PHYSICAL REVIEW C 107, 024911 (2023)

Jet fragmentation via azimuthal angular correlations of electrons from heavy flavor decay
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Measurements in heavy flavor azimuthal angular correlation provide insight into the production, propagation,
and hadronization of heavy flavor jets in ultrarelativistic hadronic and heavy-ion collisions. These measurements
across different colliding systems, such as p-A and A-A, help us isolate the possible modification in particle pro-
duction due to cold nuclear matter (CNM) effects and the formation of quark-gluon plasma (QGP), respectively.
Jet correlation studies give direct access to the initial parton dynamics produced in these collisions. This article
studies the azimuthal angular correlations of electrons from heavy flavor hadron decays in pp, p-Pb, and Pb-Pb
collisions at ,/syy = 5.02 TeV using PYTHIA8+Angantyr. We study the production of heavy flavor jets with
different parton level processes, including multiparton interactions, different color reconnection prescriptions,
and initial and final state radiation processes. In addition, we add the hadron-level processes, i.e., Bose-Einstein
and rescattering effects, to quantify the effect due to these processes. The heavy flavor electron correlations
are calculated in the different trigger and associated pr intervals to characterize the impact of hard and soft
scattering in the various colliding systems. The yields and the sigmas associated with the near-side (NS) and
away-side (AS) correlation peaks are calculated and studied as a function of associated pr for different trigger

Pt ranges.
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I. INTRODUCTION

Heavy nuclei are collided at the high center of mass ener-
gies to produce a primordial state of matter, the quark-gluon
plasma (QGP), which is a deconfined state of quarks and
gluons. Experiments such as those at the Relativistic Heavy-
Ion Collider (RHIC) at BNL, USA, and the Large Hadron
Collider (LHC) at CERN, Geneva, Switzerland, serve the
purpose of studying this state of matter, and unraveling its
properties [1-3]. These collider experiments aim to probe the
strongly interacting matter phase diagram, which is based on
quantum chromodynamics (QCD) [4-6]. In very high energy
regimes, measurements in hadronic (or pp) collisions provide
a stringent test for perturbative QCD (pQCD) calculations
and serve as a baseline for heavy-ion measurements [7,8]. In
p-Pb systems, cold nuclear matter (CNM) effects come into
play, which may modify the hadronization mechanisms and
the yields of identified particles [9—12]. Heavy-ion collisions
(Pb-Pb or Au-Au) measure the properties and dynamics of the
possible QGP formed [2,3].
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In ultrarelativistic heavy-ion and hadronic collisions, the
initial hard scatterings result in a collimated beam of high
momentum (pt) partons. These partons fragment to produce a
cluster of particles, known as a jet [13—16]. The study of high-
pr jets establishes how partons fragment into various particles
and reveal the effects of their interaction with the medium.
Initial hard scatterings in pp, p-Pb, and Pb-Pb collisions also
lead to the production of heavy flavors, namely charm (c)
and beauty (b) [17,18]. Their early production is accredited
to their large mass and allows them to traverse and interact
with the partons in the produced hot QCD matter produced.
The production cross section of these heavy quarks can be
calculated using the factorization theorem

dofed = %, pfum(as OF) ® foyp(xp, Q%)

® dol5 (xg, x5, 0F) ® Dessc(z, %), (1)

where f,/4 (x4, 0?%) and SoyB(xp, 0?) are the parton distribu-
tion functions which give the probability of finding parton a
(b) inside the particle A (B) for given x (fraction of particle
momentum taken by parton) and factorization scale (0%,
do(gj“_f cx(xa,x;,,Qz) is the partonic hard scattering cross-
section, and D,_,¢(z, Q%) is the fragmentation function of the
produced parton (particle).

The heavy flavor hadron production is sensitive to the
charm and bottom fragmentation functions and to the
hadronization mechanisms of these heavy flavor hadrons
[19,20]. These heavy quarks hadronize on a shorter timescale
as they traverse the medium. This phenomenon can lead to
a modification in the fragmentation function of the heavy
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quarks. In order to quantify the medium effects, studies of
high-pr jet fragmentation are done via angular correlations
of heavy flavor particles in heavy-ion collisions [21,22]. Az-
imuthal angular correlation study is an effective tool for
studying jet events. A jet event can consist of a single jet,
the particles from which will produce a large correlation at
Ag = 0, or a back-to-back dijet in which the particles will
produce a correlation at Ag = 7. The correlation function is
obtained by correlating each trigger particle with the associ-
ated charged particle. These correlations appear as peaks in a
Ag distribution, generally known as the “near-side” (A¢ = 0)
and “away-side” (A¢ = m) peaks.

In a pp collision, more than one distinct hard-parton in-
teraction can occur, and proton remnants can also scatter
again on each other. Such processes are called multi-parton
interactions (MPI) and are responsible for the production of
a large fraction of the particles. In the MPI implementation
used in PYTHIA8 [23] (which also drives the MPI pro-
cess in POWHEG+HPYTHIAS simulations [24]), charm-quark
production can occur not only from the first (hardest) hard
scattering but also from hard processes in the various MPI
occurring in the collisions, ordered with decreasing hardness.
There is also some correlation between FSR+ISR and MPI
processes since initial- and final-state radiations are generated
from all the parton interactions occurring in the collision and
are thus enhanced in the presence of MPI. The recent measure-
ment of angular correlations between D mesons and charged
particles by the STAR Collaboration shows a significant mod-
ification of the near-side peak width and associated yield,
which increases from peripheral to central Au-Au collisions
[25]. Similar measurements were later carried out by the LHC,
which investigated the possible modifications in jet properties
due to the medium effects [26]. The measurements show sup-
pression for the away-side peak, suggesting energy loss of the
recoil-jet parton traversing through the medium. The amount
of suppression can be quantified by the near- and away-side
yield ratios taken for p-Pb and Pb-Pb systems over pp where
medium effects are not present. We inspect the contribution of
MPI and various CR phenomena with PYTHIA8+Angantyr
[27] in the regime of perturbative QCD.

In this article, the heavy flavor hadron decay electrons
(c,b — e) are used to study the parton shower of heavy
quarks. It will contribute to a better understanding of heavy
flavor parton showers and offer predictions for measurements
of the heavy flavor correlation. This study is important from
the perspective of experimental measurements at high ener-
gies in heavy flavor correlations, which are currently available
only for charm mesons. By varying the trigger and associated
particle pr, this work aims to investigate how soft and hard
fragmentation showers interplay. The correlation peaks in this
article are described using a novel fitting function (von Mises).
As the beyond leading color (BLC) tunes increase the peak
amplitude for baryon-tagged correlation, predictions from the
new color reconnection (BLC) tunes are compared to the
default (Monash) ones to see the behavior of fragmentation
functions in the presence of baryon decay electrons. Further,
the effect of partonic and hadronic level processes on heavy
flavor jet fragmentation is studied.

The paper is organized as follows. In Sec. II, the details
of event generation and analysis methodology are discussed.
Section IIT presents the results and discussions. Finally, in
Sec. IV, we summarize our findings.

II. EVENT GENERATION AND ANALYSIS
METHODOLOGY

The PYTHIA event generator is used comprehensibly
to study proton-proton, proton-lepton, proton-nucleus, and
nucleus-nucleus collisions. It provides an abundance of pro-
cesses and tunes to choose and implement as per the physics
involved in the study. The collisions between nuclei are
done with the inclusion of Angantyr with PYTHIAS [23,27].
PYTHIAS8+Angantyr helps produce a dense medium-free
state of partons that further hadronize to form the final state
particles. PYTHIA includes multiparton interactions (MPI),
initial-state radiations (ISR) and final-state radiations (FSR)
implementing hard and soft parton scattering processes. The
high-pr partons form showers or jets, which undergo frag-
mentation processes and hadronize according to the Lund
string fragmentation model. Hadronization follows the color
reconnection (CR) mechanism between the partons, which is
carried out by rearranging the strings between them. By doing
so, the total string length can be modified, which is sensitive
to the hadronization process. The partons hadronize when
the string length is small enough after subsequent creation
of light quark-antiquark pairs [28]. MPI and CR phenomena
in PYTHIA contribute significantly to the particle production
mechanism, as seen in the charged-particle multiplicity distri-
butions [29,30]

The CR mechanism of hadronization can be further ex-
plored by investigating the string topology between the
partons. In the leading color (LC) approximation, quarks and
antiquarks connected by a colored string have a unique index.
This ensures a fixed number of colored strings, such that no
two quarks (antiquarks) can have the same color. The same
applies to gluons, represented by a pair of colored strings.
This model is extended to non-LC topologies or beyond LC
(BLC), where the colored strings can form between both
LC-connected partons and non-LC-connected partons. This
leads to further possibilities of a string being connected to
other partons of the matching index other than the LC par-
ton. During the reconnection process, time-dilation effects are
taken into account, and three modes of color reconnection
in the BLC approximation are taken. In this study, we use
PYTHIAS8+Angantyr tunes for LC (Monash 2013) and BLC
(Mode0, Mode2, Mode3) CR mechanisms and study the effect
of various hadronization mechanisms [31].

The Angantyr framework within PYTHIA allows the ex-
tension to proton-nucleus and nucleus-nucleus collisions,
whereas standalone PYTHIA provides only proton-proton
and proton-lepton collisions. Angantyr uses a Glauber model
based eikonal approximation for the number and positions
of interacting nucleons and the number of binary nucleon-
nucleon collisions. It includes individual fluctuations in the
nucleon substructure for both target and projectile, imple-
menting Gribov’s corrections. The collisions in Angantyr
can be PYTHIAS driven (nondiffractive), which are pp-like,
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which means a wounded projectile nucleon can have pp-like
collisions with one or more target nucleons (secondary non-
diffractive) [27,32].

The production of heavy flavors in PYTHIA is based on
leading order (LO) perturbative processes of gluon fusion
(gg — QQ) or pair annihilation (gg — QQ). PYTHIA also
approximates certain higher-order contributions within its LO
framework via flavor excitation (gQ — Qg), or gluon split-
tings (¢ — QQ) which give rise to heavy flavor production
during high-pr parton showers. Studies report that the contri-
bution from heavy flavor electrons in PYTHIA is dominated
by flavor excitation and gluon splitting [19,33].

We used PYTHIA version 8.3 and PYTHIA8+-Angantyr to
generate around 50 million events for pp and p-Pb collisions
at /syy = 5.02 TeV, respectively. For Pb-Pb, approximately
5 x 10° events were generated using PYTHIA8+Angantyr at
J/svv = 5.02 TeV. In this paper, the results are the predic-
tions for the ALICE experiment. Therefore, the electrons from
heavy flavor hadrons (c, b — e) decays are selected within
In| < 0.6 as trigger particles due to the acceptance of the
electromagnetic calorimeter (EMCal) detector in ALICE. The
trigger particles are selected from 4 to 20 GeV/c. In order
to increase the statistics of heavy flavor decay electrons, the
hard QCD processes are turned on to enable charm and beauty
quark production with the minimum phase space cut of 9
GeV/c, which is a safe choice for LHC energies. The number
of electrons from beauty and charm hadrons is corrected using
FONLL prediction [34-36], as the decay kinematics and frag-
mentation of charm and beauty are different. The correlation
distribution of heavy flavor decay electrons is generated by
correlating each heavy flavor electron to the associated par-
ticles from 1 to 7 GeV/c. Here, associated particles are the
physical primary particles.

To validate these settings of PYTHIA, a comparison of
azimuthal correlation (Ag distribution) of prompt D mesons
and charged particles with ALICE data is shown in Fig. 1. In
the figure, the Ag distribution obtained from the PYTHIAS
Monash tune is compared with ALICE published data for
/s =7 TeV in the pr trigger 5-8 GeV/c (p§) for associated
particles pr 0.3-1 GeV/c (p§*°°) [37]. Here, the range of
Ag distribution is taken from O to 7w to match with ALICE
data. The pedestal (baseline) is subtracted from the gener-
alized Gaussian function considering the physical minima
around 7 /4 to 7 /2. The result from PYTHIA shows a good
agreement with ALICE data, which motivates us to give a
prediction on heavy flavor electron correlation with charged
particles.

A. Baseline estimation and near- and away-side
observable extraction

The correlation analysis is performed by correlating each
heavy flavor decay electron with its associated charged parti-
cles. In order to measure both the near- and away-side peaks
with full ranges, the Ag distribution is obtained in the range
—m/2 < Agp < 37 /2, where the near-side peak is observed
at Ap = 0, formed by the charged particle associated with
the electron of a high transverse momentum (p%) particle,
whereas the away-side peak appears at A¢ = 7 due to back-
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FIG. 1. Comparison of average D-meson azimuthal-correlation
distribution at midrapidity with PYTHIA8 Monash for trigger p2
range 5 < pR < 8 GeV/c and p¥* range 0.3 < p? < 1 GeV/c
in pp collisions at i/s = 7 TeV.

to-back di-jets produced by LO processes. A flat region also
appears between the peaks formed under the signal region
by the uncorrelated pairs of trigger particles and associated
particles. Most of the contribution in the baseline comes from
the soft processes. The baseline subtractions and measurement
of near- and away-side observables are performed by fitting
the raw Ag distribution (included baseline) with the von
Mises function, as shown in Fig. 2 [38,39]. The function is
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FIG. 2. The azimuthal-correlation distribution (Ag) fitted with
the von Mises function is shown for trigger p range 10 < p5 <
20 GeV/c and for associated pr range 1 < p} <2 GeV/c in pp
collisions at /s = 5.02 TeV.
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defined as

glns cos (Ag) Kas oS (Ap—1)

e
+ .
2 ly(kns) 21 ly(kas)

f(Ap)=b+ (2)
Here, b is the baseline, « is the reciprocal of dispersion, which
means it gives a measure of the concentration, and [y is the
zeroth-order modified Bessel function. The means for near-
and away-side peaks are fixed to 0 and =, respectively.

Earlier, double Gaussian, double generalized Gaussian,
and generalized Gaussian 4+ Gaussian functions, along with
a constant term, were employed in these measurements to
measure the near- and away-side observables as well as to
estimate the baseline. But due to the triangular structure of
the near-side correlation peak, the Gaussian function is not
suitable as a fit function. The generalized Gaussian function
is discarded as the number of free parameters is larger than
that of the von Mises function, which may bias the near- and
away-side observables, especially the width, as the shape pa-
rameters of the generalized Gaussian have an anticorrelation
with the width of the peaks. Another advantage of the von
Mises function is that it can adjust the shape according to
correlation peaks, as the shape of the near-side peak is nearly
triangular, whereas the away-side peak is almost Gaussian. In
the measurements of D meson correlation, the authors used
two different functions, a generalized Gaussian for the near-
side peak (triangular) and a Gaussian for the away-side peak,
whereas the von Mises function does not need to combine with
other functions.

The near- and away-side widths are estimated by measur-
ing the sigma (o) from the von Mises function as given by the
relation

3

Here, Iy and I; are the modified Bessel functions of zeroth
order and first order, and « is measured by the von Mises
function fit parameter.

The error in the width (do’) is propagated by the relation

1 I 1
da:—x(—l——o—}——)d/c, “)

where dk is the uncertainty in «, obtained by von Mises
function fitting.

In this work, we are presenting the A¢ distribution and
near- and away-side yields and widths (o) in three different pf;
intervals corresponding to 4-7, 7-10, and 10-20 GeV /c with
five p§°° intervals corresponding to 1-2, 2-3, 3—4, 4-5, and
5-7 GeV/c. The Ay distribution obtained within |[An| < 1. A
condition p§*°® < pf is applied while correlating the particles
to avoid the double counting of trigger electrons in correlation.
These results are obtained with three different tunes of color

reconnection along with the default Monash tune.

III. RESULTS

The shape and height of the correlation peaks can be com-
pared in pp, p-Pb, and Pb-Pb collisions to provide information
about the possible system size dependence on modification

of jet fragmentation. On the away side, it reflects the sur-
vival probability of recoil partons while passing through the
medium. It can be seen in Fig. 3 that there are no signifi-
cant differences among different color reconnection tunes in
pp and p-Pb collisions; however, a small increment of peak
height is observed in Pb-Pb collisions with BLC tunes. This
might be because an additional junction was added to BLC
tunes, showing the effect at high-density strings in Pb-Pb
collisions. However, more study is required in this direction to
make a strong claim. It is observed that the particles associated
with high pS have higher peaks compared to low-pr trigger
particles. Also, the peaks are narrower for the high-pf particle
due to the initial boost. The difference between the correlation
pattern can be quantified more efficiently by comparing near-
and away-side yields and widths.

The near- and away-side width of A distribution peaks are
obtained for all the tunes with different triggers and associated
pr intervals, as shown in Fig. 4 for pp, p-Pb, and Pb-Pb
collisions. By observing all the figures, it is clear that, for each
pt bin, widths decrease with increasing associated particles
pr, which is reflected by the decreasing broadness. On the
other hand, peaks associated with high- p. particles have lower
widths than low-p% particles due to the initial boost in the
transverse direction. Different color-reconnection tunes are
not showing significant changes in width, and the spreads of
the widths due to the various tunes are treated as a band of
systematic uncertainties.

Similarly, yields are extracted for the near- and away-side
peaks. The yields are measured by the bin counting method
within the three-sigma (<30) region from the mean value of
the peaks. The o for the concerned peak is obtained by using
Eq. (3) with the help of the von Mises function. The near- and
away-side yields for the different p} are shown in Figs. 5 for
pp, p-Pb, and Pb-Pb, respectively. It is observed that a high-pf;
particle shows a higher yield compared to a low-pf, particle.
This is expected as the available energy to fragment into
associated particles is more prominent in high-pf. particles.

Moreover, the difference in charm and beauty
fragmentation could affect the yields of low and high-p%
particles. The yields are decreasing towards higher p7°°
intervals, suggesting that fragmentation into low-p3¥°°
particles is higher than into high-p§*™°° particles due to the
production cross section. As the process of heavy quark
fragmenting to heavy flavor hadrons is very rare, the emission
of high-py associated particles becomes limited, and most
of the accompanying associated particles are softer. By
comparing these yields in different systems, it is observed
that the results from pp and p-Pb are consistent with each
other, which is also seen in the D-meson and charged
particle correlation performed by the ALICE experiment
[21,37]. The D-h correlation measurement performed by
the ALICE experiment does not show any deviation in
pp and p-Pb collision results, which suggests that there
is no major modification in the fragmentation due to the
cold nuclear matter effect. We see the same result by using
PYTHIA8+Angantyr. In contrast, yields from Pb-Pb are
slightly lower, especially for low-p% particles. It must be
noted that the suppression of yields (jet quenching) in
Pb-Pb is due to MPI4+-CR and higher particle density, as a
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PYTHIAS8+Angantyr model.

Further, results are obtained for different partonic and
hadronization processes and compared with each other. It
provides a detailed view of the correlation function from the
hard-scattering outgoing partons and their hadronization. In
Fig. 6, the near-side yields are obtained from the bin-counting
method using the fit function discussed above for both par-
ton level and hadron level processes. The top figure shows
the comparison between different partonic processes, i.e.,
ISR, FSR, and MPI. Before hard scatterings occur, partons
from the incident protons beams can radiate gluons in the

initial-state radiation (ISR) process. Similarly, outgoing par-
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FIG. 3. The azimuthal-correlation distribution from PYTHIAS for trigger p§ range 2 < p§ < 5 GeV/c and for associated pf
< 5GeV/c in pp, p-Pb and Pb-Pb collisions at ,/syy = 5.02 TeV.

ranges

tons from hard-scattering processes can produce a shower
of softer particles via a final-state radiation (FSR) process.
Since hadrons are composite objects, more than one distinct
hard-parton interaction can occur in a pp collision, and proton
remnants can also scatter again on each other. Such processes
are called multiparton interactions (MPI) and are responsible
for producing a large fraction of the particles. Heavy quarks
in PYTHIA can occur not only from the first hard (hardest)
scattering but also from hard processes in the various MPI
occurring in the collisions, ordered with decreasing hardness
[40].

It is observed that the near side yields with all partonic pro-
cesses switched on (default) are similar to the yields for MPI
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off, especially at higher pr. This is because particles produced
from MPI are uncorrelated to the trigger particle; hence they
contribute to the baseline. A significant decrease in yields is
seen while switching off to ISR and FSR processes, as higher
momentum particles contribute to more collinear particle pro-
duction with these processes. This points towards a relevant
role of hadronization in shaping the correlation peaks in the
absence of these processes. Switching MPI off with these pro-
cesses (“All off”’) has no significant difference. The difference
which we are seeing at high p%, could be due to fluctuation. In
the bottom figure, different hadron level processes are shown,
i.e., Bose-Einstein (BE) effect and rescattering effect [41-43].
In the phenomenological Lund model, the BE effect is approx-
imated by a semiclassical momentum-dependent correlation
function, which effectively acts as an attractive force between
two mesons. The BE class in PYTHIA performs shifts of
momenta of identical particles to provide a crude estimate
of BE effects. In the rescattering phenomena, it is assumed
that the hadrons produced can scatter against each other on
the way out before the fragmenting system has had time to
expand enough that the hadrons get free. This is happening
in parallel with rapid decays. It is interesting to see that no
significant impact of the hadronization processes is observed
in the yields. It is to be noted that, in this figure, “All on”

means all the default hadronic processes are on; however, BE
and rescatter are off.

IV. SUMMARY

In this work, we attempt to study the heavy flavor decay
electron and charged particle correlation in pp, p-Pb, and Pb-
Pb collisions at \/syy = 5.02 TeV using the Angantyr model
incorporated in PYTHIAS. In this article, we are studying
the fragmentation via heavy flavor decay electron and the
modification of fragmentation in p-Pb and Pb-Pb systems. It
is to be noted that the Angantyr model is an extrapolation of
pp collision into pA and AA collisions without a thermalized
medium or collectivity. In this regard, the primary observa-
tions of this work are summarized below:

(i) A new fit function, named the von Mises function,
is used to fit the correlation peaks and extraction of
yields and widths of near- and away-side peaks.

(i) No major effects are observed with different color-
reconnection schemes. Color-reconnection schemes
are used as systematic uncertainties.

(iii) Effect of the initial boost on the correlation peaks is
observed. Peaks are narrower for high-p%. particles
than lower pS, whereas yields associated with high-
pt particles are larger than lower-p?, particles.

(iv) No modification in heavy flavor fragmentation is
observed in the p-Pb collision system, similarly to
D-meson and charged hadron correlation performed
on ALICE data. It suggests that the fragmentation
function has no dependency on cold-nuclear matter
effects.

(v) A small jet quenching is seen in Pb-Pb collisions,
probably due to MPI4-CR and higher multiplicity
compared to a small system.

(vi) MPI has no significant effect on fragmentation, as
heavy quarks in PYTHIA can originate in different
MPI stages based on the ordering of hard processes.

(vii) Associated yields are significantly increased by ISR
and FSR effects, as these radiations contribute to
more collinear particle production.

(viii) There are no significant modifications in fragmenta-
tion due to hadron-level processes, i.e., BE effect and
rescatter effect. This suggests that associated yields
per trigger particle are mainly generated by parton
fragmentation.
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