Eur. Phys. J. C (2024) 84:942
https://doi.org/10.1140/epjc/s10052-024-13265-9

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Investigating D" meson production in p-Pb collisions at 5.02 TeV

with a multi-phase transport model

Chao Zhang'>*2@®, Liang Zheng>-*°, Shusu Shi’>®), Zi-Wei Lin°®4

! Department of Physical Science and Technology, School of Science, Wuhan University of Technology, Wuhan 430070, China

2 Key Laboratory of Quark and Lepton Physics (MOE), Central China Normal University, Wuhan 430079, China

3 School of Mathematics and Physics, China University of Geosciences (Wuhan), Wuhan 430074, China

4 Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China

5 Institute of Particle Physics and Key Laboratory of Quark&Lepton Physics (MOE), Central China Normal University, Wuhan 430079, China
6 Department of Physics, East Carolina University, Greenville, NC 27858, USA

Received: 10 March 2024 / Accepted: 20 August 2024
© The Author(s) 2024

Abstract We study the production of D? meson in p+p
and p-Pb collisions using the improved AMPT model con-
sidering both coalescence and independent fragmentation of
charm quarks after the Cronin broadening is included. After
a detailed discussion of the improvements implemented in
the AMPT model for heavy quark production, we show that
the modified AMPT model can provide a good description
of D° meson spectra in p-Pb collisions, the Qppy data at dif-
ferent centralities and Rppp data in both mid- and forward
(backward) rapidities. We also studied the effects of nuclear
shadowing and parton cascade on the rapidity dependence
of DY meson production and Rppp. Our results indicate that
using the same strength of the Cronin effect (i.e § value)
as that obtained from the mid-rapidity data leads to a con-
siderable overestimation of the D? meson spectra and Rppp
data at high pr in the backward rapidity. As a result, the §
is determined via a X2 fitting of the Rppy, data across various
rapidities. This work lays the foundation for a better under-
standing of cold-nuclear-matter (CNM) effects in relativistic
heavy-ion collisions.

1 Introduction

In the past two decades, experiments conducted at the Rel-
ativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC) have accumulated a remarkable group of data
providing compelling evidence for the existence of a hot and
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dense matter known as the quark-gluon plasma (QGP) [1-
3]. The primary goal of high-energy heavy-ion physics is to
investigate the properties of the QGP. Heavy flavors serve as
valuable probes to explore the properties of the QGP created
in relativistic heavy-ion collisions [4—6]. The mass of heavy
flavors are larger than the A gc p or the temperature achieved
in the formed QGP. As a result, heavy quarks are primarily
produced from hard scatterings before the QGP formation,
and they experience almost the full evolution of the system
expansion. In addition, the thermal corrections on the heavy
quarks are largely suppressed [7], thus enabling them to bet-
ter retain memory of their interactions with the medium.
The measurement of heavy hadron production in p+p col-
lisions helps to examine our understanding of various aspects
of QCD [8-10]. It also provides a crucial baseline for under-
standing the effects of strongly coupled medium in nuclear
collisions. In nucleus-nucleus collisions, heavy quarks or
hadrons are expected to interact with the QGP or the hadronic
medium through elastic or radiative processes, and the effect
can be measured by nuclear modification factors Raa [11—
14] and the anisotropic flow of heavy hadrons, such as the
elliptic flow vy [15-19]. For example, substantial suppres-
sion in the nuclear modification factor Ra and/or a notably
non-zero elliptic flow (v2) for open heavy particles indicates
significant interactions of heavy quarks with the deconfined
medium. Several theoretical frameworks and phenomeno-
logical models have been developed to describe heavy flavor
production in high-energy collisions. The fixed flavor number
scheme (FFNS) [20] stands as the simplest approach to heavy
flavors within pQCD theory. While the NLO calculations are
available for this approach, it does not include gluon frag-
mentation to heavy flavor hadrons. Other implementations
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have been developed based on the FFNS method. Results
from the general-mass variable-flavor-number scheme (GM-
VENS) [21,22] approach as an extension to FENS generally
agree well with both the p+p and p-A data in a wide rapidity
range. Another widely used pQCD method is the fixed order
plus next-to-leading logarithms (FONLL) [23] formalism.
This approach can generally provide a reasonable descrip-
tion of the experimental open charm data, however, its central
value often tends to under-predict the data. In addition, the
models including the Fokker—Planck approach [24-27] and
the relativistic Boltzmann transport approach [28-32] have
been developed to simulate the heavy flavor quarks evolution
in the QGP.

To investigate the impact of the hot and dense matter
formed in relativistic heavy-ion collisions, it is essential to
accurately quantify the effects resulting from the presence
of nuclei in the initial state. These effects, often referred to
as “cold-nuclear-matter” (CNM) effects [33], are of signifi-
cant interest. In the last two decades, experiments at RHIC
and LHC have conducted measurements of heavy flavors
in small systems such as d4+Au and p-Pb collisions [34-
47], with the aim of quantifying these CNM effects. Heavy
flavor productions are sensitive to several CNM effects,
including: (1) nuclear parton distribution functions (nPDFs)
[48,49], which modify the parton distribution function in
nuclei and affect both initial heavy quark production and the
final spectra of heavy flavor hadrons, and (2) nuclear broad-
ening (“Cronin effect”) [50-52], caused by multiple scatter-
ing of partons inside the nuclei. The yields of heavy quark
and quarkonium production are affected by the CNM within
many theoretical methods and phenomenological models.
For example, the modification of the parton densities in nuclei
are important for mid-rapidity quarkonium production [53],
and pQCD results have indicated the need for the Cronin
effect to describe experimental data of open heavy flavors
at fixed-target energies [54]. Similarly, in the pQCD-based
HVQMNR code [55-57], Cronin is also required to describe
quarkonium pr distributions and heavy flavor azimuthal dis-
tributions from fixed-target to LHC energies. In our recent
work, the longstanding R4 and v2 puzzle of D° meson in p-
Pb collisions at LHC is studied with the Cronin implemented
in the AMPT model [58,59].

The AMPT model [60,61] is a widely used event generator
that is designed to simulate the full phase space evolution of
the dense matter created in relativistic heavy-ion collisions. It
mainly contain four parts: the fluctuation initial conditions,
parton cascade, quark coalescence and hadron cascade. It
can reasonably describe the elliptic flow observables for both
light and heavy particles [62—65]. Recently we improved the
quark coalescence process [66] and updated modern nuclear
parton distribution functions [67] to the AMPT model. we
also improved the heavy flavor production [68], and applied
local nuclear scaling to two input parameters for achieving
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a self-consistent dependence on the system size and central-
ity [69]. In this work, we use the AMPT model containing
those improvements to study the D” meson production in the
p-Pb collisions and Rppy, at 5.02 TeV at different rapidities.
The rest of the paper is organized as follows: in Sect. 2 we
discuss the improvements we made to the heavy flavor pro-
duction in the AMPT model, in Sect. 3 we calculate the pr
spectra of D° in both p+p and p-Pb collision, QOppb of DO
in different centrality and Rppp of DY in different rapidities.
After discussions in Sect. 4, finally we summarize in Sect. 5.

2 The heavy flavor production in the AMPT model

we have improved the heavy flavor production in the AMPT
model by incorporating the following improvements. Firstly,
we extract the charm quark jet from the HIJING initial con-
dition, without subjecting them to the string-melting mecha-
nism. Secondly, we adopt the transverse momentum broaden-
ing, also known as the “Cronin effect” [50], to the initial Q Q
pairs prior to the parton scattering. Moreover, we supplement
the quark coalescence with the implementation of an inde-
pendent fragmentation process as a means of hadronization.
In the following sections, we discuss these improvements in
detail.

2.1 Heavy quark from the initial condition

Heavy quarks are believed to be predominantly produced
from the primary hard processes because their large mass.
Instead of extracting the heavy quarks from the “melting”
of hadrons via string-melting, we take the charm quark from
HIJING initial conditions [70]. Note that the HIJING event
generator includes the pair productions (g +g — O + O,
g+§ — Q+ Q) and gluon spliting (g — Q + Q) [68]. The
implementation of gluon splitting involves a parton shower
method similar to that employed in general-purpose Monte
Carlo event generators [71,72]. In addition, nuclear shad-
owing is incorporated by multiplying the free nucleon Par-
ton Distribution Function (PDF) with the spatially dependent
nuclear shadowing function for protons within lead nuclei.
This leads to a reduction in the total jet cross sections and
heavy quark production. The heavy quark are then trans-
ported directly to the parton cascade stage to account for
their interactions with the de-confined nuclear matter. Note
that these initial charm quarks are allowed to interact only
after their formation time givenby tp = E/ sz, where E and
mr are the energy and transverse mass of the heavy quarks,
respectively. In Fig. 1, We present the initial charm quark
transverse momentum (pr) spectra, i.e., prior to their trans-
portation to the parton cascade stage, derived from either
this study or the string melting mechanism. These spectra
are shown for both p+p and p-Pb collisions at a center-of-
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Fig. 1 The pr spectra of ¢ 4 ¢ quarks at mid-rapidity taken from the
HIJING initial condition and from the string-melting process of the
AMPT model in p+p and minimum bias p-Pb collisions at /snn =
5.02 TeV

mass energy of 5.02 TeV, aiming to illustrate the impacts of
this modification. As depicted, the charm quark transverse
momentum spectra taken from initial conditions are much
harder compared to those obtained with the string melting in
both collision systems.

2.2 The Cronin effect

Studies on open heavy flavors at fixed-target energies have
indicated that a certain degree of transverse momentum
broadening is necessary to achieve agreement with the fixed-
target data [54]. In this work, we incorporate the trans-
verse momentum broadening, commonly referred to as the
Cronin effect [50], into the initial heavy quarks [55]. The
Cronin effect is frequently considered as the broadening
of the transverse momentum of a generated parton result-
ing from multiple scatterings of incoming partons in the
nuclei [51,52,73,74]. Hence, its magnitude depends on
the number of scatterings endured by a projectile (or tar-
get) nucleon during its traversal of the target (or projec-
tile) nucleus. This broadening is typically accounted for by
incorporating intrinsic transverse momentum, denoted as k7.
We note that in the phenomenological work [54,57] based
on the HVQMNR code implements the Cronin effect by
applying the broadening to each (anti)charm quark. In this
study, before the heavy quarks undergo the parton scatter-
ing process, we include transverse momentum broadening
by assigning a transverse momentum kick (kT) to each Q 0
pair in the initial state, since the parent partons that produce
the heavy quark pair undergo multiple scatterings within the
nuclei. We sample kt from a two-dimensional Gaussian [54—
57] with a Gaussian width parameter (w):

1 2,2
flky) = —5e M/, (1
Tw

w = woy/ 1 + (neon — )3, (2)

Here, the value i = 1 represents the production of cc pairs
from a single nucleon participant, while the value i = 2 cor-
responds to the collision between a nucleon participant from
the projectile and another from the target. n.o; denotes the
number of primary NN collisions for the participant nucleon
in the former case and the total sum of primary NN collisions
for both participant nucleons in the latter case. In the case of
p+p collisions, w = wyp. The value of wy is calculated as
shown in Eq. (3) [58].

wo = (0.35GeV/c) \/bY % 2 +al) /(b * 2 +aL)).  (3)

In the AMPT model, the original values for the two
Lund fragmentation function parameters are aE = 0.5 and
bE = 0.9 GeV~2, while the values used in this study are
denoted by ar, and by, [69]. The parameter wg, which char-
acterizes the width of Gaussian smearing in the transverse
momentum due to the Cronin effect, depends on the Lund
parameters. This is motivated by the expectation that the
broadening should be stronger when the string tension « is
higher, where k scalesas 1/(by x(2+ar)). Weuse ar, = 0.8
and determine by, according to the local nuclear thickness
functions, where the by, value is 0.7 GeV~2 for p+p col-
lisions but smaller for nuclear collisions [69]. As a result,
for p+p collisions, w is 0.375 GeV/c, which is close to the
original value of 0.35 GeV/c for the parameter PARJ (21)
in the HIJING1.0 model [70]. The strength of the Cronin
effect is controlled by the parameter § in Eq.(2), where in
our previous study [58,59] is set to 5.0 in order to describe
the mid-rapidity Rppy, data of D meson. In this work, the
same value of § is found to overestimate some Rpp, data
especially at backward rapidity [40]. In Fig. 2, we show the
Rppy of the D" meson at 2.0 < y < 2.5 in minimum bias p-
Pb collisions from the AMPT model with different § values
in comparison with the LHCb data as an example. One can
observe that the effect of § is significant, therefore the X2 fit
of the § is performed using the data at different rapidities as
shown in Fig. 12. Note that the experimental measurement
in d-Au collisions at RHIC observed no significant Cronin
enhancement in the forward rapidities compared to that in
mid-rapidity [74-77].

To implement the Cronin effect, The cc pair is boosted
to its rest frame from the nucleon nucleon center-of-mass
frame, we then apply a transverse momentum kick to each cc¢
pair, sampled from the distribution in Eq. (1), resulting in an
increase in their mean transverse momenta. Finally, the pair
is boosted back. Note that this implementation can introduce
an artificial peak in the mid-rapidity region of the heavy quark
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Fig. 2 The Rppp of DO mesons at 2.0 < y < 2.5 as a function of
pt in minimum bias p-Pb collisions at \/snyn = 5.02 TeV. The results
obtained from the AMPT model with different § values are compared
with the LHCb data (symbols) [40]

> o
& 1 Ep-Pb, 5 =5.02TeV 3
~ E e Charm w/o Cronin 7
S, F ge Charm with Cronin
Q? i : LI . 4 ¢€ w/o Cronin ]

n ¥ ¢C with Cronin

g 10—1 :: A : : : g : [ 3
ZE HE 5
- L s T
[ * | ] " ", 4
|4 L : s 1

| ¢ : w
107 F .
E e
L L | | Ll
0o 2 4 g 10
p, [GeV/e]

Fig. 3 The pr spectra of charm quarks and cc pairs prior to the parton
cascade from the AMPT model, both with and without the Cronin effect,
in minimum bias p-Pb collisions at ,/snny = 5.02 TeV

rapidity distribution [55-57] because y = arcsinh(p,/mT)
will move towards zero as pr increases. To avoid this, we
keep the rapidity of cc pairs the same by providing the
necessary longitudinal boost after the transverse momen-
tum broadening. We also ensure momentum conservation
of the whole parton system in each event by letting the light
(anti)quarks share the opposite value of the total kt given to
all cc pairs.

Figure 3 shows the pt spectra of single charm quarks and
the total pt (pg + pET) of cc quark pairs in p-Pb collisions
at 5.02 TeV, obtained from the AMPT model both with (§ =
5) and without the Cronin broadening. It is evident that the
Cronin effect leads to an increase in charm quark pr, and
this effect is more pronounced for the charm quark pairs.
Note that for minimum bias p-Pb collisions at 5.02 TeV, the
average (k%) =3.27 GeV? and 13.0 GeV? for a single charm
quark and a cc pair, respectively; indicating that the Cronin
effectis quite significant. Itis intriguing to observe that the pr
spectra of cc pairs without Cronin broadening (blue triangle)
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Fig. 4 The comparison of the pr spectra of D mesons generated
using various criteria in the “two-component” process from AMPT in
comparison with the ALICE data [10,41] in p+p collisions at /s =
5.02 TeV

achieve a magnitude similar to that of the individual charm
quarks (black circle) at high pt. This phenomenon arises
from the asymmetrical shape of the cc pairs produced from
the parton shower, while the cc component produced from the
perturbative process exhibits a back-to-back configuration.

2.3 Hadronization

In high-energy heavy-ion collisions, it is more probable for
the low-pt heavy quarks to combine with thermal partons
from the QGP to form new hadrons [32], this is known as
the parton coalescence process. On the other hand, high-pt
heavy quarks are more likely to fragment into low-energy
partons, which then form the hadronic bound state of a heavy
hadron. This process is referred as the fragmentation process.
The above-mentioned two mechanisms will jointly complete
the hadronization process of heavy quarks.

In this study, we implemented coalescence and fragmen-
tation for heavy quark hadronization in the AMPT model by
utilizing the PYTHIA [78] independent fragmentation pro-
cess. Specifically, after the partons stopped interactions in the
parton cascade, they prepare to undergo quark coalescence
for hadronization. Then the heavy hadrons are selected based
on the following criteria for the relative distance and invariant
mass of the heavy quarks and their coalescence partners:

d < py, 4
Miny < Y Mo+ pmlmp — ) mo). )

Here, d and m;,,, represent the relative distance and invari-
ant mass, respectively, of the coalescing partners within their
rest frame. Furthermore, m g and m g indicates the mass of
heavy quarks and hadrons in the pre-coalescence. The param-
eters p, = 0.9 fm and p,, = 0.5 are determined from a x2
fit to the experimental data of D° meson pr spectrum in
p+p collisions. The heavy quark and its coalescence partner
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Fig. 5 The coalescence probability of charm quarks at different rapidities to a charm hadrons and b D° meson, displayed as a function of the
charm quark transverse momentum in p+p and p-Pb collisions at ,/sny = 5.02 TeV

fulfilling both Egs. (4) and (5) are considered suitable for
coalescence, while others are subject to independent frag-
mentation. Note that the fragmentation fractions of c-quark
are not universal but depend on the collision system [79]. In
this framework, the non-universality of the charm quark frag-
mentation fractions, particularly the enhanced production of
charm baryons, is explained by including the coalescence
component of the charm hadrons. Figure 4 shows the exam-
ples of the D? meson pr spectrum using various criteria in
the hadronization process. One see that with larger values
of p, and p,, parameters, the pr spectrum of D° meson
becomes harder due to more charm quarks hadronizing via
the coalescence process.

The widely used Peterson fragmentation functions is
employed in this study for the heavy quark fragmentation:

(@) x (6)
z

a-1-

< .
)

where z is the fraction of E + p, taken by the fragmented
hadron out of the parent quark. €y = 0.05 for the charm and
0.005 for the bottom.

For the charm hadron candidates obtained in the coa-
lescence process which do not satisfy the requirements in
Egs. (4) and (5), we take the heavy quark Q from the meson
candidate Qgq, it’s important to note that in the case of
charmonium, g; could represent Q, resulting in both pairs
of heavy quarks being fragmented separately. A new ¢»g»
pair is generated out of the vacuum, then the Q¢g; forms
a new meson with its energy and momentum given by the
Peterson fragmentation functions as shown above. The fla-
vor of the g»g; pair is selected with a default probability,
uit : dd :s§ =1 :1:0.3[78]. The independent frag-
mentation technique does not produce any additional heavy
quarks. The remaining g, combines with the coalescence
partner g1 and undergoes the string fragmentation process

for hadronization. As for the baryon formation, a diquark
qq might be picked instead of the single g by the Q, this is
known as the “diquark picture” in PYTHIA [78].

In Fig. 5a, b, we present the coalescence probability as
function of charm quark pt of forming heavy hadrons or D°
mesons, respectively. These results are depicted across three
rapidity ranges in both p+p and p-Pb collisions at 5.02 TeV
from the improved AMPT model. It is found that the high
pt charm quarks are more likely to hadronize via the inde-
pendent fragmentation while the coalescence becomes more
dominant in the low pr region or the larger collisions sys-
tems. In addition, the coalescence probability substantially
increases for the mid-rapidity charm quarks compared to
those in the forward/backward regions, particularly at low pt
(0.5 GeV/c). In p-Pb collisions, we observe higher coales-
cence probabilities in the backward rapidity region compared
to the forward rapidity, whereas in p+p collisions, the coa-
lescence probabilities are symmetric for forward and back-
ward rapidity regions. This discrepancy can be attributed to
the asymmetric nature of the collision system, which results
in variations in multiplicity. Moreover, we observe a similar
behavior in coalescence probability between charm quarks to
heavy hadrons or to DY meson, except for the smaller values
in the latter case.

Figure 6 shows the yield from coalescence and/or frag-
mentation to the production of D° meson in 5.02 TeV p+p
collisions. It is observed that the production of D° mesons is
predominantly governed by fragmentation at low pt, while
the quark coalescence becomes relatively important at inter-
mediate to high transverse momenta. The black triangle rep-
resents the DY mesons formed by the same final state charm
quarks if we turn off the independent fragmentation. It is
thus natural to see that the hadron spectrum becomes much
harder, since the coalescence process tends to increase the
charm hadron prt with respect to its mother heavy quarks,

@ Springer
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represents the D yield from the same final state charm quarks (i.e.,
after parton cascade) when the independent fragmentation process is
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Fig. 7 The parameter § in the Cronin effect extracted from the x 2 fit of
the Rppy data [8,40,41] at different rapidity intervals in p-Pb collisions
at ./sNN = 5.02 TeV, where the error bars represent the 95% confidence
interval

while the charm hadron pr is usually reduced during the
independent fragmentation process.

In addition to the aforementioned improvement to the
heavy flavor production within the AMPT model, we intro-
duce a separate cross section among light quarks (o1.,q) from
that between a heavy quark and other quarks (onq). This
differentiation is prompted by the general difference in scat-
tering cross sections between charm quarks and light (u, d,
s) quarks. Default values of or.q = 0.5 mb and opg = 1.5
mb are adopted unless specified otherwise [58]. These val-
ues are established through fitting to charged hadron v, data
in high multiplicity p-Pb collisions at 5.02 Te'V for o1 g, and
D meson vy data in high multiplicity p-Pb collisions at 8.16
TeV for onq.

@ Springer

3 Results

We now use the improved AMPT model to study D° meson
productions and Rppy at different rapidities in p-Pb colli-
sions at 5.02 TeV. In our recent work [58,59], the AMPT
model is found to well describe the D° meson production
and Rypy, at mid-rapidity. Here we further study these observ-
ables in different centralities and rapidities. Following the
settings in Ref [58], the Lund string fragmentation param-
eters are a;, = 0.8, by = 0.7 GeV~2 for p+p collisions
while they are determined from the local nuclear scaling for
p-Pb collisions [69]. Unless otherwise specified, the yield of
D meson represents the sum of the particles and the corre-
sponding antiparticles, and the rapidity y and 5 are defined
in the nucleon-nucleon centre-of-mass frame. Note that the
experimental data are measured for the “prompt” D mesons,
referring to those directly generated in proton-lead collisions
rather than those from the decay of b-hadrons. Therefore we
do not take into account the effect from the b-quark fragmen-
tation in the model calculations.

The extracted value of 8, along with its uncertainty deter-
mined from the 95% confidence interval, as a function of
rapidity is shown in Fig.7, where a smaller value of § indi-
cating a weaker Cronin is needed in the backward/forward
rapidities. Additionally, it is suggested that the influence
of quantum evolution diminishes the Cronin enhancement
at forward or backward rapidities for the asymmetric col-
lisions [74]. Note that the uncertainty bands in subsequent
figures represent statistical errors of the model calculations
at the fixed § value for the corresponding rapidity.

3.1 Centrality-dependent nuclear modification factor Qppy

Here, we study the nuclear modification factors of averaged
DY, D and D** mesons as function of pr at mid-rapidity
in four event class of p-Pb collisions at /sy = 5.02 TeV.
The nuclear modification factor is calculated as:

1 d*N(pA — DX)/dprdy
Topy) d*o (pp — DX)/dprdy

Where d’N(pA — DX)/dprdy is the yield of D
meson in a given centrality in p-Pb collisions, d’c (pp —
DX)/dprdy is the production cross section of D? meson in
p+p collisions at the same energy, and (7ppy) is the aver-
age nuclear overlap function in a given centrality. Figure 8a,
b show the Qppyp using two different centrality estimators
based on the multiplicity, CL1 and VOA, respectively. Here,
the centrality estimator CL1 uses charged particles within the
rapidity region |n| < 1.4, while VOA uses charged particles
within 2.8 < n < 5.1. As discussed in Ref. [42], Oppy, may
be influenced by biases in centrality estimation unrelated to
nuclear effects. Consequently, both sets of Qppy data exhibit
an ordering from low (60—100%) to high (0-20%) multiplic-

Oppb = ( @)
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Fig. 8 The Qppy of average D-mesons from the a CL1 and b VOA event class as function of pr at 0-20, 2040, 40-60 and 60-100% centrality
intervals from the AMPT model in comparison with the ALICE data [42] in p-Pb collisions at ./sNy = 5.02 TeV
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Fig. 9 The Qppy of average D-mesons as function of the centrality
from the CL1 and VOA event class from the AMPT model in comparison
with the ALICE data [42] in p-Pb collisions at ,/sny = 5.02 TeV

ity. We observe that the AMPT model reproduces the trends
seen in the experimental data for both CL1 and VOA event
classes. Note that in the AMPT calculation, we incorporate
(Tppp) values from experimental data when calculating Qppp.
We think there are mainly two reasons that cause the biases.
The first reason is due to the lose correlation between the
“Ncon” and the event multiplicity at final state (due to fluctu-
ations). Therefore, multiplicity fluctuations lead to deviations
from the binary scaling of hard processes. The second reason
is the close or even fully overlapped phase space between the
centrality selection and the D meson analysis. As discussed
in an ALICE paper [42], the phenomenon known as the “jet
veto effect” could introduce additional centrality bias. The
AMPT model also replicates the behavior of smaller differ-
ence between the centrality classes in the VOA than that in the
CLI1. This is expected, as the rapidity gap between VOA and
mid-rapidity D-meson cancelled out part of the event selec-
tion bias. In addition, the centrality bias was mostly removed

- 10713
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8
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Fig. 10 The double differential production cross section of D + Do
meson as function of pr in p+p collisions at /s = 5.02 TeV in forward
rapidities from the AMPT model in comparison with LHCb data [8]

by using the ZN energy class as the centrality estimator from
the ALICE experiment [41,42]. Unfortunately, due to the
absence of slow nucleon physics in the AMPT model, this
aspect could not be addressed in the current study.

The averaged D°, D and D** mesons Qppp, obtained
from CL1 and VOA esitimators for 2 < pt < 4 GeV/c and
8 < pr < 12 GeV/c as function of centrality are shown in
Fig. 9. We observe that the AMPT model is consistent with
the experiment data for the both low and high pr regions
at CL1 and VOA within the uncertainty. However, it slightly
under-esimates the data at 0-20% centrality for 2 < pt < 4
GeV/e.

3.2 pr-differential cross sections

We next present the double differential production cross sec-
tions for D? in p+p collisions at /s =5.02 TeV from AMPT
model. In Fig. 10 the results in different rapidities are com-
pared with the LHCD data [8]. The AMPT model in general
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Fig. 11 The double differential production cross section of D° + DO meson in the a backward and b forward rapidities as function of pr in
minimum-bias p-Pb collisions at \/snny = 5.02 TeV from the AMPT model in comparison with the LHCb data [40]

provides an good description of the data for all rapidity inter-
vals.

Figure 11a, b show the cross sections of D production
calculated by the AMPT model for p-Pb collisions at 5.02
TeV in the backward and forward rapidity ranges, respec-
tively. The model results are compared with experimental
data at LHCb. Within the rapidity intervals —5 <y < —2.5,
the AMPT model well reproduces both the magnitude and
trends of the D° production cross section. However, on the
proton-going side, the AMPT model slightly underestimates
the D? production, particularly in pt <2 GeV/c in the rapid-
ity intervals 3.0 < y < 4.0, exhibiting the same behavior as
observedin p+p collisions. Note that a value of § smaller than
5.0in the Eq. (2) is needed in order to describe the transverse
momentum dependence in the backward rapidities. There-
fore, the § value is assigned according to the central value
of Fig. 3 based on the rapidity of the initial cc pairs in this
calculations.

3.3 pr and y dependence of nuclear modification factor
Rppy
p

We then investigate the multiplicity integrated nuclear mod-
ification factors Rppy of D° meson as function of pr and y.
The Rppp, which is the ratio of double differential produc-
tion cross section of D%meson in p-Pb collisions to that in
p+p collisions at the same rapidity and collision energy, is
calculated by:

1 d®0(pA — DX)/dprdy

A do(pp — DX)/dprdy

Rpr =

where A = 208 is the atomic number of the lead nucleus.
The Rppy is often used to quantify the modifications of the
nuclear interactions with respect to binary nucleon nucleon
collisions. It was found that the Rppy is sensitive to both
cold nuclear matter effects, such as the Cronin broadening

@ Springer

and nuclear shadowing, and hot nuclear effects, such as jet
quenching and energy loss.

For the Rppp of D° meson in (—4.5 < y < —2.5) and
(2.0 < y < 4.0) rapidities with a rapidity bin width of
0.5, the respective results as function of prt together with the
experimental data are shownin Fig. 12a, b. The Rppy valuesin
the experimental data generally evolve from lower to higher
values from the 3.5 < y < 4.0tothe —4.5 <y < —4.0
rapidity, particularly in the low pt regions (pt < 2.5 GeV/c).
We observe that the AMPT model captures these trends in
general. In addition, the AMPT model reasonably reproduces
the Rppy data for all rapidities with pr > 2 GeV/c. However,
it overpredicts the Rppp at pr < 2.5 GeV/cin —4.5 <y <
—2.5, but underpredicts itin 2.0 < y < 4.0.

Figure 13 shows our results of the Rppy for D meson at
2.5 < |y| < 4incomparison with the LHCb dataat5.02 TeV.
The experimental measurement of the nuclear modification
factor is close to unity at backward rapidity (Rypp ~ 1),
whereas a strong suppression trend is shown in the forward
region. This behavior can be partially attributed to the nuclear
shadowing effect, as the suppression from shadowing in the
forward rapidity corresponds to the small-x region, while the
anti-shadowing effect in the backward rapidity corresponds
to the middle x [40].

We observe a similar behavior in the AMPT model,
although it overpredicts the Rppp at pr < 2 GeV/c in back-
ward rapidities. The effects of § are studied, and it is observed
that the effect is more significant in the backward rapidity.
As depicted, the Rppp with § = 0 are more suppressed, espe-
cially at high pr, for both rapidity ranges. While § = 5
can effectively reproduce the Rppy in the forward rapidity,
it significantly overpredicts the data in the backward region.
We observe that the § values derived from the x? fit can in
general describe the data. It is understandable that a “weak”
Cronin enhancement is needed for the D° meson in the for-
ward rapidity compared to that in the mid-rapidity, as no
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Fig. 14 The Rypp of D mesons as a function of rapidity, integrated
over pt < 10 GeV/c, in minimum bias p-Pb collisions at \/snn =5.02
TeV. Shown are the results from the AMPT model (solid line), the
model with § = 0 (dot dashed line), the model without the shadowing
effect (dotted line), and the model without both shadowing and charm
quark scatterings (dashed line), alongside with the experimental data
(symbols) [40,41]

significant Cronin enhancement is observed in the forward
rapidity compared to that in mid-rapidity in d-Au collisions at
RHIC [75-77]. The reason for a “weak” Cronin effect being
observed in the forward rapidities remains an open question
and worth further studies.

In what follows we present the results of R,py as func-
tion of rapidity for D? meson integrated over 0 < pr < 10
GeV/c in the minimum bias p-Pb collisions at \/syn = 5.02
TeV. The calculation of Rppp follows Eq. (8). The results
obtained by the AMPT model are compared with the avail-
able experimental data from LHCb [40] and ALICE collab-
orations [41], as displayed in Fig. 14. The AMPT model
adequately explains the Rppp at mid and forward rapidities.
However, it overestimates the Rppy in the backward rapidi-
ties. The Cronin effect has been studied, and in general, we
observe no significant effect resulting from the pr integra-
tion of the cross sections when calculating the Rp,py. We fur-
ther studied the impact of nuclear shadowing by disabling
it in the p-Pb collisions in the AMPT calculations. It is
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observed that the nuclear shadowing suppresses D° Rppp
in the mid- and forward rapidity; however, the effects in the
backward range are the opposite. It is intriguing to observe
the rapidity-dependent nuclear shadowing effect on the Rppp
of DO meson, which depends on the variation of momen-
tum fraction x across different rapidity regions. The effect
of parton cascade is then studied by turning off the parton
scattering of the heavy quarks (oyo=0mb) in the AMPT cal-
culations. The presence of heavy quark scattering suppresses
D meson Rppp at mid-rapidity while enhancing it in the far
forward and backward regions. As aresult, the Rpp, from the
AMPT model without nuclear shadowing becomes more flat.
Our observations imply that the Rppp shape in experiments
arises from a combination of the Cronin effect, nuclear shad-
owing, and interactions within the de-confined parton matter
of the system.

3.4 Production cross sections

Finally, we investigate the production cross section of D°
mesons as a function of rapidity, integrated over 0 < pt <
10 GeV/c, in p+p and minimum bias p-Pb collisions at 5.02
TeV. The results obtained from the AMPT model are com-
pared with experimental data, as illustrated in Fig. 15. For
p+p collisions, the AMPT model slightly overestimates D
production at mid-rapidity and underpredicts it in the for-
ward region. Similarly, the AMPT model well describes the
DY production cross section in the p-Pb collisions at mid-
and backward rapidities, but underestimates it by approxi-
mately 20% in the positive range. Furthermore, we examine
the impact of nuclear shadowing and parton scattering by dis-
abling them in the p-Pb collisions in the AMPT calculations.
We observe that nuclear shadowing significantly suppresses
DO production in the mid- and forward rapidity regions,
while its effects in the backward range are only marginal.
Hence, the under-prediction of the production cross section
at forward rapidities in p-Pb collisions could be attributed to
the descrepency in p+p collisions and nuclear shadowing.
It’s worth noting that there remains a significant uncertainty
regarding nuclear shadowing of gluons [80], which we have
not explored in this study. Note that the recent nuclear parton
distribution functions include this particular LHCb data as
a constrain for the gluon shadowing [81-83] and find that
these data reduce significantly the uncertainties in nuclear
shadowing. Additionally, we investigate the effect of the par-
ton cascade by turning off parton scattering of the heavy
quarks(oyg=0 mb) in the AMPT calculations. Similar to the
Rppp results, the presence of parton scattering suppresses DO
meson production at mid-rapidity while enhancing it in the
far forward and backward regions.
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Fig. 15 The D° mesons production cross section as a function of rapid-
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the model without both shadowing and charm quark scatterings (dashed
line), alongside with the experimental data (symbols) [8,10,40,41]

4 Discussion

In the present AMPT model, interactions between the heavy
quarks and the QGP medium are modeled by two-body elas-
tic scatterings using ZPC, while heavy quark radiative energy
loss has not been considered. Previous studies suggest that
the heavy quark collisional energy loss depends linearly on
the path length, L, while the radiative energy loss is propor-
tional to L2. Therefore, for small systems such as p-Pb col-
lisions, the neglect of the radiative energy loss in the AMPT
model is expected to have only a small effect on heavy quark
observables. In the meanwhile, the implementation of the
radiative energy loss mechanism of heavy quark in the ZPC
model would be worthwhile since it would enable the AMPT
model to better describe the heavy flavor physics in larger
systems. Therefore, future study of heavy flavor Raa and vy
in heavy-ion collisions is planned.

In a previous study, the Cronin effect has been proposed
to be the key component in resolving the R,pp and v, puzzles
in p-Pb collisions at LHC. In this work, we further examine
the importance of including the Cronin effect in describing
the pr spectra and Rppp of D meson in the forward and
backward rapidities. Our results indicate a non-trivial rapid-
ity dependence of the strength of the Cronin effect in p-Pb
collisions. In addition, the effect of the Cronin is expected
to magnify with increased collision system size. Therefore,
further higher precision experimental measurements at dif-
ferent rapidities and the consideration of the Cronin effect
in studies of large systems will be necessary to advance the
understanding of the Cronin effect.



Eur. Phys. J. C (2024) 84:942

Page 11 0of 12 942

5 Summary

Using a multi-phase transport model, we have investigated
the pt spectra, multiplicity dependent nuclear modification
factor (Qppp) and multiplicity integrated Rppp of D mesons
in different rapidity intervals in p-Pb collisions at 5.02 TeV.
The AMPT model has been improved by extracting the heavy
quarks from the HIJING initial condition as well as incorpo-
rating the transverse momentum broadening (i.e., the Cronin
effect) and independent fragmentation for charm quarks. Our
results demonstrate that the improved model can reasonably
describe D” meson spectra and corresponding Oppp up to 10
GeV/c. Furthermore, by introducing a rapidity dependence
on the strength of the Cronin effect, the AMPT model cap-
tures the general rapidity dependence of D° meson produc-
tion and Rppy. This study contributes to a better understand-
ing of cold-nuclear-matter effects in relativistic heavy-ion
collisions.
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