determined from the integral of the
overlap function over the impact parameter. In the literature
the parameter σe f f has been determined by using the mea-
surements obtained in experiments at the Tevatron [52] and
the LHC [50] for the DPS production in p p̄ and pPb col-
lisions. The extracted values presented in those studies are
σ
pp
e f f = 14.5±1.7 mb and σ

pPb
e f f = 4.3±0.5 b, respectively.

Additionally, the quantity β in Eq. (1) accounts for the dif-
ferent configurations of the final state. Explicitly, β = 1/4, if
D1 and D2 are identical and non-self-conjugate, β = 1, if D1

and D2 are different and either D1 or D2 is self-conjugate,
and β = 1/2 otherwise [48,49].

At this level, the color dipole formalism resums all orders
(diagrammatic contributions) in log(1/x) and the higher twist
contributions to inclusive observables. Hence, the corre-
sponding contributions are taken into account in order to eval-
uate the observables, for instance, the double D-meson pro-
duction. Nevertheless, it is not clear if the NLO corrections

123



Eur. Phys. J. C (2023) 83 :862 Page 3 of 10 862

within collinear factorization approach are all accounted for
in the dipole formalism, which are relevant for quarkonium
production. Studies of J/ψ-pair production have considered
the addition of different production mechanisms in distinct
kinematic regions, and both DPS and the NLO QCD correc-
tions to SPS are crucial to account for the existing data. In
Ref. [53] the DPS yields are computed by using NLO con-
tributions, with a large enhancement seen between the yields
at LO and NLO. Thus, improvements are needed to the for-
malism if one has to account for the NLO contributions.

In this work the QCD dipole framework will be used to
compute the SPS cross section for heavy meson production.
This development assumes the target rest-frame and that the
production process can be determined by a color dipole, QQ̄,
that interacts with the color field of the proton/nucleus. The
D-meson production is described by the cross section of the
process g+ p(A) → QQ̄+X , where the corresponding QQ̄
comes from a virtual gluon fluctuation, produced in singlet or
color-octet states. In the momentum representation the heavy
quark transverse momentum distribution can be obtained in
terms of the gluon dipole TMD, Tdip [54], in the following
way:

d3σ(gp → QQ̄X)

dαd2 pT
= 1

6π

∫
d2κ⊥
κ4⊥

αs(μ
2
F )Tdip(x2, κ

2⊥)

×
{[

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]

}
. (2)

In Eq. (2), αs(μ
2
F ) represents the running coupling at one-

loop level dependent on the scale μ2
F = M2

QQ̄
, being MQQ̄

the invariant mass of the QQ̄ pair determined by the mass
(mQ) and transverse momentum (pT ) of the heavy quark,

MQQ̄ � 2
√
m2

Q + p2
T . Moreover, α and ᾱ = 1 − α are the

gluon momentum fractions exchanged with the heavy quark
and antiquark, respectively. In addition, Eq. (2) includes the
auxiliary quantities Ii (i = 0, 1, 2, 3), which depends on
the longitudinal momentum fractions α/ᾱ, quark transverse
momentum pT , and gluon transverse momentum κ⊥. Expres-
sions for these quantities are given in Refs. [37,38,54].

The intrinsic dipole TMD is approximately equal to the
UGD function times αs [55–58], when the momentum of the
gluon in the target is sufficiently large, such thatκ⊥ � �QCD.
This assumption implies that a relation between the k⊥-
factorization and the dipole approach can be established,
Tdip(x2, κ

2⊥) � αs F(x2, κ
2⊥), with F denoting the target

UGD. The Tdip is connected to the dipole cross section σqq̄ ,
since one is able to extract the respective TMD for a par-
ticular dipole cross section model by applying a specific

Fourier transform (see Refs. [56,59]). Furthermore, consid-
ering the k⊥-factorization formalism and disregarding the
primordial gluon momentum, the gluon UGD,F(x, k2⊥), and
the collinear gluon distribution, g(x, Q2), are related by

g(x1, μ
2
F ) =

∫ μ2
F
dk2⊥F(x1, k

2⊥), (3)

where x1(x2) is the fractional longitudinal momentum of the
projectile (target) as function of the heavy quark pair rapid-

ity y, namely, x1,2 = MQQ̄√
s

e±y , where
√
s stands for the

collision center of mass energy.
The UGD can not be computed by first principles, hence

a number of parameterizations are available. Here, we will
consider the analytical models for the UGD in protons pro-
vided in Refs. [55,60,61]. Two of them present geometric
scaling property [62–65], meaning that the UGD depends on
the ratio τ = k2⊥/Q2

s (x) instead of depending separately on
x and k⊥. The first one is the gluon UGD from the Golec-
Biernat and Wüsthoff (GBW) saturation model [55] which
reads,

FGBW (x, k2⊥) = 3 σ0

4π2αs
τ exp (−τ) , (4)

where αs = 0.2 and Q2
s (x) = (x0/x)λ GeV2 is the proton

saturation scale, with the following set of parameters: σ0 =
27.43 mb, x0 = 0.40×10−4, and λ = 0.248, extracted from
the fit to proton structure function, F p

2 , data at small-x and
reported in Ref. [66].

The second analytical model is the Moriggi-Peccini-
Machado (MPM) parametrization [60], which is based on
geometric scaling property. This model reproduces correctly
the hadron spectrum in pp collisions at high energies. The
MPM parameterization is given by,

FMPM (x, k2⊥) = 3 σ0

4π2αs

τ [1 + ε(τ )]
(1 + τ)2+ε(τ )

, (5)

where αs = 0.2 and the saturation scale has the same form
as the GBW model, however a fixed λ = 0.33. The scaling
variable is denoted by τ as before. The power-like behavior of
the spectrum of gluons at high momentum is defined in terms
of the function ε(τ ) = aτ b. The following set of parameters
is determined by fitting DIS data available at low-x in Ref.
[60]: σ0 = 19.75 mb, x0 = 5.05 × 10−5, a = 0.075 and
b = 0.188.

The third analytical parametrization was proposed in Ref.
[61], labeled here as WW UGD. This model is inspired by
the method of virtual quanta proposed by Weizsäcker and
Williams (WW), considering the hard gluon TMD with the
asymptotic behavior of one gluon exchange at large gluon
transverse momenta between a point-like parton and a hard
probe. This gluon exchange behaves like a virtual photon
exchange, then the associated virtual gluon density resembles
the WW virtual photon density around a point-like charge.
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In this parametrization, the WW UGD is given by

FWW (x, k2⊥) = (N1/k
2
0)(1 − x)7

×
{

(xλk2⊥/k2
0)−b k2⊥ ≥ k2

0,

x−λb k2⊥ < k2
0,

(6)

where the normalization constant is N1 = 0.6, k0 = 1 GeV,
and λ = 0.29. The factor (1−x)7 is introduced to account for
the suppression of the gluon distribution at large x whereas
the phenomenological parameter b controls the k⊥-scaling
of the gluon distribution. It has been shown in Ref. [61] that
the shape of WW TMD is essential in order to obtain the
correct description of the Lam–Tung relation breaking at the
Z0 hadroproduction in the context of k⊥-factorization for-
malism.

The hadronic cross section of the process pp → QQ̄X
is given by the convolution between the gp → QQ̄X cross
section and the projectile gluon UGD,

d4σ(pp → QQ̄X)

dydαd2 pT
= g(x1, μ

2
F )

d3σ(gp → QQ̄X)

dαd2 pT
, (7)

where intrinsic transverse momentum of partons in the pro-
jectile has been disregarded. As a matter of self-consistency,
g(x1, μ

2
F ) will be obtained by using Eq. (3) and considering

the the same UGD considered for the target.
Furthermore, in order to investigate the D-meson produc-

tion, a hadronization process of the heavy quarks accounting
for the probability that a heavy quark fragments into a meson
is required. As a result, the D-meson production spectrum is
obtained by a convolution of the heavy quark cross section
and the fragmentation function,

d3σ(pp → DX)

dYd2PT
=

∫ 1

zmin

dz

z2 DQ/D(z, μ2
F )

×
∫ 1

αmin

dα
d4σ(pp → QQ̄X)

dydαd2 pT
, (8)

with z being the fractional transverse momentum of the heavy
quark carried by the D-meson and DQ/D(z, μ2

F ) denotes
the meson fragmentation function. The Kneesch–Kniehl–
Kramer–Schienbein parameterization (KKKS) [67] will be
employed in the numerical calculations. The D-meson mass
and rapidity are mD and Y = y, respectively. The trans-
verse momentum of the D-meson is represented by PT and
is related to the quark transverse momenta in the form pT =
PT /z. Finally, in Eq. (8), the lower limits of integration over

z and α are expressed by zmin = (

√
m2

D + P2
T /

√
s)eY and

αmin = (zmin/z)
√

(m2
Qz

2 + P2
T )/m2

D + P2
T , respectively.

As far the meson production in pA collisions is con-
cerned, the Glauber model applied to hard processes can
be employed using the cross section for pp collisions as
a baseline as discussed before. However, we investigate in
this work a different approach by using a nuclear UGD

replacing the proton one. This is related to the evaluation of
the dipole–nucleus amplitude, NA(x, r), and the associated
QCD nuclear effects that occur in high-energy collisions with
heavy nuclei targets. The nuclear effects can be described
within the color dipole formalism by the geometric scaling
in the dipole–nucleus amplitude. The geometric scaling prop-
erty derived from parton saturation models [68] assumes that
the nuclear effects are embedded into the nuclear saturation
scale, Qs,A, and on the nucleus transverse area, SA = πR2

A
(with RA � 1.12A1/3 fm) with the proton case as reference,
Sp = σ0/2 = πR2

p. Consequently, the proton saturation
scale, Qs,p, is properly replaced by the nuclear saturation
scale, NA(x, r) = N (r Qs,p → r Qs,A), where

Q2
s,A = Q2

s,p

(
ASp
SA

)�

, (9)

with the quantities � = (0.79)−1 and Sp = 1.55 fm2

[68]. The geometric scaling approach is able to describe the
nuclear modification factor for the nuclear structure func-
tions, R = F A

2 /AF p
2 , at the small-x region.

Therefore, based on the assumptions from the geometric
scaling approach, one obtains a simplified expression for the
pA cross section given an UGD for protons which presents
scaling. This is the case for the GBW and MPM parametriza-
tions. Namely, the scaling is translated into the cross section
for the D-meson production in pA collisions in the following
way,

d3σ(pA → DX)

dYd2PT
=

(
SA
Sp

)
d3σ(pp → DX)

dYd2PT

∣∣∣∣
Q2
s,p(x2)→Q2

s,A(x2)

.

(10)

The approach reported above has been used in the literature,
for instance in Refs. [69–71] in studies regarding the prompt
photon production in pA/AA collisions.

As presented in Ref. [72], another possibility is to obtain
the nuclear UGD by using the Glauber-Gribov approach for
the dipole–nucleus cross section with the GBW model as
input. The advantage is that such parameterization contains
the dependence on the impact parameter. In this approach,
the UGD for the nucleus one reads as [72,73],

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

)
,

(11)

with B = ATA(b)σ0/2 and TA(b) is the nuclear thickness
function. The series is rapidly convergent for large nucleus
and in the numerical calculation using Eq. (2) one has that
FA(x2, k2⊥) = ∫

d2bFnuc(x2, k⊥, b). Hereafter, FA will be
labeled by UGDnuc.
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Fig. 1 The uncertainties regarding the choice of the factorization scale. The results with (left panel) and without (right panel) the normalization
by the integrated cross section. D0D0 measurements in pp collisions from the LHCb Collaboration [48,49] are shown at

√
s = 7 TeV and forward

rapidities, 2 < Y < 4

In the next section we will study the implications of
the DPS processes in the simultaneous production of two
charmed hadrons in pp and pA collisions at the LHC. The
focus will be on the transverse momentum distributions.

3 Results and discussions

The present study takes into account the experimental mea-
surements of the double D-meson production covered by
the kinematic regime available at the LHCb experiment con-
sidering pp and pA collisions [48–50]. The corresponding
predictions are obtained with the DPS mechanism within the
color dipole approach in transverse momentum framework in
conjunction with three distinct UGDs: GBW, MPM, and WW
models. For the nuclear case, the results are calculated with
the nuclear UGD labeled as UGDnuc and also by applying
the geometric scaling considering the UGD MPM denoted
as GS (MPM).

First, we investigate the possible sources of uncertainties
in the theoretical calculations. For pp collisions we have con-
sidered σ

pp
e f f = 15 mb. The perturbative uncertainty associ-

ated to the factorization scale has been investigated. We con-
sider the D0D0 production at the energy of

√
s = 7 TeV and

rapidity bin 2 < Y < 4 measured at the LHCb experiment
[48,49] in pp mode. For the predictions we select the MPM
model along with three values of the factorization scale given
by 0.5 μ2

F , μ2
F , and 2 μ2

F . In Fig. 1 (left panel) the difference
among the results is not visible since the transverse momen-
tum distributions are normalized by the corresponding inte-
grated cross section. This is the way that the LHCb Collabo-
ration extracted the available data. On the other hand, without
the normalization as seen in Fig. 1 (right panel), the difference
concerning the results become more pronounced as the PT
value increases. It was verified that there is an uncertainty of
around 30% related to the result with the central value of the

Fig. 2 The uncertainties regarding the choice of the effective cross
section, σ pp

e f f . The results with MPM model corresponding to the D0D0

measurements in pp collisions from the LHCb Collaboration [48,49]
at

√
s = 7 TeV and forward rapidities, 2 < Y < 4

factorization scale which is considered in our calculations.
Complementarily, we perform an analysis in order to take
into account the uncertainty on σ

pp
e f f related to the theoretical

calculations assuming the MPM model. We use the uncer-
tainty reported by the Tevatron measurements (± 1.7 mb),
and select three values for σ

pp
e f f , namely, σ

pp
e f f = 13.3, 15

and 16.7 mb. The results can be seen in Fig. 2, showing a
small deviation, approximately 10%, regarding the central
value σ

pp
e f f = 15 mb. This implies in a weak dependence

associated to the uncertainty on σ
pp
e f f .

In the following we show our results for the D-meson
pairs production cross sections in terms of the transverse
momentum compared to the measurements performed by the
LHCb experiment [48,49] in pp collisions at

√
s = 7 TeV

and for the rapidity bin 2 < Y < 4. The Fig. 3 displays
the results assuming in the final state that the D-mesons are
identical (left panel), the D-mesons and its corresponding
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Fig. 3 Normalized differential cross section of the double charmed
meson production in pp collisions in terms of transverse momentum
at

√
s = 7 TeV and 2 < Y < 4 considering identical D-mesons (left

panel), D-mesons and charge conjugate states (right panel), and two

different D-mesons (bottom panel). The GBW, MPM, and WW predic-
tions are compared with measurements provided by the LHCb [48,49].
The effective cross section is fixed as σ

pp
e f f = 15 mb

charge conjugate states (right panel), and two different D-
mesons (bottom panel), respectively. In all cases, the models
fairly describe the experimental data for PT < 6 GeV. Given
the simplicity of the theoretical approach, the data description
is reasonable bearing in mind that the normalization has been
fixed by a particular choice of the effective cross section
σe f f . However, one cannot discriminate the models as they
produce very similar results. A more pronounced deviation
from data is observed towards large PT values, for instance,
PT > 6 GeV. In addition, some particular results are found
considering the D+D+ and D+D− results. In the former
the data agreement on PT distribution is extended to PT =
9.5 GeV, while for the latter the predictions overestimate the
experimental points of the PT spectrum at PT < 8 GeV, in
contrast with a reasonable description of the data at the range
8 GeV < PT < 12 GeV.

Our predictions can be compared to other studies in liter-
ature. Investigation of DPS within the k⊥-factorization for-
malism can be found in Ref. [74]. There the authors discuss
the D0D0 and D0 D̄0 production in pp scattering assum-
ing a double gluon fragmentation mechanism as well as the
mixed gluon and charm DPS contribution. One consequence

of these mechanisms is that a larger effective cross section
was needed in order to describe the corresponding data. The
value for σ

pp
e f f = 30 mb is twice the usual values considered

in DPS analyses. Interestingly, the channel cc → D0D0 is
subdominant in such approach whereas the gg → D0D0

is the dominant one. A clear consequence of using several
channels is the modification of the pT -slope. It should be
noticed that our calculations are fully consistent with those
using k⊥-factorization when only cc → D0D0 is considered,
as shown in Refs. [75–77].

Along similar lines, in Ref. [78] the double-D produc-
tion was addressed in the context of parton Reggeization
approach. In this case, the hypothesis of double parton scat-
tering is not involved and predictions are obtained without
free parameters. There, the leading contribution to DD̄ pro-
duction is gg fusion into charm pair with c fragmentation into
the D meson and with c̄ fragmentation into the D̄ followed by
the contribution from gg fusion into two gluons which frag-
ment into mesons. On the other hand, production of DD pairs
is mainly due to the gluon fragmentation into the D meson in
the subprocess of gg fusion. Our calculations did not include
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Fig. 4 Normalized differential cross section of D0D0 and D0 D̄0 pairs
production as function of transver momentum in pPb collisions at

√
s =

8.16 TeV for 2 < Y < 4. The predictions are obtained with GS (MPM)
and UGDnuc models and an effective cross section σ

pA
e f f = 4.3 b

the gluon fragmentation contributions and are limited by the
DPS approximation given by the pocket formula.

In Ref. [79] the double-D inclusive production has been
investigated in the CGC framework. The formalism includes
both the production of two cc̄ pairs as well as the production
of one cc̄ pair and a gluon. Unfortunately, the correspond-
ing phenomenology has not been presented. Similarly to the
parton Reggeization approach, the hypothesis of DPS is not
implicated in the calculations. Of course, the DPS limit could
be achieved by imposing uncorrelated initial partons in the
framework.

A careful analysis of the role played by pQCD and nonper-
turbative (NP) correlations to the DPS applied to production
of two pairs of D-mesons at forward rapidities has been per-
formed in Ref. [80]. The NP correlation mechanism at small-
x is connected to the inelastic diffraction phenomenon. The
soft parton-parton correlations corrections and transverse
scale where they start to be important increase for smaller
values of x . In such approach, the effective cross section for
double charmed meson at LHC kinematics in pp collisions
is in the range σ

pp
e f f = 20 − 22 mb for 4 ≤ pT ≤ 13 GeV.

The values are very close to 15 mb used in our calculations. It
was also found small sensitivity of the outcome to the starting
scale Q0 of the QCD evolution.

Now, in Fig. 4 we present the predictions for D0D0 and
D0 D̄0 pairs production in pPb collisions by means of the
differential cross section as a function of PT . The theoretical
predictions consider the kinematic region that can be probed
by the LHCb experiment defined by

√
s = 8.16 TeV and

rapidity interval 2 < Y < 4. Here, as mentioned before
Glauber model was not considered to obtain the SPS pA
cross section.

The DPS cross section is computed by using Eq. (1), where
σ
pA
e f f ≈ σ

pA
inel � 2 b. This result is similar to that extracted by

the LHCb Collaboration, where the value at forward rapidi-
ties [50] for double-D cross section is 1.41 ± 0.11 ± 0.10 b
in the rapidity bin of 1.5 < Y < 4. For simplicity, we
employ the approximation σ

pA
e f f ≈ A × σ

pp
e f f = 4.3 b

at 8.16 TeV in our numerical calculations.1 The justifi-
cation for such a simplification comes from the simplest
DPS case, where the probability to produce particles a
and b in a pA collision is given as follows, PpA→ab =
PpA→a PpA→b = (σpA→a/σ

pA
inel)(σpA→b/σ

pA
inel), one leads

to σpA→ab � σpA→aσpA→b/σ
pA
inel , with σe f f ≈ σ

pA
inel . By

using the measured value of the inelastic cross section of
2061 mb at 5.02 TeV [81] and the corresponding prediction
for pp collisions of 70 mb, one gets σ

pA
inel ∼ A0.63σ

pp
inel .

Hence, we have assumed that the effective cross section
roughly scales with A. As a matter of comparison, in the
approach by d’Enterria and Snigirev (dES) [82] a sophisti-
cated estimate is performed for the DPS pA cross section.
This is given by the sum of the two terms: (i) DPS cross
section in pp collisions multiplied by A, and (ii) new contri-
bution, for which interactions with partons from two different
nucleons are involved in the scattering, related to the square
of the thickness function (this contribution is not included in
our case). Here, we should be careful: Eq. (1) in our paper
is different from Eq. (15) in dES paper, as the numerator
of Eq. (1) involves the pA cross sections and not pN ones.
Assuming the hard scattering σpA ≈ AσpN in Eq. (1), it is

clear that σ
pA
e f f [ours] ≈ A2 × σe f f,pA[dES]. Therefore, this

leads to σ
pA
e f f = A × σ

pp
e f f /[1 + σ

pp
e f f FpA] ≈ (A/3) × σ

pp
e f f

at LHC energies for the dES approach in our notation. This
is one third of the naive estimate considered in our work and
is consistent with our approach.

The results differ very slightly in the small PT region,
specifically for PT < 2 GeV. One is able to verify that,
aside from this specific kinematic domain, the models begin
to provide distinct behaviors that become significant in the
direction of large PT values. TheGS (MPM) predictions give
a larger cross section than the UGDnuc model, with devia-
tions reaching 30%. Moreover, our results can be used to
discriminate between the approaches in view of data analy-
sis of future experimental measurements of double D-meson
production in pPb collisions.

Still about investigations of double charmed meson pro-
duction in pPb collisions, in Ref. [46] the calculations are
based on the collinear factorized QCD at next-to-leading
order using parton distribution functions and D-meson frag-

1 The value 4.3 b is obtained by the pp extrapolation performed in
Ref. [50] by LHCb at 8.16 TeV which provides the σ

pp
e f f scaled by

A = 208 valid under the assumption of SPS production and no nuclear
modification.
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mentation functions. The authors provide results for the
integrated cross section and for the projection of the rela-
tive azimuthal-angle distribution considering the D0D0 and
D0 D̄0 pairs. In particular, the predictions assume a variation
for σ

pp
e f f , 10 mb < σ

pp
e f f < 25 mb, which is roughly the range

deduced from jet, W± and photon measurements [83]. For
the nuclear case they used σ

pPb
e f f � A × σ

pp
e f f /(2.5 ... 4.8).

We set the values in our estimates as σ
pp
e f f = 15 mb and

σ
pPb
e f f = 4.3 b that are in relative agreement with the values

extracted from the LHC measurements.
It is important to stress some aspects regarding the param-

eter σe f f that enters in the calculations. Commonly, the σe f f
is determined by fitting the experimental measurements in
order to be consistent with the corresponding data. Hence,
there is an uncertainty associated to its value that may depend
or not on the final state, which has been extracted [83–
86]. Usually, σe f f relies on the kinematic variables related
to the process. However, assuming the approximation that
does not account the correlations between partons in the
hadron [45], σe f f can be interpreted as a geometric quan-
tity, establishing the pocket formula. Although the Eq. (1)
has a factorized form derived in a simple baseline approach,
phenomenological studies taking different observables into
account show that the pocket formula can be successfully
applied [18,19,44,46,74–76,87,88]. We also find in the lit-
erature investigations about correlations between the partons
and double parton distributions in order to provide theoret-
ical predictions. For example, in Ref. [89] the authors pro-
vide a new set of DPDFs based on the LO DGLAP equation,
where they derive momentum and number sum rules that the
DPDFs must satisfy. There, they describe a program which
uses a direct x-space method to numerically integrate the
LO DGLAP equation and is used to evolve the input DPDFs
to any other scale. The application of these DPDFs to the
calculation of double-meson production is still unavailable.
Accordingly, the pocket formula is recovered in case the lon-
gitudinal component Di j

h (x1, x2, Q1, Q2) of the DPDFs2 is
reduced to a product of two independent single parton distri-
butions probed at resolution scales Q1 and Q2, respectively.
The presence of the correlation term in the DPDFs results
in the decrease of the effective cross section, σe f f , with the
growth of the resolution scales, while its dependence on the
total energy at fixed scales is weaker [90–92].

2 The double parton distribution functions (DPDFs) are denoted by
�ab(x1, x2, �b1, �b2, μ

2
1, μ

2
2) depend on the longitudinal momentum frac-

tions x1 and x2 and on the transverse positions �b1 and �b2 of the two
partons a and b undergoing the hard processes at the scales μ1 and μ2.
Very often, it is assumed that the DPDFs may be decomposed in terms
of the longitudinal, Dh , and transverse, F⊥, components in the form
�ab = Dab

h (x1, x2, μ
2
1, μ

2
2)F⊥(�b1, �b2). The transverse part is given

by F⊥(�b1, �b2) = f (�b1) f (�b2), where f (�b) is assumed as an universal
function for all types of partons properly normalized.

As a last consideration, we discuss the validity range of
the predictions using the QCD color dipole approach. The
formalism would be applicable for x2 ≤ 0.01 given that
the parameters of the dipole cross section/UGD models are
fitted to DIS data at Bjorken-x ≤ 0.01. Thus, it is conve-
nient to investigate the 〈x2〉 value probed at the kinematic
range analyzed by the LHCb measurements. For pp colli-
sions one has 〈x2〉 ∼ 1 × 10−4, which gets a slightly smaller
value of 〈x2〉 ∼ 9 × 10−5 for pPb collisions. One possible
shortcoming is a possibly high x1 value relative to the gluon
distribution in the projectile in case of large pT . In order to
circumvent such limitation the GBW and MPM UGDs have
been multiplied by a factor (1 − x1)

7. Therefore, the formal-
ism is suitable for studying the D-meson pairs production in
pp/pA collisions at high energies.

4 Summary

We investigated the simultaneous D-meson pairs production
in pp and pA collisions based on the color dipole frame-
work in transverse momentum description using different
unintegrated gluon distributions and considering double par-
ton scattering mechanism. For pA collisions we apply the
geometric scaling property for the dipole–nucleus amplitude
as well as a parameterization for the nuclear unintegrated
gluon distribution in the Glauber–Gribov formalism.

We demonstrated that the DPS processes need to be
accounted in order to properly analyze D-meson double pro-
duction, consequently, DPS contribution is essential to obtain
the cross section being a substantial part of it. Particularly, in
pp collisions, the models GBW, MPM, and WW provide sim-
ilar results that fairly describe the spectrum at PT < 6 GeV,
and they start to lose adherence to the spectrum from PT
values above of 6 GeV, where a deviation between the pre-
dictions begins to be visible.

Our results with GS (MPM) and UGDnuc for pPb col-
lisions present a difference in magnitude and they may be
used to constrain the models using the momentum distribu-
tion associated to the differential cross section. This suggests
that the corresponding future experimental measurements on
the double D-meson production is feasible and that the analy-
sis helps to probe the appropriate approach and its underlying
assumptions.
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