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Jet fragmentation via azimuthal angular correlations of heavy flavors in pp collisions at /s = 7 TeV
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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 particle species help to isolate the possible modification in particle production and fragmentation
due to different mass and quark contents. Jet correlation studies give direct access to the initial parton dynamics
produced in these collisions. This article studies the azimuthal angular correlations of heavy-flavor hadrons
(charm and beauty mesons and charm baryons) in pp collisions at /s =7 TeV using PYTHIAS. We study
the production of heavy-flavor jets with different parton-level processes, including multiparton interactions and
different color reconnection prescriptions. The heavy-flavor hadrons correlations are calculated in the different
triggers and associated pr intervals to characterize the impact of hard and soft scattering. The yields and the
widths 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 pr ranges.
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I. INTRODUCTION

The Relativistic Heavy-Ion Collider (RHIC) at BNL, USA,
and the Large Hadron Collider (LHC) at CERN, Geneva,
Switzerland, serve the purpose of studying the exotic states
of matter like quark-gluon plasma (QGP) [1,2], and unravel
its properties by colliding high energy nuclei. These collider
experiments aim to probe the strongly interacting matter phase
diagram based on quantum chromodynamics (QCD). Ultrarel-
ativistic heavy-ion and hadronic (pp) collisions result in the
formation of a dense system composed of low transverse mo-
mentum (pr) partons [3]. Initial hard scatterings in pp, p-Pb,
and Pb-Pb collisions produce heavy-flavors, namely charm (c)
and beauty (b) [4-8]. Their early production can be attributed
to their large mass, which allows them to traverse through
the QGP and interact with the partons of the hot medium.
The production cross section of these heavy quarks is usually
calculated using the factorization theorem,

dold = b x faa(Xa, 01 ® foyp(xp, O%)
® dotd (x4, Xp, 01) ® Dese(z, 0%), (1)

where f,/4 (x4, 0?%) and Joy8(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
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particle momentum taken by the parton) and factorization
scale (Q%), dod - (x,, x5, Q?) is the partonic hard scattering
cross section, and D._,¢(z, Q%) is the fragmentation function
of the produced parton (particle). This leads to universal
hadronization, but new PYTHIAS tunes have incorporated dif-
ferent hadronization models based on beyond-leading color
approximation (BLC tunes) and rope hadronization (shov-
ing) which do not assume universal hadronization. The high
momentum (pr) partons through fragmentation (parton show-
ering) [9-12] and hadronization form a cluster of final state
particles known as a jet. The study of high-pr jets reveals how
a parton fragments into various particles and allows the study
of the parton’s interaction with the medium.

One of the methods to study interactions of heavy fla-
vors with partons of hot QCD matter is a two-particle
angular correlation function [13-16], i.e., the distribution of
the differences in azimuthal angles, A¢ = @a50c — Puig, and
pseudorapidities, An = Nassoc — Nurig> Where @assoc (Massoc) and
@uig (Nuig) are the azimuthal angles (pseudorapidities) of the
associated and trigger particles respectively. The structure
of the correlation function usually contains a ‘“near-side”
(NS) peak and an “away-side” (AS) peak at Agp =0 and
Ag = 1 respectively over a wide range of An. In QCD,
leading order (LO) heavy-flavor production processes imply
back-to-back correlations at Ap =0 and A¢ = 7 with the
same distribution parameters; however, next-to-leading order
(NLO) processes like gluon splitting and flavor excitation
can lead to change in the away side peak. Additionally,
the production of heavy-flavor hadrons is sensitive to both
the charm and beauty fragmentation functions as well as the
hadronization mechanisms; for these reasons, the two-particle
angular correlation function enables us to not only study how
heavy-flavors interact with QGP in Pb-Pb collisions but also to
characterize the production, fragmentation, and hadronization
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of heavy-flavor hadrons in pp collisions [5]. Apart from above
mentioned reasons, modification of the correlation function is
also possible in the case of p-Pb due to cold-nuclear matter ef-
fects (nuclear shadowing and gluon saturation) [17-19]. After
measuring the nuclear modification factor of D mesons and
electrons from heavy-flavor hadron decay in p-Pb collisions
at \/syny = 5.02 TeV, a small influence of cold-nuclear matter
effects on heavy-flavor quark production at midrapidity was
observed [20-24].

In this article, we present the study of the azimuthal cor-
relation function of prompt D mesons/baryons and B mesons
with charged hadrons in pp collisions at /s = 7 TeV using
PYTHIAS, where “prompt” refers to D mesons produced from
the fragmentation of charm quarks generated in initial hard
scattering, including those from the decay of excited charmed
resonances and excluding D mesons produced from beauty
hadron weak decays. In terms of particle multiplicity and
angular profile, the near-side correlation peak is a suitable
probe for characterizing charm jets and their internal struc-
ture. Probing the near-side peak [25] features as a function
of charged-particle transverse momentum (pr), possibly up to
values of a few GeV//c, can provide insight into the transverse-
momentum distribution of the jet constituents. These features
are useful to decipher how the jet momentum fraction not
carried by the D mesons is shared among the other particles
produced by charm fragmentation, as well as the correlation
between the pr of these particles and their radial displacement
from the jet axis. Variations in the amplitude and width of
the away-side peak also shed light on the dynamics of the
heavy-flavor production mechanism [26].

Various event generators in high energy physics mainly use
either the string model or cluster model for the description
of hadronization [27-29]. In this study we aim to under-
stand and compare the fragmentation and hadronization of
D mesons/baryons and B mesons using different tunes of
PYTHIAS. In PYTHIAS, the LUND string hadronization model
with parameters tuned using ete™ data is used for the frag-
mentation process [29-32]. Different tunes of PYTHIAS such
as Monash, 4C, Mode (0,2,3), and shoving differ in implemen-
tations of string hadronization, and are discussed in the next
section. The production and the fragmentation of charmed
baryons and beauty mesons is inherently different owing to
the difference in their quark content. It will be interesting not
only to see which of these models gives a better description of
charmed mesons data but also their predictions for charmed
baryons and beauty mesons. In the literature, the hadroniza-
tion of these particles is also explained by 3 — 1 and 2 — 1
coalescence models [33,34]. As far as the comparison be-
tween charmed mesons and beauty mesons is concerned,
global fragmentation functions based on next-to-leading log-
arithmic (NLL) calculations contain a parameter which is a
function of the inverse square of heavy-flavor mass [35-39].
We anticipate that the effect of mass hierarchy between charm
and beauty quarks should also be visible in the azimuthal
angular correlation.

The paper is organized as follows, In Sec. II, we discuss
the event generation and analysis methodology, followed by
the results of our analysis in Sec. III, then we summarize our
findings in Sec. IV.

II. EVENT GENERATION AND ANALYSIS
METHODOLOGY

The PYTHIA event generator [30,31,40,41] is used to in-
vestigate proton-proton, proton-lepton, proton-nucleus, and
nucleus-nucleus collisions in depth. It employs 2 — 2 QCD
matrix elements evaluated perturbatively with leading-order
precision, with the next-to-leading order contributions taken
into account during the parton showering stage. The par-
ton showering follows a leading-logarithmic pr ordering,
with soft-gluon emission divergences excluded by an addi-
tional veto, and the hadronization is handled with the Lund
string-fragmentation model. It offers a plethora of processes
and tunes from which to choose and apply based on the
physics involved in the study. PYTHIA employs multi-parton
interactions (MPI) [42-44] with incoming parton beams,
employing hard and soft scattering processes followed by
initial-state radiations (ISR) and final-state radiations (FSR).
The high-py partons give rise to showers or jets that fragment
and hadronize according to the Lund string fragmentation
model [45]. Hadronization is accomplished through the color
reconnection (CR) mechanism between partons [46—48],
which is accomplished by rearranging the strings between
them. This modifies the total string length, which affects the
hadronization process. When the string length is small enough
after the subsequent creation of light quark-antiquark pairs,
the partons hadronize to a hadron. The MPI and CR phenom-
ena in PYTHIA play an essential role in the particle production
mechanism, as evidenced by the charged-particle multiplicity
distributions.

The CR mechanism of hadronization can be investigated
further by looking at the string topology between the partons.
The leading color (LC) approximation assigns a unique in-
dex to quarks and antiquarks connected by a colored string.
This guarantees a fixed number of colored strings, ensuring
that no two quarks (antiquarks) have the same color. The
same is true for gluons, which are represented by a col-
ored quark-antiquark pair. This model is extended to non-LC
topologies, also known as beyond-LC (BLC) [49], in which
colored strings can form between LC and non-LC connected
partons. This opened the possibility of a string being linked
to partons of matching indexes other than the LC parton.
Three modes of color reconnection in the BLC approxima-
tion are used with the different constraints on the allowed
string reconnections, taking into account causal connections
of dipoles involved in a reconnection and time dilation ef-
fects caused by relative boosts between string pieces [49,50].
We investigated different PYTHIAS/ANGANTYR tunes, i.e., LC
(Monash 2013 [50], and 4C [51]), BLC (Mode 0, Mode
2, Mode 3), and rope hadronization (shoving) [52-55]. In
our study, similar results were obtained with the LC tunes
4C and Monash, and different BLC tunes were also consis-
tent with one another; therefore, for this investigation, we
used the Monash, Mode 2, and shoving tunes and inves-
tigated how different hadronization processes affected the
results.

Leading order (LO) perturbative scattering processes of
gluon fusion (gg — QQ) or pair annihilation (g — QQ) are
used for the production of heavy flavors in PYTHIA. PYTHIA
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FIG. 1. Comparison of ALICE results of average D meson azimuthal-correlation distribution with PYTHIA8 (Monash, Mode 2, and shoving)
after baseline subtraction for 3 < p2 < 16 GeV/c and for different associated p&*° ranges in pp collisions at /s = 7 TeV.

also approximates certain higher-order contributions within
its LO framework via flavor excitations (g0 — Qg) or gluon
splittings (g — QQ) which give rise to heavy-flavor produc-
tion during high-pt parton showers [5,6].

We used PYTHIA version 8.3 to generate around 10° events
for each tune in pp collisions at /s = 7 TeV. heavy-flavor
hadrons are selected within |y| < 0.5. The pr of the trigger
particle (heavy flavor) is selected in three intervals, i.e., 3-5,
5-8, and 8-16 GeV/c, while associate particles are selected
in the ranges 0.3-50, 0.3-1, and 1-50 GeV/c. The inelastic,
nondiffractive component of the total cross-section for all soft
QCD processes is used with the switch SoftQCD:all = on
with MPI. The correlation distribution was obtained by cor-
relating each trigger particle with all the associated charged
particles. It is to be noted that the decay product of the trigger
particle is excluded from the correlation function. The Apn is
selected in the range from —1 to 1. The correlation distribution
is fitted with a generalized Gaussian function for the near-
side peak, a Gaussian function for the away-side peak, and
a zeroth-order polynomial for the baseline identification as

follows:
Y; X _ (A2 BN
f(Ap)=b+ NS A PNS Ps x ¢ lans yns
2ansT'(1/Bns)
Yas —(5ery

Xe st 2

+—
LY 27TO'AS

where Yyg and Y,g are the yields for NS and AS peaks, Bys is
the shape parameter for the near-side peak, and oy is related
to the oys (width) of the peak by the relation

ons = ansy/T(3/Bns)/T(1/Bxs). A3)

In this contribution, we tried to study the fragmentation and
hadronization of heavy flavors via jetlike azimuthal correla-
tion of heavy-flavor hadrons with the charged particle in pp
at /s = 7 TeV. Charm meson species which are selected for
the comparisons are D, Dt and D**; similarly charm baryons
speciesare A, 20, 21, EF, B9, @0, Q% and beauty mesons

species are BY, B*, B?, and B** with their antiparticles.
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FIG. 2. Comparison of ALICE result of average D meson near-side yields (top) and widths (o) with PYTHIAS (Monash, Mode 2, and
shoving) in pp collisions at /s = 7 TeV for 3 < p? < 16 GeV/c in different associated p&*° ranges.

II1. RESULTS

The jetlike two-particle correlation measurement is an al-
ternative tool to study the jet properties even at low pr where
direct jet measurement is not possible [56]. The correlation
measurements provide insight into particle production from
the different processes, i.e., pair creation (LO), gluon splitting,
and flavor excitation (NLO).

The ALICE measurements of azimuthal correlations for
charm mesons are compared with PYTHIA predictions in the
following subsection. The measurements of charm mesons are
independently compared to charm baryons and beauty mesons
to spot any potential alterations in jet fragmentation.

A. Comparison with ALICE data

In order to validate the settings of PYTHIA that are used for
this study, the azimuthal correlation between the D meson and
charged particles from the PYTHIA event generator with differ-
ent color reconnection (CR) schemes and rope hadronization
(RH) model is compared with the measurements of ALICE
experiment [57]. In the Fig. 1, baseline subtracted A¢ dis-
tribution compared with ALICE data in triggered D meson
p? intervals 3-5, 5-8, and 8-16 GeV/c and associated p3s°
intervals 0.3-50, 0.3-1, and 1-50 GeV /¢ in the rapidity range
[y2 | < 0.5. Most of the fraction in the baseline is contributed
by the underlying event and dominated by low pr particles.
The qualitative shape of the correlation function and the
evolution of the near- and away-side peaks with trigger and

associated particle pr are consistent with ALICE mea-
surement. However, PYTHIA measurements overestimate the
away-side peak, especially at high p?. This study suggests that
PYTHIA needs to reform the fragmentation of particles pro-
duced at the recoiling jet. All the tunes of PYTHIA provide the
same results for D meson and charged particle correlation. It is
observed that the height of the correlation peak is increasing
with p2, which suggests the production of a higher number
of particles in the jet accompanying the fragmenting charm
quark when the energy of the trigger particle increases. How-
ever, no significant difference was observed among different
CR and RH tunes in D meson correlation measurements.

A more quantitative comparison of the near- and away-side
peak features and the pt evolution can be made by measuring
the yields and widths of the peaks. The yields and widths are
obtained by fitting with the generalized Gaussian function as
discussed in Sec. II. Yield and width (o) of the near-side peaks
of D meson and charged particles correlation are shown in
Fig. 2 with different tunes and compared with ALICE results.
The peak yields are shown in the top panel, whereas widths are
shown in the bottom panel. The per trigger associated yields
of the peak are increasing with increasing trigger particle pY.
This is expected, as high energetic particles are in general
produced by high energetic partons, which in turn fragment
into a more significant number of particles. Furthermore, as
PE¢ increases, the associated yield decreases. This is because
heavy-flavor quarks occupy a larger portion of the phase space
during fragmentation. Hence, the remaining phase space for
emitting further high pr particles is limited, and most of the
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FIG. 3. Comparison of average charmed meson and baryon azimuthal-correlation distribution derived from PYTHIA8 (Monash, Mode 2,

and shoving) after baseline subtraction for 3 < p[{ig

accompanying associated particles are softer. The near-side
peak width (o) is shown in the bottom panel of Fig. 2. The
widths estimated by PYTHIA and from the ALICE measure-
ment are almost flat and consistent with each other within
statistical uncertainty.

B. Comparison with charm baryons

Currently, statistics are not enough to measure the az-
imuthal correlation of charm baryons experimentally. How-
ever, it may be feasible in the upcoming LHC run 3. In the
Fig. 3, we attempt to provide a prediction for charm baryons
fragmentation and modification of fragmentation compared to
charm mesons. It is observed that the height of the near-side
peaks is largely suppressed for charm baryons, derived by
using default tune Monash and rope hadronization shoving,
whereas the height of the away-side peak is increased com-
pared to charm mesons. In Mode 2, charm meson and baryon
peaks are consistent with each other.

Similarly to the previous section, the near-side observables
obtained from fitting are shown in Fig. 4. It is clearly seen that

< 16 GeV /¢ and for different associated p5°° ranges in pp collisions at \/s = 7 TeV.

the associated yield of charm baryons is almost half estimated
from Monash and shoving. In contrast, in Mode 2, the charm
baryon yield is consistent with the charm meson yield. On
the other hand, near-side widths from Monash and shoving
are suppressed with respect to Mode 2 for baryons at low
ptT“g , whereas, at higher ptT“g, widths are consistent with charm
mesons. A higher width of charm baryons can be seen from
the Mode 2 tune for all the p?g and p§*°® intervals. The trend
was very similar to the production cross sections of charm
baryons normalized by the D° meson, where tune Monash
underestimates the ALICE measurement; on the other hand,
Mode 2 is in good agreement with the data, especially for
the A, baryon [58]. The new CR tunes introduce new color
reconnection topologies, including junctions, that enhance
baryon production, and charmonia, to a lesser extent. At the
same time, multiparton interactions (MPI) are observed in
PYTHIAS to increase the charm quark production significantly.
This leads to the modification of the relative abundances of
the charm hadron species. The relative baryon enhancement
is only observed when the MPI is coupled to a color recon-
nection mode beyond the leading color approximation. It is
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FIG. 4. Comparison of average charmed meson and baryon near-side yields and widths (o), derived from PYTHIA8 (Monash, Mode 2, and
shoving) after baseline subtraction in pp collisions at /s = 7 TeV for 3 < p? < 16 GeV/c in different associated pi¥**° ranges.

observed that, for the charm mesons, predictions from the
PYTHIAS generator with the different tunes are reasonably
similar.

C. Comparison with beauty mesons

A similar comparison is made between charm and beauty
meson correlation features. The Ag distribution of charm
mesons with charged particles and beauty mesons with
charged particles are shown in Fig. 5 for p® 5-8 and 8-
16 GeV/c. Here, a comparison between charm and beauty
mesons fragmentation for the ptTrlg range 3-5 GeV/c is not
shown as the mass of a beauty meson is ~5 GeV/c, which
results in almost a flat near-side peak. The heights of the near-
and away-side peaks of the correlation function obtained for
B mesons are very small compared to D mesons correlation
peaks as the available energy of B mesons for fragmentation
is small compared to D mesons in the same pr range. A
more quantitative comparison of correlation peaks from D
meson and B meson fragmentations can be seen in Fig. 6.
Yields from D mesons are about 4-5 times higher than from B
mesons. One of the reasons for the difference in yield can be
attributed to the mass hierarchy between charm and beauty
quarks; this hierarchy creeps into the global fragmentation
function as a factor of inverse mass squared. At higher ptT“g,
the B meson associated yield increases more rapidly than that
for D mesons. It is also seen that the B meson associated
yield for the near-side peak is larger with Mode 2 compared
to shoving and Monash. The widths of correlation peaks are

almost flat, and no difference is found between D mesons and
B mesons.

IV. SUMMARY

In this work, we attempt to study the heavy-flavor hadrons
correlation with the charged particle in pp collisions at /s =
7 TeV using the PYTHIA8 event generator. This paper studies
fragmentation via charm mesons, charm baryons, and beauty
mesons. The primary observations of this work are summa-
rized below:

(i) The near-side correlation distributions and observ-
ables of the D mesons derived by PYTHIA are
consistent with the ALICE measurements, but PYTHIA
needs to reform the physics at away-side observables
as it is slightly overestimates.

(ii) Due to limited phase space, low-p§*°° particles are
produced more than high-pT*°¢ particles, hence, for
the same py%, yield is higher at low-pi¥°°.
Near-side associated yields to charm baryons are sup-
pressed in Monash and shoving tunes compared to
charm mesons yields. However, the difference is neg-
ligible in Mode 2. Similar results were observed in the
calculation of the charm baryon production cross sec-
tions by the ALICE experiment, where the BLC tune
Mode 2 was in good agreement with the experimental
data.

(iii)
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(iv) Near-side yields from D mesons are almost 4-5 times
larger than B meson yields for the same ptTng. A possi-
ble reason for this could be the availability of more
energy for D meson fragmentation due to smaller
mass.

(v) No significant difference is observed in PYTHIA
between D and B meson widths in the same trig-
ger as well as associated py ranges; i.e., the dead
cone effect has no major impact on the widths of
D and B mesons at current precision as they are
both heavy particles. However, It will be interesting

to see the dead-cone effect in heavy quarks while
comparing it with the light quarks’ correlation
distribution.
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