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The production of D-mesons in high-energy pp collisions at the LHC kinematic regime is analyzed
with the color dipole approach in the momentum representation. We present predictions for the D-
meson differential cross section in terms of the transverse momentum and rapidity distributions taking
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corresponding experimental measurements reported by the ALICE and LHCb Collaborations in different
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1. Introduction

The study of charmed mesons has been performed over the
years, resulting in improvements on both experimental and the-
oretical fields, namely the production mechanism and the prop-
erties of such mesons are subjects of investigation. The charmed
mesons are the lightest particles that have a heavy quark as its
constituent, consequently, they can be a relevant tool to test the-
oretical frameworks regarding quarks and their interactions [1]. In
particular, D-mesons were first observed in 1976 by experimen-
tal measurements performed by the SLAC-LBL Collaboration with
the Mark I detector at the SPEAR collider at center-of-mass en-
ergies from 3.9 to 4.6 GeV [2,3]. The D-meson production was
investigated in ete~ annihilation as well as in deep inelastic ep
scattering (DIS), where the process directly probes the gluon distri-
bution in the proton. Aiming the scenario of the heavy ion program
at high-energy colliders, the study of the D-meson in pp collisions
serves as a powerful baseline to investigate the cold nuclear matter
effects as well as the effects originated in hot matter by a medium
known as quark-gluon plasma (QGP) [4,5]. However, considering
hadron-hadron collisions in the high energy regime, charm quarks
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are produced in the hard scattering processes between the initial-
state partons present in the colliding hadrons. Subsequently, there
is the hadronization process of these heavy quarks that originates
the D-mesons in the final state. In particular, the operation of the
Large Hadron Collider (LHC) - specially concerning the precision of
the measurements plus a wide window of center-of-mass energy,
transverse momentum, and rapidity - provides an interesting sce-
nario to study charmed meson production. Transverse momentum
and rapidity distributions probed at the LHC energies allow to in-
vestigate the D-meson production at small values of the Bjorken
variable x, where significant nonlinear effects of the QCD regimes
are expected. Therefore, the processes involving the open-meson
production is expected to be sensitive to the nonlinear QCD dy-
namics. Hence, this particular kinematic region can be investigated
with D-meson measurements at forward rapidities. The produc-
tion cross section dependent on the detector kinematic variables
is obtained by the scope of QCD calculations. The two most stud-
ied approaches consist of obtaining the differential cross section
as function of the squared momentum transfer Q2, known as
collinear factorization [6], or in terms of the partonic transverse
momentum k7, namely kr-factorization [7-10] formalism. For ex-
ample, studies concerning heavy quarks together with heavy D
mesons assuming collinear factorization can be found in the lit-
erature based on the general-mass variable-flavor-number scheme
(GM-VENS) [11,12], and in the fixed order plus next-to-leading log-
arithms approach (FONLL) [13,14]. On the other hand, calculations
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for heavy quark production in the kr-factorization framework are
available in Refs. [15-20]. Additionally, an analysis regarding the
D-meson production including the intrinsic heavy quark compo-
nent in the hadron wave function is performed in Refs. [21,22].

The kr-factorization approach is applied to processes in hadron-
hadron scattering at the high-energy limit and hard scattering
matrix elements at small-x are calculated in such framework. In
particular, one employs the gluon densities via the unintegrated
gluon distribution (UGD). The gluon primordial transverse mo-
mentum distribution allows evaluating and extracting information
concerning the properties of the structure of the proton, as well as
the QCD evolution equations that take into account the transverse
momentum of the partons. Moreover, the UGD is also a function
of the momentum fraction x and the factorization scale p2. Such
densities are not computed from first principles and need to be
parametrized. There are in the literature various models for UGD
which differ on underlying assumptions. Then, the observables
strongly sensitive to the UGD need to be investigated in order
to constrain the kr-dependent distributions [23]. Within the kr-
factorization framework, the D-meson production cross section is
obtained by the corresponding charm quark production process
described in terms of UGD at small-x and at the scale pur ~ 2m,.

The D-meson production in high-energy processes (equivalently
small-x) can be investigated within the color dipole formalism
[24], which has been proven suitable to evaluate different pro-
cesses in high energy phenomenology. In the color dipole frame-
work the phenomenology is based on the universal dipole cross
section that includes the nonlinear behavior and high-order cor-
rections of the QCD dynamics [25]. The hard process is viewed
in terms of qq dipole scattering off the target, namely the pro-
jectile emits a gluon that subsequently fluctuates into a qq color
pair characterizing a color dipole with definite size which inter-
acts with the color field of the target. The corresponding dipole
amplitude is related to the intrinsic dipole kr-distribution, i.e. the
dipole transverse momentum distribution (TMD). In the limit of
large gluon transverse momentum the dipole TMD corresponds ap-
proximately to the UGD. In the present investigation we consider
analytical expressions for the TMDs based on parton saturation
physics.

In this work, based on the theoretical scenario of the dipole ap-
proach in transverse momentum representation, we perform pre-
dictions for the D-meson production focusing on high energy pp
collisions at the LHC. Moreover, our results take into account large
and low pr-spectrum by considering a wide range of rapidity bins.
Both forward and central rapidities are considered for D®, DF, and
D** production, as well as the cross section ratios o (D)/o (D%)
and o (D*T)/o (D) at central rapidities. The main novelty is the
use of the recently proposed phenomenological parameterization
for the UGD based on geometric scaling properties that correctly
reproduces the hadron spectrum in pp collisions [26]. It describes
the saturated and dilute perturbative QCD regimes and has been
successfully extended to heavy-ion collisions [27,28]. Moreover,
we consider a simplified “Weizsdacker-Williams” (WW) gluon TMD
which has been used in studies of Z° hadroproduction [29].

The paper is organized as follows. In Sec. 2 the theoretical
framework to obtain the D-meson production in the dipole formal-
ism in transverse momentum representation is presented. In Sec. 3
results are shown for several analytical models for the gluon TMD
that are compared to the experimental measurements reported by
the ALICE and LHCb Collaborations at the LHC, with the corre-
sponding theoretical uncertainties investigated. At last, in Sec. 4
we summarize our main conclusions and remarks.

Physics Letters B 838 (2023) 137667

2. Theoretical formalism

The charmed meson production is evaluated within the QCD
dipole framework, where the basic assumption consists that the
production process can be determined by a color dipole, Q Q, in-
teracting with the nucleon/nucleus in the target rest frame. The
inclusive production of a Q Q - originated from virtual gluon fluc-
tuation - is written in terms of the cross section of the process
g+ N — QQ + X, including the superposition of color-singlet and
color-octet contributions as well. The hadronic cross section of the
process pp — Q X assumes the form
d*o,p . qax

35 ,
gp—QQX (1)
dydad?pr

) d
= Fg(x1, LF) dad?pr

where y and pr correspond to the rapidity and transverse mo-
mentum of the heavy quark (denoted as Q), respectively, and «
(¢ =1 — ) is the gluon momentum fraction exchanged with the
heavy quark (antiquark). In the expression above the gp — Q Q X
cross section has been convoluted with the projectile gluon UGD.
Ignoring the primordial gluon momentum, the quantity Fg(x1, ,u%)
is given by

2

3
5 dk? 5
Fg(x1, ug) = | —5 Fx1,k7). (2)

k2
The cross section, as computed in Eq. (1), takes similar form
used in the kr-factorization framework. The heavy quark TMD
can be obtained in the momentum representation in terms of the
dipole TMD, 7gip [30], in the following way:
oy, q0x
dO[dsz

1 d%k | 9 _
=§/?asw%mip(xz,xi>{[gzo(a,a,m)

9 Lo oL 1 T
—Zfl(a,a,PT,K¢)+12(06,067PT,KL)+513(0&05,PT,K¢)}

+[a<—>6z]}, (3)

where ozs(,u%) stands for the running coupling in the one-loop ap-
proximation. Also, we have that the auxiliary quantities Z; (i =
0,1,2,3) are given by:
m + (@® +@*)p}
2 2

(p7 +mg)?
mg + (@® +&*)pr - (Pr — @' 1)
[(Pr — i 1)? +my 1(pF +m)
my + (o* +6*)(Pr — ok 1)?

[(Pr — ak 1) +m ]2

Io(Ol,O_l,pT)= (4)

Ti(a, &, pr. K1) =

(5)

T, a, pr, k1) =

(6)

m + (@ +a*)(pr + ak1) - (pr — ak1)
[(Pr + @i 1)? +my l[(Pr — @ic1)? +my]’
(7)

with mq being the heavy quark mass. Moreover, the projectile and
target fractional light-cone momentum are denoted by x; and x3,
respectively. They are explicitly written in terms of the pair ra-

I3(a, &, pr. K1) =

- Myq . -
pidity, x12 = % eY, where /s is the collision center-of-mass
energy and M, 5 represents the invariant mass of the Q Q pair,
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Mgg ~2,/mg + p3. (8)

Furthermore, in Eq. (3) 7qip (x2, /ci) is the intrinsic dipole TMD that
is connected with the dipole cross section oz by means of [31,32]

2
o370 = 2 / THL (1 e®aT)(1 - e R2T) T x.k2) . (9)
Ky

When the transverse momentum of the gluon target is large
enough, such that k| >3 Aqcp, a relation between the k; -factoriz-
ation and the dipole approach can be established, implying that
the intrinsic dipole TMD can be approximated to the UGD func-
tion times «;. The argument of o is given by the gluon transverse
momentum. In the D-meson production we can safely apply this
approximation since the heavy quark pair production is coupled
with small-sized dipoles. This assumption is validated by the range
of heavy quark transverse momentum probed experimentally, con-
sequently,

Taip(X2, k) 2 ots F (X2, k2 ), (10)

where F(xz, k%) accounts for the target UGD. We shall stress that
the relation (10) is not necessarily in the small «; region, which
is associated to dipoles of large sizes and where the gluon UGD is
not sufficiently constrained.

As pointed previously, there exist several parametrizations for
the UGD and here we will use the analytical models proposed in
Refs. [33,26,29]. The first model for gluon UGD is derived from a
saturated form of the Golec-Biernat and Wiisthoff (GBW) dipole
cross section [33] that effective accounts for a scattering of a color
dipole off a nucleon [34]

202
0gg(r,x) = 09 [1 — exp (_r fs )j| , (11)

and, by applying the corresponding Fourier transform of the
Eq. (9), one arrives the expression:

300 k‘%— k%
Fopw (%, k3) = —L exp(--L], (12)
W an2a Q2 Q?

where o5 = 0.2 and Qs is the saturation scale, Q2(x) = (xo/X)*
GeV2. In this study we use the set of parameters oy = 27.43 mb,
xo = 0.40 x 1074, and A = 0.248 that has been determined from
the fit done to the recently extracted data on F, at low-x given in
Ref. [35]. Using the GBW UGD, the quantity Fg(xl,ul%) in Eq. (2)
can be analytically computed and reads

FgPW (1, i)

_ 300, _ KE o
_4n2ast(x”{l <1+Q52(X1) TP\ )|
(13)

The second model has been proposed recently by Moriggi, Pec-
cini, and Machado (MPM) [26] taking into account the geometric
scaling observed in high pr hadron production in pp collisions
along with a Tsallis-like behavior of measured hadron spectrum,
given by:

300 (1+446n) k2
2\ _ 0 T

Fupm . k%) = % Q2 o\ (14)
(1 + Q—T2>

with the scaling variable being 7 =k%/Q2 and Q2(x) = (xo/x)%33.
The function 8n = at? defines the power-like behavior of the spec-
trum of the produced gluons at high momentum. The parameters
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00, X0, 4, and b are obtained by fitting DIS data at small-x result-
ing in: 09 = 19.75 mb, xg =5.05 x 107>, a =0.075 and b = 0.188.
Moreover, the same fixed value of the strong coupling (s = 0.2)
used in GBW model is considered here.

Finally, the WW model [29] for the gluon distribution, inspired
by the Weizsiacker-Williams method of virtual quanta, considers
the one-gluon exchange between a point-like parton and a hard
probe at large momentum transfer. This gluon exchange plays a
role similar with the virtual photon exchange such that the as-
sociated virtual gluon density resembles the virtual photon den-
sity originated from a point-like charge described by Weizsdcker-
Williams approximation. The UGD in this parametrization read as

(N1K2 /k2)(1 — %)7 (*K2 /k3) ™D k2 > k2,

(N1Kk2 /k2)(1 — x)7 x P (13)

2

Fww (. kr) { k2 < k2,
where the normalization constant N7y = 0.6, ko =1 GeV, and A =
0.29. The factor (1 —x)7 accounts for the gluon distribution sup-
pression at large x while the phenomenological parameter b is
responsible for controlling the kr scaling of the gluon distribu-
tion. Parametrization above has been used in studies of Lam-Tung
relation breaking at the Z° hadroproduction in the context of kr-
factorization formalism. It was shown that the shape of WW TMD
is crucial for the right description of that relation breaking. In
Fig. 1 we show a comparison between the UGDs used in this
work and the Kutak-Sapeta (KS) [36] distribution that accounts for
nonlinear QCD dynamics. These parameterizations predict distinct
behavior on the x and kr dependences. The UGDs are plotted as
a function of kr for different values of Bjorken variable. At low
kr the UGDs are enhanced and show some suppression as kr
increases. In particular, the suppression observed at large k7 in
the GBW model is huge - related to the Gaussian shape present
in the dipole cross section - while the KS parametrization pro-
vides a power-like behavior. Furthermore, the MPM model present
moderate suppression and the WW model has a constant behav-
ior towards larger values of kr. Additionally, we show the results
obtained by integrating the UGDs using Eq. (2) and performing a
comparison with some standard DGLAP gluon PDF parametrization.
For the latter we considered the MMHT [37] PDF together with
its theoretical uncertainty. This allows us to verify the consistency
and normalization for the UGDs. In Fig. 2, the Fg(x, ur) is exhib-
ited in terms of x. By considering the uncertainty of the MMHT
PDF one verifies that for very low-x the Fg calculated from used
UGDs is closer to the DGLAP gluon PDF except the oversimplified
GBW parametrization. This similarity is important for the consis-
tency and the applicability of the calculations.

With the purpose of obtaining the D-meson spectra, one has
necessarily to assume the hadronization of the heavy quarks via
the corresponding fragmentation function, which is interpreted as
the probability that a heavy quark fragments into a given heavy
meson. Therefore, the D-meson production can be calculated by
convoluting the heavy quark cross section with the fragmentation
function,

1

1
d*opp—Dx dz d*oy, L qax
le:;ZPT = / 2 Doy 1) / dor dySZedZQpQT - (18)
Zmin Qmin
where z is the fractional momentum of the heavy quark Q carried
by the D-meson and Dq,p(z, ,u%) is the fragmentation function.
Here we will assume the parametrization proposed in Ref. [38]
that includes the DGLAP evolution. Moreover, the quantities mp,
Y =y, and Pr are the mass, rapidity, and transverse momen-
tum of the D-meson, respectively [39]. As z= Pr/pr, one can use
pr = Pr/z and the lower limits for the z and « integrations are
given by:
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Fig. 1. Comparison between the unintegrated GBW, MPM, WW and KS gluon distributions as a function of kr

parametrization is obtained considering the scale ;. =10 GeV.

3

10°F T T T Ty

r ———- GBW 7

- W=10Gev  _._. RGO

[ e ww ]

[ MMHT
10
3 ~
LI
w [

10'F E

C Ll Ll Ll Ll

10° 10° 10° 10°

10"
X

Fig. 2. The dependence on x of the integrated UGD GBW, MPM, WW and KS com-
pared with the MMHT gluon PDF based on the DGLAP evolution equation. The result
with the MMHT parametrization is obtained considering the scale ;tr =10 GeV and
the corresponding uncertainty is represented by the triangle symbols.

Jm3 + P2 y

7 e', (17)

Zmin =

(18)

The GBW parametrization allows us to obtain an approxi-
mate expression for the rapidity and pg distributions. In the
kinematic range considered here the hard scale wp is higher
than the saturation scale, #2/Q2(x) > 1. In this limit, FgBW ~

k; [GeV]

for different fixed values of x. The result with the KS

300Q2(x1)/(27)%as. Moreover, at central rapidity, Y =0, the typ-
ical value of zp;, in the range pt < 3mp at 4/s =5 TeV is zpin ~
2 x 1073, Based on this fact, the lower limit in the «-integration
can be safely considered oyi, — 0. It can be shown that the heavy
quark pr-spectrum is given by:

2522 4

9 mcpT +mc
(mZ + p%)*

o(gp—>QQX) _300Q%(x2) | PT+
dsz 5 4(2m)?

. (19)

Instead of integrating over z in Eq. (16), we will compute the
cross section using a simplification for the fragmentation function,
D¢(z, ur) ~ 8(z—(z)¢). The average momentum fraction (z) is de-
fined as [38],

1
1
(Z)c(uF) = m / dzzD.(z, MUF), with

Zeut

1
Be(ur) = / dzDc(z, (LF), (20)

Zeut

where B, is the branching fraction ¢ — D and zq: = 0.1 [38].
For the KKKS fragmentation function considered here, one has
(2)c (i = 2m¢) = 0.573,0.571, and 0.617 for DY, Dt and D**,
respectively. The average fraction is weakly dependent on the hard
scale pp, with a ~ 20% decreasing at yr = my . Therefore, we will
take (z) = (z)c(2m.) and the meson spectrum will be given by

]

2 Q2(x1)Q2(x2)
5

(z) a0
2(2m)?

d? Opp—DX __
dYd?Pr
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Fig. 3. Comparison regarding the uncertainties on the factorization scale (left panel) as well as the integrated MPM UGD and the JMRT [41], MMHT [37] and CT10 [42] PDFs
(right panel). The results take into account the D® meson production cross section measured in pp collisions at the LHCb experiment [40] in the kinematic region of /s =5

TeV and rapidity range, 3 <Y <3.5.

In what follows we take the previously discussed UGD parame-
terizations to calculate the D-meson production in pp collisions
and performed a comparison with the respective experimental
measurements obtained at the LHC.

Img(z)* +25m?(2)2P2 + 9P%
(m¢(z)? + P3)*

(21)

3. Results and discussions

Let us present the results obtained with the dipole approach in
transverse momentum representation and using three parametriza-
tions for the UGD introduced before, namely the GBW, MPM, and
WW models. Considering the D-meson production in high energy
hadron-hadron collisions we predict the distributions in transverse
momentum and rapidity focusing in the LHC kinematic regime.
Our results are directly compared to the experimental data re-
ported by ALICE and LHCb Collaborations.

In order to evaluate the uncertainties concerning the theoreti-
cal calculations, we perform an analysis regarding the perturbative
uncertainty related to the factorization scale and also between the
integrated UGD and the PDFs. Our analysis is associated to the D°
measurement in pp collisions performed at the LHCb experiment
[40] considering center-of-mass energy of 5 TeV and rapidity in-
terval, 3 <Y < 3.5. In Fig. 3 (left panel) we show the results with
MPM model assuming three choices of the factorization scale, that
is, 0.5, ur, and 2ur. The difference between the results is more
apparent for large Pr, where one has ~ 20% deviation regarding
the prediction MPM(ur) with the central value of the factoriza-
tion scale. Besides, it is not possible strongly discriminate between
the results and the data. On the other hand, the Fig. 3 (right
panel) shows the predictions for the integrated MPM UGD and the
collinear PDF parameterizations JMRT [41], MMHT [37], and CT10
[42]. One can verify that the main effect of using integrated UGD
versus a collinear gluon PDF is the overall normalization. This is
expected and can be traced back considering the results presented
in Fig. 2, where the corresponding differences for Fy are con-
verted into the results for the cross section. Moreover, the result
with MPM fairly describes the experimental data. An appropriated
choice of factorization scale and/or charm mass can bring the MPM
prediction closer to those using standard gluon distribution.

In Fig. 4 we show the results for D°, D, and D** produc-
tion including the charge conjugates states in pp collisions at
/s =5 TeV. The predictions for the differential cross section are
confronted against the measurements from the LHCb Collabora-
tion [40] considering three distinct rapidity bins: 2 <Y < 2.5,
3 <Y <35 and 4 <Y <4.5. Selecting all the three D-meson and
rapidity bins considered here, we can verify that the MPM and

WW parametrizations give quite similar results at Pt <4 GeV and
both models are in good agreement with the experimental mea-
surements, except for Pt < 2 GeV. Moreover, a small difference
between MPM and WW results appears, taking the spectrum from
Pt > 4 GeV. This difference is a bit more pronounced at very for-
ward rapidity interval, 4 < Y < 4.5, where such models are not
in completely agreement to the correct normalization of the Pr
spectrum. In contrast, the GBW parameterization describes the ex-
perimental measurements in a narrow Pt distribution, 2 < P <
3 GeV, where it provides a better agreement at very forward ra-
pidity. Apart from the particular Pt spectrum mentioned before,
the GBW results is loosing adherence to data. The reason for this
behavior consists in the Gaussian shape present in the GBW ap-
proach that enters in Eqs. (10) and (12), leading to the suppression
pattern observed in the results. For sake of comparison, we show
the results taking into account the approximate expression for the
D-meson spectrum given in Eq. (21) (labeled APPROX hereafter).
For D° case, only the measurement at 4 < Y < 4.5 can be reason-
ably described. However, considering the D™ and D** production,
the predictions are in good agreement with the experimental data
at the region 3 <Y < 3.5. In these case, the approximate expres-
sion mimics the results from MPM or the WW UGDs. Although
the simple form, this approximated expression is able to reproduce
the results regarding the complete calculation with the UGDs con-
sidering some particular cases, which is a surprising result given
the simplicity of the analytical expression derived within the color
dipole formalism. Furthermore, in order to clarify the description
of the data by the UGDs models, the ratio data/theory is presented
considering the MPM parameterization and the rapidity interval
3<Y <35

In Fig. 5 we present the numerical results at the center-of-mass
energy of /s =13 TeV for the differential cross section and the
ratio data/theory that considers the same D-mesons and rapidity
bins analyzed previously in comparison to the experimental data
provided by the LHCb experiment [43]. We can notice the same
pattern observed at /s =5 TeV, however the predictions with
MPM and WW present some difference as the Pt spectrum in-
creases, specially in the 2 <Y < 2.5 and 4 < Y < 4.5 rapidity bins.
Moreover, the MPM and WW parameterizations present a signifi-
cant improvement concerning the description of the experimental
data in the very forward rapidity kinematic region. Additionally, we
found that the same similarities with GBW results at /s =5 TeV.

In the following an analysis of the D°, D, and D** production
in pp collisions at midrapidity region is done. The corresponding
theoretical predictions for the double-differential cross section (in-
cluding the ratio data/theory) at 5.02 TeV in terms of Pt and Y
are displayed in Fig. 6, where the results are compared with the
data collected by the ALICE Collaboration [44,45]. Apparently, the
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WW model predictions fairly reproduce the experimental data at
low Pr spectrum, while the GBW approach underestimates the
experimental measurements. We can also observe that the WW es-
timates begin deviate from the measurements towards large values
of Pt by overshooting them, whereas the MPM results do a better
job at describing the data considering the large Pt distribution.
Then, we can conclude that the WW and MPM parametrizations
are able to provide a reasonable description of the measurements
performed by the ALICE experiment at central rapidity regarding
the low and large Pr distribution, respectively. In addition, we
present the ratios of the differential cross sections of D°, D, and
D** mesons produced in pp collisions at /s =5.02 TeV and Y =0
also obtained by the ALICE Collaboration [44,45]. In particular, the
ratios D*/D° and D*+ /DO as a function of Py are shown in Fig. 7.
One can see that the ratios between the corresponding D-meson
cross section do not provide an evidence of strong Pt dependence,
instead showing a constant behavior through the Py spectrum.
This fact indicates that we can not identify discriminatory differ-
ences particularly between the fragmentation functions of charm
quarks to D% D%, and D** mesons. Along with these considera-
tions we can add that the GBW, MPM, and WW predictions are in
agreement with the measurements within the experimental un-
certainties and we have no basis to distinguish the three UGD
parametrizations. In the approximate expression, Eq. (21), the ra-
tio Rum,/m, scales with ((z)Ml/(z)Mz)z(lH) at large Pt and central
rapidity Y =0.

Finally, the predictions for the differential cross section of D°
production as a function of the rapidity distribution are shown in
Fig. 8. The MPM results are confronted with the pp data assuming
the kinematic region achieved by the ALICE [44,45] and LHCb [40]

[ 0 =0 . LHCb @ 5 TeV
D +D ALICE @ 5.02 TeV
10° ——— MPM

P, =25GeV

/

(d°c)/(dYdP,) [1b/GeV]

|

Sl e b b b e e e b b b by
0=y 3 2 1 0 1 2 3 4
Y

Fig. 8. Double-differential cross sections as a function of the rapidity distribution for
D° production in pp collisions considering three values of the momentum distribu-
tion. The results are obtained with MPM parameterization and compared with the
measurements from the ALICE [44,45] and LHCb [40] experiments.

experiments taking three values of Pr: Pr =2.5,5.5, and 9 GeV.
We observe that the results are symmetric with respect to central
rapidity, Y = 0, which is covered by ALICE measurement. This is
expected because the projectile and target are identical, generating
the symmetry seen in the rapidity distribution associated to the
particle production in the projectile side and in the target side.
In addition, the MPM predictions present a better description of
data in the forward rapidity kinematic region covered by the LHCb
detector.

Besides, the x, probed in the kinematic ranges determined by
the ALICE and LHCb experiments has to be investigated, specially
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midrapidity region. The results are obtained using the MPM parametrization.

in the very forward (4 <Y < 4.5) and central (|Y| < 0.5) rapidity
bins. We have that the mean value of (xy) achieved at the LHCb
experiment at 5 and 13 TeV corresponds to (x;) ~3 x 10~> and
(x2) ~ 2 x 107>, respectively, while at the ALICE experiment at
5.02 TeV this value is (x;) ~ 7 x 1073, Clearly, these results for
(x2) ensure that we perform predictions within the limit of va-
lidity of dipole formalism, x, < 10~2. Therefore, the color dipole
framework is particularly suitable for small x, values since most
parametrizations of the dipole cross section are fitted (their pa-
rameters) only to DIS data with Bjorken-x < 0.01. Here, all data
sets provided by the ALICE and LHCb experiments are within the
threshold of validity of the color dipole approach, see, e.g., the (x,)
values discussed previously, allowing us to employ such formalism
to analyze the corresponding experimental measurements of the
D-meson production in pp collisions.

As a matter of completeness, we provide predictions for D-
meson production concerning the pp collisions aiming the propos-
als of center-of-mass energies in future colliders. In particular, the
High-Energy Large Hadron Collider (HE-LHC) [46] and the Future
Circular Collider (FCC-hh) [47] are expected to achieve colliding
energies of /s =27 TeV and 100 TeV, respectively. The results
corresponding for D°, Dt, and D** with the MPM approach are
found in Fig. 9. Future experimental measurements of D-meson
production can be fruitful in order to extend the probed kinematic
region and to complement our approaches based on QCD dynamics
such as color dipole formalism, as well as the underlying assump-
tions considered in the gluon TMD. Along with this aspects the
HE-LHC and the FCC-hh could enable us to perform further inves-
tigations.

4. Summary

We investigated the D-meson production at high energy pp
collisions within the color dipole framework, where we employ
three distinct parametrizations for the unintegrated gluon distri-
bution. We provide predictions for the D°, D, and D** double-
differential cross section that are directly compared to the most
recent data reported by the LHC experiments. We have verified
that the MPM and WW results are able to reasonable describe
the transverse momentum and rapidity distributions of the exper-
imental measurements obtained by the ALICE and LHCb Collabora-
tions. In particular, at central rapidity, WW and MPM predictions
can better reproduce the data concerning low and large Pt spec-
trum, respectively. On the other hand, we have found out that
the GBW parametrization undershoots the experimental data pro-
vided by ALICE and LHCb experiments. In general, better results are
given with the MPM approach even at large Pt domain. We have
demonstrated that the treatment of the D-meson production at

high energies can be appropriately formulated in the color dipole
framework where the corresponding results are parameter free.

In view of the trend found in the MPM and WW results ob-
tained in this analysis, the new data taking from the future col-
liders in pp mode will be valuable to extend the kinematic region
and to improve the MPM and WW parametrizations for the unin-
tegrated gluon distribution.
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