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Abstract: In this work, we present the results of a component-level analysis with Monte Carlo simula-
tions, which aid the interpretation of recent ALICE results of the azimutal correlation distribution of
prompt D mesons with charged hadrons in pp and p–Pb collisions at

√
sNN = 5.02 TeV. Parton-level

contributions and fragmentation properties are evaluated. Charm and beauty contributions are
compared in order to identify the observables that serve as sensitive probes of the production and
hadronisation of heavy quarks.
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1. Introduction

Investigating the characteristic correlation patterns of heavy-flavour (charm and
beauty) particles in ultra-relativistic hadronic collisions can help in improving our under-
standing of the flavour-dependence of fragmentation mechanisms. The angular correlation
between prompt D mesons and charged particles in proton–proton (pp) collisions is sen-
sitive to the perturbative quantum chromodynamics (QCD) mechanisms of charm quark
production as well as the fragmentation into charm hadrons, and it is also affected by
initial- and final-state parton radiations (ISRs and FSRs, respectively) as well as multi-
parton interactions (MPIs).

With the ALICE detector, heavy-flavour hadrons are reconstructed from their decay
products. In order to investigate the mechanisms of particle production and study the
event properties of ultra-relativistic hadronic collisions in ALICE, two-particle angular
correlations are used. They are especially effective in the pT ranges (pT∼1–3 GeV/c)
where jet–medium interactions and semi-hard QCD processes are present and a full jet
reconstruction may be problematic [1]. Heavy-flavour correlation measurements in pp
collisions serve as a reference for the possible flavour-dependent modification of production
and fragmentation by hot or cold nuclear matter in larger systems [2].

ALICE reported the azimutal correlation distributions of prompt D mesons with
charged particles in pp and p–Pb collisions at

√
sNN = 5.02 TeV [3]. The transverse

momentum (pT) evolution of the near- and away-side peaks is found to be consistent in
pp and p–Pb collisions in the whole pT range. This suggests that the fragmentation and
hadronisation of charm quarks is not strongly influenced by cold nuclear matter effects.
The baseline-subtracted correlation functions and the near- and away-side peak yields and
widths measured in pp collisions are compared to predictions by several event generators,
with different modelling of charm production, parton showering, and hadronisation. In
general, the models describe the main features of the correlation functions well.
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In the current work, we present a component-level analysis based on simulations
performed within the ALICE software framework matched to the ALICE kinematic range,
following the analysis procedure of Ref. [3]. In order to further our physical understanding
of the development of correlation distributions via production, parton shower, and frag-
mentation in heavy-flavour events, the effects of FSR, ISR, and MPI are investigated. We
also explore the effects of quark mass and the different fragmentation models. Correlations
of prompt and non-prompt D mesons to charged hadrons are also compared in order to
quantify expected differences between different flavours.

2. Analysis Method

The pT dependence of the correlation is studied by measuring triggered correlations.
The D mesons are defined as trigger particles, while associated particles are considered as
all charged primary particles (see Ref. [3] for a more complete description of the analysis
procedure). Non-strange D mesons are reconstructed in the central rapidity region from
their charged hadronic decay channels D0 → K−π+, D+ → K−π+π+, D∗+ → D0π+, and
charge conjugates.

The associated particles are correlated to the trigger particle. The associated per-trigger
yield is measured as a function of the azimutal angle difference of the D meson (ϕD) and the
associated particle (ϕassoc.) as ∆ϕ = ϕD − ϕassoc. in several ranges of the trigger transverse
momentum (pD

T ) and associated transverse momentum (passoc.
T ) within each event, where

passoc.
T < pD

T . The near-side peak is defined as the range from −π
2 to π

2 , and the away-side
as the range from π

2 to 3π
2 . Near-side correlations give information about the structure

of jets since, after background subtraction, most trigger and associated particles come
from the same jet. The differences between the correlations of beauty, charm, and light
flavour provide valuable information about flavour-dependent jet fragmentation. Away-
side correlation is mostly from back-to-back jet pairs and is sensitive to the underlying
hard processes.

We used the PYTHIA8 Monte Carlo event generator [4] to simulate hard QCD events
using the 4C [5] tune for LHC pp data at

√
s = 5.02 TeV. In general, PYTHIA8 with

4C tune describes the trends in ALICE D–h correlation data well with some qualitative
differences [3].

Charged hadrons are selected in |η| < 0.8, with a similar method to that outlined
in Ref. [3]. The azimutal correlation distributions are examined in the pseudorapidity
difference range |∆η| < 1 for four D meson pT ranges, 3 < pD

T < 5 GeV/c, 5 < pD
T < 8

GeV/c, 8 < pD
T < 16 GeV/c, and 16 < pD

T < 24 GeV/c. The distributions are presented
for passoc.

T > 0.3 GeV/c, as well as for three sub-ranges, namely, 0.3 < passoc.
T < 1 GeV/c,

1 < passoc.
T < 2 GeV/c, and 2 < passoc.

T < 3 GeV/c.
In order to quantify the properties of the average D meson azimutal correlation

distribution, the latter was fitted with the following function:

f (∆ϕ) = b +
YNS · β

2αΓ(1/β)
· e−(

∆ϕ
α )β

+
YAS√
2πσAS

· e
− (∆ϕ−π)2

2σ2
AS . (1)

The fit function in Equation (1) is composed of a constant term b describing the flat
contribution below the correlation peaks, a generalised Gaussian term describing the
near-side peak, and a Gaussian term reproducing the away-side peak. In the generalised
Gaussian function, the term YNS is a normalisation factor for the near-side peak; the term α
is related to the variance of the function and, hence, to its width; and the term β drives the
shape of the peak (if β = 1, then it is an exponential function, and the Gaussian function is
obtained from β = 2; if β > 2, the shape of the peak is flattened). In the Gaussian function,
the terms YAS and σAS are the yield and the width, respectively, of the away-side peak.
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3. Results
3.1. Different Parton Level Contributions

We examined the three different parton-level contributions implemented in PYTHIA 8:
MPI, ISR, and FSR [6,7]. In PYTHIA8, multiple hard-parton interactions and scatterings
between proton remnants are modelled in the multi-parton interaction framework. These
are responsible for the production of a large fraction of the particles uncorrelated with
the D meson candidate trigger. Before hard scattering takes place, one of the incoming
partons radiates gluons in the so-called initial-state radiation process. Similarly, outgoing
partons from the hard-scattering produces a shower of softer particles via a final-state
radiation process.

By switching off/on the different interactions at the parton level while simulating
PYTHIA 8 events, it is possible to study the effect of these interactions on the observed
correlations. Figure 1 compares the near-side peak features and pT evolution of data with
simulated events with the presence of different interactions for 1 < passoc.

T < 2 GeV/c as a
function of pD

T . In the top row, the near-side yield shows the significant contribution of FSR
at higher pD

T , while the away-side width demonstrates the significant contribution from
both FSR and ISR. In the middle row, the near-side width and shape display no change,
which attests the notion that the shape of the near-side peak is driven by the fragmentation
and the hadronic stage. As expected, the away-side peak is wider than the near-side peak
because of a combined contribution of parton-level effects (with ISR having the strongest
role). When FSR is turned off, it overshoots the physical case (all on). Figure 2 shows
an example of the associated yield of D–h correlations from simulations with different
parton level contributions. The observation that ISR does not influence the near-side peak
observables can probably be understood considering that these early parton radiations
tend not to influence jet development with a given pT, but they may statistically shift
the pT interval in which the paired jet falls. In the bottom row, the baseline presents the
contributions of parton-level effects to the underlying event as expected.

Although all three effects contribute to the baseline, the most pronounced one is
MPI, and the observed pD

T dependence is not significant. This is expected since MPI in
high-multiplicity pp collisions is proposed to explain the observed trend of D meson self-
normalised yields at different relative multiplicities, which is largely independent from the
leading hard process.

3.2. Investigating the Fragmentation of Heavy Flavour

Identifying the characteristic correlation patterns of heavy quarks can help understand
flavour-dependent fragmentation. Measuring the yield of heavy quarks provides insight
into the perturbatively computable processes of flavour-dependent parton formation, while
the study of jet structures also provides information on fragmentation processes that cannot
be calculated analytically. The azimutal correlation of D mesons with light-charged hadrons
reveals information of the formation of the jet structure. In the following, two heavy-flavour
fragmentation models, the Lund and the Peterson models [8,9], are compared. The Lund
model is a phenomenological model of hadronisation that has been used in the field since
its emergence. It treats all but the highest energy gluons as field lines, which are attracted
to each other due to gluon self-interaction and so form a narrow tube of a strong colour
field. The Lund formula is

f (z) =
(1− z)a

z
exp

(
−

bm2
⊥h

z

)
, (2)

where f (z) is the parton density in colliding hadron, z is the momentum fraction, m⊥ =√
m2 + p2

⊥ is the transverse mass, and a and b are parameters. In accordance with obser-
vations, the model predicts that in addition to the particle jets formed along the original
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paths of two separating quarks, there will be a spray of hadrons produced between the jets.
The Peterson formula,

f (z) =
1

z(1− 1
z −

ε
1−z )

2
, (3)

where ε is the ratio of the effective light and heavy quark masses, is a simple parametrisation
of the heavy-quark fragmentation functions that describes well the charmed hadron spectra
measured at SLAC.
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Figure 1. Near- and away-side peak yield (top row), width (middle row), β parameter and baseline
(bottom row) of D–h correlations from simulations with different parton level contributions in pp
collisions at

√
s = 5.02 TeV as a function of the D meson pT for 1 < passoc.

T < 2 GeV/c.

Figure 3 compares the near-side peak yields and the pT evolution for the Lund and the
Peterson heavy-flavour fragmentation models in pp collisions using the PYTHIA 8 event
generator for 0.3 < passoc.

T GeV/c and for different pD
T ranges. It presents hints of different

trends towards higher D meson pT.
The mass of the parton initiating the jet also influences the structure of the resulting

hadronic jets. When charged particles are produced in high-energy collisions, they are
usually accompanied by FSR. In the heavy quark case, QCD predicts a suppression of soft
gluon emission within a cone with a given angle around the moving direction of a charged
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particle. This is called the dead-cone effect [10]. The pattern of radiation depends crucially
on the mass of the emitter but not on its spin, where radiation from quarks with mass m
and energy E is suppressed for emission angles θ ≤ m/E. The first direct measurement at
the LHC of the dead-cone effect was carried out recently by ALICE [11]. However, we also
expect to see a modified fragmentation in the correlations due to the dead-cone effect.
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T < 2 GeV/c and 3 < pD

T < 5GeV/c.
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Figure 3. Near-side peak yield of simulated D–h correlations with different heavy-flavour fragmen-
tation models in pp collision at

√
s = 5.02 TeV, as a function of the D-meson pT, for passoc.

T > 0.3
GeV/c.

In order to disentangle the dead-cone effect from other differences that may show up
between heavy- and light-flavour correlations, the fragmentation mass of the charm quark
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was set to zero. In Figure 4, there are slight differences at the near-side yield and at high pD
T

in a similar pattern to that in Figure 3. This confirms that the differences in fragmentation
of light and heavy quarks are accessible with angular correlation measurements.
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Figure 4. Near-side peak yield of simulated D–h correlations in pp collision at
√

s = 5.02 TeV, as a
function of the D-meson pT, for passoc.

T > 0.3 GeV/c.

3.3. Separation of Prompt and Non-Prompt D Mesons

We examined the direct decay cases of D mesons promptly produced from c quarks
and non-prompt D mesons from the decay of B mesons. The measurement of the relative
contributions of prompt and non-prompt D mesons allow for the verification of QCD
models in pp collisions as well as for an improved understanding of the flavour depen-
dence of heavy-quark energy loss within the quark–gluon plasma in heavy-ion collisions.
Figure 5 shows a strong difference between trends in the parameters of prompt and non-
prompt D mesons, and Figure 6 shows an example of the associated yield of prompt and
non-prompt D meson correlations. The per-trigger yields are significantly higher in the
case of non-prompt D mesons at both the near and away sides (about 50%) and for the
baseline (about 10%), meaning a higher particle production associated with the heavier
B mesons.

The near-side shapes are also significantly different at low pD
T , similarly to the heavy-

flavour electrons from b and c quarks [12]. This attests to the importance of flavour-
dependent fragmentation in the resulting correlation patterns.
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Figure 5. Near- and away-side peak yield (top row), width (middle row), β parameter and base-
line (bottom row) of prompt and non-prompt D meson correlations with hadrons in simulated
pp collisions at

√
s = 5.02 TeV as a function of the D meson pT for passoc.

T > 0.3 GeV/c.
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4. Conclusions

Recent ALICE results of the azimutal correlation distribution of prompt D mesons with
charged hadrons in pp and p–Pb collisions at

√
sNN = 5.02 TeV are qualitatively described

by several LO and NLO simulations [3]. Among these, PYTHIA 8, which includes MPI and
colour reconnection description, well describes the measured correlations. For this reason,
we performed a component level analysis with PYTHIA 8 to amend and interpret these
measurements.

We observed that the contribution of parton-level effects mostly affects the underlying
event and away-side peak. While the away-side width is sensitive to the MPI contribu-
tion, the baseline is affected by the ISR, FSR, and MPI. The difference in the correlation
functions depending on whether the Lund or the Peterson fragmentation model is used
comes from the effect of the charm mass. There are slight differences in the correlation
patterns when setting the c-quark mass to zero, showing the role of the dead-cone effect in
fragmentation. The near-side peaks of prompt and non-prompt D mesons are significantly
different, highlighting the importance of flavour-dependent fragmentation in the observed
correlation patterns.

The results obtained from the analysis are helpful in identifying the observables that
serve as sensitive probes of the production and hadronisation of heavy quarks produced in
ultra-relativistic pp collisions. Moreover, they provide grounds for the interpretation of
possible modifications of the production and fragmentation in heavy-ion systems.
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